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Abstract—In this paper, the recently introduced model predic-
tive pulse pattern control (MP3C) strategy is adapted to the ACS
2000 medium voltage drive of ABB. The drive system consists
of a five-level active neutral-point clamped (ANPC-5L) recifier
and inverter and an induction machine. The inverter is fed wih
offline computed optimized pulse patterns (OPPs) that prodoe
minimum harmonic distortion in the stator windings of the ac
machine. An optimal stator flux trajectory is calculated from
these OPPs and a trajectory controller tracks it in real-time.
In the proposed approach, trajectory tracking is based on mdel
predictive control (MPC): a constrained optimal control problem
is formulated and solved in real-time in a computationally
efficient manner. An event-based prediction horizon is emmlyed
in order to ensure fast tracking of the stator flux trajectory.
The advantages of the proposed method are optimal steady-
state behavior in terms of harmonic distortion and fast torque

response. The method was tested on a medium-voltage ANPC-

5L inverter coupled to a general-purpose1.21-MW induction
machine. Experimental results were obtained from this indstrial
setup and they are presented in this paper to demonstrate the
high performance of MP3C.

Index Terms—AC drive, optimized pulse pattern, model pre-
dictive control, five-level active neutral point inverter, medium-
voltage drive.

I. INTRODUCTION

A

and torque control in a wide range of applications that idelu

distortion of the stator currents is of special interest &nd
particularly challenging task owing to the low value ©f.

Increasing the switching frequency of the semiconductor
switches would allow the minimization of the distortion bkt
output voltage waveforms and of the machine currents. How-
ever, in MV configurations such as that of Fig. 1, the switghin
frequency cannot be increased beyond a few hundred Hertz
per semiconductor because of thermal constraints impoged b
the IGBT technology of the semiconductor devices. A further
limiting factor is the number of additional switching tréiens
that are required to control the neutral point potentialtaf t
dc-link and the voltages of the phase capacitors of the ANPC-
5L around their reference values. The neutral poiN) (f
the shared dc-link and the phase capacitdy) of one phase
leg of the ANPC-5L are shown in Fig. 2. Waveforms of the
neutral point potential and of one phase capacitor voltage a
shown in steady-state operation in Fig. 3. The additionkgsu
that are necessary to control the neutral point potentidl an
the phase capacitor voltages make use of the inherent goltag
redundancies of the ANPC-5L. A method for establishing
control of the inverter-internal voltages is presented3h [

In MV drives, it is crucial to select the PWM method such
that the harmonic distortion of the currents in the machine

BB has recently introduced the ACS 2000 generafindings is low. A further requirement is to operate the
purpose medium-voltage (MV) drive to provide speedemiconductor devices of the power converter at low switch-

ing frequencies. Conventional PWM methods, such as space

control of industrial fans and pumps [1]. Fig. 1 shows a bicyector modulation (SVM), can achieve these two conficting

drive configuration including an active rectifier stage, didk

objectives only in a limited region of the modulation range,

and an inverter stage connected to a MV induction machingpically below 50% of the rated voltage of the inverter [4].

This power converter is based on the five-level active neutrg, the upper modulation range, SVM is not suited to achieve
pointed clamped (ANPC-5L) topology [2]. The circuit diagra |ow current harmonics.

of one phase leg of the ANPC-5L topology is shown in Fig. 2.
General-purpose drives can be used to control standard

direct-on-line (DOL) induction machines, which are charac Auxiliary Power Supply

terized by a low value of leakage inductancg, usually in Jp—
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Fig. 1. Configuration of the ACS 2000 drive system from ABB.
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Fig. 2. Circuit diagram of the five-level active neutral gaifamped (ANPC) Time [ms]

voltage source inverter driving an induction machine (IM).

Fig. 3. Inverter-internal voltage waveforms of the ANPC-Bicorded at
Hz and42% load; Top neutral point potentialBottom ac ripple of phase

A more suitable solution is offered through the use Qf.ciior voltage. Both values are shown in p.u..

synchronous optimal modulation. Offline-calculated ojatim
pulse patterns (OPPs) [5]-[7] can achieve values of total
demand distortion (TDD) of the machine current which arstate conditions in both cases where harmonic excursions
less tharb% of the rated current in the complete linear rangean occur. Establishing control by trajectory tracking loé t
of the modulation indexn. Individual current harmonics of stator flux trajectory is the preferred method since it doas n
non-triplen order g, 7", 11", 13", ...) are reduced and require estimating the leakage inductance of the machine in
interharmonic components are eliminated [4]. real-time [8]. However, state-of-the art flux trajectorgaking

The use of OPPs in a closed-loop control system, howevegguires real-time estimation of the fundamental of théosta
is difficult in practice because discontinuities in the swing flux trajectoryseparatelyfrom the flux harmonics [9].
angles can introduce harmonic excursions [8]. Fig. 4(cjwsho A more recent solution that addresses this problem is model
the switching angles of OPPs of pulse numler= 5 per predictive pulse pattern control (M) [10] where the stator
guarter wave plotted over the modulation index and a hidlux control problem is addressed from the perspective of
number of discontinuities in the switching angles can bmodel predictive control (MPC) [11], [12]. MPC has recently
observed. With the motor drive in operation, only a narrolween gaining popularity in the field of power electronics}f13
band of the switching angles of a given pulse numbisrused. [18] because of its advantages in terms of straightforward
The selection of the band is such that the switching frequenimplementation and the explicit inclusion of constraintaic
fsw = df1, where f; is the fundamental frequency, does nopled with the more powerful controllers available in modern
exceed a preset limit. Ag; increases, the pulse numbér converters. MPC is based on a mathematical model of the
decreases, e.g. frold = 5 to d = 4. Such a transition system and operates by minimizing an objective function in
between neighboring pulse patterns can also introduce hagal-time. In this work, the objective function to be minzad
monic excursions in the machine current. A solution is @ffer is chosen as the deviation of the stator flux vector from its
through control by trajectory tracking [8] which can mainta optimal trajectory within a time prediction horizon of fiait
the optimal volt-seconds balance of OPPs under quasi stealdygth.
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Fig. 4. Five-level optimized pulse pattefi(m, d) with d = 5 switching angles per quarter wave. The switching angles at 0.55 are indicated by black
circles.
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Fig. 5. Block diagram of the model predictive pulse patteontmller (MP3C).
TABLE | . .
PHASE VOLTAGES OF THEANPC-5L INVERTER AND THE Cpn, between the series connected output switchigs; and
CORRESPONDINGSWITCHING COMBINATIONS S71Ss [1] as shown in Fig. 2. By choosing the nominal voltage

of the phase capacitors to bec/4, five different, evenly

Switching Combination spaced phase to neutral voltage levejs,., with = € {a, b, ¢}
Uph,z S19:8351 S5565rSs can be produced. The phase capacitor voltage can be added or
Vde/2 = Vdc.up 1010 1100 subtracted from the neutral point potential as well as suibed
vdc/4 = Vgcup— Vpha || 1 010 100 from vgeup OF added tovgcio. As a result, the ANPC-5L
vde/4 = Vphx Lo10o 0110 inverter produces the following phase to neutral voltagele
0 Lo1o o001l {—vdc/2, —vdc/4, 0, +vdc/4, +vdc/2}.
— i o 8 1 8 1 1 (1) 8 (1) 'I_'he_phase leg of the ANF_’C-SL inverter has eight allowed
—vde/4 = —vumo:zphw 0101 0110 switching states, two of which pr(_)d_uce unigue output volt-
_de/QZ_'UdCJO o101 0011 ages: { —vdc/2, +vde/2}. The remaining three voltage lev-

els {—vqc/4, 0, 4v4c/4} have two associated switching states
each. This is shown in more detail in Table |, where all the
The present paper is andustrialimplementation of MBC, allowed switching_ combinatiqns are shown with the _resgltin
tailored to the requirements of the ANPC-5L MV drive. Théloltag_es. As prey|ously mentioned, these redundanmebean
. S . ) . . effectively exploited to control the neutral point and phas
underlying optimization problem is solved in real-time in & ; . .
; - : Capacitor voltages, as described in [3].
computationally-efficient manner to provide the sequerfce 0
svyitching a_ngles (Fhe control input) that allows _the operat [1l. PRINCIPLE OF STATOR FLUX TRAJECTORY TRACKING
with OPPs in quasi steady-state. The deadbeat implemeantati
of MP3C in [10] is refined to achieve high dynamic perfor- Optimized pulse patterns are calculated offline and stored
mance in closed loop despite computational limitationshan tin a look-up table for use in real-time operation, [5]-[7].
length of the prediction horizon. The entries of the look-up table are read out in real-time
This paper is organized as follows. The ANPC-5L topologpy making use of the modulation index and the pulse
is summarized in Section Il. In Section Ill the principle ohumberd as inputs as shown in the block diagram of Fig. 5.
the stator flux trajectory tracking is presented. Section IVhe pulse numbet is selected relative to the fundamental
describes the proposed control algorithm in detail ineigdi frequency of the drive systenf;, with the following relation:
the derivation of the optimal flux trajectory from the OPPd and = floor(fsw/f1), where f,, is the switching frequency
the formulation of the optimization problem. In Section \éthof the semiconductor devices. The selectifyy, = fsw, max
performance of the controller is demonstrated in an indalstrensures that the maximum value of the switching frequency
ANPC-5L. Finally, in Section VI conclusions are drawn. is not exceeded. The modulation indexis adjusted through
a conventional linear controller of the rotor flux amplitude
1, of the ac machine as seen in Fig. 5. The output of
the flux controller block in this figure is the modulation
The ANPC-3L inverter produces three different phase fadex m = mgg + mp. The first term of this sum adjusts
neutral voltage leveld —vqc/2,0, +v4c/2}, Wherevy is the the voltage to be in proportion to the stator frequency,
total dc-link voltage. The ANPC-5L phase leg is derivethrr = (vdc nom/Vdc) ws®r, Whereuvgenom is the nominal value
from the ANPC-3L phase leg by inserting a phase capacitof, the dc-link voltage. The second term of the sum is the

Il. FIVE-LEVEL ACTIVE NEUTRAL POINT CLAMPED
INVERTER
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(a) Flux linkage space vectap, and reference
flux trajectory ;.

Fig. 6. Diagram of voltage, current and flux linkage spacetorscin an
induction motor.

output of a Pl controller that compensates for the long-term A JB

error in the amplitude of the rotor flugk; — v,. 1
The pair (m,d) defines the operating point of the drive

system through the optimized pulse sequeden,d). An

example of an optimized three-phase pattern which is valid

for m =0.55 and d =5 is shown in Fig. 4(b). When fed

to the electrical machine through the inverter without Hert

modification, the optimized pulse pattern generates threese

voltages in the stator windings whose sinusoidal spatwtieli

butions are described by the respective voltage spaceryecto

ug, shown in the vector diagram of Fig. 6. The electromagnetic

field in the stator winding is described by the stator flux gpac (b) The flux error vectonp, ¢ in detail.
vector t Fig. 7. The reference flux vectay} is calculated in real-time by linear
1/;8(15) = qps(()) + / uS(T)dT’ (1) interpolation between the pre-stored valug$ and vy, .
0

also shown in Fig. 6. Assuming operation at steady-state an(bontrol through stator flux trajectory tracking aims at com-

an inverter of ideal switching behavior, the stator flux spa : . . g
2 ' : ensating the stator flux err in real-time by modifyin
vector would track an optimized reference flux trajector(;EJ 9 O, er y fying

A le is sh i Fig. 7 ; P he volt-second area of the original, offline-calculate spul
n example is shown in Fig. 7(a) over one quarter o attern P(m,d), which is valid only for an ideal system

fundamental period. Under ideal conditions, the voltage I erated at steady-state [4]. Eliminating the flux erropved
the stator windings would match exactly the optimized pul§§) .

o . e drive system to maintain its operating pojnt, d) while
pattern waveforms and the_harm_omc distortion of the stat nerating currents of minimum harmonic distortion in the
currents would be equal to its offline-calculated value.

. . . .. _stator windings of the machine. This is due to the linear-rela
However, the behavior of the drive system is non-ide f g

owing to non-linear effects of the inverter. These incIudﬁonShip between flux and current harmonics: optimizatiébn o
) 9 L S . fhe stator flux trajectory amounts to optimal current wausfo
instantaneous deviations of the neutral point potentiamfr . : oo

in the machine windings [4].

zero, deviations of the phase capacitor voltages from thelrMoreover, stator flux trajectory tracking also enablesuerq

;esf?;]eengggﬁgriseaenf?egfFl's';]le?rlgfisnggzteargg;f;%mnscontrol. This is explained with reference to the vector diag
. . ' . in Fig. 6 that shows the space vectors of the stator and rotor
the inverter-internal voltage waveforms from their refae

- . L ﬂux linkages describing the electrical subsystem of the ac
values, shown in Fig. 3, are manifested as deviations of the _ . .
rRachlne [20]. For reasons of completeness, Fig. 6 shows the

TIU).( space vector frqm Its refe_r ence trajectory. The resy gace vectors of further electrical quantities of the achimec
is increased harmonic content in the stator currents of ta]

machine despite the utilization of optimized pulse pagein I” motoring operation. The flux leakage is the difference
addition to this, deviations from the reference flux trajegt between stator and rotor flua( = 3, — k4,) and the

stator voltage is the sum of the induced voltage and the

occur when the drive operates dynamically, e.g. during St$§ltage drop on the stator resistanee, & w; + r.i,), where

chan_g_es of the load torque or in the event of a rlde-throug is the stator current. The amplitude of the flux vectors and

con_d|t|on.. Such errors have to be colmpen.sated very qUIOklytffueir angular displacement determine the magnitude of the

avoid a trip d_ue to overcurrent conditions in the drive syste torqueT. generated at the rotor shaft of the machine by the
Any deviation of the stator flux space vectgr, from its interaction of the electromagnetic fields of the stator atdrr

reference trajectory); can be described by the flux errorWindings through the air gap,
space vector

"/’s,err = 1/’2 -, 2 Te = kpribs siny, 3



where k,. is the rotor coupling factor. Assuming knowledgé-ig. 7b) with each corner point corresponding to a switching
of the quantities in (3) and a given reference torque valtiansition in the OPP. These corner points are stored ink loo
T, the problem of torque control becomes the adjustment @ table along with the OPP patterns. Thus, the following
the stator flux space vectap, to coincide in intensity and information is readily available at each operating pgint d)
angular displacement with the reference fia% at any given in the discretized modulation range:

time instantt. _ _ . i) The d switching angles of the OPP. Owing to the quarter-
_The proce_dure is explained with referenc_e to the block wave symmetry of the optimized pulse sequences (see
diagram in Fig. 5 where the torque refereriGeis the output Fig. 4) only the angles over the first° of the funda-

of a conventional speed controller. An observer of the state mental period need to be stored in the look-up table.

variables that describe the electrical machine is fed by thg) The respective switching states of the OPP o9@f of
measured stator curreiitand the angular velocity of the rotor  the fundamental period.

wr [21]. The observer estimates the complex state variables jij) The corner point component values: , and ¢ ; of

andt, and the electromagnetic torque (3). The reference the reference flux vector referred to in stationary co-
amplitude of the rotor flux space vectgr: is held constant ordinates, i.e.pt =, +jy% 5. The reference flux

. . . L ; s,p"

in the base speed range, as shown in Fig. 5. The angular rajectory exhibits 830° symmetry, thus, only the value
displacement of the rotor flux space vectap, with reference pairs(y% ,, 17 ;) over this range are stored in the look-up

to the real axis of the stationary coordinate system (Figs 6) table.
estlmated in real-time a5 = arg(wr)'. . . Storing the reference flux coordinates for the corner points
With the present state of the electrical machine estimayed ﬁl‘

he ob h Ki d ine the oh | re look-up table—rather than calculating them in réalet
the observer, the next task is to determine the phase angig ugh (1)—greatly reduces the complexity of mathemaética

the reference stator flup} that corresponds to the referenc%perations that need to be performed in real-time
torque_ valueT¥. When the machine is fully magnetlzed, the Given the operating pointm, d), the corresponding flux
magnitude of the reference stator flux vector is equdlpau.. reference corner points are compared to the angular posi-

T_hen, tfor a confstant Valltf 0; th? rgtor flluxbm?gnltudtcre] an?t%n (5), referring to Fig. 5. The components of the refeeenc
given torque reference, the desired angle between ther stgfq, vectorsv; and ¢, that are adjacent to the desired

and rotor flux vectors is calculated as reference flux vector are retrieved from the look-up table,
+* = sin”! ( T: ) (4) noted asyr;, ,(m,d) in Fig. 5. Next, a linear interpolation
krtbr )} is performed betweetb; andq, (see Fig. 7b) to determine

The reference stator flux trajectory is then obtained Bfje flux reference vectapy, a process that requires very few

integrating the chosen three-phase pulse pattern where fighematical calculations.

reference stator flux angle, Th_e _cor_rection _ of the flux erron), o is_ a_chieved by
modifying in real-time the pre-stored switching instantste
Lpg ="+, (5) OPPs. The volt-second area that the PWM sequence of each

phase contributes to the flux is either increased or dealease
depending on the direction of the needed modification and on
the switching transition. An example is shown in Fig. 8(a)

to state-of-the-art methods [9], it is not required to estien e o
here a modification of the switching instants of two phases
the fundamental component of the stator flux error separate . .
must be made. The volt-second area in phase reduced

of its harmonic component. Wlth_thls procedure, the toqube At, and the volt-second area in phasés increased by
and flux control problem of the drive system can be resolve e

. . t,. The modifications,At, and At,, are made such that
by compensating the error vecter, ... The details of the .
: : i .S e the respectivex- and b-components of the stator flux error,
implementation of trajectory tracking for the specific cade L e

. . . . 1. o @re minimized. In general, modifying the value of a
the ANPC-5L drive system are explained in the next section.® . Lo
pre-calculated (nominal) switching instatjt, « € {a,b,c},

IV. M ODEL PREDICTIVE PULSE PATTERN CONTROL by a time intervalAt, results in a modified switching instant
(MP3C) FOR THEANPC-5L INVERTER t, = t* + At,. The volt-second contribution of phaseto the

The control objective of the proposed method is to compefr|1l-JX correction Is:

sate the flux error in real-time by modifying the pre-calteta A, (At,) = —@AuzAtz , (6)
switching instants of the OPPs. The flux error compensation ’ 2
must be achieved as quickly as possible while simultangousthere Au, € {—1,+1} is the direction of the switching
maintaining low distortion in the machine currents in thé&ansition andvyc is the total voltage across the two dc-link
complete modulation index range. capacitorsCy.. Note that the normalized voltage states of

In a first step, the reference flux trajectory is calculatetie ANPC-5L inverter are:, € {—2,—1,0,+1,+2}. Hence,
offline by integrating the respective OPPs according to (When the next voltage state is larger than the current oee, th
over 90° of the fundamental voltage waveform. The resullirection of the transition ig\u, = +1. Accordingly, when it
of this integration procedure is a set of corners points (seelower, it is Au, = —1.

is the upper limit of the integral in (1). With the referenaaxfl
1% available, the calculation (2) is straight-forward. Canyr



Au, flux error correction in the direction of phase Auq
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(a) Sample time instartTs = to is the lower time constraint. (b) Sample time instarkTs = to is the lower time constraint.
The switching instants are the nominal valies;, = t; and The switching instants are the nominal valugs;, = t; and
tact, = ty,; they are shifted te,, andt,,, respectively within tacty = t;;2; instantt;;1 is shifted tot,, within the horizonT,
the horizonT}, shown by the black arrow. The upper time shown by the black arrow. The upper time constraint*bizs At
constraint ist;;. At t = tq,, the horizon is reevaluated. t = t,, the horizon is reevaluated.

Fig. 8. MPBC is activated at sample time instakl’s and it modifies pre-calculated switching instants of a tiplease, five-level pulse pattern.

In a next step, the formulated objective function is mini- Starting from the sampling instanf = k75, the two future
mized in real-time: nominal switching instantg,,.;, andt,.,, which are closest
to to are identified. The following two cases are considered:
J(At) = |'¢s,corr(At) - ¢s,err| ) (7)

« If the two switching instants that follow, occur in

where .,.(At) is the correction of the stator flux given by different phases, the flux error vector is projected onto
these two phases. In this case, two active phases, i.e.

v AugAt, two degrees of freedom, are available to compensate the
P con(AL) = _%CK AupAty | (8) error:{a, b}, {b,c} or {c,a}. In Fig. 8(a), the two active
Au At switching instantst,.;, = th, and t,.¢, = t;;, are in
_ _ _ phases anda, respectively.
with the matrix K being o If both switching instants,.;, andt,.;, that follow ¢y
5 1 1 1 occur in the same phase, then switching instants in a
K== _\/g _\% 9) single active phasey, b or ¢, are available to reduce
310 ¢ =% the flux error. In Fig. 8(b), both active switching instants

Furthermore At = [At,, Ata,...Aty, ... At .. |7, is the tacts = t, andtacr, =1, arein phase. _ .
vector of the switching instant modifications, i.e. the npani 1he length of the horizon is equal to the maximum differ-
ulated variables. Function (7) is the amplitude of the nesid €NC€ between the initial sample instantand the nominal or
flux error at the end of a prediction horizon of finite lengtfnodified switching instants (Fig. 8), i.e.

Tp_. By modifying the switching _in_stf_;lnts of the_OPP \_/vithin T, = max{t: — to, ts — to}. (10)
this horizon, the flux error is minimized and—if possible—

eliminated. However, in contrast to the vast majority of the Based on (10) aeventbased horizon is defined. The selec-
introduced MPC approaches in power electronics the lengtbn of the prediction horizon is key to the applicationesried

of the prediction horizon is not fixed, it is rather a functiomnmplementation of MPC that is outlined here. By restricting
of the nominal and modified switching instants of the phas#se length of the horizon to include only two switching ewent
that commutate within the horizon and the horizon is comgpputéhe computational effort is significantly reduced relatiee
in real-time. The calculation of the prediction horiz@p is an unconstrained prediction horizon, but sufficiently ldong
outlined next. effectively correct the flux error. This trade-off makes the
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Fig. 9. Example of MPC compensating flux erroth ; o Within four sampling intervalstTs. The circled numbers in (f) correspond to the flux error

compensation steps shown in (a)—(e).

implementation of MPC on a standard microprocessor or
a field-programmable gate array (FPGA) device possible. In
practice, the time horizon is separated into equal sampling
intervals of fixed length7, = 25 us, based on the execution
sampling interval of MPC. With each iteration of MEC the
horizon is reduced by’;. When the entire horizon has been «
scanned, a new prediction horiz@iy is evaluated according
to (10) and the flux error correction procedure is repeated.

A further practical issue that determines the length of the
prediction horizon is associated with the interaction o th
controlling microprocessor or FPGA and an external Flash

switching instant that follows both,.;, andt,..,, regard-
less of which phase it belongs to. In the case of Fig. 8(a),
where the active switching instants atg,;, =t;, and
tact, = t,, the upper time constraint is the switching
instantt;_, but it could also be?, if it occurred first.

If both active switching instants,.;, and t,.., occur

in the same phase, e.g. Fig. 8(b), then the upper time
constraint is equal to the nominal (pre-calculated) switch
ing instantt,.,. In the case of Fig. 8(b), where the
active switching instants amg,.., = th, andtget, = thys

the upper time constraint is equal to the instgnt

stored. These data, i.e. switching instants, values othinit)
states and reference flux coordinates, must be read out from

the Flash memory at the beginning of every sampling interval
Ts. The data transfer takes a fraction of the sampling interv
T;nt < Ts. This imposes a restriction on the maximum lengt

of the prediction horizorf},.

Before the optimization problem is formulated, upper an
lower time constraints must be imposed on the allowed time
modification of switching instants. The lower time consitai
is equal to the sample time instafy, while the upper time

constraint depends on the location of the nominal values of
the active switching instants. To be more specific:
« If the active switching instants,.;, and t,.., occur
in different phases, e.g. Fig. 8(a), then the upper time This optimization problem is solved within each sampling
constraint is equal to the first nominal (pre-calculatediyterval T, yielding a sequence of optimal control inputs

minimize J(k) overT,
subject to eq. (11)

to <t, <min{71 UTz}. (12)

érp (11) the sef; is defined ag, = {t; | t; = t;,}, wheret;,

I} the second switching instant of the active phase/s tfiatfo

to and the seT; is defined ag, = {t} | t; =t} }, wheret},

i& the first switching instant of the non-active phase/s.

By taking the objective function (7), the prediction horizo
10) and the linear time constraints (11) into account the
following optimization problem is formulated:

(12)



TABLE Il
PARAMETERS OFMEDIUM-VOLTAGE INDUCTION MACHINE

Rated power 1.21 MW
Rated phase-to-phase voltadéaf) 6kV rms
Rated phase currenf ) 137 A rms
Rated power factor 0.85
Rated stator frequencyft) 50 Hz
Rated angular velocity 1488 rpm
Stator resistance 203 m2 0.006 p.u.
Rotor resistance 158 m2 0.005 p.u.
Main inductance 330 mH 2.96 p.u.
Total leakage inductance 20mH 0.179 p.u.
TABLE Il
PARAMETERS OFFIVE-LEVEL MEDIUM-VOLTAGE POWER CONVERTER

Rated apparent power 1.14 MVA
Rated phase-to-phase voltagle 6.6 kV rms

DC-link voltage 9.8 kV
Fig. 10. The ACS 2000 MV drive from ABB. Rated phase current || 100A rms
Rated frequency 50 Hz

over the horizon. To solve (12), the flux error vector is
projected onto the active phases and the corresponding fl}e per unit system is established using the base quantities
error components are calculated. The component of the flix = /2/3Via = 4899V, Iz = v2I = 194A and
error on each of the active phases determines the necesdary fraa = 50Hz. The induction machine is of the direct-
modification of the nominal switching instants of the correon-line (DOL) type, featuring a very low leakage inductance
sponding phases, (6). The modified switching instants ae fRarameters of the MV converter are listed in Table IlI. Stato
optimal control inputs over the horizon. In accordance witioltage and current waveforms recorded in the experimental
the receding horizon policy [11], [12], thiérst control input  Setup with the drive system controlled by P are shown
of this sequence is applied at the end of the first samplifity Fig. 11 while the machine is operated #tHz frequency
interval, then the length of the horizon is decreasedZpy and at partial load. The fundamental component of the stator
and the procedure is repeated. When the whole horizon yg4ages in Fig. 11(a) is shown only partially in the spestru
been scanned, the length of the new prediction horizpis 0 emphasize the harmonic content. The rms phase amplitude
reevaluated together with the new upper and lower conssrairis 3.49KkV, which corresponds to the rated phase-to-phase
as described above. machine voltage of kV. Higher-order voltage harmonics are
F|g 9 shows a Step-by-step examp|e of the flux err§hown in full detail in Flg 11(a) It is evident that the diste-
correction. The goal is to compensate the flux erggr,, Order components are of negligible amplitude up to $h&
shown as bold solid lines in Fig. 9(f). In Fig. 9(a), the ldmgtharmonic.
of the prediction horizofl, and the lower and upper time con- The current waveforms produced by MP are shown in
straints,ty = kT, andt, = t;,, respectively, are determined.Fig. 11(b). Also here, the fundamental component of the
Also the required time modification&t, = —(t; —t,,) and current 85A rms) is shown only partially in the spectrum
At, = —(t;, —ty,) are calculated within the first samplingin order_ to focus on the very low amplitudes of tr_le current
interval T,. The flux correction starts taking effect after théarmonics. MPC produces jus$.77% total demand distortion
sample instantk + 1)T, in Fig. 9(b) and the error is fully (TDD) referred to the rated current of the controlled maehin
compensated betweeft + 3)7, (Fig. 9(d)) and(k + 4)T, (137 A). For comparison purposes, the respective voltage and
(Fig. 9(e)). In this example, only four sampling intervalspse current waveforms and harmonic spectra produced by direct
between the prediction of the required compensation actidarque control (DTC) are shown in Fig. 12. These waveforms
Fig. 9(a) and its successful realization, Fig. 9(d). The newere recorded at the same operating point and at the same

prediction horizorT), is determined in Fig. 9(e). switching frequency as in Fig. 11. In this case, DTC produces
stator currents witl6.37% TDD.
V. PERFORMANCEEVALUATION The dynamic performance of ME was also tested in the

The proposed MEC method was tested in the MV lab-experimental setup. The recorded electromagnetic tordue o
oratory. The test setup consisted of laMVA ACS 2000 the electrical machine is shown in the upper trace of Fig. 13
MV drive from ABB, Fig. 10, coupled to &-kV, 137-A where a step change from full-load to no-load operationgake
induction machine with a constant mechanical load. Impartgplace att ~ 6.5 ms. The machine torque settling time is less
parameters of the electrical machine are listed in Table then4 ms with very little undershoot. M is able to maintain
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(b) Three-phase stator current waveforms and harmonidrspecthe
rms amplitude of the phase current8is A. DTC produces5.37% total
demand distortion (TDD) referred to the rated current ofdbetrolled

machine {37 A). machine {37 A).

Fig. 11. Experimental results produced by #Pin steady-state operation Fig. 12.
(f1 = 50Hz and62% machine current). Optimized pulse patternsict 10
switching instants per quarter-wave are employed.

Experimental results produced by DTC in steadiestgperation
(f1 = 50 Hz and62% machine current). The recorded waveforms are at the
same switching frequency as in Fig. 11.

control of the machine even after the transient conditiom hdictive manner: required future modifications of switching
elapsed, as validated by the current waveforms shown in thtants are calculated within an event-based predictioizdrr
lower trace of Fig. 13. Control actions are evaluated in a computationally efecti
fashion: the minimum number of required switching instants
is used to compensate errors in the stator flux trajectorig Th
Industrial medium-voltage (MV) drives must meet stringergnables the application of the proposed method to any dontro
performance requirements with regard to the total demapthtform of any industrial drive.
distortion (TDD) of the currents in the windings of the MP3C compensates non-idealities of the drive system that
controlled machine. This is a challenging task owing to thdeteriorate the steady-state performance of OPPs in resdiw
low switching frequencies in MV converters. The solutiompplications. The result is minimum TDD of the produced
proposed in this paper, model predictive pulse patternrobntcurrents even in applications that employ direct-on-liD&()
(MP3C), is presented for use with a five-level active neutrahachines, which typically feature very low leakage induc-
point clamped MV drive. Optimized pulse patterns (OPPs) atances. The superior performance of MPwas demonstrated
calculated offline to generate minimum harmonic distortién in the laboratory with a test ANPC-5L drive operated at
the currents under ideal conditions. The OPPs are modifiedsiteady-state. The experimental setup was also subjected to
real-time by MPC such that optimization of the stator fluxstep changes in the reference torque while the drive was
trajectory is achieved. This optimization is performed ijpra- operating at rated frequency. The large-signal responsieeof

VI. CONCLUSIONS
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Fig. 13. Experimental results of a step change of the torefierence at
t = 6.5ms. The drive is operated g = 50 Hz.

electromagnetic torque of the controlled machine valisléte
high dynamic performance provided by P
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