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Abstract—For medium voltage AC drives, model predictive di- combinations of stator and rotor flux vectors, inverterestat
rect torque control (MPDTC) shows excellent performance chr-  and hysteresis bounds, for which no sequence of inverter

acteristics regarding the switching frequency and the harmnic g iteh positions exists that keeps the controlled varble
distortion of the torque and the stator currents, outperforming o . .
within their respective bounds.

classic control schemes, such as direct torque control (DT\Gand . .
field oriented control. Besides these advantages, the MPDTC In case of a deadlock, one option is to relax the hysteresis
algorithm runs occasionally into so called deadlocks, in wich bounds and to minimize the predicted violation of the hyester
no suitable voltage vector exists, similar to DTC. Even thogh  sis bounds rather than the switching frequency [11]. This so
an exit strategy is available to resolve these situations,eddlocks calledinfeasibility exit strategys executed until the deadlock

tend to cause spikes in the instantaneous switching frequey and - . .
impact the overall performance of MPDTC. This paper focuse®n has been resolved. However, the execution of this exitegyat

new methods to avoid such deadlocks, using terminal constirats ~ Often .Ieads to a spike in .the_instantaneous switching freque
and terminal weights. The proposed methods greatly reduce— to which we refer as awitching burstin the worst case, such
and in many cases completely avoid—deadlocks. Moreover, in switching bursts could lead to a trip of the drive.

the case of a five-level topology, a significant reduction ofhe This paper proposes new methods that aim at avoiding

switching frequency and the harmonic distortion is observale. . - . - .
Index Terms—Model predictive direct torque control, model deadlocks and thus the triggering of the infeasibility exit

predictive control, medium-voltage drives strategy. The proposed methods are based on the notion of
terminal weights and terminal constraints [1]. As a reghig,
I, INTRODUCTION occurrence of deadlocks is drastically reduced and in many

cases avoided altogether, as demonstrated for a threle-leve

The increasing computational power available today facileytral point clamped (NPC) inverter. In addition to that, &
tates the application of model predictive control (MPC){d] five-level topology [12], significant reductions of the sstiing
power electronic systems [2], [3], where the sampling V& frequency as well as of the harmonic distortions of the terqu
are typically belowl00us. Two different ways of using MPC 5nd stator currents are also achieved.
for power electronics can be observed. In a first approaeh, th Thjs paper is organized as follows. Sect. Il summarizes the
current control loop of field oriented control [4] is repladsy  concept of MPDTC. In Sect. Ill the occurrence of deadlocks is
MPC while keeping the modulator [5]. In a second approachpalyzed in detail, whereas new deadlock avoidance sieateg
also the task of the modulator is accomplished by the MPgse proposed in Sect. IV. Sects. V and VI provide performance
algorithm, which manipulates the inverter switch posi§ionyesuits of the introduced deadlock avoidance strategies fo

directly and refrains from using a modulation scheme. Thifree- and five-level topologies, respectively. Conclosiare
approach leads to the concept of predictive current cantrgkawn in Sect. VII.

see e.g. [6] and [7], and model predictive direct torque rnt
(MPDTC) [2], [8], [9]. MPDTC can be considered as an II. MODEL PREDICTIVE DIRECT TORQUE CONTROL
advancement of direct torque control (DTC) [10], in which MPDTC was proposed in [2], presented in detail in [8]
the look-up table is replaced by an online optimization stagand [11], and generalized in [9]. Branch and bounds methods
Specifically, the electromagnetic torque, stator flux magle were add in [13] to reduce the computational burden by about
and inverter states are kept within their respective bounds order of magnitude. At steady-state operation, MPDTC
while the switching frequency of the inverter is minimized.
Besides MPDTC'’s significant performance improvements:
regarding the switching frequency, switching losses armd h YV A v 7
monic distortion when compared to classic DTC [9], the Lo 3 3
MPDTC algorithm tends to run occasionally into infeasibl A A N l
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Fig. 2: Steady-state operation at nominal speed and torfiP®TC for a NPC inverter with a medium-voltage induction ahane. The switching horizon
is 'SSE’ and the switching frequency is minimized.

provides switching losses and current distortions simitar space form can be derived, which is of the form
the ones typically achieved by optimized pulse pattern$, [14 B

while during transients, its dynamic response is as fashas t z(k +1) = Ax(k) + Bu(k) @
one of DTC [15]. y(k) = g(z(k)) )

This section provides a brief summary of the MPDTC apgnd uses the sampling inten@& = 25us. The definition of the

proach based on the aforementioned literature and theiowtainatricesA and B and vectorg can be found in the appendix
used therein. The drive system initially used as a case ssudyy [g].

assumed to consist of a three-level NPC inverter [16] with a

medium-voltage squirrel-cage induction machine. The ra¢utB- Optimization Problem

point (NP) potential of the inverter floats. Fig. 1 shows the The control problem is to keep the machine’s torque and
topology of the inverter. The parameters of the drive systestator flux magnitude as well as the inverter's NP potential

are summarized in Table 1. within given (hysteresis) bounds around their respectéfe r
erences. The switching losses in the semiconductors are to b
A. Prediction Model minimized. An indirect way of achieving this is to minimize

the device switching frequenty
The prediction model is formulated in the stationary or- Writing the above control problem as a closed-form opti-
thogonala/ coordinate system. The model's state vector imization problem leads to

defined ase = [tsq Vsp Pra Prp vn] , With ¢y, and ¢, .

denoting thex a[nd B—coﬂmponenfs of] the stator flux Iinkgge, T (@(k),ulk 1)) = mm (JSW+ Jt) (32)
while 1., andq,z refer to the components of the rotor flux. s.ta(l+1) = Aw( )+ Bu(!) (3b)
The potential of the NP is given by;,. y(l+1) = g(x(l + 1)) (30)

The three-phase switch positions, u;, u. constitute the

input vectoru = [u, uy u]’ € {—1,0,1}>. The elec- ye+1) ey (3d)
tromagnetic torquel,, the stator flux magnitudel, = u(l) eU, [[Au(l)|[e <1 (3e)
U2, + zpfﬁ and the NP potentiat,, form the output vector Vl=k,...,k+N,—1, (3f)
y=[T. U, v,)". with J* denoting the minimum of the objective function

Combining the standard dynamical motor model of an = Jg, + J;. The first term ofJ captures the instantaneous
induction machine with the model of the NP potential, aswitching frequency

presented in Sect. Il of [8], and using the forward Euler kN, —1

approximation approach, a discrete-time drive model itesta Jow = 1 |Au()]| @)
N, 2 :
Induction | Voltage 3300V | R, 0.0108pu with Au(l) = u(f) — u({ — 1). The second terny; is an
machine | Current 356 A R,  0.0091pu optional term that will be introduced in Sect. IV.
Real power 1.587MW | L;; 0.1493pu The lower and upper bounds on the controlled variables
Apparent power  2.035MVA| L;.  0.1104pu formthe se(y = [T, T.|x[¥,, V] x [v,,,D,], whereT, (T.)
Frequency 50Hz Lm  2.3489pu refers to the lower (upper) torque bounds. The bounds on the
Rotational speed 596 rpm stator flux magnitude and NP potential are defined accorging|
Inverter Vie  1.930pu The constraint (3e) limits the control inputto the integer
¢ 11.769pu valuesd = {—1,0,1}* available for the three-level inverter.

TABLE I: Rated values (left) and parameters (right) of theQ\iRverter drive
system 1Alternatively, the switching losses can be directly taegef9].



Switching in a phase by more than one step up or down is not 1y
allowed to avoid a shoot-through. This restriction is eoéaf
by the second constraint in (3¢)Aw(¢)||~ < 1, which limits
the elements iM\u to +1. These constraints have to be met at 0.5 |
every time-stef within the prediction horizon. The sequence
of control inputsU (k) = [u(k),...,u(k + N, — 1)] over

the prediction horizonV,, represents the sequence of inverter 0f
switch positions the controller decides upon. The objectiv
function (3a) is to be minimized for all/ (k) subject to the

dynamical evolution of the drive (3b), its outputs (3c) ahd t —0.5 |
constraints (3d) and (3e).

C. MPDTC Algorithm

An important part of the MPDTC algorithm is the so called
switching horizon, which consists of a certain chronolagic _. , ,

. s . y—  Fig. 3: Root cause of deadlocks. The set of discrete voltageors in thex3-
order of SWItChlng eYe”_tS S and eXtrapOIatmn steps 'H. Iplane is enclosed by a circle, which contains all relaxedaga vectors. The
the case of the switching horizon 'SSE’, for example, thercle, together with the constant torque (red dash-dptire and the constant
algorithm has the freedom to switch the input vectorat Stator flux magnitude (blue dotted) line define the hatchexilide region.
. T This region contains the relaxed voltage vectors that sehibe desired
time-stepsk _andk +1 (SS) W'_th respec_t to (Se)' Thereafter'control command (increase torque, reduce stator flux madgg)it Since in
the second input vectar(k+1) is locked in and the controlled this example, the feasible region contains no discreteegaboltage vectors,
variablesy are extrapolated ('E’) for as Iong as the constraintge control problem is infeasible. This figure has been tdkem [11].

(3d) are satisfied. The time-instant (3d) is violated defines

the Iefn?_th (;)flthe Eredlc_tlo.n horizoN,. ?S i/l;ecsu'gNP IS " deadlocks, the mathematical analysis provided in [2] aid [1
nqth Oh IXec ﬁngt as it is c;mm(d)n orh .’ h.UI \t/]a”??s summarized hereafter. Based on the standard state-space
with the switching sequences. Based on the switching IrJrIZ(Q.quations of an induction machine and the expression for the

and the constraints_ define_d in (3), the MPDTC algorithr@lectromagnetic torque, the following approximate edqureti
establishes all feasible switching sequenéég:) together .. "\ qerived

with their corresponding costs and selects the sequence with

=1 —0.5 0 0.5 1

the minimal cost. dle _ o I, x v| = (¢T¢ )w (5)

A detailed description of the generalized MPDTC algorithm dt " .
can be found in Sect. Il of [9]. Fig. 2 shows an example i, = () — ¢Zv =0, (6)
of the waveforms of the three output variables over 20ms dt
at steady state operation and rated speed and torque, WiWeRre v», = [15, ¥sp]7 is the stator flux vectoryp, =
using the switching horizon 'SSE’. Throughout the paper, i, 1,5]” the rotor flux vectorw the rotor’s rotational speed
not otherwise stated, 'SSE’ will be used. andv,s = [v, v5]T denotes the voltage vector. The latter

is obtained by the transformation of the three-phase vettag
Vabe = [Va vy ve]T to the orthogonah3 coordinate system.
A. Definition of Deadlocks For a symmetrical and sinusoidal three-phase system with
An infeasible state is a state vecte(k) for which the constant amplitude and frequency, the voltage vector that
set of candidate switching sequences is empty at Step 3aghieves constant flux and torque rotates with the same fre-
the MPDTC algorithm, as defined in [8]. This implies thaguency and a constant amplitude around the origin of the
there exists no switching sequence that is predicted to kegginplexa3 plane. We refer to this continuous-valued vector
the output variables within their bounds over the predictioas therelaxedvoltage vector. For a converter system, however,
horizon, assuming that the output variables are withinrthéinly a finite number of discrete-valued voltage vectors is
respective bounds at time-stép Correspondingly, if output available. These are shown as black dots in Fig. 3, assuming
variables are outside of their bounds, there exists no dateli a three-level inverter.
switching sequence that reduces the bound violation atyever Considering thex and 3-components of the relaxed voltage
time-step within the prediction horizon. A deadlock is th&ector as free variables, (5) describes a line in diteplane
situation in which an infeasible state arises. This impiiest that is parallel to the rotor flux vector. This line is refetr®
the control problem (3) is infeasible and cannot be solved.as the constantorque line. Voltage vectors that lie between
) this line and the origin decrease the torque, voltage vector
B. Root Cause Analysis of Deadlocks beyond this line increase it. Note that increasing the speed
Deadlocks are caused by the combination of the outp@nd therefore the modulation index) shifts the constanmfLie
variables being constrained between upper and lower boutide away from the origin and reduces the number of discrete-
and the fact that the switch positions are restricted tovalued voltage vectors. The control problem thus becomes
finite and discrete-valued set. In order to characterizeeheharder to solve.

IIl. OCCURRENCE OFDEADLOCKS
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(b) Deadlocks as a function ofs € [V, U] andp € [ — 180°, 180°],
where p is the angle between the rotor flux vector and thexis of thea3
reference frame.

Fig. 4: Deadlocks at nominal speed and torque. Dependindan type, the
deadlocks form clearly visible and distinguishable cliste

and needs to be increased, while the stator flux magnitude
is at its upper bound and is to be reduced, regardless of
the value of the NP potential. We refer to these deadlocks
as Type M deadlocks, withM referring to the fact that
only the two output variables of the machine give rise to
the deadlock.

o The torque or the stator flux magnitude are at their lower
bound and need to be increased, while the NP potential
is close to one of its bounds. We refer to thisTgpe N
deadlocks, where N refers to the fact that the NP, too, is
involved.

To determine the location of infeasible states in the state-
space, a simulation was run at nominal speed and torque over
1000 fundamental periods, as shown in Fig. 4. Depending on
the value of the NP potential, the deadlocks are divided into
the following three groups, and individual colors and maske
are assigned to each group.

red (+)  if v, > 7T, — Av, (Type N
black (*), if v, € [v,, + Av,, T, — Av,] (Type M
blue ©), if v, <wv, + Av, (Type N,

whereAuw,, = 0.006(7,, —v,,). The first and third groupType

N) correspond to deadlocks, in which the NP potential is
close to or violates its upper or lower bound, respectively.
The second grouplype M refers to deadlocks, in which the
NP potential is clearly within its bounds.

Fig. 4(a) depicts all deadlocks as a function Bf €
[T,, T. and ¥y € [¥,, V], i.e. the torque and flux
magnitude values within its bounds. The drive is operated
at nominal speed, torque and fluXype M deadlocks are
concentrated in the lower right corner. In this region, gagéd

Eqgn. (6) describes a line in the3-plane that is perpendicu-VeCtor is required that increases the torque and decreases
lar to the stator flux vector and intersects the origin. Thig | the flux magnitude. This corresponds exactly to the sitnatio

is referred to as the constastator flux magnitudéne. Voltage

discussed in the foregoing analysis in Sect. IlI-B, which is

vectors that lie on the same side of this line as the stator fiMieualized in Fig. 3.

vector increase the stator flux magnitude, voltage vectas t

Type N deadlocks also reveal a certain pattern, namely

lie on the opposite side decrease it. Fig. 3 shows an exarfpldftey occur close to the lower bounds of the torque and flux
a typical deadlock situation based on the foregoing, thale magnitude, particularly in the lower left corner, where thot

considerations.

conditions are met. The reason why they occur exactly in this

The previous analysis focused on the torque and stator fiyRY is hard to describe in a formal way since the neutral point
magnitude. When the NP potential is taken into account igsinvolved as well. The plot indicates th@iype Mand Type
well, a further restriction on the voltage vector is addedN deadlocks exhibit a distinctive behavior and suggests that
Each switch position that corresponds to at least one ph&&gy ought to be handled separately, as will be discussed in
connected to the NP, has a particular influence on it, depgndmore detail in Sect. IV.
on the sign of the phase current. Even if a voltage vector isFig. 4(b) depicts all deadlocks as a function &f <

available that satisfies the required control commandsher ¥,

¥,] andp € [-180°,180°] for all T, € [T, T.], where

torque and the stator flux magnitude, the correspondingbwity is the angle between the rotor flux vector and thexis
position might lead to a violation of the NP potential’s bdsn of the a3 reference frame. Th@ype M deadlocks appear

C. Location of Deadlocks in the State-Space

in intervals of 60° due to the60°-symmetry of the voltage
vectors. TheType N deadlocks appear in intervals @20°

As will be shown in this section, in case of the NPC invertegue to the significant third-harmonic component of the NP

deadlocks tend to occur in the following two cases.

potential [17]. Note that the general deadlock pattern gf Ei

o The electromagnetic torque is close to its lower bourfdr nominal speed is representative for all other velositteo.



Approach B, which uses a terminal weight, is restricted to
Type Ndeadlocks.

A. Approach A: Terminal Soft Constraint on Torque and
Stator Flux Magnitude

5% 1 04 1 The following terminal soft constraintis added as an

t'rno's t.rnO.5 . .
ime (s) ime (s) additional termJ; to the cost function (3a)
(a) Original MPDTC version (b) MPDTC with Approach AB L A, if y(k + Np) ey, -
Fig. 5: Evolution of the instantaneous switching frequeidyz) at nominal L 0 else,

speed and torque for the NPC inverter over 1s. The red staFgin5(a) . .
indicate the occurrence of deadlocks. A strong correldietween deadlocks Where ). represents the so called critical region for the

and switching bursts can be observed. electromagnetic torque and stator flux magnitude
yc = {y | Te < IE+ATe}ﬁ{y | \Ijs > WS_AWS}QJ)' (8)

The set)’., comprising the bottom right corner in Fig. 4(a),
In the context of MPC, infeasibility problems are usuallgorrelates with a high likelihood ofype M deadlocks. The
resolved by relaxing some of the control problem’s constgai variables A7, and A¥, are chosen such that allype M
[18]. In the case of MPDTC, the main constraint leading tdeadlocks are covered, whil3t. is as small as possible. The
deadlocks is the restriction of the inverter switch posisio weight \,, is very large.
to be discrete-valued, rather than real-valued; this caimgt ~ The terminal soft constraint (7) has the following effect
cannot be relaxed. Instead, the hysteresis bounds areedglagn the selection process of the optimal switching sequence.
by modifying the optimality criterion. Specifically, insté of If there is at least one sequence such thiat= 0 holds,
minimizing the switching frequency, the predicted viaati implying that its output trajectory does not terminate ie th
of the hysteresis bounds at time-step- 1 is computed and critical region, then only switching sequences are comeitie
the voltage vector that minimizes this violation is chosgt][ such that the constraint

D. Deadlock Resolution Strategy

This so callgdnfeasmlllty exit strategyis executed once the y(k+N,) €Y\ Ve, 9)
control algorithm has encountered a deadlock, and it isiegpl ) o )
until the deadlock has been resolved. is met. Out of this set of switching sequences, the one wih th
lowest cost (switching frequencykw, which is the original
E. Switching Bursts cost function, is chosen as the optimal sequence. All sivitch

This infeasibility exit strategy reliably resolves all dibacks sequences witt; .)‘m are su_bop'qmal. .
" . Ifno sequence with/; = 0 exists, i.e. all sequences drive the
and ensures the stability of the system. It often requires, . o . R,

o - - . oltputs into the critical region, then (9) is implicitly ssled
however, several switching transitions within a short time ) ;
. . 2 . .._,..and all sequences are considered. Therefore, (7) is eqoival
interval, leading to a spike in the instantaneous switchi

frequency, to which we refer assavitching burst For the safe 8 the constraint (9), which is soft, i.e. can be relaxed. The

operation of the inverter, it is mandatory for the instastaus proposed method only performs well, .'f th? critical region
o . is,well defined and small compared wif}i, since MPDTC
switching frequency to be constant. Spikes can lead to Iocfal

. . : oses a certain degree of freedom, potentially impactirgy th
overheating and might prevent the gate drivers from full 9 P y Impactirg

. e Eierformance. In our case, these two conditions are satisfied
recharging. In the worst case, switching bursts can lead 0

the tripping of the drive system. B. Approach A: Terminal Soft Constraint on Torque, Stator
We define theinstantaneousswitching frequency as the Flux Magnitude and NP Potential
average number of switching events (of all switching desjice The terminal soft constraint can be extended to also address
during the last 1 ms. The instantaneous switching frequenitye NP and therefor€@ype Ndeadlocks. The critical region is
is updated at every sampling step. Fig. 5(a) shows the instémen defined ay’., = Y. N Y,, with
taneous switching frequency of MPDTC. Characteristic peak < A _
. . n — n nt U n = Up — A nf o 10
can be observed, which clearly correlate with the occueefic Y {ylon < y"_ + U } {_y|v v ont, (10)
deadlocks, denoted by red stars. This indicates that delksllowhere Av,, was defined in Section III-C.
cause switching bursts; avoiding deadlocks avoids thesghu ¢ Approach B: Terminal Weight on NP Potential

as can be seen in Fig. 5(b). Approach B focuses on the NP trajectory and thusTgpe

N deadlocks. The quadratic terminal weight

2
In the following, three different families of deadlock astei Je = An (U"(k + NP)) (11)
ance strategies (Approaches A, B and C) are presented. Thesadded to the cost function (3a), whekg is a tuning
are based on terminal soft constraints, terminal weights aparameter. As a result, NP trajectories ending close to the
exact deadlock prediction, respectively. While Approache reference, which is typically zero, are penalized littldyereas
and C can be applied both fiiype Mand Type Ndeadlocks, trajectories with significant deviations are penalizedesely.

IV. DEADLOCK AVOIDANCE STRATEGIES
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(a) Approaches A A> and B compared with the original MPDTC version(b) Approaches AB, C; and G compared with the original MPDTC version

Fig. 6: Frequency of deadlocks (Hz) as function of the speed@he results of the original MPDTC version and the Approache, Az, B, A;B, C; and
C, are depicted.

D. Approach AB: Combination of Approaches;fand B instead of N,, steps ahead, adds robustness to the strategy,
The terminal soft constraint on the torque and stator fiiinc@z" (k+ 1) can be predicted more accurately their(k +

trajectories (Approach A can be combined with the terminalVp): Particularly when the prediction horizon is very long.

weight on the NP trajectory (Approach B), by adding both (7)

and (11) to the cost function (3a). V. PERFORMANCERESULTS FOR THENPC INVERTER

o ] Performance results of the proposed deadlock avoidance
E. Approach G: Deadlock Prediction at Time-Step+ N, girategies are presented hereafter. Their influence onréhe f
Approach C adds a post-processing step to the MPDTC gliency of deadlocks, the occurrence of switching bursts and
gorithm. Once the switching sequences have been enumerdiedperformance are investigated. The NPC inverter driging
and a potentially optimal switching sequerldé (k) has been medium-voltage induction machine shown in Fig. 1 is used,
determined, a deadlock prediction step is executed aguprdwith its parameters given in Table 1 in [7].
to the following procedure:
1) GivenU* (k), the terminal state* (k+ N,,) is calculated A Effect on the Frequency of Deadlocks
using (3b). At nominal torque, Fig. 6 depicts the number of deadlocks
2) Usingz*(k + N,) as new initial state, the existence ofas a function of the speed for all proposed deadlock
at least one switching sequent&k + N,) starting at avoidance approaches. In both figures, the straight (blaeg
k + N, is evaluated that meets the constraints (3b)—(3efer to the original MPDTC version, serving as a benchmark.
at the time-stepg + N, +1,....k+ N, + N,. Note that Fig. 6(a) presents the results for Approachgs A, and B,
N, equals the minimum length of a feasible switchingvhereas Fig. 6(b) focuses on ApproacheBAC, and G.
sequence. Approach AB avoids all deadlocks except for at = 0.6.
3a) If such aU(k + N,) exists, this serves as a proofConsidering the results of Aand B separately, one can
that under nominal conditions (no model mismatches, rsee that the effect of Approach;B is not simply the sum
reference changes, no measurement errors) the optimalA; and B, but rather the synergy of both. A detailed
switching sequenct * (k) doesnotlead into a deadlock. analysis showed that Approach Aignificantly reducedype
3b) If no feasibleU (k + N,,) is found in step 2)U*(k) is M deadlocks, while increasingype N deadlocks, with the
discarded, the second best sequence is chosen as optonalall result not showing a significant improvement. If is
sequencdJ*(k) and the procedure is repeated, startingowever combined with Approach B, which reliably resolves
at step 1). all Type Ndeadlocks, this negative effect is compensated for,
In this iterative way, all candidate switching sequenceats resulting in a very good overall performance. Approaches A
ing with the one with the lowest cost, are analyzed in ascerffd G work nearly as well as B in terms of deadlock
ing order of their cost, until one is found that does not led@duction, while G is less successful.
into a deadlock. If no such sequence exists, the one with the L
lowest cost is selected, similar to Approach.A B. Effect on Switching Bursts
o ] As previously mentioned, the observed correlation between
F. Approach G: Deadlock Prediction at Time-Step+ 1 deadlocks and switching bursts leads to the assumption that
A modified version of Approach C uses'(k + 1) as the with the avoidance of deadlocks also the switching bursts
new initial state, rather tham*(k + N,). Looking only one can be avoided. Fig. 5(a) shows the instantaneous switching



70,

60
]

400 500 0 100 200 A 300 400 500
n

(b) Afsw (%)

(c) Althp (%)

(@) fou (Hz)

Fig. 7: Approach AB: Frequency of deadlockfy, , deviation in switching frequencih fsw and deviation in current THIA ITyp as a function of the terminal
weight A, on the NP potential for three different velocitiese {0.3,0.6,1}.

frequency for the original MPDTC version, with clearly idenoriginal MPDTC version as a baseline, these performance
tifiable switching bursts. Approach 8 successfully avoids values are normalized and their percentagewise deviation f
all switching bursts, as shown in Fig. 5(b). the original version is shown, .8\ fo., = (fA18 — fsw)/ fow -

This is not achieved by the other promising approaches, i.eFig. 7 shows fp, Afsw and Altyp as a function of
A, C; and G. It appears that for these approaches the effdhe terminal weight\,, imposed on the NP potential. Three
in terms of switching events to avoid deadlocks is similah® different velocitiesw € {0.3,0.6,1} are investigated. As\,
effort to resolve deadlocks using the infeasibility exiagtgy. is increased, the NP potential is kept more tightly arourd it
In other words, for Approaches,AC; and G, the switching reference and the number of deadlocks is reduced accoyding|
bursts are only shifted, not removed. which tends to also reduce the switching frequency. Laige

Additional investigations revealed thBgpe Ndeadlocks are however, entail a higher control effort, resulting in anrgase
the dominant cause of switching bursts, and that these debdthe switching frequency.
locks are in general more difficult to resolve than deadlocks The influence of\,, on the current distortion is small, since
caused by the torque or fluXy{pe Mdeadlocks). It is there- it depends primarily on the hysteresis bounds on the stabor fl
fore paramount to efficiently avoidype N deadlocks. Only Nevertheless, less fluctuations of the NP potential prolgde
Approach B, based on a terminal weight on the NP potentiédlistorted” voltage vectors, and avoiding deadlocks pnese
works in an excellent way, avoidingype N deadlocks and potential bound violations. Both aspects have a positiyeaich
switching bursts. The terminal weight reduces the fluctumati on the current THD, as it is visible in Fig. 7(c).
of the NP potential around its reference gently and smoothly Fig. 7 also reveals that the benefit of the terminal weight is

similar for all speeds. To obtain excellent results, howevg
C. Effect of the Approach 8 on the Performance has to be tuned speed-dependent, as summarized in Table II.

Since only Approach AB avoids deadlocks as well as
switching bursts, the further investigation is restrictedt. In
the following, the effect of AB on the switching frequency A. Control Scheme for the 5L ANPC Inverter
Jsw, the total harmonic distortions (THD) of the current This section considers a medium-voltage drive system com-
and torque,/tup and Trup, respectively, and the frequencyprising a 6.6kV induction machine and the five-level active
of deadlocksfpL are investigated and discussed. Using theeutral point clamped (ANPC) inverter shown in Fig. 8, which

VI. PERFORMANCERESULTS FOR THEANPC INVERTER

TABLE II: Performance improvement in percent resulting nfroApproach

A1B, using the original MPDTC version as a baseline.

was recently proposed in [12] and introduced as a commercial
product in [19]. Featuring in each phase a flying capacitor

> (1pu) AfS_WQ(%) MT_H(; 9(%) ATIHO%(%) Jou éHZ) i\zn5 charged to one forth of the dc-link voltage, five voltage lsve
09 13 025 02 0 75 per phas_e can be synthe_S|zed. The paramgters of the f_Me-Ie;ve
08 0 0 0 0 0 ANPC drive system considered in this section are provided in
0.7 0 ~0.6 0.2 0 50 | Tablelll
06 113 —04 16 45 250 Current control and modulation is achieved by a hierardhica
0.5 —2.5 —1 0.3 0 125 control scheme. The upper layer is based on offline computed
0.4 —-0.9 -2 0.8 0 150 optimal pulse patterns (OPPs), which minimize the current
0.3 0.5 —0.9 1.4 0 300 THD for a given switching frequency [14]. Fast closed-loop
0.2 0 —12 —03 0 75 control of the machine currents is achieved by controllimg t
0.1 0 —05 0 0 25 stator flux vector along its reference trajectory, manipota

the switching instants of the OPPs online, using the priecip
of model predictive control. We refer to this control scheme
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Fig. 8: Equivalent representation of the five-level actieaitnal point clamped 0 -

(ANPC) voltage source inverter driving an induction maeh{iivl) 0 0.2 0.4 0.6 0.8 1
electrical speed [pu]

Fig. 9: Number of deadlocks per second as function of thetradat speed.
as model predictive pulse pattern control (MP, which is The two switching horizons 'SSE’ and 'SESE’ were investighteach of them

described in detail in [20] and applied to the ANPC topologyr;tz? ,g‘é’;%“g?cge@ o B6_ ‘?‘S"gg, :néod' Ihg'_ fg_“fsrgé‘f'gﬂg dco_mlbo"_]i‘;:\‘fjns

in [21]. D: 'SESE’ andd = 10.

The lower control layer keeps the NP potential and the phase
capaqftor voltages within bounds around their referencelﬁg the NP potential, this statement does no longer hold. At
exploiting the three-phase redundancy of the voltage vecto * . X
nominal speed, outer voltage vectors are predominantlg,use

and the single-phase redundancy of the phase states. We "Wiiich exhibit very little redundancy, restricting the degs

to this control scheme as model predictive direct balancugjg freedom of MPDBC. This tends to lead to a significant

control (MPDBC) [22], which is a derivative of MPDTC. . . .
Analogous to MPDTC, the predictive balancing algorithmstenwnber of deadlocks, in which the NP potential and one (or

NP . . o - more) phase capacitor voltages act as antagonists.
a switching hc_>r|zon, extrapolatlor_l and_ t_)oqus, W|th|n_\,hh_|c Since MPDBC is a derivative and tailored form of MPDTC,
the output variables are kept, while minimizing the switchi

the same deadlock avoidance methods as introduced in
frequency.

Sect. IV can be used. For the deadlocks at nominal speed,

In summary, MPC controls the machine and derives a e : s L
. ! proach B, which imposestarminal weighton the deviation
optimal sequence of voltage vectors, based on which MPD : . S .
of the NP potential from its reference, is investigated. For

controls the internal inverter voltages (NP potential amee . lue of Il deadlock d all switchi
hase capacitor voltages), providing the firing signalstffier an appropriate vaiue ok,, a jeadlocks and a SW'FC ng
P f bursts can be successfully avoided, as can be seen in Fig. 10.

semiconductors. As a result, the issue of deadlocks igctestr ] )
. Table IV presents the performance improvement in percent fo
to MPDBC. An analysis over the whole speed range reve%s

that many deadlocks occur at nominal speed 1 and a few © SW'tChm.g horizon .S.SE and the pulse _numbeﬁs 6 and_
aroundw — 0.3, see Fig. 9. In the following, two deadlockd = 10, using the original MPDBC version as a baseline.
avoidance schemes are proposed, one for nominal and onebgrcan b? seeln, Ztr(;? swtglhlng. frelquency Ican dbe _redur(]:ed
low speed y approximately 20%, while simultaneously reducing the

’ current and torque THDs by more than 10%. All deadlocks
B. Deadlock Avoidance at Nominal Speed are removed, when using the terminal weight = 1.15 on

: o e the NP potential.
When neglecting the NP potential, it is a characteristihef t P

ANPC inverter that a redundant switch position always exis€. Deadlock Avoidance at Low Speed

that reverses the current through the phase capacitors, thurhe deadlocks occurring at low speed aroune- 0.3 are

enabling the balancing of their voltages. When also comsidef a different kind and require another avoidance strategy.
this operating regime, short voltage vectors with a threasp

Induction | Voltage 6000V R, 0.0057pu redundancy of four are available. Each of these redundant

motor Current 98.9A R,  0.0045pu voltage vectors corresponds to a different common mode
Real power 850 kW L 0.0894pu voltage. As an example, consider the set of voltage vectors
Apparent power ~ 1.028 MVA| L;,  0.0930pu [112],[001],[-1-10] and [-2 -2 -1]. Switching between
Frequency S0Hz L 2.492pu these three-phase redundant voltage vectors requireshavgt
Rotational speed 1494 rpm in all three phases, incurring a high switching cost.

Inverter Vae  2.000pu Deadlocks tend to occur when using such a voltage vector

Coe  2.201pu with a particular large or small common mode voltage—in

Cph  1.541pu

the example above [1 1 2] or [-2 -2 -1]. Since switching
TABLE III: Rated values (left) and per unit parameters (t)gof the drive the common mode by more than one level up or down is
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(a) Original MPDBC version (b) MPDBC with Approach B (a) Original MPDBC version

common mode voltage

Fig. 10: Evolution of the instantaneous switching freqyetidiz) at nominal Fig. 11: Evolution of the instantaneous switching frequefitiz) atw = 0.3

speed and torque for the ANPC inverter over 1ms. The swigchiorizon 54 nominal torque for the ANPC inverter over 3ms. The siitgthorizon
SSE’is used along with the pulse numbeér= 6. The red stars indicate the :ggE: s ysed along with the pulse numbge= 6. The red stars indicate the

occurrence of deadlocks. occurrence of deadlocks.

proh!blfuvely expensive anq would require an extremelyglonlevel topology also the three phase capacitor voltages brist
prediction horizon over which to discount the CommUtatlonéontrolled greatly complicating the task of the model fired
MPDBC often fails to achieve this. '

This excessive redundancy in the voltage vectors Ieadstlve direct balancing controller (MPDBC). The introductio

. . tPa terminalweighton the NP potential maintains the latter
deadlocks, which can be resolved by adding a penalty on the . .

) R closer to its reference value and greatly reduces the batanc
highest and lowest common mode levels. As is indicated | ) h

. . . effort required for the NP potential. At low speed, a penalty
Fig. 11, this approach works well, removing all deadlocks at -
low speed onh the common mode voltage is imposed. As a result, the

deadlocks and switching bursts are not only avoided, but a
VIl. CONCLUSION significant improvement of the overall performance is also
. . . observable. At nominal speed, with respect to the baseline
For a NPC inverter drive system, this paper shows th PDBC method, the average switching frequency and the

the deadlocks encountered during the execution of the mo ﬁl ;
L X . rent THD are reduced by 20% and 13%, respectively, as
predictive direct torque control (MPDTC) algorithm can b etailled in [17] ) y ° ° pectively

separated into two groups. The first group comprises t . . . .
deadlocks that are exclusively caused by the interplay be- he degdlock avo@ance strategies proposed in this paper
can be directly applied also to the other members of the

tween the torque and stator flux magnitude of the machi ; . :
The second group consists of deadlocks, where the NP ?)\%I_DDTC family, notably to model predictive direct current

tential is also involved, being close to one of its boun Sontrol (MPDCC) [7], which is a derivative of MPDTC, and
' 9 model predictive direct power control (MPDPC); the latte

or even violating them. Furthermore, it is highlighted that . . .~ i
these deadlocks trigger spikes in the instantaneous gwcr?besm[ggt]h € adaptation of MPDTC to grid-connected convert

frequency, so called switching bursts. To prevent the MPDTC
algorithm from running into deadlocks, a combination of
terminal constraintson the electromagnetic torque and stator REFERENCES
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