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Abstract—In this paper, the recently introduced control strategy referred to as model predictive pulse pattern control (MP3 C)
is adapted to the ACS 2000 five-level power converter of ABB.
The drive consists of an induction machine and a five-level
active neutral-point clamped (ANPC-5L) inverter. The power
inverter is fed with optimized pulse patterns (OPPs) that produce
minimum harmonic distortion in the stator winding 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 model
predictive control (MPC): a constrained optimal control problem
is formulated and solved in real-time in a time-efficient manner.
An event-based prediction horizon is employed 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 pilot ACS 2000 power converter coupled to a generalpurpose 1.21-MW induction machine. Experimental results were
obtained from this industrial setup; they are presented in this
paper to demonstrate the high performance of MP3 C.
Index Terms—AC drive, optimized pulse pattern, model predictive control, five-level active neutral point inverter

I. I NTRODUCTION
ABB has recently introduced the ACS 2000 general-purpose
medium-voltage (MV) drive to provide speed and torque
control in a wide range of applications that include control of
industrial fans and pumps [1]. Fig. 1 shows the circuit diagram
of the drive configuration that includes the active rectifier
stage, the dc link, and the power inverter stage that controls a
MV induction machine. The ACS 2000 is based on the fivelevel active neutral-pointed clamped (ANPC-5L) topology [2];
the circuit diagram 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 characterized by a low value of leakage inductance xσ , usually in
the range of 0.18 p.u.. In the inverter-controlled configuration
of Fig. 1, a DOL machine is fed with pulse width modulated
(PWM) voltage waveforms. The minimization of the harmonic
distortion of the stator currents is of special interest; this is a
particularly challenging task owing to the low value of xσ .
Increasing the switching frequency of the semiconductor
switches would allow minimizing the distortion of the output

voltage waveforms and of the machine currents. However,
the switching frequency cannot be increased beyond a few
hundred Hertz per semiconductor in MV configurations such
as that of the ACS 2000 because of thermal constraints
imposed by the IGBT technology of the semiconductor devices. A further limiting factor is the number of additional
switching transitions that are required to control the neutral
point potential and the voltage of the phase capacitors of ACS
2000 around their reference values. The neutral point N of the
shared dc-link and the phase capacitor Cph of one phase leg of
the ANPC-5L are shown in Fig. 2. Waveforms of the neutral
point potential and of the three-phase phase capacitor voltages
are shown at steady-state operation in Fig. 3. The additional
pulses that are necessary to control the neutral point potential
and the phase capacitor voltages make use of the inherent
voltage redundancies of ANPC-5L; the method for establishing
control of the converter-internal voltages is presented in [3].
The choice of the PWM method is crucial to reduce the
harmonic distortion without violating the limitation in the
switching frequency. Conventional PWM methods, such as
carrier-based PWM and space vector modulation (SVM), can
achieve this result only in a limited range of the modulation
area, typically below 50% of the rated voltage of the power
converter [4].
A more suitable solution is offered through the use of
synchronous optimal modulation: offline-calculated optimal
pulse patterns (OPPs) [5]–[7] can achieve values of the total
demand distortion (TDD) of the machine current lower than
5% of the rated current in the complete linear range of
the modulation index m. Individual current harmonics of
non-triplen order (5th , 7th , 11th , 13th , . . . ) are reduced and
interharmonic components are eliminated [4].
However, the use of OPPs in a closed-loop control system is
difficult in practice: discontinuities of the switching angles and
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Fig. 1: The ACS 2000 from ABB: Drive configuration.
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Fig. 2: Circuit diagram of the five-level active neutral point clamped (ANPC)
voltage source inverter driving an induction machine (IM).
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(a) Optimized pulse pattern; d = 5, m = 0.55,
phase a.
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Fig. 3: Converter-internal voltage waveforms of the ACS 2000 recorded at
32 Hz and 42% load; Top: neutral point potential, Bottom: ac ripple of phase
capacitor voltage. Both values are shown in p.u..

loop despite of computational limitations in the length of the
prediction horizon.
II. P RINCIPLE

OF

S TATOR F LUX T RAJECTORY T RACKING

Optimized pulse patterns are calculated offline and stored
in a look-up table for use in real-time operation, [5]–[7]. The
entries of the look-up table are read out in real-time by making
use of the modulation index m and the pulse number d as
inputs as shown in the block diagram of Fig. 5. The pulse
number d is selected depending on the fundamental frequency
of the drive system f1 as d = f loor(fsw /f1 ), where fsw is
the switching frequency of the semiconductor devices. The
selection fsw = fsw,max ensures that the maximum value of
the switching frequency is not exceeded. The modulation index
m is adjusted through a conventional linear controller of the
rotor flux amplitude ψr of the ac machine, Fig. 5.
The pair (m, d) defines the operating point of the drive
system through the optimized pulse sequence P (m, d), Fig. 5.
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 power converter without
further modification, the optimized pulse pattern generates
three-phase voltages in the stator windings whose sinusoidal
spatial distributions are described by the respective voltage
space vector us , shown in the vector diagram of Fig. 6. The
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transitions between neighboring pulse patterns can introduce
harmonic excursions [4]. Fig. 4(c) shows the switching angles
of OPPs of pulse number d = 5 per quarter wave plotted
over the modulation index; a high number of discontinuities
in the switching angles can be observed. A solution is offered through control by trajectory tracking [4]. It allows
maintaining the optimal volt-seconds balance of OPPs under
quasi steady-state conditions, even when the pulse number
d changes. Establishing control by trajectory tracking of the
stator flux trajectory is a preferred method since it does not
require estimating the leakage inductance of the machine in
real-time [4]. However, state-of-the art flux trajectory tracking
requires real-time estimation of the fundamental of the stator
flux trajectory separately from the flux harmonics [8].
A more recent solution that addresses this problem is model
predictive pulse pattern control (MP3 C) [9]. The stator flux
control problem is addressed from the perspective of model
predictive control (MPC) [10], [11]. Based on a mathematical
model of the system an objective function is formulated; this
function is minimized by correcting the deviation from an
optimal flux trajectory within a time prediction horizon of
finite length. The present paper is an industrial implementation
of MP3 C, tailored to the requirements of the ACS 2000: the
underlying optimization problem is solved in real-line in a
time-efficient manner to provide the sequence of switching
angles (the control input) that allows operation with OPPs
at quasi steady-state. The deadbeat implementation of MP3 C
in [9] is refined to achieve high dynamic performance in closed
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(b) Three-phase optimized pulse pattern; d = 5,
m = 0.55.
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Fig. 4: Five-level optimized pulse pattern with d = 5 switching angles per quarter wave. The switching angles at m = 0.55 are indicated by black circles.
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Fig. 5: Block diagram of the model predictive pulse pattern control (MP3 C) method.
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Any deviation of the stator flux space vector ψ s from its
reference trajectory ψ ∗s can be described by the flux error
space vector
(2)
ψ s,err = ψ ∗s − ψ s .
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Fig. 6: Diagram of voltage, current, and flux linkage space vectors in an
induction motor.

electromagnetic field in the stator winding is described by the
stator flux space vector
 t
us (τ )dτ ,
(1)
ψ s (t) = ψ s (0) +
0

also shown in Fig. 6. Assuming operation at steady-state
and a power converter of ideal switching behavior, the stator
flux space vector would track an optimized reference flux
trajectory; an example is shown in Fig. 7(a) over one quarter of
the fundamental period. Under ideal conditions, the voltage in
the stator windings would match exactly the optimized pulse
pattern waveforms and the harmonic distortion of the stator
currents would be equal to its offline-calculated value.
However, the behavior of the drive system is non-ideal
owing to non-linear effects of the power converter. These
include instantaneous deviations of the neutral point potential
from zero, deviations of the phase capacitor voltages from their
reference values, and non-idealities of the power converter
system such as the dead-time effect [12]. The instantaneous
excursions of the converter-internal voltage waveforms shown
in Fig. 3 from their reference values are manifested as deviations of the flux space vector from its reference trajectory. The
result is increased harmonic content in the stator currents of
the machine despite the utilization of optimized pulse patterns.
In addition to this, deviations from the reference flux trajectory
occur when the drive operates dynamically, e.g. at step changes
of the load torque or at the event of a ride-through condition.
Such errors have to be compensated very quickly to avoid a
trip due to overcurrent conditions in the drive system.

Control by stator flux trajectory tracking aims at compensating the stator flux error ψ s,err in real-time by modifying the
volt-second area of the original, offline-calculate pulse pattern
P (m, d), which is valid only for an ideal system operated at
steady-state, [4]. Eliminating the flux error allows the drive
system to perpetuate the operating point (m, d) while generating currents of minimum harmonic distortion in the stator
windings of the machine. This is due to the linear relationship
between flux and current harmonics: optimization of the stator
flux trajectory amounts to optimal current waveforms in the
machine windings [4].
Moreover, stator flux trajectory tracking also enables torque
control. This is explained with reference to the vector diagram
in Fig. 6 that shows the space vector of the stator- and
rotor flux linkage, which describe the electrical subsystem
of the ac machine [13]. For reasons of completeness, Fig. 6
shows the space vectors of further electrical quantities of the
ac machine at motoring operation: the flux leakage is the
difference between stator- and rotor flux, ψ σ = ψ s − kr ψ r ;
the stator voltage is the sum of the induced voltage and the
voltage drop on the stator resistance, us = ui + rs is , where is
is the stator current. The amplitude of the flux vectors and their
angular displacement γ determine the amount of torque Te
generated at the rotor shaft of the machine by the interaction
of the electromagnetic field of the stator- and rotor windings
through the air gap,
Te = kr ψr ψs sin γ ,

(3)

where kr is the rotor coupling factor. Assuming knowledge
of the quantities in (3) and a given reference torque value
Te∗ , the problem of torque control converts into adjusting the
stator flux space vector ψ s to coincide in intensity and angular
displacement with the reference flux ψ ∗s at any given time
instant t.
The procedure is explained with reference to the block
diagram in Fig. 5, where the torque reference Te∗ is the
output of a conventional speed controller. An observer of the
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(b) The flux error vector ψ s,err in detail.
Fig. 7: The reference flux vector ψ ∗s is calculated in real-time by linear
interpolation between the pre-stored values ψ ∗s1 and ψ ∗s2 .

state variables that describe the electrical machine is fed by
the measured stator current is and the angular velocity of
the rotor ωr [14]. The observer estimates the complex state
variables ψ s and ψ r , and the electromagnetic torque (3). The
amplitude of the rotor flux space vector ψ r is controlled to
be constant in the base speed range, as shown in Fig. 5. Its
angular displacement δ with reference to the real axis of the
stationary coordinate system (Fig. 6) is estimated in real time
as δ = arg(ψ r ).
With the actual state of the electrical machine estimated by
the observer, the next task is to retrieve the phase angle of
the the reference flux ψ ∗s that corresponds to the reference
torque value Te∗ . When the machine is fully magnetized, the
magnitude of the reference flux vector is equal to 1 p.u.. Then,
for a constant value of the rotor flux magnitude and a given
torque reference, the desired angle between the stator and rotor
flux vectors is calculated,
γ ∗ = sin−1



Te∗ 
.
kr ψr ψs∗

(4)

The reference flux vector is then obtained by integrating the
chosen three-phase pulse pattern; the reference angle γ ∗ + δ
is the upper limit of the integral in (1). With this procedure,
the torque- and the flux control problem of the drive system
can be resolved now by compensating the error vector ψ s,err .
The details of the implementation of trajectory tracking for
the specific case of the ACS 2000 drive system are explained
in the following Section.

The control objective of the proposed method is to compensate the flux error in real-time by modifying the pre-calculated
switching instants of the OPPs. The flux error compensation
has to be achieved as fast as possible, and by delivering low
distortion in the machine currents in the complete modulation
index range. In a first step, the reference flux trajectory is
calculated offline by integrating the respective OPPs over a
complete period of the fundamental voltage waveform. The
result of the integration procedure is stored in a look-up table.
Thus, the following information is readily available at each
operating point of the discretized modulation range:
i) the switching angles of the OPPs; owing to the quarterwave symmetry of the optimized pulse sequences, Fig. 4,
only the angles over the first 90o of the fundamental
period need to be stored in the look-up table,
ii) the respective switching states over 90o of the fundamental voltage space vector, and
∗
∗
iii) the component values ψs,α
and ψs,β
of the reference
flux vector referred to in stationary coordinates, i.e.
∗
∗
+ jψs,β
. The reference flux trajectory is 30o ψ ∗s = ψs,α
∗
∗
, ψs,β
)
symmetric, Fig. 7. Thus, only the value pairs (ψs,α
are stored in the look-up table.
Storing the reference flux coordinates in the look-up table –
rather than calculating them in real-time through (1) – reduces
greatly the complexity of mathematical operations that need
to be performed in real-time.
Two steps are needed to calculate the actual value of the
reference vector ψ ∗s . First, the components of the reference
flux vectors ψ ∗s1 and ψ ∗s2 that are adjacent to the reference flux
vector are retrieved from the look-up table. The calculation
of the angular position of the reference flux vector ψ ∗s
is required to achieve this; the procedure was described in
Section II. In a second step, the reference vector is calculated
by performing linear interpolation between ψ ∗s1 and ψ ∗s2
(see Fig. 7), a process that requires very few mathematical
calculations.
The correction of the flux error ψ s,err is achieved by modifying in real-time the pre-stored switching instants of the OPPs.
The volt-second area that the PWM sequence of each phase
contributes is either increased or decreased depending on the
direction of the modification and of the switching transition.
An example is shown in Fig. 8(a), where the volt-second area
of the pulse in phase a is reduced by Δta . Furthermore, a
modification of the switching instant t∗b1 is made in phase b
of Fig. 8(a): the volt-second area is increased by Δtb in this
case. Both modifications Δta and Δtb are made such that the
respective a- and b-components of a stator flux error ψ s,err are
minimized. In general, modifying the value of a pre-calculated
(nominal) switching instant t∗x , x ∈ {a, b, c}, by a time interval
Δtx results in a modified switching instant tx = t∗x + Δtx .
The volt-second contribution of phase x to the flux correction
is:
Vdc
Δux Δtx ,
(5)
Δψ s,x (Δtx ) = −
2
where Δux ∈ {−1, +1} is the direction of the switching
transition and Vdc is the total voltage across the two dc-link
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(a) Time instant kTs = t0 is the lower time constraint.
The active instants are the nominal values tact1 = t∗b1 and
tact2 = t∗a1 ; they are shifted to tb1 , and ta1 , respectively
within the horizon Tp , shown by the black arrow. The upper
time constraint is t∗b . At t = ta1 , the horizon is reevaluated.
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The active instants are the nominal values tact1 = t∗b1 and
tact2 = t∗b2 ; instant t∗b1 is shifted to tb1 within the horizon
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t∗b2 . At t = tb1 , the horizon is reevaluated.

2

Fig. 8: MP3 C is activated at time instant kTs and it modifies pre-calculated switching instants of a three-phase, five-level pulse pattern.

capacitors Cdc .
In a next step, an objective function is formulated and it is
minimized in real-time. The chosen function is:

The length of the horizon is equal to the maximum difference between the nominal and modified instants and the initial
instant t0 (Fig. 8), i.e.

J(Δt) = |ψ s,corr (Δt) − ψ s,err | ,

Tp = max {t∗x − t0 , tx − t0 }.

(6)

where ψs,corr (Δt) is the correction of the stator flux, and
Δt = [Δta1 Δta2 . . . Δtb1 . . . Δtc1 . . .]T is the vector of the
switching instant modifications, i.e. the manipulated variables.
Function (6) is penalized over a prediction horizon of finite
length Tp . By modifying the switching instants of the OPP
within this horizon, the flux error is minimized and – if
possible – eliminated. The length of the prediction horizon
is not fixed: it is rather a function of the nominal switching
instants and of the modified instants of the phases that switch
within the horizon. The calculation of the prediction horizon
Tp is outlined in the following.
Starting from the actual sampling instant t0 = kTs , two
nominal switching instants tact1 and tact2 are identified which
are closest to t0 . The following two cases are considered:
• If the two switching instants that follow t0 occur in
different phases, the flux error vector is projected onto
these two phases. In this case, two active phases, i.e.
two degrees of freedom, are available to compensate the
error: {a, b}, {b, c} or {c, a}. In Fig. 8(a), the two active
switching instants tact1 = t∗b1 and tact2 = t∗a1 are in
phases b and a, respectively.
• If both switching instants tact1 and tact2 that follow t0
occur in the same phase, then switching instants in a
single active phase, a, b or c, are available to reduce
the flux error. In Fig. 8(b), both active switching instants
tact1 = t∗b1 and tact2 = t∗b2 are in phase b.

(7)

Based on (7) an event-based horizon is defined. The selection of the prediction horizon is key to the application-oriented
implementation of MP3 C that is outlined here. By restricting
the length of the horizon to include two switching events, the
computational effort is reduced: a standard microprocessor or
field-programmable gate array (FPGA) device can be used to
implement MP3 C. In practice, the time horizon is separated
into equal sampling intervals of fixed length Ts = 25 μs.
MP3 C is executed within this sampling interval. In every
iteration the horizon reduces by Ts . When the entire horizon
has been scanned, a new prediction horizon Tp is evaluated
according to (7) and the flux error correction procedure is
repeated. A further practical issue that determines the length
of the prediction horizon is associated to the interaction of the
controlling microprocessor or FPGA with an external Flash
hardware device, where all the offline calculated data are
stored. These data, i.e. switching instants, values of switching
states and reference flux coordinates, must be read out from
the Flash memory at every sampling interval Ts . The interaction takes place within a fraction of the sampling interval,
Tint  Ts . This imposes a restriction to the length of the
prediction horizon Tp .
Before the optimization problem is formulated, upper and
lower time constraints must be imposed on the allowed time
modification of switching instants. The lower time constraint
is equal to the starting time instant t0 , while the upper time
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Fig. 9: Example of MP3 C compensating flux error ψ s,err within four sampling intervals 4Ts . The circled numbers of (f) correspond to the flux error
compensation procedure shown in (a)–(e).

constraint depends on the location of the nominal values of
the active switching instants. To be more specific:
• If the active switching instants tact1 and tact2 occur in different phases, e.g. Fig. 8(a), then the upper time constraint
is equal to the nominal (pre-calculated) switching instant
that first follows tact1 and tact2 . In the case of Fig. 8(a),
where the active switching instants are tact1 = t∗b1 and
tact2 = t∗a1 , the upper time constraint is the instant t∗b2 .
• If both active switching instants tact1 and tact2 occur
in the same phase, e.g. Fig. 8(b), then the upper time
constraint is equal to the nominal (pre-calculated) switching instant tact2 . In the case of Fig. 8(b), where the
active switching instants are tact1 = t∗b1 and tact2 = t∗b2 ,
the upper time constraint is equal to the instant t∗b2 .
To generalize, the time constraints are calculated as
t0 ≤ tx ≤ min {T1 ∪ T2 } .

(8)

In (8) the set T1 is defined as T1 = {t∗x | t∗x = t∗x2 }, where t∗x2
is the second switching instant of the active phase/s that follow
t0 , and the set T2 is defined as T2 = {t∗x | t∗x = t̄∗x1 }, where t̄∗x1
is the first switching instant of the non-active phase/s.
By taking into account the objective function, the prediction
horizon Tp , and the linear time constraints given by (6), (7),
and (8) respectively, the following problem is formulated:
minimize J(Δt)
subject to eq. (8) .

the active phases and the corresponding flux error components
are calculated. The component of the flux error on each of
the active phases determines the necessary modification of the
nominal switching instants of the corresponding phases, (5).
The modified switching instants are the optimal control inputs
over the horizon. The first control input of this sequence is
applied at the end of the first sampling interval; then, the
length of the horizon is decreased by Ts , and the procedure
is repeated. When the whole horizon has been scanned, the
length of the new prediction horizon Tp is reevaluated together
with the new upper and lower constraints, as described above.
Fig. 9 shows a step-by-step example of the flux error
correction. The goal is to compensate the flux error ψ s,err
shown in solid line in Fig. 9(f). In Fig. 9(a), the length of
the prediction horizon Tp and the lower and upper time constraints, t0 = kTs and tu = t∗b2 , respectively, are determined.
Also the required time modifications Δta = −(t∗a1 − ta1 ) and
Δtb = −(t∗b1 − tb1 ) are calculated within the first sampling
interval Ts , Fig. 9(a). The flux correction starts taking effect in
the end of (k+1)Ts , Fig. 9(c); the error is fully compensated at
the end of (k+3)Ts , Fig. 9(d). In this example, only four sampling intervals elapse between the prediction of the required
compensation action, Fig. 9(a), and its successful realization,
Fig. 9(d). The new prediction horizon Tp is determined in
Fig. 9(e).

(9)

This optimization problem is solved within every sampling
interval yielding a sequence of optimal control inputs over the
horizon. To solve (9), the flux error vector is projected onto

IV. P ERFORMANCE E VALUATION
The proposed MP3 C method was tested in the MV laboratory. The test setup consists of a MVA ACS 2000 power inverter from ABB coupled to a 6-kV, 137-A induction machine
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TABLE I: Parameters of medium-voltage induction machine
1.21 MW
6 kV rms
137 A rms
0.85
50 Hz
1488 rpm
203 mΩ 0.006 p.u.
158 mΩ 0.005 p.u.
330 mH 2.96 p.u.
20 mH 0.179 p.u.
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TABLE II: Parameters of five-level ACS 2000 power converter
Rated apparent power
Rated phase-to-phase voltage
DC-link voltage
Rated phase current
Rated stator frequency
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Amplitude [V]

Rated power
Rated phase-to-phase voltage
Rated phase current
Rated power factor
Rated stator frequency
Rated angular velocity
Stator resistance
Rotor resistance
Main inductance
Total leakage inductance
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(a) Three-phase stator voltage waveforms and harmonic spectrum; the
rms amplitude of the phase voltage is 3.49 kV.
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V. C ONCLUSIONS
Industrial medium- and high-power drives must obey stringent performance standards with regards to the total de-

50
0
−50
−100
−150
0

20

10

30

50

40

60

Time [ms]
2.5

Amplitude [A]

with a constant mechanical load. Important parameters of the
electrical machine and of the ACS 2000 are listed in Tables I
and II, respectively. The induction machine is of the directon-line (DOL) type, featuring very low leakage inductance. In
Fig. 10, stator voltage and current waveforms are recorded in
the experimental setup while the machine is operated at 50 Hz
frequency and at partial load; the drive system is operated with
MP3 C. The fundamental component of the stator voltages in
Fig. 10(a) is shown only partially in the spectrum; its rms
phase amplitude is 3.49 kV, which corresponds to the rated
phase-to-phase machine voltage (6 kV). Higher-order voltage
harmonics are shown in full detail in Fig. 10(a): discrete-order
components are of negligible amplitude in the range up to the
31st harmonic.
The respective current waveforms produced by MP3 C are
shown in Fig. 10(b): also here, the fundamental component of
the current (85 A rms) is shown only partially in the spectrum.
The focus of Fig. 10(b) is on the very low amplitudes of the
current harmonics. MP3 C produces just 3.77% total demand
distortion (TDD) referred to the rated current of the controlled
machine (137 A). For comparison purposes, the respective
voltage and current waveforms and harmonic spectra produced
by direct torque control (DTC) are shown in Fig. 11. These
waveforms are recorded at the same operating point and at the
same switching frequency as in Fig. 10; DTC produces stator
currents of 6.37% TDD.
The dynamic performance of MP3 C was also tested in
the experimental setup. A step change from full-load to noload operation takes place at t ≈ 6.5 ms and the recorded
electromagnetic torque of the electrical machine is shown in
the upper trace of Fig. 12. The fall time is kept below 4 ms with
minimum undershoot. MP3 C achieves maintaining control of
the machine even after the transient condition has elapsed, as
validated by the current waveforms shown in the lower trace
of Fig. 12.
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(b) Three-phase stator current waveforms and harmonic spectrum; the
rms amplitude of the phase current is 85 A. MP3 C produces 3.77% total
demand distortion (TDD) referred to the rated current of the controlled
machine (137 A).
Fig. 10: Experimental results of voltage and current waveforms produced
by MP3 C at steady-state operation (f1 = 50 Hz and 62% machine current).
Optimized pulse patterns of d = 10 switching instants per quarter-wave are
employed.

mand distortion (TDD) of the currents in the windings of
the controlled machine. This is a challenging task owing
to the low values of switching frequency in MV setups.
The solution proposed in this paper, model predictive pulse
pattern control (MP3 C), is presented for use with the ACS
2000 five-level active neutral point clamped inverter from
ABB. Optimized pulse patterns (OPPs) are calculated offline
to generate minimum harmonic distortion of the currents
under ideal conditions. OPPs are modified in real-time by
MP3 C such that optimization of the stator flux trajectory
is achieved. This optimization is performed in a predictive
manner: required future modifications of switching instants are
calculated within an event-based prediction horizon. Control
actions are evaluated in a computationally effective fashion:
the minimum number of required switching instants is used
to compensate errors in the stator flux trajectory. This makes
the application of the proposed method possible in the control
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(a) Three-phase stator voltage waveforms and harmonic spectrum; the
rms amplitude of the phase voltage is 3.49 kV.
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(b) Three phase stator currents during the transient process in (a).
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Fig. 12: Experimental results of a step change of the torque reference at
t ≈ 6.5 ms. The drive is operated at f1 = 50 Hz.
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(b) Three-phase stator current waveforms and harmonic spectrum; the
rms amplitude of the phase current is 85 A. DTC produces 6.37% total
demand distortion (TDD) referred to the rated current of the controlled
machine (137 A).
Fig. 11: Experimental results of voltage and current waveforms produced by
DTC at steady-state operation (f1 = 50 Hz and 62% machine current). The
waveforms are recorded at the same switching frequency as in Fig. 10.

platform of any industrial drive.
MP3 C compensates non-idealities of the drive system that
deteriorate the steady-state performance of OPPs in real-world
applications. The result is minimum TDD of the produced
currents even in setups that employ direct-on-line (DOL)
machines, which usually feature very low leakage inductance.
The superior performance of MP3 C was demonstrated in the
laboratory with a pilot ACS 2000 MV drive operated at steadystate. The experimental setup was also subjected to a step
change input of the reference torque while the drive was
operated at rated frequency; the large-signal response of the
electromagnetic torque of the controlled machine validates the
high dynamic performance delivered by MP3 C.
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