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Abstract—This paper proposes the computation of three-level we derive the commutated current at the switching events.
optimized pulse patterns (OPPs) that achieve not only low \We also determine the current during the time intervals in
harmonic load current distortions (load-friendly operation) but \ynich a semiconductor switch conducts current. This ersable
also low semiconductor lossescénverter-friendly operation). To th tati f th iated itchi |
this end, the conduction and switching losses are modeled as € computation 0 Gf associated switc |ng energy losses
a function of the OPP switching angles and the amplitude and @S Well as the conduction losses as a function of the to-be-
phase of the converter current. By minimizing the current ha- computed switching angles. The sum of the switching and
monics subject to an inequality constraint on the semicondetor  conduction losses is added as an inequality constrainteo th
losses, OPPs are derived that achieve minimal current distbons optimization problem. This allows us to compute OPPs with

with a guaranteed upper bound on the semiconductor lossedhtis teed b d th . ductor | th
ensuring the safe operation of the semiconductor switchesithin ~ & guaranteed upper bound on the semiconductor 10sses, thus

their thermal limits. Detailed numerical results for a medium- €nsuring converter-friendly operation.
voltage system consisting of a neutral-point-clamped comvter Two types of constraints can be added. By limiting the

and 3” inductive load yer(ijfy tTe benefits of this apgroachi sum of the semiconductor losses, the converter efficiency is
Index Terms—Optimized pulse patterns, semiconductor 10Sses, jyhrayed. By limiting the losses of each individual semicon
three-level converters, Pareto optimal solutions .
ductor switch, the worst-case losses are reduced and, as a
consequence, the worst-case junction temperature tengs to
reduced as well.

Optimized pulse patterns (OPPs) are a specific pulse widthryg jhqyence of the modulation method on the semiconduc-
modulation (PWM) method in which the switching signajq |osses is well understood for continuous and discontisu
is computed offline and stored in a look-up table. Unlikg, rier nased PWM: see [8], [9] for two-level converterslan
selective harmonic elimination [1], [2], OPPS require foFM 1101 for three-level converters. By varying the switching
lating and solving a mathematical optimization problem Birequency of carrier-based PWM within a fundamental period
Traditionally, for a given number of switching angles, thg,e gyitching losses can be minimized while bounding the
current distortions have been minimized [4]; this, in UMy, monic distortions [11]. However, the literature on OPPs
ensures minimal harmonic losses in the load and achieves 10&:h, minimal or bounded semiconductor losses is scarce.
friendly ope_ration. The influe_nce of the commutatgd ,Curre@ingle-phase OPPs are proposed in [12] that minimize (the
on the semiconductor switching losses, however, is ignOrefsyribytion of) the semiconductor losses in a three-level
Therefore, the semiconductor losses are limited only &ally 5 jve neutral-point-clamped (NPC) converter with thephel
by operating at a fixed switching frequency. of a genetic algorithm and Matlab/Simulink simulations to

To solve the optimization problem underlying OPPS, getermine the losses. Hence, this paper aims to presentghe fi
gradient-based optimization method is typically used, [#¢e 55y tical way to compute OPPs that achieve the best pessibl
when applied to two-level converters. For mulilevel comees, 5 4e_off hetween current distortions and switching lestieus
a multitude of switching sequences arises and optlmlzatlgﬂsuring both load- and converter-friendly operation.
problems are solved for each one [5], [6]. In doing so, The paper is organized as follows. Section Il introduces

OPPs ca:1 be lcomlpu_tedl f(cj).r convertsrs W]'fh anyd nurtr]]ber a%d reviews conventional OPPs. The switching and conductio
output voltage levels, including two, three, five and gehera losses are translated into constraints in Section Ill, dhase

levels [7]. on which Section IV formulates and solves loss-bounded

This paper Proposes the computation of QPPS that. acm%‘fﬁimization problems. A conclusion is provided in Sectian
not only load-friendly but also converter-friendly opéoat

by explicitly limiting the semiconductor losses. To do so,
for a given amplitude and phase of the converter current,

Hereafter we will focus on three-level switching signals
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I. INTRODUCTION

II. CONVENTIONAL OPPs



Y

FCoe N 7 7
= e e

N B
1 W o

L .AYE KYK K7
YK YK Y7

=
14
<
N
=
14
<
)
=

>
S
=
1
<
)
=
)
>
1
<
)
=

=]

=gl

Fig. 1: Three-level neutral-point-clamped converter Angle 6 (rad)

Fig. 2: Single-phase switching signa(#) with half-wave symmetry, modu-
L. . . lation indexm = 0.8 and pulse numbed = 2
The switching frequency of the semiconductor switches Is

given by

B. Harmonic Analysis

Jow=df1 | () | e | -
Owing to the2r-periodicity of the single-phase switching

where d is the pulse number ang; is the fundamental Signal, it can be represented by the Fourier series

frequency of the switching signal. a .

Two assumptions are universally made when computing u(f) = o T Z (an cos(nd) + by sin(nd))
OPPs. The switching signal igr-periodic and three-phase ) n=1 )
symmetric. This implies that the pulse numieis an integer. With the Fourier coefficients,, andb,,. The harmonic spec-

In particular, OPPs are synchronous modulation method. ~ trum of the single-phase switching signal can be computed
analytically as shown, e.g., in [13] and [14].
A. Switching Signal For HWS switching signals the Fourier coefficients

2d

The two assumptions made above imply that three-phase _2 ZAW sin(na;), n=1,3,5...
OPPs are fully characterized by the single-phase switching %» = nmi3 (3a)
signalu(#) with the (integer) switch positiom € {—1,0,1} 0, n=0,2.4,...
and the angl@ € [0,2x] as argument. Half-wave symmetry 2d
(HWS) is imposed on the switching signal, i.e., 2 Z Au; cos(na;), n=1,35...
b, =< nmw P ’ I (3b)

u(f) = —u(m +90). 0, n=246,...

An exemplary switching signal with HWS and pulse numbdgsult [13]. All harmonics of even order and the dc-offset ar
d = 2 is shown in Fig. 2. Z€r10.

The single-phase switching signal§) is fully defined Often, quarter-wave symmetry
by the switching anglesy; with i € {1,2,...,2d} and the u(m —0) = u(9)
switch positionsu; with ¢ € {0,1,...,2d}. It is common
practice to consider only non-negative switching signalthie
positive half-wave of the fundamental period, i.e(f) > 0
for & € [0,7]. This implies that the polarity of thed
switch positions is non-negative as well, i.e;,c {0,1} with @, =0, n=0,1,2,... (4a)
1€4{0,1,...,2d}.

The switching transition

is imposed on the switching signal in addition to HWS. We
refer to this as quarter- and half-wave symmetry (QaHWS),
which leads to the Fourier coefficients [14]

4
—ZAuicos(nozi), n=1,3,5...
nmw

bn = i=1
Aui:ui_uifl O, TL:2,4,6,..--

(4b)

: , . . . . .QaHWS implies that the switching signal is fully defined by
is defined as the change in switch position at the SW'tCh'rggswitching angles over /2.

angler?i, tharez' €{1,2,. d’ 2d}d' Bﬁca,‘u,s_e lonly “ﬁ”'”eg,a“"e Regardless of the imposed symmetry, the amplitugeof
switch positions are considered, the initial Switch positio e ,th harmonic of the single-phase switching signals
is zero and the switching transitions are given by given by

. Ao a2 2
Aui _ (_1)l+1 (2) Unp an + bn . (5)
Note that the amplitude of the fundamental compongnis
with i € {1,2,...,2d}. equal to themodulation index m, with m € [0,4/x].



C. \Voltage and Current Harmonics harmonics do not drive harmonic currents in a three-phask lo
The amplitude of thesth voltage harmonic is with a floating star point. It is therefore common practice to
v consider only (odd) non-tripledifferential-mode harmonics in
N dc .

by = = i, (6) the objective function and to simplify (10) to

whereVjy. is the dc-link voltage. Assume that the converter is U, 2
connected to a purely inductive load with inductardcand a J = Z ( ) ‘
sinusoidal (three-phase) voltage source, such as anietgctr nEBAL-
machin_e with a sinusoid.al back _eIectromotive forC(_e (EM.FQ_ Conventional Optimization Problem
for which the stator resistance is neglected. For induction

machinesL is the total leakage inductance, whereas for an Traditionally, OPPs have been computed such that they meet
(externally excited) synchronous machirde refers to the the following requirements:

subtransient inductance. Alternatively, the converteyrbe  , The harmonic current distortions are minimized with the

connected to an idealized grid; then includes the sum of assumption of a purely inductive load (with an optional
the transformer and grid inductances with any resistive or yoltage source).

(11)

n

capacitive components neglected. « The amplitude of the fundamental component of the
The amplitude of thenth current harmonic, wittn # 1, switching signal,ii;, is equal to the desired modulation
directly follows as . index m.
po_ U 7 7) « The fundamental component has zero phase.
nwi L o The switching angles are in an ascending order; in
wherew; = 27 f; is the angular fundamental frequericy. combination with (2) this ensures that the switch positions

are limited tou; € {—1,0,1} fori € {0,1,...,4d}, i.e.,
for the whole fundamental period.

OPPs are typically computed with the aim to minimize the =5, opps with QaHWS this leads to the optimization
harmonic distortions in the load current. To this end, thalto

D. Objective Function

X i problem
demand distortion (TDD) of the current
N2 d ?
Itpp = \/_QLIR Z (Zn) (8) minlr;nize g Z % (Z Au; cos(no@) (12a)
n#l n=>5,7,11,... i=1
is considered, which is the square root of the sum of the 4
squared current harmonic amplitudés of order n. The  Subjectto ;ZAW cos(a;) = m (12b)
current harmonic amplitudes are normalized with respect to =1 -
the amplitude of the rated load current, with being the rms 0<ar < <...<ag < 5 (12c)
value of the rated load current.
Inserting (6) and (7) into (8) leads to where we have inserted (4) into (5) and (11) to derive the
5 objective function (12a). The constant tetiy 72 is typically
Teop — 1 Vaic Z <u_n) ) neglected and removed from (12a).
V2Ipwi L 2 S\n ' For OPPs with HWS the optimization problem is
2
We interpret (9) adrpp = ¢V/J. The constant depends on o 4 1 [ .
the converter and load parameters, whereas the term minimize Z vy (Z Auy Sln(naz‘)) +
s n=5,7,11,... i=1
Unp, 2d 2
J ; ( - ) (20) + % (Z Au; cos(nai)> (13a)
is a function of the amplitudes of the switching signal har- 2d =
monics. Minimizing the current TDD is thus equivalent to  sypject to 2 ZAW cos(a;) = m (13b)
minimizing J, which is typically chosen as the objective (e
function of the OPP optimization problem. 9 24
In a three-phase system, the phasaadc are phase-shifted - = Z Au;sin(a;) =0 (13c)
by —%’T and—%7T with respect to phase. Harmonics of order Ti=
n=3,6,9,..., are thus in phase. Thesemmon-mode voltage 0<ayy<as<...<agg <. (13d)

INote that the amplitude of the fundamental current comppnenis given As before the constant terd 72 is typicallv ignored in (13a
by the load and the operating point, not by (7). In case of ainductive m yp y19 ( )

load, such as a transformer with & filter, the termnw; L in (7) is to be The ConStra!nt (130) ensures that the phase of the fundainent
replaced by an appropriate transfer function. component IS zero.
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Fig. 3: Exemplary (device) switching frequency as a functaf the fun-

damental frequencyf;. Above fi = 10Hz OPPs with pulse numbers

d = 14 down tod = 2 are used, whereas belofy = 10Hz asynchronous

carrier-based PWM is used. The upper bound on the switchizguéncy is
sw,max = 150Hz.

F. Limitations

thermal resistance of the heatsink, the cooling water temp

operation the semiconductor losses must be limited to av
too high a junction temperature and a premature failure ef t
semiconductor switch.

The classic approach to ensure that an upper bound on
semiconductor losses is met is to limit the switching fretye
below the maximum switching frequengywmax FOr a given
fundamental frequency,, the pulse numbed is chosen as
the largest integer so that the switching frequency is etpual
or below its allowed maximum, i.e.,

d = floor(fowmay/ f1) -

OPPs being a synchronous modulation scheme, see also
give rise to the well-knowngear shifts in the switching

frequency. A typical switching frequency profile is provile
in Fig. 3. Particularly at low pulse numbers, the switchin
frequency is often significantly lower than its maximum \&lu
resulting in a poor utilization of the thermal capability thie

semiconductor switches. Owing to the sinusoidal variatibn

(14)
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Fig. 4: Definition of the semiconductor index variables {1,2,...,10} in
a phase leg of an NPC converter

this issue we propose to analytically model the semicormtuct
losses and to add them as an inequality constraint to the

optimization problems when computing OPPs.

i

L IMITING THE SEMICONDUCTORPOWERLOSSES

Two types of losses arise in semiconductor switches. The
switching losses are due to the turn-on and turn-off switching

Switching and conduction losses cause thermal lossestiansitions, whereas theonduction losses result from the on-
the semiconductor switches that are transferred by itsingusState voltage of the semiconductor switches. To distiriguis
and heatsink to the water-cooling circuitry. The heat reahoPetween the semiconductor switches, we introduce the index

capability of the latter is limited and strongly depends ba t Variablej € {1,2,...,10}. The indices one to four refer to
the GCTs, which are the active switches, the indices five to
ature and its flow rate. The switching losses are proportiorfidht correspond to the freewheeling diodes, and the isdice
to the commutated current, the blocking voltage and tffine and ten represent the clamping diodes, see Fig. 4.
switching frequency. The conduction losses depend on the Spitching Energy Losses
phase current and the forward voltage. During the converter,

For the GCTs, the turn-on and turn-off losses linearly
pend on the anode-cathode voltage and the anode current.
an NPC converter, the former is the half dc-link voltage,

hich is approximately equal t.5V4. when the neutral-point
tential is close to zero, and the latter is equal to the @has
currenti. With the device specific coefficients,, andcg, it

the phase current and the switching losses within a fundamen

tal period it is also apparent that the switching frequendy o
mildly correlates with the overall switching losses.
Clearly, the classic approach fails to fully utilize the abj-

€on = Con0-5‘/dci

Eoff — 0050.5%Ci.

follows that
(1),30 T T T T
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ity of the semiconductor switches and to achieve high output
currents close to the physica| limits of the converter. Torads Fig. 5: Switching and conduction losses of the considered $5éhd diodes

Phase currentkA)

(a) Switching energy losses

Conduction losseskiV)

(15)
(16)

10 |-

bacr

Phase currentkA)

(b) Conduction power losses



Polarity of Switching Switching Polarity of Switch Conduction
the phase current | transition | energy losses the phase current | position power losses
>0 0—1 €1,on t €9,rr >0 1 P1,con + P2,con
1—0 €1,off 0 P2,con +p9,con
0——1 €2 off -1 P7,con T P8,con
—1—=0 €2 0on + €8,rr <0 1 P5,con +p6,con
<0 0—1 €30ff 0 P3,con + P10,con
1—-0 €3,on T €5rr -1 P3,con + P4,con
(1?_> (1) 84’02;:;10’" TABLE II: Conduction power losses in a phase leg of an NPC edev. The

indices are defined in Fig. 4.

TABLE I: Switching energy losses in a phase leg of an NPC cdexeThe

indices are defined in Fig. 4.

Note that a full fundamental period is required to captuee th

: . losses in the upper as well as in the lower part of the phase

E?r SG;:TS' Con 15 typically much smaller thar.g, see leg. We write 5 to highlight the fact that (18) refers to the
9. 5(). average, not the instantaneous, power losses.

The turn-on losses of the power diode are effectively zero, o .
The sum of the switching power losses of all semiconductor
and only the turn-off losses, threverse-recovery losses, are _ . . .
switches in a phase leg is

to be considered. The reverse-recovery losses

10
Err = Crr0-5va(:frr(i) (17) Dsw = Zﬁj,SW- (19)
j=1

are linear in the voltage but nonlinear in the current. The
coefficient ¢,, is typically bounded byc,, and co,g. The C. Conduction Losses
nonlinear functionf,, is concave and bounded by 0 and 1
see Fig. 5(a).

Consider the single-phase switching sign&b) with the Peon = vp(i)i (20)
argumenty = 27 f1t, the fundamental frequencf, the time
t € [0,7T], and the fundamental peridll = 1/f,. Consider are a function of the on-state voltage
the phase current

1= \/§IR sin(27rf1t - ¢) )

' The conduction power losses of the GCTs and diodes

vr =a-+ bl

with the semiconductor-specific parameterand b, see Ta-
where I is the rated rms current anglis the displacement ble 1V in the appendix, and the phase (or anode) curient
angle (between the fundamental voltage and the fundamenithe conduction losses of the GCTs and the diodes are shown
current component); a positive implies a lagging current.  in Fig. 5(b) as a function of the phase current.

The polarity of the phase current and the switching transi- The conduction losses of each semiconductor switch depend
tion determine the current paths during the switching everan the polarity of the current and the switch position, as
and the semiconductor switches that commutate the currentmmarized in Table Il. Two semiconductor switches always
This leads to eight different commutation paths in a phasenduct current, with the inner GCTs (with indices two and
leg, for which the switching energy losses can be deducedtheee) typically burdened with the highest conduction ésss
summarized in Table I. Note that the switching energy lossesThe average conduction losses of tlth semiconductor

e;.sw Of the jth semiconductor switch, with € {1,2,...,10} switch over a fundamental period are given by

as defined in Fig. 4, are either turn-on, turn-off or reverse- LT L e

recovery Ipss_es' i 3 ﬁj,con = T/ pj,con(t) dt = 2_ pj,con(e) dé. (21)
The switching energy losses for each switching angle 0 T Jo

then directly follow from Table I. As an example, consider T4 golve (21), we split the integral into several subintégra
a1 that corresponds to a switching transition from 0 to 1, ang, tnat the switch position and the polarity of the phasescurr
assume that it occurs when the phase current is positive. Thg constant within each subintergral. This implies that th
switching energy losses are then givendagw(c1) = €1.on  |imits of the subintegrals are given by the switching angles
e2,sw(@1) = 0, and so on. and the zero-crossing angles of the phase current. Onlyp-subi
B. Switching Power Losses tegrals are considered for which the specific semiconductor

switch is in conduction mode.

The switching energy losses of thi#h semiconductor switch Using Simpson’s rule, an exemplary integral is given by
are summed up over thé&l switching transitions within the

fundamental period and divided by its length to obtain the i+t 0) qg = Qi+~
average switching power losses . Pjcon(0) db = 6 Pjcon i)+

i

_ 1 Q; + Q4
Pjsw =7 Z ejsw(ei) - (18) +4pj.con <Tﬂ) + Paycon(am)) ;



where we implicitly assumed that the phase current does AdD. To compute OPPs with bounded losses, we add the
change its polarity between the switching anglesand«,.,. constraints (23) to the optimization problem. More speaific
Simpson’s rule provides considerably more accurate esulbr OPPs with QaHWS, we add (23) to (12), which leads to
than the trapezoidal rule but it requires the computatiothef the revised optimization problem

losses at three angles instead of two, i.e., at the limithef t

2
. Ny d
L 16 1
integral and at their mean value. minimize 18 Z L (Z A, cos(naﬁ) (242
D. Constraint n=5,7,11,... i=1
d
We propose to add upper bounds on the permissible semi- . . 4 . N
conductor losses as inequality constraints to the OPP @atim subject to T Z} Auj cos(a;) = m (24b)

tion problem? This is a straightforward way to calculate OPPs

™
with a guaranteed upper bound on the semiconductor losses. Ofmsm<...ag<g (24c)
T_he ot_Jjective function, which captures the (squared) haimo Pisw + Picond < Pjmaxs Vi € {1,2,...,10} .
distortions of the current remains unchanged, see (11). (24d)

By adding the constraint

0 Accordingly, for OPPs with HWS, we add (23) to (13) and

formulate the loss-bounded optimization problem

Z (pj,sw + Z_)j,con) S Pmax (22)

j=1 4 1 2d 2
to the optimization problem (12) or (13) we limit the sum of MNIMiz€ —3 Z A (Z A Sm(”o‘i)> +
the semiconductor losses by.., which is the upper limit on =T =t )
the permissible total semiconductor losses in one phase leg 1 (&
Alternatively, we may limit the semiconductor losses ofteac T ZA“Z' cos(nay) (25a)
device using 10 constraints of the form o =1

. 2
Bjisw + Pjeond < Pjmaxs Vi €{1,2,...,10},  (23)  subjectto ~ > Au;cos(ai) = m (25b)
i=1
wherep; max iS the upper limit on the permissible semicon- o 2
ductor losses of thgth semiconductor switch. In both cases, -z Z Au;sin(ag) =0 (25c¢)
the average losses in one phase leg over one fundamental T
period are constrained. Because the switching signals and 0<a;<as<...<agg<m (25d)
phase currents of the three phases are symmetrical to each _ _ _ .
. . ; + < Vjed{1,2,...,10}.

other, it suffices to consider only one phase leg. Pijssw + Picond < Pmax; ¥ € { (;Se)

By limiting the sum of the semiconductor losses, see (22),
the converter efficiency is improved. By limiting the losses The average switching losses in (24d) and (25e) are com-
of each individual semiconductor switch, see (23), the worguted using the exact loss models, i.e., Table | and (18).
case losses are reduced and, as a consequence, the werstSiggilarly, for the average conduction losses, the exacs los
junction temperature tends to be reduced as well. models in Table Il and (21) are used.

Adding these limits as inequality constraints to the OP
problems (12) and (13) reduces the search space of
permissible switching angles. In general, it is to be exgebct To compute Pareto optimal solutions for a given modulation
that the current distortions tend to (slightly) increaseewh index m, displacement angle, and pulse numbed, we
imposing limits on the semiconductor losses. Because mifropose an algorithm with the following main steps:
mal semiconductor losses and minimal current distortian ar 1) We set the maximum power l0SS@s .. in (24d)
conflicting objectives, a trade-off between the two emerges  and (25e) for all 10 semiconductor switches to the
which will be discussed in the next section. same value, even though different upper bounds could
be applied to the GCTs and diodes. We start with a
sufficiently high value of the maximum power losses so
A. Loss-Bounded Optimization Problems that the constraint is not active, say 5000 W, and decrease

To visualize the trade-off between semiconductor lossds an it in small steps, e.g., by S0W. o
current distortions we constrain the maximum semiconducto 2) For each maximum power l0$§,.x the optimization

(power) losses of each device while minimizing the current ~ Problem (24) or (25) is solved to derive the optimal
switching anglesy;. To ensure that the optimal solution

. eAI gorithm

IV. PARETO OPTIMAL SOLUTIONS

2Alternatively, one could augment the objective functionhvwa second term is found, several instances of the optimization problem
that captures the semiconductor losses. A weighting fagtedd be required are solved using random initial values for the switching
to decide on the trade-off between current distortions @sdds. Choosing . . .
this weighting factor proves to be cumbersome, and boundigses can angles' The result with the lowest harmonic distortions

only be achieved through trial-and-error. is adopted as the optimal solution.



15 and power losses of the resulting OPPs are shown as (black)
dots in Fig. 6. Assume that power losses of UPiQuax =
3000 W per switch were acceptable. Conventional OPPs would
require us to choose the OPP with pulse numbier 2,
which incurs losses of up t@; max = 2840W per switch
and a current TDD of 5.49%. The switching waveform and
phase current over 18Gre shown in Fig. 7(a). Conventional
OPPs with pulse numbers 3 and 4 result in losses in excess
of 3640 W and are, thus, not suitable choices in our example,
see Fig. 7(b). Note that pulse numhke 4 results in slightly
lower losses as well as a lower current TDD than pulse number
3, hence the OPP with pulse number 4 is shown in Fig. 7(b).
Next, we use the algorithm of Section IV-B to solve the
loss-bounded optimization problem (24) with QaHWS. This
leads to the solid (blue) Pareto curve in Fig. 6, which presid
a wide range of suitable combinations of current distogion
o ‘ ‘ ‘ ‘ ‘ and power losses. The conventional OPPs are embedded in the
1500 2000 2500 3000 3500 2000 as00 Pareto front. However, the loss-bounded OPPs with QaHWS
Maximum power losses per semiconductor switghax (W) do not provide a better solution than the conventional OPPs
in the discussed example.
Fig. 6: Current TDD versus maximum power losses per semiatiod switch To improve the Pareto front, quarter-wave symmetry is
atm = 1.15 and ¢ = 35°. Conventional OPPs with QaHWS and pulserelaxed and the algorithm is applied to the loss-bounded
numbersl to 5 are shown as (black) dots. Loss-bounded OPPs with QaH imizati i i
are shown as5 (blue) squares(and Iz)ss-bounded OPPs with I-W\/tﬁeaic(tged Wﬁ)t!mlzatlon prObIem .(25) with HWS. The resultlng Pareto
as (red) stars. The loss-bounded OPPs use pulse nuinbes and apply optimal solutions, which are shown with the dashed (red)
pulse dropping as indicated for the HWS case. curve in Fig. 6, clearly outperform the OPPs with QaHWS. In
particular, an OPP witfp; . = 3000 W and a much reduced

3) During the optimization process pairs of switchin anc_urrent TDD of 4.32% is available. Even though pulse number
e b P P g = 5 is used, the switching transitions are placed such that

gles that violate a minimum pulse width requirement, switching losses are low, see Fig. 7(c).

€.g., of 25, are remov_ed. This leads to the dropplng To further highlight the benefits of loss-constrained OPPs
of pulses and a reduction of the pulse number—this. . .
o . . . ith HWS, when compared to conventional OPPs with
characteristic will be further discussed in Section IV- .
HWS, consider two cases. For the same current TDD of

The overall (power) losses per phase leg, the curre . .

o .06%, the loss-constrained OPP reduces the maximum power
TDD, and the modulation index are computed after

Rsses per semiconductor switch by 16% from 3630W to

possible pulse dropping while solving the optimizatio%OSOW Alternatively, for the same maximum power losses
problem. As a result, even when dropping pulses, th ' '

L ; 3t 3630 W, the loss-constrained OPP reduces the current TDD
correct modulation index is preserved.

I R bl i thi i by 20% from 4.06% to 3.26%, see Fig. 6.
All optimization problems in this paper are nonlinear pro- Fig. 8 provides further insight into the loss-bounding

grarlni, forl w:\fich sever?l splvers arefavailable. We chose ﬁlﬁ%thodology by comparing the semiconductor losses of a
Matlab solverf m ncon for its ease of use. conventional OPP with that of a loss-bounded OPP. The 10
C. Case Study individual semiconductor switching and conduction losses

As a case study consider a medium-voltage NPC convers&own for one phase leg. As is commonly the case when
with the parameters summarized in the appendix. The cdtperating at low displacement angles and at high modulation
verter could be connected to the grid or to an electricdldices, the outer GCTs incur the highest switching losses,
machine. The rated converter voltage3ds2kV for a dc-link  F19- 8(a). The three switching transitions between °186d
voltage of 5kV implies that rated operation correspondéie t180°, see Fig. 7(b), significantly contribute to these losses,
modulation indexn = 1.15, which is considered throughout®S €an be read out from Table I. Bounding the losses of
this section unless otherwise mentioned. As a typical degpl th€ Semiconductor switches moves, in effect, these swagchi
ment angle we assume= 35°. The fundamental frequency istransitions close to where the phase current is zero, see
50 Hz and the pulse number is limiteddo= 5. This leads to a Fi9- 7(c). As a result, the loss-bounded OPP reduces the

maximum switching frequency of 250 Hz, which is commonlgWitching losses of the outer GCTs from 2410W to 1770W,
used in medium-voltage converters. see Fig. 8(a). Consequently, the total losses are reduoed fr

. i ] 3640 W to 3000 W as the conduction losses remain effectively

D. Pareto Optimal Solutions for Displacement Angle ¢ = 35°  the same, see Fig. 8(b). This, however, occurs at the expénse
We start by solving the conventional optimization problera slight increase in the current TDD from 4.06% to 4.32%. The
(12) for pulse numberd € {1,2,...,5}. The current TDDs losses of the inner GCTs and freewheeling diodes (indices 5

10

Current TDD Itpp (%)
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Bl QaHWS (red) stars.
s X HWS
X 15f ,
$ can be seen in Fig. 9 for OPPs with HWS. The higher degree
0 .
& 1t 4 of freedom that pulse number 5 offers improves the Pareto
5 solutions when fairly high semiconductor losses are ttdera
§ 05 | here above 3500W. For lower losses, however, the tighter
constraints limit the search space and fewer degrees afdree
0 suffice to establish the Pareto optimal solutions.
tr 2 s 4 5 6 7 8 9 10 Pairs of switching angles that would result in suboptimal or
Semiconductor switch with the index infeasible solutions are placed by the optimizer in thenitgi

of the displacement angle, where the switching losses are
effectively zero. Pulses of close-to-zero width, e.g., edsl
Fig. 8: Switching and conduction losses per semiconduatdicis atm = than 25us width, do not reduce the current distortions but

1.15and¢ = 35°. The indices 1 to 10 refer to the GCTs, freewheeling diodefcrease the switching losses. hence they are removed in the
and clamping diodes as defined in Fig. 4. Conventional (ustcaimed) OPPs '

with QaHWS andd = 4 (Frop = 4.06% and p; max = 3640W), see optimization proped_ure by impos_ing a minimum_pulse width
Fig. 7(b), are considered alongside loss-bounded OPPsHMIS andd = 5  requirement. This, in effect, achieves the dropping of @sils

(Irop = 4.32% andpj max = 3000 W), see Fig. 7(c). when the power loss constraints are active. Pulse dropping i
exemplified in Fig. 6 for the Pareto optimal solutions with
. . HWS that were computed with pulse numladee 5; when the
to 8) are unaffected, whereas the losses of the clampin@8liod), ver |0ss constraint is tightened below 2200 W, the effecti
(indices 9 and 10) are also reduced. pulse number drops step by step from 4 down to 1, as shown
in the figure.

(b) Conduction losses

E. Pulse Dropping

For the loss-bounding algorithm in Section IV-B to bd> Pareto Optimal Solutions for a Range of Displacement

effective, a relatively high pulse number is required sos £9!€s and Modulation Indices
provide the optimizer with a sufficient degree of freedom to The Pareto optimal solutions discussed in the previous
achieve low current distortions despite bounded losse& Thections were limited to modulation index = 1.15 and
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Fig. 10: Current TDD versus maximum power losses per semiottor ~ Similar observations can be made when considering therurre

switch atm = 1.15 for displacement angle = 0° and ¢ = 90°. i ; i i
Conventional OPPs with QaHWS are shown as (black) dots,aasddounded distortion for a given pulse number, see, e.g., Figs. 6 and 10

OPPs with HWS are depicted as (red) stars for pulse numbets dp= 5. N [13]. As such, operation ab = 1.2 is particularly attractive;
beyondm = 1.22, however, the current TDD quickly increases
when approaching the modulation index4fr.

displacement angle = 35°. To widen the analysis, additional

modulation indices and displacement angles are investigat

in this section. This paper pioneered the computation of loss-bounded OPPs
We start by considering the displacement anges- 0° by modeling and constraining the switching and conduction
and ¢ = 90° for the (previously used) modulation indexosses of each semiconductor switch in the optimization

m = 1.15. More specifically, conventional OPPs with QaHw®roblem. As shown and analyzed in depth, by adopting the

are compared with loss-bounded HWS OPPs in Fig. 10. TREOPOosed systematic approach, OPPs that improve the trade-

loss-bounded HWS OPPs provide solutions for a wide rangg between load current harmonic distortions and powesdes

of maximum power losses, whereas conventional OPPs off@n be computed. As a result, OPPs with bounded semiconduc-

only a few solutions at discrete pulse numbers. Pulse numb@rlosses are not only load-friendly (by minimizing the reunt

d = 1 of the conventional OPP is a particularly poor choicélistortions) but they also achieve converter-friendlyragien

at the displacement angle = 90° due to its combination by limiting the thermal stress on the semiconductor swiche

of high current TDD and high switching losses. The latte0 maximize the efficiency of the inverter, a constraint oa th

result from the fact that the single switching transitioars  SUm of the semiconductor losses can also be imposed, see

when the phase current is at its peak (for= 90°). In (22). A detailed analysis of the benefits of doing so shall be
contrast, loss-bounded HWS OPPs mitigate this issue B{esented in a follow-up publication.

offering additional switching transitions placed at lowagk

currents, thus lowering the switching losses as well as the

current TDD. The parameters of the considered NPC converter system are
Next, we vary the modulation index between 1 and 1 provided in Table Ill. We define a per unit system using the
in steps of 0.05. The Pareto optimal solutions are showase currenfz = /21, the base voltagés = / 2V and

in Fig. 11 for loss-bounded OPPs with HWS and the dishe base angular frequency; = wg. In this per unit system

placement angled = 35°. When increasing the modulationthe load inductance is 0.255 per unit.

index fromm = 1.0 to m = 1.2 the current distortions As semiconductor switches we consider the 5SHY

are reduced for a given maximum power loss, say 3000¥045L0004 GCT [15], which is produced by Hitachi Energy,

V. CONCLUSION

APPENDIX



Parameter Symbol | Sl value

Rated converter (line-to-line) output voltage Vi 3520V
Rated converter phase current Ir 2200 A
Angular fundamental frequency WR 2r50rad/s
Dc-link voltage Vide 5kV

Load inductance L 0.750 mH

TABLE Ill: Parameters of the converter and its load

GCT 5SHY 4045L0004| Diode D1961 SH45TS02

eon = 1.029J
eof = 28.08J err = 15.2J
agcr =097V Qdiode = 1.19V

baor = 0.245mV/A | bgiode = 0.395mV /A

TABLE IV: Semiconductor parameters for the loss calculaio

and the Infineon D1961 SH45TS02 diode [16]. These semic%z—]

[6] A. K. Rathore, J. Holtz, and T. Boller, “Generalized aopél pulsewidth
modulation of multilevel inverters for low-switching-fjeency control
of medium-voltage high-power industrial AC drivedEEE Trans. Ind.
Electron., vol. 60, pp. 4215-4224, Oct. 2013.

[7] A. Edpuganti and A. K. Rathore, “A survey of low switchirfiggquency
modulation techniques for medium-voltage multilevel canmers,”|EEE
Trans. Ind. Appl., vol. 51, pp. 4212-4228, Sep./Oct. 2015.

[8] J. W. Kolar, H. Ertl, and F. C. Zach, “Influence of the moatibn method
on the conduction and switching losses of a PWM convertetesy$
Proc. IEEE Ind. Appl. Soc. Annu. Mtg., Oct. 1990.

[9] J. W. Kolar, H. Ertl, and F. C. Zach, “Analysis of on- andfliofe
optimized predictive current controllers for PWM conversystems,”
|EEE Trans. Power Electron., vol. 6, pp. 451-462, Jul. 1991.

[10] T. Bruckner and D. G. Holmes, “Optimal pulse-width nutetion for
three-level inverters,1JEEE Trans. Power Electron., vol. 20, pp. 82-89,
Jan. 2005.

[11] X. Mao, R. Ayyanar, and H. K. Krishnamurthy, “Optimal nable

switching frequency scheme for reducing switching lossinigle-phase

inverters based on time-domain ripple analysikEEE Trans. Power

Electron., vol. 24, pp. 991-1001, Apr. 2009.

N. Achilladelis, E. Koutroulis, and F. Blaabjerg, “Oized pulse width

modulation for transformerless active-NPC inverters Pioc. Eur. Conf.

ductor switches are optimized towards low conduction Iesse  on Power Electron. and Applicat., (Lappeenranta, Finland), Aug. 2014.
(but incur high switching losses) and are therefore a slaitat!3] A- Birth, T. Geyer, H. du Toit Mouton, and T. Dorfling, “@eralized

three-level optimal pulse patterns with lower harmonidation,” |EEE

choice When operating at high currents anq low switching  trans Power Electron,, vol. 35, pp. 5741-5752, Jun. 2020.
frequencies. Their parameters are provided in Table IV; the)] T. Geyer, Model predictive control of high power converters and
typical on-state voltage and the maximum switching losses 3 industrial drives. London, UK: Wiley, Oct. 2016.

considered at the maximum rated valuesvgf= 2.4kV and

Hitachi Energy, “Asymmetric integrated gate-comnieth thyristor
5SHY 4045L0004." Online document. https://www.hitactgegy.com/

ir = 4.5kA. Operation at the maximum junction temperature  products-and-solutions/semiconductors/.

is assumed, which i$25 °C for the GCTs and 35 °C for the
diodes.
The loss coefficientg,,, cog andc,, in (15)—(17) can be

[16] Infineon, “D1961SH45T freewheeling or clamping didde.
Online  document. https://www.infineon.com/cms/en/paitiu
power/diodes-thyristors/thyristor-diode-discs/diatiecs/
igct-igbt-freewheeling-diodes/d1961sh45t/.

easily computed from Table 1V; the turn-off loss coefficient

for example, is given by

Eoff |JJ
off = =2.6——.
Coff ’UTiT 6VA

The switching energy losses and the conduction power los- -~

for the chosen semiconductor switches are shown in Fig. 5
a function of the phase current.
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