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~ Abstract—The five-level active neutral point clamped converter controls the machine or grid currents by manipulating the
is a recently introduced topology that offers low harmonic three-phase converter voltages. For this, control and modu
dlS_tOtI’tIOI']t art1_d|a_ hltghh o(;Jth_utkvotlrt]aget. Inladd|tf|ont to a _neutralh lation schemes, which were originally developed for twod an

point potential In € dac-linkK, IS topology fTeatures In eac .

phase a flying phase capacitor. Balancing these four internal three-_level.conve_rte_rs, were extendgd to five Ieyels. On the
converter voltages around their references, while providing fast machine side, this includes pulse width modulation (PWM)
torque and/or current control for the machine, is an intrinsically ~ based on selective harmonic elimination and optimizedepuls

challenging control problem. Model predictive direct torque patterns [6] and direct torque control (DTC) [1]. On the

control (MPDTC) is an ideal candidate to address this problem. grid side, vector control with carrier-based PWM [1], PWM

It is shown in this paper, how MPDTC can be adapted to this b d lecti h - liminati 71 direct
new five-level topology. Compared to direct torque control (DTG, 0ased on selective harmonic elimination [7], direct power

the performance results of MPDTC are very promising—for the ~control [8] and decoupling hysteresis control [9] have been
same switching frequency the harmonic distortions of the stator proposed. Théower layer balances the four internal converter
currents and the torque can be more than halved. At the same voltages around their respective references by choosiag th
me b vy st s eporce o OIC o manianed | swiching commands and expaing the recndancy n
medium-voltage drives, multi-level topoloéies, active neutral pioi phase voltage_s. various Scheme_s have b.een re_ported in the
clamped inverter literature mentioned above that aim to achieve this task.

Amongst the upper layer control techniques, DTC [10] is

I. INTRODUCTION ABB’s method of choice for their drives. DTC _provides an

) ) ) unsurpassed fast control of the electromagnetic torque, an

Recently, ABB introduced the active neutral point clampeg is very robust with respect to parameter variations. gsin
(ANPC) five-level topology as the latest addition to theifysteresis bounds on the torque and stator flux magnitude,
medium-voltage (MV) drives portfolio [1], [2]. This new @8, the inverter voltage vectors are generated by a look-ugtabl
named ACS 2000, is available with power ratings of 1 MVAyithout the use of a modulator. Model predictive direct teq
and 2MVA, covering the low power range of the MV drivegontrol (MPDTC) significantly improves the concept of DTC,
market. Using high-voltage insulated gate bipolar trénsss by replacing the look-up table with an online computational
(IGBTs), output voltages of up to 6.9kV can be achievedtage [11], [12]. MPDTC, which originates from the early
At the same time very low harmonic distortions in the statcgoooS, was Successfu”y imp|emented and tested for an NPC
currents result, along with acceptabie/dt and common inverter driving an MV induction machine, exceeding power
mode voltages. This makes the ACS 2000 particularly Slﬁ.tabéveb of 1 MW [13] Recenﬂy' MPDTC was genera"zed and
for the retrofit market, in which direct online machines argyrther improved, by considering drastically longer pogidin
replaced by variable speed drives. Four quadrant operatigéyizons [14]. For a broader perspective on model predictiv
is achieved by using an active front end (AFE), which igontrol for power electronics and drive control problems,
connected via an optional transformer to the grid. see [15] and some of the references therein.

The five-level ANPC topology extends the classic three- Dye to its ability to handle complex multi-objective drive
level NPC converter [3] in two ways. The NPC diodes argontrol problem, its very fast torque response and its tghii
replaced by active switches as in [4], and floating phagrovide very low switching frequencies and losses, MPDTC
capacitors are added to each phase, similar to a flying dapacippears to be an ideal candidate to address the control and
(FC) converter [5]. This innovative topology combines thenodulation problem of the ACS 2000. In particular, MPDTC
advantages of the reliable and conceptually simple NPC wisflows one to formulate and solve the control and modulation
the versatility of the flying capacitor converter. Howevelproblem in one computational stage, thus addressing thaeor
achieving very fast control of the electrical machine quarmd flux control problem as well as the balancing of the
tities, while balancing the four internal converter vokagthe internal inverter voltages in a combined fashion, avoiding
neutral point potential and the three phase capacitorsinaro division of the control problem into two stages, in which
their references, proves to be a challenging drive contrigle set of available solutions is inevitably cut down. This
problem [2], particularly when the phase capacitors arellsmgesults in a significant performance advantage. Specificall

For the ANPC five-level topology a number of control anghe total harmonic distortions (THD) of the machine current
modulation strategies have been proposed in the literatusgn be halved, while the device switching frequency is kept
Virtually all of these approaches divide the control and modinchanged, as simulations on ABB's 1MVA drive setup
ulation problem into two hierarchical layers. Thpper layer indicate in this paper.
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B TABLE |: Correspondence between the phase switch positignshe phase
levelsu,, the phase voltages, and the switching states; So Sg, for phase
z, z € {a, b, c}. The effect on the phase capacitor voltagg . and on the
Ml neutral point potential,, is shown on the right hand side

Fig. 1: Equivalent representation of the five-level actieeitnal point clamped _ _ i _ _ —

(ANPC) voltage source inverter driving an induction mach(hé) 278 B OO ?Eg ENPC},S\?VEtZ\;‘::EhS i’re inO'bc?tﬁh ca}s’es%set Il asnd

t0 1/w, seconds, wheres, is the base angular velocity, 2 = 0; S =1and § = 0. As summarized in Table I, these
/@ ’ b 9 Y. pairs of switch positions produce effectively the sameagpit

cgr?;é?gsallg,ng?ksjszﬂtg\i ttoe d%Hf)?ed;ggitecgir;zgu\?z;?a;glrgse at the phase terminals. This redundancy can be used to tegula
’ » BE N ‘the phase capacitor voltage, specifically for the pajrs= 1

Z;MI Va”f‘blesfgabc z t[ﬁa & EC]T in the }h_re;eﬁphatsr? SyStelmand sy = 2, ands, = 5 and s, = 6. However, these pairs
(o?ﬁg) 2{:“(2%2? Orr’gfe‘e regggo bt r[ﬁg ﬁ%fg&gi';;' eor Pogona affect the neutral point potential differently, addingraficant
Aligning the aYaxis with the a-axis, the fol cRNing tran%l;%r- complexity o the system 1o be ha_ndled by the control _scher_ne.
mation matrix is obtained '_I'he pha_se voltage_z is defined with respect to the dc-link mid-

point N. It is approximately, = vgcu, /4, with z € {a,b, c}.

1 —% —% Due to fluctuations of the dc-link and phase capacitor veltag
P= 2 0 B _Vv3|. 1) the precise phase voltage depends on the switch position
31, 3% 2 as detailed in Table I. The three-phase voltage applied to
2 2 2 the machine terminals is given by,go = P v, With
_ ) Vago = [va vs vo]T. Neglecting the voltage fluctuations in
A. Active NPC Five-Level Inverter Topology the dc-link and the phase capacitors, the inverter produces

Consider the five-level ANPC inverter depicted in Fig. 161 different voltage vectors, which can be synthesized by
The switches S$to S, consist of two series-connected IGBTsp® = 125 different phase levels: = wqp. = [uq up uc]”,
while the switches Sto S are single IGBTs. Thus eachwhich in turn are established based 8h = 512 distinct
phase consists of 12 IGBTs. The dc-link is divided into agwitch positionss = s, = [sa s» s.]’. The 0-vector
upper and a lower half with the two dc-link capacitafg.. vas = [0 0]”, for example, can be synthesized by 26 different
The potentialv, = 0.5(vgelo — vdcup) Of the neutral point switch positionss.

N floats, withvgc o @and vgc,up denoting the voltages over the o L

lower and the upper dc-linlz half, respectively. The investe B. Switching Restrictions
total dc-link voltage isvgec = vdcio + vacup Neglecting the A number of switching restrictions are present in the five-

phase capacitors, this converter effectively resembldseet level ANPC topology, both on a single-phase as well as
level ANPC inverter with series-connected IGBTSs, prodgcinon a three-phase level. The allowed single-phase switching
at each phase the three voltage levelss:, 0, % }. transitions are shown in Fig. 2. Switching is only possible

The available number of phase voltage levels is augmentey one voltage level up or down. Switching frosp = 2 to
to five by adding to each phase a flying capaditg, which is s, =4 and froms, = 5 to s, = 3 is not allowed to rule out
placed between the outer pairs of the existing series-atede the possibility of voltage glitches.
switches. Let the voltages across the phase capacitors-be d®ue to the fact that the inverter uses only twio/dt
noted byupn .., With z € {a, b, c}. The phase capacitor voltageslamps—one in the upper dc-link half and another one in the
are maintained at half the voltage levels of the individuddwer half, restrictions on the allowed three-phase svinigh
dc-link capacitors, i.ewph, = 0.25v4.. This adds the two transitions arise. Table Il summarizes the transitions tina
additional voltage levels{—%&: “<} and ensures that eachthe clamps on and off. After a transition that turns the upper
IGBT can be rated for the same voltage blocking capability. Alower) clamp on, at leagi0 s have to pass before the upper
a result, at each phase, the inverter produces the five eoltélpwer) clamp may be turned off.
levels {— %, — e ( Yo Y1 These can be described by the

2 409 4072 .
integer variablesi,, uy, u, € {—2,—1,0,1,2}, to which we C- Commutation Paths
refer asphase levels. The commutation paths for this topology are rather com-

The phase levels 1, 0 and1 can each be synthesized by twlicated. Fig. 2 summarizes the numberaof transitions per
differentswitch positions. These switch positions are describegwitching transition, distinguishing between tbretransitions
by the integer variables,, s, s. € {0,1,...,7}. The phase of the IGBTs in the ANPC and in the FC part. Switching
levelu, = 1, for example, withe € {a, b, c}, can be generated betweens, = 6 and s, = 7, for example, incurs nmn
either with the FC switch configurations;S= 1, S = 0, transition in the ANPC part, but one in the FC part. It is clear
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Phase Transitions, — s, Transitionss; — sz
current  that turn the clamp on  that turn the clamp off
Upper || ¢sx >0 6—4,6—57—5 4—6,5—6,5—7
clamp || iso <0 4—6,5—6,5—7 6—4,6—57—5
Lower Gse >0 2—50,2—1,3—1 0—2,1—2,1—3
clamp || isx <0 0—2,1—2,1—3 2—0,2—1,3—1

TABLE II: Transitions between single-phase switch posisia, that turn a
di/dt clamp on or off, depending on the sign of the phase curignt The
transitions in the upper (lower) half of the table affect tipper (lower) clamp

2/1 0/1 01 2,1 01 11

E. Induction Machine

The squirrel-cage induction motor is modelled in thg
reference frame using the- and S-components of the stator
and the rotor flux linkages per second,,, ¥sg, 1o and
g, respectively, as state variables. Neglecting the roteegp
dynamic, the speed is effectively a model parameter rather

(@) isz >0 (b) isa <O than a state variable. The other model parameters are tiee bas
Fig. 2: Allowed per-phase switching transitions betweea #ingle-phase angular velocityw;, the stator and rotor resistancés and
switch positionss,, € {0,1,...7}, z € {a, b, c}, along with the number of R, and the stator, rotor and mutual reactanfes L, and

on transitions of the IGBTs in the ANPC and FC part, respegiivéépending L, respectively. The state equations are [16]
on the sign of the phase current,

d,lpsa = _Rshu}sa + RsLimwa + Vo (Sa)
that the number obn transitions always equals the number dt D D
of off transitions. It is apparent from Table | that two and s _ —Rsh%,@ + RSLLWW + vg (5b)
two off transitions occur in the ANPC part when switching dt D D
from s, = 4t0 s, = 2 and froms, = 3t0 s, = 5. On d"/’ra:RLiml/] —Rﬁw — (50)
the other hand, one would expect that no IGBT is switched in dt "D " rTp e Wb
the ANPC part, when the transitions occur within the group di,3 L

m LSS
s, € {0,1,2,3} or s, € {4,5,6,7}. However, to shift some dt Rwasﬁ +wrtra — erwrf’ (50)
switching losses from the FC to the ANPC part, switchings. _ B B 9
in the ANPC part do occur also in these cases, dependi thSS Ii tLlS+Lm’f”‘t* Lir+ L, andbD = LssLrr— L.
on the phase current. These additional ANPC switchings shif € electromagnetic torque Is given by
the commutation of the current from the FC to the ANPC Ly,
part. From Table | it is also clear that in the FC part, for Te = fwsf“/’m ~ Ysatirp) (6)
each transition, one IGBT is turned on (and another one a{ﬁd the length of the stator flux vector is
turned off), except for transitions occurring between= 1

ands, = 2, as well as between, = 5 ands, = 6, when two U — W @)
devices are turned on and off. s sa sp

. For more details, the reader is referred to [11], [12] and.[14
D. Dynamics of the Internal Inverter \oltages
I11. CONTROL PROBLEM
The control problem of a high-performance variable speed
drive is complex with multiple and conflicting objectivesitidv

The evolution of the capacitor voltage in phasewith x €
{a,b,c}, is described by the differential equation

isw, If 5, € {2,6} regards to the machine, in standard DTC, the electromagneti
dvphe 1 i if s, € {1,5) @) torque and the stator flux magnitude are to be kept withinrgive
dt  Cpn 5 X ’ (hysteresis) bounds and controlled dynamically with vérgrs

0, else, transients. In MPDTC, these objectives are inherited from
DTC. At steady state operating conditions, the total hatimon
distortion (THD) of the current is to be minimized, so as to
dv, 1, _ ) reduce the copper losses and thus the thermal losses in the
o ST (lna +lnp + ch) ) 3) stator windings of the machine. In addition, to avoid profe
with the mechanical load, such as wear of the shaft and the
with i,,, denoting the current drawn from the neutral point possible excitation of eigenfrequencies of the load, theue
THD needs to be kept at a minimum.
. _{ iz, If 8, €{2,3,4,5}

while the dynamic of the neutral point potential is given by

4) The inverter has a limited cooling capability. To ensure
0, else a safe operation of the switching devices, the total losses,

particularly the switching losses, have to be kept below a

Note that the capacitor voltage of phasdor example, only given maximum value. An indirect way of achieving this is
depends on the switch position and phase current of paséo limit the device switching frequency. The IGBTs of the
whereas the neutral point potential depends on all thretelswiFC part have to bear the majority of the switching burden.
positions and all three phase currents. It is thus particularly important to focus on these IGBTs
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and to minimize their switching frequency. Additionallfet

Te ref

inverter's four internal voltages—the three voltages of theres = > Minimizatonot | L S ]
phase capacitors and the neutral point potential—have to be ¥ W s ref—pp|_cost function =
balanced around their references. - Speed ——2—— | wppTC
controller trajectories .
IV. CONTROL SCHEME 1 ts
As shown in Fig. 3, MPDTC constitutes the inner (torque @
and stator flux) control loop, which is formulated in the ., P,
stationarya 3 reference frame. The inverter switch positions Observer
are directly set by the controller, thus not requiring the a$ To, Encoder

a modulator. The inner loop is augmented in a cascaded con-
troller fashion by outer _|OOpS, including a speed P! coterol Fig. 3: Model predictive direct torque control (MPDTC) fdnet five-level
a rotor flux Contm”er_ with feedfor"_\’ard terms, and a looptthactive neutral point clamped (ANPC) voltage source invedering an
adjusts the bound widths as required. induction machine

(optional)

A. Mode! Predictive Control flux magnitude, the three phase capacitor voltages and the
Model predictive control (MPC) [17], [18] is based on fiveneutral point potential constitute the output vectgr =
key ingredients: (i) an internal prediction model of theveri [T, ¥y vpha Vphb Vphe Unl® -
system that allows the controller to predict the effect of it In summary, the internal prediction model includes the
control actions; (ii) a prediction horizon, which compsdsa inverter switching behavior, restrictions on the switchtran-
certain number of time-steps over which the controller bolsitions, the inverter dynamics and the standard dynamical
into the future; (iii) a cost or objective function that repents model of an induction machine with four states. If required,
the control objectives (e.g. the minimization of the swiihch variations on the dc-link voltage can be taken into accosnt a
frequency); (iv) an optimization stage that minimizes theell as changes of the machine’s rotational speed.
cost function and yields an optimal sequence of manipulated . )
variables (e.g. the inverter gating commands); and (v) tie MPDTC Control Principle and Horizons
so called receding horizon policy. The latter implies that In MPDTC the output vector is to be kept within given
even though a sequence of control inputs is derived ovebaunds around its respective references. Specifically, the
certain prediction horizon, only the first step is appliedhte torque, stator flux magnitude, neutral point potential amel t
drive system. At the next time-step, new measurements andiree phase capacitor voltages are to be maintained wigtin t
estimates are obtained, based on which a new, shifted segjudsounds around their references. The inverter switch jpositi
of manipulated variables is computed over a shifted horizoare directly set by MPDTC thus not requiring a modulator.
The receding horizon policy provides feedback and robgstneThe internal controller model of the drive is used to assess
possible switching sequences over a long prediction horizo
B. Internal Controller Model The switching sequence is chosen that minimizes the peatlict
The internal prediction model, on which MPC relies ténverter switching frequency. Out of this sequence only the
predict the future drive trajectories, consists of thresgeathe first gating signal at the current time-instant is applietde T
machine model, the inverter model and the inverter’s switcBampling interval is typicallyl, = 25 us.
ing restrictions. With regards to the machine, the standardStarting at the current time-stég the MPDTC algorithm
dynamical model summarized in (5)—(7) is used. The rot@eratively explores admissible switching sequences &odan
speed is assumed to be constant within the prediction horizéme. At each intermediate step, all switching sequencest mu
which turns the speed into a time-varying paranfetdihe yield output trajectories that are eithieasible, or pointing in
saturation of the machine flux and the skin effect in the rotaiie proper direction. We refer to these switching sequences as
are neglected, even though those could be easily incogabragandidate sequences. Feasibility means that the output variable
in the model. The dynamic model of the inverter is given ifies within its corresponding bounds; pointing in the pnope
(2)—(4), which describe the dynamics of the phase capacitfifection refers to the case in which an output variable is no
voltages and of the neutral point potential. The switchingecessarily feasible, but the degree of the bounds’ viniati
restrictions are stated in Sect. II-B. decreases at every time-step within the switching horiztie.
Combining the machine model (5)—-(7) with the inverteabove conditions need to hommponentwise, i.e. for all six
model (2)—(4), and using the Euler formula, a discrete-timgutput variables. Considering the effect of potential shiitg
state-space model of the drive can be derived, which is ofsaquences oall output variables simultaneously renders the
similar form to the model in [12]. The system states inclute t MPDTC approach particularly powerful with respect to DTC,
stator and rotor flux vectors inf, the three phase capacitorin which switching decisions are typically based only on the
voltages and the neutral point potential, i.e. the statéovesf one output variable that violates its hysteresis bound.

the drive isz = [Vsa ¥sp Yra Yrp Upha Uphp Uphe Un]” - It is important to distinguish between the switching honizo
The switch positionss constitute the. input vector with (number of switching instants within the horizon, i.e. tre d
s € {0,1,...,7}3. The electromagnetic torque, the statogrees of freedom) and the prediction horizon (number of time

o . o _ steps MPDTC looks into the future). Between the switching
1The prediction horizon being in the range of a few ms, this app® be a - jnstants the switch positions are frozen and the drive ehav
mild assumption for MV drive applications. Nevertheless|uding the speed . lated il ah is b d is hit. Th ob
as an additional state in the model might be necessary foryhiymamic 'S €Xtrapolated until a hysteresis bound is hit. The conoept

drives and/or drives with a small inertia. extrapolation gives rise to long prediction horizons (tgbiy
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10 to 100 time-steps), while the switching horizon is vergrsh Induction | Voltage 6000V Rs  0.0057pu
L X X . motor Current 98.9A R, 0.0045pu
(usually one to three). The switching horizon is composed Real power 850 KW L. 0.0894pu
of the elements 'S’ and 'E’, which stand for 'switch’ and Apparent power  1.028 MVA sz 0.0930 pu
‘'extrapolate’ (or more generally 'extend’), respectivélye use Frequency 50 Hz Lm  2.492pu
the task 'e’ to add an optional extension leg to the switching Rotational speed 1494 rpm
horizon. For more details about the concept of the switching [Thverter vge  2.000pu
horizon, the reader is referred to [14]. Cygc 2.201pu
By varying the bound widths the resulting switching fre- Cpn  1.541pu

,q“ency’ as V,V?” as the ,torque and current THDs can be ag/SBLE Ill: Rated values (left) and per unit parameters (rjgbit the drive
justed. Specifically, by tightening the torque and flux bajnd

the torque and current ripples are reduced and accordingly,y poaq out the first element. For °S’, branch on all feasible
their THDs, while at the same time, the switching frequency switching transitions, according to Sect. II-B and Fig. 2.

I increased. Use the internal prediction model in Sect. IV-B to
D. MPDTC Cost Function compute the state vector at the next time-step. For 'E’,

: : : ; : tend the trajectories either by using extrapolation, as
Slightly abusing the notation, we introduce the following exter . . . ,
variables to denote the number af (or off) transitions per detailed in [11], [12], or by using extrapolation with

: 4 : interpolation, as proposed in [20].
phase in the ANPC and FC parts at the discrete time-step 2c) Keep only the switching sequences that are candidates.

Asanpcs (k) = fanec(ss(k — 1), s, (k)) € {0,1,2} (8a) 2d) Push these sequences onto the stack.
_ _ 2e) Stop if there are no more nodes with non-empty switch-
Aspc. (k) = Se(k—1),s.(k 0,1,2}, 8b _ : . !
srca (k) = fre(sa ) 82(k) €4 ' (8b) ing horizons. The result of this are the predicted (can-

where fanpc and frc are implicitly defined in Fig. 2. We also didate) switching sequencé® (k) = [s'(k), ..., s (k+
defineAsanpc = Asanpco +Asanpcy +Asanpc,c as the sum n; — 1)] over the variable-length prediction horizons
of the number ofon (or off) transitions in all three phases. wherei € 7 andZ is an index set.
Asgc is defined accordingly. 3) Compute for each (candidate) sequerice= 7 the

The cost function at time-step can then be stated as associated cost;, as defined in (9). .

1 ktnct , 4) Choose the switching sequen8é = S*(k) with the

1 _ minimal cost, wherg = arg min;c7 ¢;.

N ; (ASASANPC(£)+ASFC(£)) +An (U"(k+n 1)) 5) Apply (only) the first switch positios(k) = s* out of
- 9) this sequence and execute the above procedure again at

The first part of the cost function represents the (shorter the next time-steg + 1.

switching frequency over the prediction horizan We use
the tuning parametei, > 0 to discount switchings in the
ANPC part. The second part of the cost function adds aln this section, for a MV five-level ANPC inverter drive
terminal weight on the neutral point potential, by penaligi system, the performance of the proposed MPDTC scheme
the potential’s deviation from zero at the end of the predict is evaluated and benchmarked with ABB’s commercial DTC
trajectory. The penalty is adjusted using the weight> 0.  scheme. For this, consider @&V and 50Hz squirrel-cage

The purpose of this second term is to reduce the likelihodaduction machine rated atMVA with a total leakage induc-
of infeasibilities or deadlocks, i.e. situations in whitietset of tance ofL, = 0.18 pu. The detailed parameters of the machine
candidate switching sequences is empty. Such scenarids tend inverter are summarized in Table Ill. The per unit system
to occur, when two or more output variables are at one of thésr established using the base quantitiés = /2/3Via =
respective bounds. In most cases, the neutral point patentisooV, Iz = /2l = 139.9A and f5 = fra = 50 Hz.
and one of the phase capacitor voltages act as antagonistor this comparison, a very accurate and detailed Mat-
The likelihood of such events can be largely decreased fab/Simulink model of the drive was used, which was provided
adding to the cost function a terminal weight on the neutrbly ABB to ensure as realistic a simulation set-up as possible
point potential. This penalty adds an incentive for MPDTC t®his model includes an observer for the motor fluxes, and
drive the neutral point potential closer to zero, wheneber tvarious outer control loops that adjust the (time-varying)
predicted increase in the switching frequency is negl@ibbr bounds on the torque and the flux accordingly. The optional
more details on such deadlock avoidance strategies, sée [$peed encoder is not used. The induction motor model inslude
In case of a deadlock, the deadlock resolution strategyneatl the saturation of the machine’s magnetic material and the
in [13] is employed. changes of the rotor resistance due to the skin effect. Mea-

. surement noise and errors are explicitly modeled, as well as

E. MPDTC Conirol Algorithm measurement and controller delayg. Th)elz drive model inslude

At time-stepk, the MPDTC algorithm computes the switchan active front end (AFE) with a transformer and a model of
position s(k) according to the following procedure. the grid. The AFE regulates the total dc-link voltage ana als

1) Initialize the root node with the current state vectaaffects the neutral point potential.

x(k), the last switch positios(k —1) and the switching  For MPDTC, the Simulink block with the DTC scheme is

V. PERFORMANCEEVALUATION

horizon. Push the root node onto the stack. replaced by a function that runs the MPDTC algorithm at each
2a) Take the top node with a non-empty switching horizosampling instant. The tuning parameters in the cost functio
from the stack. are set to\, = 0.1 and \,, = 0.25. The accuracy of the
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Fig. 4: Direct torque control (DTC) at rated speed and tordiee waveforms are plotted versus the time-axis in ms, exceghéotorque and stator current
spectra, which are shown versus the frequency-axis in Hzqudntities are given in pu
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Fig. 5: Model predictive direct torque control (MPDTC) withe switching horizon 'eSE’. The operating point, the platal their scalings are the same as

in Fig. 4 to allow for a direct comparison
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Operating point (pu) Control  Switching Avg. prediction Istip  TeTHD fowavg  fswanpc  fswrc
(Speed and torque ref.) scheme horizon horizow,, (steps) (%) (%) (Hz) (Hz) (Hz)
wref = 1, Teref =1 DTC — — 100 100 415 306 633
MPDTC 'eSE’ 9.0 48.7 51.2 416 320 608

MPDTC 'eSESE’ 20.5 47.4 49.6 392 290 597

wref = 0.7, Teref = 1 DTC — — 100 100 454 344 676
MPDTC 'eSE’ 9.9 41.0 50.0 452 349 656

MPDTC 'eSESE’ 23.0 40.3 50.0 417 331 591

TABLE IV: Comparison of MPDTC with DTC at two operating pointsiven by the speed and torque referenecgs and T rf, respectively. The comparison
is done in terms of the current and torque THDsyp and T tHp, respectively, which are given in percentage, using DTC baseline, as well as the
average switching frequency over all devickg,avg the switching frequency of the ANPC pafdw anpc and the switching frequency of the FC pétyrc

simulation setup and therefore the relevance of the simuleSESE’, MPDTC reduces the current THD by %0 the
tion results is confirmed by the very close match betwed¢orque THD by 50 and the switching frequency of the FC
previous simulations and experimental results using a veugrt by more than 1%, as shown in the last row in Table IV.
similar model—the simulation results in [12] predicted th&ince the switching frequency of the IGBTs in the FC part
experimental results in [13] accurately to within a few ggric  constitutes the limiting factor, and since approximatedif lof

) . the switching transitions are triggered by the internaknter

A. Steady-Sate Operation voltages, this 1% reduction would enable one to tighten the

In the following, MPDTC's performance at steady-state Opsounds on the torque and flux by anothefZ20This would
erating conditions is compared with the one of standard DT¢eqyce the corresponding THDs accordingly.

The comparison is done in terms of the current and torque
THDs, I, tvp andT. tHp, respectively, and the following threeB. Operation during Transients
switching frequenciesfsy,avg Which denotes the average of Figs. 6 and 7 compare the performance of DTC and MPDTC
all 36 device switching frequenciegswanpc, Which is the with each other at nominal speed, when applying 1 pu torque
switching frequency of the IGBTs;S0 S, (ANPC part of the steps. Both schemes are similarly fast, effectively lichioaly
inverter); andfswrc which refers to the switching frequencyby the voltage available and the switching restrictionse Th
of the FC part, i.e. the IGBTs;30 . torque settling time for negative torque steps is aroundr3.4
Fig. 4 shows waveforms for DTC operating at nominaknhile it is about 1.5 ms for positive torque steps. Overshoot
speed and full torque. The torque and current spectra wefiethe torque occur in both schemes, which appears to be a
computed using a fast fourier transformation. The ampéitudresult of the switching restrictions. All other output \aies
of the harmonics are fairly small, except for the frequesicieire kept well within their bounds and unnecessary switching
around 750Hz, where the amplitudes are more pronouncefavoided.
The phase currents exhibit a noticeable current ripple. Thelt should be noted that the results shown in Fig. 7 are based
neutral point potential is not always kept well within itson the switching horizon 'eSSE’. Shorter horizons, such as
bounds. Moreover, the bounds on the phase capacitor veltagesE’, tend to slow down the torque response, since verytshor
are not well utilized—this is to ensure that the voltages afforizons in connection with the switching restrictionsitithe
always kept within their bounds. To facilitate this, adulithl set of voltage vectors available within the prediction hori.
inner bounds are imposed on the phase capacitor voltages,
which are not shown here. The DTC results are summarized VI. CONCLUSIONS
in the first line in Table IV. This paper proposed a modified version of MPDTC as
Fig. 5 shows the corresponding waveforms for MPDTControl and modulation scheme for the recently introduced
with the short switching horizon 'eSE’. The prediction tmmom  five-level ANPC topology driving a MV induction machine
and the internal model enable MPDTC to make educatedth a very low leakage inductance. The drive control and
switching decisions. As a result, when compared with DT@)odulation problem is solved in one computational stage—
it was possible to significantly tighten the bounds on thanlike the approaches reported so far in the literaturechwvhi
torque and stator flux magnitude, while maintaining (or evesffectively all use one controller for the machine and aaoth
slightly reducing) the switching frequency. This tightegiof one for the inverter. With regards to standard DTC, the citrre
the bounds effectively halves both the current and the ®rgand torque distortions can be halved, while maintaining (or
THD, as shown in the second row of Table IV. Simultaneouslgyven reducing) the switching frequency. Model predictive
the current ripple is significantly reduced, see Fig. 5(cilirect current control (MPDCC) [21], which is a derivative
Interestingly enough, the torque and current spectra a@ abf MPDTC, might achieve a further reduction of the current
considerably flatter. Distinctive harmonics are not appire THD, possibly at the expense of the torque THD, as the
The neutral point potential is kept well within its boundsgcomparison in [22] suggests. The only major conceptual
despite the interference from the AFE. The bound width atifference between the two schemes is the way the bounds
the phase capacitor voltages is fully utilized, but notatietl, are formulated. During torque transients DTC and MPDTC
since potential violations are predicted and can thus belado are both very fast.
by MPDTC. A longer switching horizon, such as 'eSESE’, The proposed approach is computationally demanding, re-
appears to lead only to a small performance improvement, spéring a powerful control platform. To facilitate the ingpl
the third row in Table IV. mentation, techniques from mathematical programming such
At lower speed, the performance benefits of MPDTC starasd branch and bound can be used, which reduce the compu-
out even more. At 7% speed, for the long switching horizontation time by an order of magnitude with only a negligible
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Fig. 7: Model predictive direct torque control (MPDTC) withe switching horizon 'eSSE’. The operating point, the pland their scalings are the same as

in Fig. 6 to allow for a direct comparison

impact on the performance [23]. The results presented hepg
were obtained by implementing MPTDC on the platform used
by ABB to test their drive control solutions, proving the
effectiveness of MPDTC for the five-level ANPC converter[9]
drive system and its performance benefits with regards to the
considerably reduced current and torque THDs. The signjiy
icance of such simulations is underlined by the very close
match between the previous simulation results in [12], Whi(il
were obtained using a test platform similar to the one used il
this paper, and the experimental results in [13]. 121
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