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Abstract—This paper proposes an optimal modulation minimize the amplitude of these harmonics, if not eliminate
strategy—in the form of optimized pulse patterns (OPPS)— them.
for three-level converters driving medium-voltage inducton ma- o : ; ;
chines. The proposed method minimizes, and, when physicsgll A common approach to .mltlgatm.g torque ripple is to adjust
possible, eliminates the low-order torque harmonics. Dirent th_e current reference fed into the inner control loop [7], [8
symmetry properties of the pulse patterns are considered, rd  Different methods have been proposed to compute the optimal
it is mathematically shown that relaxing the pattern symmety  current harmonic injection that achieves this objectivg [9
provides additional degrees of freedom. This enables supes- [10]. In addition, this approach to torque harmonic miniasiz

sion of the targeted torque harmonics while keeping current tion can be applied with a low pulse number PWM method
harmonics low and close to those of conventional OPPs, usedalS shown in [11] !

as a baseline. At the same time, the torque ripple produced by ) . ) .
the proposed OPPs is comparable to—or, for some modulation ~ Alternatively, torque harmonic reduction can be achieved

indices, even lower than—that of the baseline OPPs. Numeat through modulation, thus keeping the control structurgim
and experimental results based on a scaled-down, low-volfa Conventional SVM can reduce the torque ripple by modifying
dri\{e system d.emonstrate the effectiveness of the proposedthe switching sequences and using advanced bus-clamping
optimal modulation method. PWM techniques [12]. Moreover, hybrid PWM methods,
Index Terms—Optimized pulse patterns (OPPs), three-level which combine discontinuous and continuous switching pat-
Cﬁg‘gﬁr’z\/eSg”rilhr:]oert‘f“sha%p\}\'gvﬂ SerjTL?T?etrWId:;]e dmg?t‘llj}:'og’ terns with different switching frequencies, can reduce the
?MV) drives. y Y. y Y. 3 torque ripple while keeping the current distortions close t
those of conventional SVM. Such strategies have been ap-
plied to induction motor (IM) drives [13]-[15] and to dual-
. INTRODUCTION inverters driving wound rotor induction machines [16], 17
L ) ) Furthermore, by adjusting the carrier frequency of the tybr
T HE switching ”"?‘t“r.e of pulse_ width modulation (PWM)discontinuous gWI\/f pattgrns, the torque ?ipple )éan be rguce
causes harmonic distortions in the converter output vo hile simultaneously lowering the switching losses [18]. A

age and, consequently, in the load current. When the load 'Sifhilar concept can also be applied to continuous SVM, where

machine,.these harmonic distortions also appear in thers,tatﬁynamically adjusting the switching frequency reduces the
ux. The interaction between the current and ux harmon|c§Orque ripple [19]. These PWM-based methods, however, are
then gives rise to torque harmonics [1]. designed for high pulse numbers, and their operating piesi

Conventional PWM methods typically aim to achieve 10,y "ng Jonger hold when the pulse number is signi cantly
harmonic distortion in the output current without Cons*de'i'educed

ing the torque harmonics. At high switching-to-fundameénta . o, pulse numbers, the predominately used modulation

frequency ratios, i.e., pulse numbers, carrier-based PWNLihods, i.e., SHE and OPPs, mainly focus on the current
(CB-PWM) and space vector modulation (SVM) can Pr%armonic distortions. However, since SHE eliminates a pre-
duce currents of high quality. At lower pulse numbers, theffg neq number of low-order current harmonics for a given
performance deteriorates, and programmed PWM methofl§ise number, as a byproduct, the resulting low-order ®rqu
such as selective harmonic elimination (SHE) [2], [3] anflarmonics are also eliminated. In addition, the torqueleipp
optimized pulse patterns (OPPs) [4], provide effective mseay: sHE can be reduced by selecting, among the multiple

of reducing harmonic distortions. However, the presence B(f)ssible solutions, the one with the lowest torque total atean
low-order voltage and current harmonics results in '0We°rddistortion (TDD) [20]. However, the utilization of the dc-

torque harmonics. These are undesirable because, when tf voltage is limited with SHE because it is not possible

frequencies are close to the mechanical resonance of tfi2 Shg ¢jiminate the low-order current harmonics over the whole
they can lead to pulsating torque oscillations and potiytia o qulation range.

damage the motor shaft [S], [6]. Therefore, it is desirable t o, the other hand, conventional OPPs minimize the stator

. current TDD without directly bounding the amplitudes of the
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instead of the current—TDD as the optimization objective. | i Rs
addition, individual torque harmonics can be eliminated by ;
introducing explicit constraints on the amplitude of taegk an %
OPP harmonics [25]-[28]. |
However, targeting the torque distortions alone typically
deteriorates the current quality. Therefore, it could be-be Fig. 1: Harmonic model of an induction machine

e cial to mitigate the low-order torque harmonics instedd o
eliminating them [29]. By doing so, the modulation range cathe conventional OPP optimization problem for three-level
be extended [30] and a better trade-off between current acmhverters. Section Il develops the torque harmonic model
torque quality can be enabled [31]. As an alternative, a gobdsed on the OPP harmonics and introduces the proposed
balance between these two objectives can be achieved by coptimal modulation strategy to eliminate or minimize them.
bining them into a single objective function, as demonsttat The method is assessed in Section IV through numerical
with dual three-phase permanent magnet synchronous mot@sults based on an MV drive considering IMs at two different
(DTP-PMSMSs) in [32] and [33]. voltage ratings, while Section V experimentally veri es it

In most of the OPP methods discussed above, only thpplicability on an LV drive system. Finally, Section VI
amplitude of the current harmonics is manipulated to reducencludes the paper.
the torque harmonics. However, when relaxing the symmetry
properties of the pulse pattern, both the amplitude and the [I. CONVENTIONAL THREE-LEVEL OPPs
phase of the current harmonics can be manipulated, intro-A three-level2 -periodic switching patterm( ) with fun-
ducing additional degrees of freedom into the optimizatiolamental frequendy; is fully described by switching angles

problem [34]. This exibility can be exploited to improve ; 2 [0;2 ], i = 1;2;:::;°, and + 1 switch positions
the current harmonic performance while eliminating taedety; 2 f 1,0;1g,j = 1;2;:::;" + 1, occurring within one
torque harmonics. In addition, relaxing the OPP symmetfndamental period. The device average switching frequenc
extends the range of modulation indices for which the torqygef ., = ‘Zfl, where the ratiad = ffﬂ = ‘Z is de ned as the
harmonics can be eliminated, thus enabling higher utibrat pylse number. Because the switchling sign@l) is periodic,
of the dc-link voltage. it can be represented by the Fourier series

This work proposes the computation of OPPs that elimi- M
nate speci ¢ low-order torque harmonics, namely Bfeand u( ) = 0 , (a, cos@ ) + by sin(n )) ; (1)
12", as they are the root cause of the dominant mechanical 2 ’

stress and wear of the shaft. To this end, the analyticah . . th

. : . where a, and b, are the Fourier coef ctgnts of then
relationship between the OPP harmonics and the resumg\%itching harmoniai, with amplitudedy = 22 + B2
torque harmonics is derived, and the appropriate conssrain The output phasenvoltage and currenznt of tr?e con.verter can

to eliminate the targeted torque harmonics are incorporat%d . o . .
. e ..~ be expressed as a function of the switching signal harmonics
into the OPP optimization problem. To enable full utilizati foll Th it h i of tmd order is ai b

of the available dc-link voltage, the proposed OPP proble%’? oflows. The voftage harmonic o order1s given by

is formulated such that the limits on the targeted torque V= ﬂun' )
harmonics are implemented asft constraints As a result, 2

when elimination is not physically possible, the targetedtie whereVy. is the dc-link voltage. Additionally, by considering
harmonics are insteadhinimized while the feasibility of the harmonic model of the machine shown in Fig. 1 and
the optimization problem is always guaranteed. Moreower, &ssuming negligible stator resistance, iRs, 0 (a valid
achieve this desired feature while simultaneously pratyiciassumption, particularly for MV machines), the machine can
output currents of high quality, the symmetry properties dfe modeled as an inductive load with total leakage reactance
the OPPs are relaxed. As mathematically proven, this - . As a result, the current harmonics for> 1 are given by
laxation equips the optimization with additional degreds o _ an Vi . B Vi

freedom because it allows the current harmonics that give  In = = v——" sin(n ) T LX 7005(n )i )

rise to the targeted torque harmonics to assume the correct .

relative phase, rather than being forced to vanish. As dtrest! erg! 1 s the :‘I:mdamental angglqr frequency. Thus, the
selective elimination (or minimization) of the most crélc amplitude of then™ current harmonic is

low-order torque harmonics over the entire modulation eang - 1 ﬂo . (4)

is achieved without signi cantly increasing the current DD "Toprx 27

compared to conventional OPPs. This favorable behaviorffe optimal switching pattern (i.e., OPP) aims to minimize
demonstrated by numerical results based on a medium-eoltgge current TDD, given by

(MV) drive system consisting of a three-level neutral-fioin Y

clamped (NPC) converter and an IM. The effectiveness of _ 1 Vch X 0n 2_

the proposed optimal modulation method is further validate Itop = WT n ®)
through experiments on a scaled-down low-voltage (LV) @riv nel

system. where | o is the nominal current. Therefore, the weighted

This paper is structured as follows. Section Il presenssim of the OPP harmonics is chosen as the objective function



by transforming the switching signal to the -plane while
¥A ¥A ¥4 taking into account (1) and (2), i.e.,
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—1— -1 —1— | s;abc Ve . X .
A /@ Vs =— msin! qt+ an cosn! ;t+ by, sinn! 1t (9a)
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Fig. 2: Three-level NPC converter driving a machine. + an sinn! 1t b, cosn! 1t (9b)
n=6 k+1

for the OPP optimization problem since it is proportional t

the current TDD. Fherefore, sincRs 0, the stator ux is given by

Typically, quarter- and half-wave symmetry (QaHWS) and . = s cos! it
unipolar switch?ng are imposed on the switching signgl. As a X B Vie | an Vi . |
result, onlyd switching angles o=[1 2t 4] 2 + n. 2 cosnl it + al 175"1 nt 4t
[0; = 2] are required to fully describe( ). Additionally, due n=6k 1 " ' (10a)
to the QaHWS, even harmonics and theFourier coef cients _ o
. . s = sSin! gt
are zero, while thdy, coef cients are ' X b, v
4 _ + o & sinn! 4t + nﬁ”—% cosn! ;t
b= = ( 1)*L cos ); n=1:3;5;:::: nssk 1 1 1
i= V . V
o _ _ + Bh Vae sinn! t 8n_ Vi oen! it
Thus, the optimization problem for computing conventional =6 k+1 nty 2 nty 2 10b
QaHWS OPPs is (10b)
I _ P b, 2 with k 2 N*. Note that ¢ (with ¢ = 1 p.u. for a fully
m'”'g“'ze I )= n=sizm W magnetized machine) denotes the amplitude of the fundamen-
subject to by = m (6) tal component of the ux, which—under the assumption of
0 L , - Rs 0O—lags the fundamental voltage componentdty .

The stator current has a fundamental component with am-

wherem 2 [0; 4= ]is the desired modulation index. Note thaplitude |1, while its harmonic components are given by (3).

triplen harmonics do not drive a harmonic current, assumiffence, the stator current in the -plane is

a star-connected load with a oating neutral. For this reaso . .
. : P is. = lgsin(! 1t )

they are not considered in the optimization process. , X v v

+ Ib“ 24¢ cosn! 1t+|7£sinn! 1t

I1l. TORQUECONSTRAINED THREE-LEVEL OPPs nesk 1 MXo 2 nt X 2

an

This section presents the modeling of torque harmonics and _ | ¢ (11a)
the subsequent optimal modulation method, which elimmates Xl cos( 1 )
them or, when physically not possible, minimizes them. + b Vde sinn! it + an Ve cosn! 1t

_ n! 1 X 2 n! 1 X 2
n—)(:‘&k 1
[ [ Ve . V,

A. T9rque Harmor.ncs Modeling | + b Ve sinn! 1t @ Ve cosn! 1t:

This work considers a three-level NPC converter with an 5., N 1X 2 ntxX 2
IM as shown in Fig. 2. The per unit (p.u.) electromagnetic (11b)
torque of the IM is given by By substituting (10) and (11) into (7), the resulting nomeze

1 _ torque harmonics are of order= 6k, k 2 N*, and can be
Te = of s is, (7)  written as
where pf= cos is the power factor, with being the dis- | _ Ve I sin s bh 1 bh+1
placement angle. Moreover,, andis; are the stator ux &N 21 pf n 1 n+1
and current, respectively, in the stationary-plane. These
o . n 1 an+1

guantities can be expressed as a sum of their fundamental and I, cos 1 1 +
harmonic components. n

Starting from the stator ux, it is given by I, sin s 8 1 @+

d X n 1 | n+1
Vs, = Rgis + —: 8 3
S; sls; dt ( ) ' cos th L . h"|+1 2 2

which holds for both the fundamental and harmonic compo- ! n 1 n+1

nents. The stator voltage in the -planevs. is computed (12)



N . TABLE I: MV dri tem#1 : P ters f ical result
Note that (12) can be further simpli ed under QaHWS condi- five system arameters for numerical resutis

tions, as the Fourier coef cients, are zero. Parameter Symbol Sl value
Rated line-to-line voltage VR 3:45kV
Rated stator current IR 2:2kA
B. OPPs That Eliminate/Minimize Torque Harmonics Rated angular stator frequency! g 2 50rad/s
The conventional OPP optimization problem given by (6) De-link voltage Vae 4:84kv
can be modied to eliminate speci c low-order torque har- Total leakage inductance L 0:735mH
monics by adding a (hard) constraint of the form
Tesk =0 (13) Given the above, the2d switching angles y =
[1 2::1 2a]" 2 [0; % required to fully describe the

to the optimization problem. In this worl = 1 and2 are HWS torque-constrained pulse pattern are computed by solv-
chosen to eliminate th@" and12" torque harmonics, as theseing

are the most relevant that can induce mechanical osciliitio o P 212 ;

As shown in the appendix, achievinBsex = O requires ~ Minimize J( W)= 711 et W
ellmlnatlng bpth .the| 6k 1 andigk+1 current harmomcs: To subjectto a; =0 ;

avoid numerical issues caused by these hard constrairds, an _

thus guarantee the feasibility of the torque-constrain&P O by =m (16)
optimization problem even at high modulation indices, the 0 1 2 2d

equality constraints (13) are relaxed and implemented #s so Teok( ) K
constraints of the form k O k2f1;2g:

Te:6k k; k2fl;2g; (14) As in problem (6), only odd non-triplen harmonics are con-

sidered since even harmonics remain zero due to the HWS.

where  is a slack variable introduced into the optimizatiofqreover a; = 0 such that the phase of the fundamental
problem. Thus, with (14), the proposed OPP problem g mnonentis zero. Finally, the Fourier coef cients of the/8

formulated as switching pattern are
P 2
minimize J = . X+ TW Xd .
o (o) =S N a, = 2 ( )*tsin(n i); n=1;35:::
subjectto bp = m L
0 < << = (15) 2 Xd i
T6k1 k_z d 2 mzn— ( 1)** cosh i); n=1:;35::::
e; )

i=1
x 0O; k2f1;29;
. IV. NUMERICAL RESULTS

where = [ 1 o] is the vector of slack variables. Note he proposed torque-constrained OPPs are evaluated nu-
that these slack variables are heavily penalized through therically considering an MV drive system, whose parameters
(diagonal) weighting matritV in the objective function 10 56 symmarized in Table I. The QaHWS torque-constrained
ensure that violations _of the (sqft) torque constraints aggppg (see problem (15)) and HWS torque-constrained OPPs
avoided whenever physically possible. . (see problem (16)), referred to as QaHWS-T and HWS-T

The QaHWS requirement allows manipulation only of thgpps  respectively, are compared with conventional QaHWS
amplitude of the current harmonics, which leads to incréasgppg (see problem (6)) and SHE. In addition, comparisons
current TDD when the torque harmonics are suppressed. J@ presented with OPPs that minimize the torque TRBb
mitigate this, the symmetry properties of the switchingisig 5,4 OpPPs that co-minimize the torque and current TDD, as
are relaxed. By considering half-wave symmetric (HWS) @ul$)roposed in [33]. These OPPs, hereafter referred to as TCH-

patterns, both th_e amplitude and phase Qf t_he current harmgrp,WM' are computed by solving an optimization problem
ics can be manipulated. As a result, eliminatingex Only  gimilar to (6), with the objective function
requires thatgx 1 andiek+1 have equal (non-zero) amplitudes

and a speci ¢ phase difference, as shown in the appehdix. J( @)= l'too+(1  )Trop; 17)
These additional degrees of freedom enable the eliminafion
low-order torque harmonics without signi cantly deterbing

thded.c_urrer;]t TkDDlTDﬁ’ asl demons]:[rz?]ted n Sectlonh IV-"Ing "while those that simultaneously minimize both current and
addition, thanks to the relaxation of the symmetry, the uerq torque TDD use = 0:9 (note that for = 1, the conventional

harmonics can be fully eliminated over a wider range of mo 5PPs are recovered)

ulation indices. Nonetheless, alsq in this case, soft mnm _ All pulse patterns have a pulse numiger 5, meaning that
are preferred over hard constraints to avoid any feasyblllgHE eliminates thah 7 11 and 13" current harmonics.
ISSues. For the proposed torque-constrained OPPs, the weighting
.  An9 . . .
INote that the required phase difference depends on the tgeraoint _matr'_x 1S set_toW = 10°1 2, wherel ; is the tWO'd|men_S|0nal
and the total leakage reactance, as derived in the appendix. identity matrix. This value ensures that the slack varigialee

where 2 [0;1] sets the relative priority between the two
objectives. OPPs that solely minimiZepp correspondto =
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Fig. 3: Programmed modulation methods for MV drive systé with d = 5. The solid (blue) line corresponds to conventional QaHW3§Rhe dashed
(red) line to QaHWS-T OPPs, the dash-dotted (green) lineWwSHT OPPs, the dotted (magenta) line to SHE, the solid (@jalige to TCHSPWM with
=0, and the dashed (mint) line to TCHSPWM with=0:9.

. . TABLE II: MV drive system#2 : Parameters for numerical results
penalized several orders of magnitude more strongly than th

term relating to the current TDD. Although the exact value is Parameter Symbol Sl value
not critical, as any suf ciently large weight yields the sam Rated line-to-line voltage VR 3:55kV
behavior,10° offers a convenient choice for the whole range Rated stator current Ir 2:2kA
of modulation indices. Rated angular stator frequency! r 2 50rad/s
For the presented results in this paper, all OPPs are com- De-link voltage Vae 4:84kv
’ Total leakage inductance L 0:756 mH

puted of ine for the chosen pulse numbér= 5 over the full
range of modulation indices 2 [0; 4= ], which is uniformly

discretized into256 grid points. The proposed computation

procedure is general and can be applied to other pulse ngmtfggHWS—T OPPs can eliminate the low-order torque harmon-
if required [35]. All OPP optimization problems are solvedtS Over the whole range of modulation indices of interest,
using fmincon in MATLAB with sequential quadratic pro- albeit vv_|th increased harmonic dls_torthns c_omp_ared to the
gramming (SQP). Due to the highly non-convex nature (gpnventlonal QaHWS OPPs. As \_/|su§\I|zed in Fig. 4_1(0) for
the problems, multiple runs with different initial switciy otaeratlon at the nomlnal_ modL_JIatlon index, ellm!natlng the
angles are performed to increase the likelihood of nding th? -order torque harmonics, witm = 6;12, requires the
global optimum. The initial angles are generated usingdtaltc0Tresponding 1 .andn +1 current harmonics to be zero.
sequences to ensure uniform coverage of the search &pacd]) the vicinity of the nominal modulation index, the QaHWS-—
Operation at nominal torque with= 35 is assumed both T OPPs and SHE coincide. However, at most modulation

for the computation of the proposed torque-constrainedsoPBdices, SHE results in current distortions higher thancpra

and the evaluation of the different modulation methods. 18 those of the QaHWS-T OPPs, see Fig. 3(a), since it does

ensure full magnetization of the machine, the modulatidiein Nt explicitly minimize the current distortion.

is kept proportional to the fundamental frequency, with the Relaxing the OPP symmetry properties (as illustrated in

nominal modulation index beinqiy = 1:16 at rated speed, Fig. 5, which shows the optimal switching angles of the

as can be deduced from the parameters in Table I. HWS-T OPPs over the entire modulation index range) enables
elimination of the low-order torque harmonics without Zagp

A. OPPs With Eliminated Low-Order Torque Harmonics the cprre_spondmg low-order current harmonics. '_A‘S can be
seen in Fig. 4(e), tha 1 andn + 1 current harmonics only

The different modulation methods are compared in terms géed to have equal (non-zero) amplitudes to eliminate the
current and torque TDD, see Fig. 3. As shown in Fig. 3(ajt torque harmonic. As a result, the mechanical oscillations
associated with these harmonics can be suppressed with only
A minor increase in the current TDD compared to the baseline
TDD of conventional QaHWS OPPs (see Fig. 3(a)). Moreover,

2The total computation time for the proposed HWS-T OPPs witlsep
numberd =5 over the full range of modulation indices was approximatel
six hours on an Intel(R) Xeon(R) CPU E5-2620 v3 @ 2.40 GHz.
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Fig. 4: Current and torque harmonic spectra at modulaticlexm = 1 :16.

are zero, and the harmonic content is shifted to higher fre-
J guencies compared to Fig. 6(a), resulting in increased T@D f

KN both the current and torque. In contrast, with HWS-T OPPs

‘ - the low-order current harmonics do not need to be zero to

[rad]

@ 2 “ eliminate thes™ and12" torque harmonics. Consequently, the
g " — current TDD stays close to that of QaHWS OPPs, while also
¢ improving torque quality, see Figs. 6(f) and 6(b). Finaly,

0 this modulation index, SHE performs worse than OPPs both

0 0.2 0.4 06 0.8 1 in terms of current and torque distortions.
Modulation indexm
Fig. 5: Switching angles of the proposed HWS-T OPPsdfer5 .

B. Medium-Voltage Machine With Higher Rated Voltage

although the proposed OPPs do not directly target the torquero better demonstrate the ability of the proposed torque-

ripple, the torque TDD of HWS-T OPPs is comparable t@onstrained OPPs to achieve higher dc-link voltage utibra

and for some modulation indices even lower than, that of thg IM with a rated voltage a8:55kV is considered. The total

conventional QaHWS OPPs, see Fig. 3(b). leakage reactance is adjusted to match the same p.u. value
When compared to OPPs that incorporate the torque TRUSed previously. The new system parameters are summarized

in the objective function (i.e., TCHSPWM), the torque ri@plin Table Il, implying that the nominal modulation index is

reduction achieved by the proposed HWS-T OPPs is smallery =1:2.

However, the torque TDD improvement of TCHSPWM is As can be seen in Fig. 7, the pattern symmetry affects the

obtained at the cost of signi cantly increased current hamia  range of modulation indices for which the torque harmonics

distortions. Setting = 0:9 in the TCHSPWM objective can be eliminated. Speci cally, QaHWS—T OPPs can eliminate

function (17) yields a more balanced trade-off betweenemirr the 6" and12" torque harmonics up tm = 1:17. This is also

and torque TDD, but still fails to suppress the dominant lowthe maximum modulation index for which SHE with= 5

order torque harmonics, as shown in Figs. 3(c) and 3(d). ¢an be computed. Thus, the machine cannot be operated at

contrast, the proposed HWS—T OPPs not only eliminatéthe nominal modulation index using SHE. In contrast, QaHWS-T

and 12" torque harmonics but also maintain superior curre@PPs can be computed over the whole modulation range of

quality. interest thanks to the soft constraints used in problem. (15)
To further highlight this favorable performance, the catre Due to the selected weighting matrix, the amplitude oféfte

and torque harmonic spectra at modulation index 0:72 torque harmonic is minimized as much as physically possible

are shown in Fig. 6 as an example. As seen in Fig. 6(c), whear m > 1:17, see Fig. 7(c), albeit at the expense of a slightly

QaHWS-T OPPs are used, the low-order current harmoninsreasedl2" torque harmonic, see Fig. 7(d).
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Fig. 6: Current and torque harmonic spectra at modulaticlexm = 0:72.

When the OPP symmetry is relaxed, the low-order torqueode voltage (CMV). The impact of the different modulation
harmonics can be eliminated without forcing the low-ord#d 0 methods on the CMV is assessed in Fig. 9.
non-triplen current harmonics to zero. Consequently, OPPsAs can be observed, conventional SHE not only eliminates
with zero6™ and 12" torque harmonic can be computed ovethe low-order torque harmonics, but also reduces the rms CMV
a wider range of modulation indices, namely upnic= 1:19. compared to conventional OPPs. This behavior is inherent
Importantly, this desired feature is achieved without sign to SHE and arises because its switching angles satisfy the
cantly compromising the output current quality, see Fi@).7( constraint
Form > 1:19, some low-order torque harmonics appear, but
their amplitudes are beloW:01p.u. and notably lower than d
with QaHWS—-T OPPs. These reduced torque harmonics, how- ]
ever, come at the cost of increadegp compared to QaHWS— which has been showr_1 to bound the maximum value of the
T OPPs. As seen in Fig. 8(¢), at the nominal modulation ind&MV to 1=6 of the dc-link voltage [36].
the current TDD of HWS—T OPPs is more than double that of On the other hand, OPPs designed to eliminate speci ¢ low-
the conventional QaHWS OPPs. In contrast, the torque TOIder torque harmonics may lead to an increase in the CMV for
is lower, compare Figs. 8(b) and 8(f). Finally, due to thet sogertain ranges of the modulation index, while yielding lowe
constraints, the" (n 2 f 6; 12g) torque harmonic of torque- CMV in others. More speci cally, QaHWS-T OPPs increase
constrained OPPs is non-zero at the nominal modulatiorxindée CMV for m 2 [0; 0:62][ [0:67;0:95] When relaxing the

because the 1andn+1 current harmonics are not equalSymmetry properties, the CMV is increased over a narrower
see Figs. 8(c) and 8(e). range of modulation indices in relative to conventional PP

namelym 2 [0:40:43][ [0:47;0:7][ [0:76;0:86] This be-
havior is a direct consequence of the fact that common-mode
harmonics are not explicitly considered in the optimizatio
Constraining the torque harmonics and relaxing symmetpyoblem. Nevertheless, if suppressing torque harmonidéewh
can in uence other performance metrics, such as the commaiso keeping the CMV bounded is of interest, the constraint

1 =3, (18)

C. Effect on the Common-Mode Voltage
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Fig. 8: Current and torque harmonic spectra at modulatidexm = 1:2.

proposed in [37] can be directly incorporated into the opten the torque harmonics can be effectively controlled by

mization problem.
Finally, for completeness, it should be noted that, if deir

explicitly incorporating appropriate constraints intetPP
formulation, as demonstrated in [38], [39] for convertesdes

other performance metrics—such as converter losses tswit8Nd in [40], [41] for the junction temperature.
ing and conduction losses) and the junction temperature—
that might be affected by the addition of the constraints
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modulation for which the low-order torque harmonics can be

Fig. 10: Maximum amplitude of torque harmonics for variatioof the Z2€roed with HWS-T OI?P_S, see Fig. 10.

displacement angle by =10 around =35 for MV drive system Even though the variation ofe.s and Te:12 produced by

#2 with d =5. The dashed (red) line corresponds to conventional QaHW%;nM - ; i ;

T OPPs, the dashed-dotted (green) line to HWS-T OPPs, theddgight S T OPPs is small, C.Omplete e“mmatlon Over a range

blue) line to robust HWS—T OPPs computed for . of d|_spla_cement angles might bg dgswed. For that reason, a
modi cation to the torque constraint is proposed. Spediga

. . the torque-harmonic constraint
D. Robustness to Displacement Angle Variations q

As can be inferred from (12), the torque harmonics are a Tesok( ) ko k2f12g (19)
function of thg dlsplacernent_ angle. G|v1_en that the powenfac in (16) is replaced by
changes during operation, it is essential to evaluate thel le
of suppression of the low-order torque harmonics produced Teek( ) « and
by the proposed torque-constrained OPPs over a range of Tesk( + )« and (20)
displacement angles. Fig. 10 shows the maximum amplitude Te;ek( ) o k2f1;2g:

of the considered torque harmonics produced by the OPPs
computed at = 35 over a range of displacement angle8y doing so,;obustHWS—T OPPs that suppress the low-order

, With =10 . torque harmonics over a range of displacement angles can be

Starting with the proposed QaHWS-T OPPs, as shownmputed.

in the appendix, to eliminate the® (n = 6;12) torque The effectiveness of the proposed constraint is veried in
harmonic, then 1 andn + 1 current harmonics must beFig. 10 for robust HWS-T OPPs computed considering a
eliminated. As a result, for modulation indices  1:17, the variation = 10 around = 35 . As can be seen,
torque harmonics remain zero even as the displacement arige6™ and 12" torque harmonics are successfully eliminated
changes. On the other hand, HWS—T OPPs can eliminate fbe modulation indices up tan = 1:17, even when the
n' torque harmonic when the 1 andn+1 current harmonics displacement angle changes. For higher modulation indices
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Fig. 12: Current and torque harmonic spectra at modulatidlexm = 0 :63.

. . TABLE Ill: LV drive system: Parameters of the experimentat
some low-order torque harmonics—which are comparable to y P w

those of HWS-T OPPs optimized exclusively for= 35 — Parameter Symbol Sl value
are produced. Nonetheless, their amplitude remains velgti Rated line-to-line voltage Vr 400V
low considering the high modulation index. Rated stator current Ir 4:4A
The proposed robust HWS torque-constrained OPPs are Ra‘?d angular stator frequency! r 2 50rad/s
compared to the QaHWS—T and HWS—-T OPPs designed for ~ D¢link voltage Vi 650V

Total leakage inductance L 21mH

=35 in Fig. 11 in terms of current and torque TDD at
=35 . As can be observed, the robust HWS-T OPPs coin-

cide with the QaHWS-T OPPs for most modulation indices. B

This is due to the fact that, in order to eliminate tifetorque and a squirrel-cage IM. The system parameters are summa-
harmonic over a range of displacement angles,nthel and fized in Table Ill. A dSPACE SCALEXIO system with a
n+1 current harmonics must be zero, see Fig. 12(g). Ths8 GHz Intel i7-6820EQ processor and a Xilinx Kintex-7
is the same constraint as for QaHWS—T OPPs. However, t§&-programmable gate array (FPGA) serves as the control
relaxation of the symmetry allows lower current harmonis di Platform. The computed OPPs fdr= 5 are stored in lookup
tortions compared to QaHWS—T OPPs, and, for a limited ranfbles (LUTs), whose entries contain the optimal switching
of modulation indices, also reduced torque TDD compared &\9les as a function of the modulation index. For QaHWS

the conventional QaHWS OPPs. OPPs, the LUT has dimensio§6 d, while for HWS OPPs,
the LUT has dimension256 2d. The LUTs are held in the
V. EXPERIMENTAL RESULTS processor of the dSPACE system and retrieved by the FPGA,

The numerical evaluation of the proposed OPPs in Sewhich generates the switching signals. The performance of
tion 1V, carried out for an MV drive system with two differentthe developed OPPs is assessed in a closed-loop settirgy usin
ratings, is experimentally validated hereafter with a edal conventional scalar control.
down LV prototype. The experimental setup consists of a To provide the necessary insight while keeping the assess-
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Starting from the rst considered operating point, i.e.,

considered. Their steady-state performance is comparthédto m = 0:72, the relevant experimental waveforms of QaHWS
of conventional QaHWS OPPs at rated torque for two differe@PPs and the proposed HWS-T OPPs are presented in
operating points, namelyp = 0:72andm =1, with the latter Figs. 13 and 16, respectively. Focusing on HWS-T OPPs,
corresponding to the nominal modulation index. Figs. 1380 Fig. 17 shows that the experimentally acquired current har-
relate to the rst operating point, while Figs. 19 to 24 to thenonic spectrum closely matches the numerical one. Never-
second. Since the HWS-T OPPs are computed for a spedi®less, as second-order effects—such as deadtimes, reeasu
total leakage inductance and its p.u. value in the expetiaherment noise, common-mode current paths, machine parame-
setup is roughly half of the one used in Section IV, the torqueer variations—exist in the experimental environment, som
constrained OPPs were re-computed to match the prototygilerences emerge in the spectrum of the experimentally

machine.

measured current. These manifest themselves as additional
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low-order harmonics, albeit of low amplitude. these effects are minor, and the resultB¥ytorque harmonic

In addition, minor mismatches between the three-phagg,jitude is very low and signi cantly below that observed
currents generate low-order torque harmonics. For exampl&ih conventional QaHWS OPPs, see Fig. 15.

a difference in the fundamental components of the phaseOveraII
currents produces a smafd-order torque harmonic, as ca '
be observed in Fig. 18. Similarly, th&" and 7" current
harmonics are not exactly equal (see Fig. 17), preventi
complete elimination of thé™ torque harmonic. Nevertheless

despite the above-mentioned inevitable nonideal
ties of the real-world setting, the differences betweeneke
Eerimental and numerical current and torque harmonic spect
ain minimal. The proposed HWS-T OPPs effectively sup-
press the™ and 12" torque harmonics without signi cantly
3 _ _ compromising the stator current quality, compare Figs. 14
It is noteworthy that the stator resistance of LV machineanoa be d 17. At th . hi : dulati ind
considered negligible. This also causes slight discrépanbetween the an . At the same time, at this speci c_mo uatlon_m ex,
theoretical and actual amplitudes of the current harmonics HWS-T OPPs also reduce the torque ripple, lowering the



torque TDD from16:36% to 11:66% This improvement is These conditions result in

further visible in the time-domain waveforms of Figs. 13(c) B 1 Bt

and 16(c), corresponding to QaHWS and HWS-T OPPs,

respectively. o
Similar observations hold at the nominal modulation inde\ﬁyhICh implies that

m = 1. At this operating point, theés" and 12" torque

harmonics of the conventional QaHWS OPPs are relatively

small, with the dominant torque harmonic being 8", see  Assuming HWSTe;, = 0 is achieved provided the follow-

Fig. 21. Nonetheless, HWS-T OPPs successfully eliminate hg conditions are met

low-order torque harmonics without affecting the curreDDY, p .

compare Figs. 20 and 23. As anticipated, the torque TDD 1SN x*

n 1 n+1

=0, (23)

in 1=1ins1 =0

o

n 1 bn +1

|1COS an 1+an+1 =0

n 1 n+l n 1 n+1l
of HWS-T OPPs is also slightly reduced compared to the i _s @1 &nna bno1 g bhaa
ghtly p I1sin = 1 ner tlicos o+ E 0

conventional QaHWS OPPs, froh$:60%to 16:56% Finally, (24)

it is worth noting that the time-domain stator voltage of HWSgy 5 ression (24) forms a system of two equations with four
T OPPs closely resembles that of QaHWS OPP, see Figs. 2 nowns. Thereforea, 1 and b, 1 can be expressed in
and 19(a), respectively. Yet, relaxing the symmetry frogms ofan+; andby. as

QaHWS to HWS provides additional degrees of freedom to the

optimization problem, enablling torque ripple reductionilesh a 1, sin = 2 (11 cos )? a
keeping the current harmonic distortions low, as conrmgd b 2" 1 — 5 *1
the presented experimental results. n 1 [1sin ~ +(licos )2 n+1
(25a)
VI. CONCLUSIONS 2 Iysin - g= (l1cos ) p o
This paper presented the computation of torque-constiaine I, sin . 2 + (11 cos )2 n+1’
OPPs, where the—harmful to the machine—low-order torque X
harmonics are suppressed over the widest physically dessib 2 I+si _—
range of modulation indices by directly constraining them i bh 1 - 1SN x+ (licos) an+1
the OPP optimization problem. At high modulation indices, n 1 I+ sin L + (11 cos )2 n+1
where complete elimination is not feasible, these harnsonic ! X ! (25b)

are minimized as much as possible. Moreover, as mathemat-
ically shown, relaxing arti cial symmetry restrictions ithe
OPPs provides additional degrees of freedom, enabling the
suppression of low-order torque harmonics without signi -
cantly compromising the current and torque TDD over a bro&hsed on the above, the following relationships must hold

2
. 2
S
I1sin = (I1cos ) buss
+1°

2
I1sin <= *+(licos )2n

range of operating points. The proposed optimal modulation 2 2 2 2
method was validated numerically on an MV drive with 9n 1 b1 " & + bh 1 (26a)
two different ratings as well as experimentally on a scaled- N 1 n 1 n+1l n+1l

down LV prototype. As demonstrated, despite the secondrord )

effects inherent in a real-world setting, the proposed Ongc,anM atan®*L = atan 2 = lisin (licos )
maintained high current and torque quality while effedtive b, 1 b1 . L2 o
eliminating the targeted low-order torque harmonics over a lisin %= (I1cos )
broad range of modulation indices and load conditions. (26D)

Condition (26a) implies that
APPENDIX i 0

1= Tn+1
When QaHWS is assumed, tlag Fourier coef cients are

zero. As a result, (12) can be simpli ed to while condition (26b) implies that

2 2 = lIysin (Ipcos )
\V/ ) . . X 1 1
Ten = 5 dcf I, sin X_S by 11 h1++11 + \ins1  \ip 1 =atan 5 :
1P n n ' lysin = (licos )?
1
bh 1, bha 27
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