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Abstract—Gradient-based predictive pulse pattern control
(GP3Q) is a versatile optimal control method for medium-voltage
(MYV) drives. GP>C combines model predictive control (MPC)
and optimized pulse patterns (OPPs) to achieve superb steady-
state performance. The rigid nature of OPPs, however, can
compromise its dynamic behavior. To address this, this paper
augments GP®C with a mechanism that enables the full utilization
of the available voltage, and thus very short settling times.

Index Terms—Medium-voltage (MV) drive, model predictive
control (MPC), optimized pulse patterns (OPPs)

I. INTRODUCTION

Medium-voltage (MV) drives are operated at switching
frequencies of a few hundred hertz to keep the switching
losses low [1]. Operating the converter at such low switching
frequencies gives rise to pronounced stator current distortions.
To mitigate this, optimized pulse patterns (OPPs) can be used
as they produce the lowest possible harmonic distortions [2].

Manipulation of OPPs with a high-bandwidth controller,
however, is a nontrivial task. This can be addressed by using
model predictive control (MPC) [3], see [4]. Recently, a
highly versatile MPC strategy that manipulates OPPs in real
time—referred to as gradient-based predictive pulse pattern
control (GP3C)—was presented in [5]. The GP2C algorithm
can outperform conventional linear control strategies [6] by
utilizing both the high bandwidth of direct MPC [7], [8], and
the excellent steady-state performance of OPPs [9]. However,
the rigid nature of OPPs results in limited options in the
available switch positions that can be manipulated [10]. This
implies that the available voltage margin of the converter can
be underutilized, compromising the dynamic performance.

To resolve this issue, this work complements the GP3C
algorithm by introducing a strategy to locally overwrite the
OPP during transients. As a result, the available voltage
margin is fully utilized, and superior dynamic performance
is achieved. The comparisons with finite control set MPC
(FCS-MPC) [11]—which is known to achieve the shortest
possible settling times—based on a three-level neutral-point-
clamped (NPC) converter and an MV induction machine (IM)
demonstrate the effectiveness of the proposed strategy.

II. GP3C FOR MV DRIVES WITH PULSE INSERTION

The GP3C algorithm in [5] manipulates all three phases of
the OPP simultaneously such that the stator current follows
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Fig. 1. Equivalent circuit of an MV IM.

its optimal trajectory [12].! Nevertheless, GP3C is limited to
using only these three-phase switch positions that are present
in the OPP in a fixed chronological order. Therefore, the
switch positions that can quickly drive the stator current
to its reference are not always available when substantial
modifications to the nominal OPP are required, e.g., during
transients. To address this, and guarantee that the available
voltage margin is fully utilized, the OPP is locally overwritten
with three-phase switch positions that do not exist in the
nominal OPP when the torque error exceeds a predefined limit.
To this end, the simplified equivalent circuit of an MV
IM is considered [13], see Fig. 1. By neglecting the stator
resistance—which is typically very small in MV machines—
the dynamics of the system in question are described by
di 1
dt XU ('Us vemf) ) (1)
where 25 and v are the stator current and voltage, respectively,
and vens 18 the back electromotive force (back-EMF) of the
machine.? Finally, X, is the total leakage reactance.
From (1) it can be deduced that the change in the stator
current within one sampling interval 75 is

T
Ay = — (Vs — Vems) -
S XU S ems
Therefore, for fast torque control, the stator current
error should quickly converge to zero, implying

Adg = 1gef —ts — 0, where %5, is the stator current
reference. As a result, the voltage v, ideal required by the
converter to achieve this is

Xo,. .
?U(Zs,ref - 'Ls) + Vemf -
s

Vs ideal =
'For a detailed presentation of the GP3C algorithm and the MV drive
system, the reader is referred to [5].
2Note that all variables are in the o8 reference frame.
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Fig. 2. Simulation results (in per unit) during a torque reference step for GP3C from [5] (a)—(c), GP3C with pulse insertion (d)—(e), and FCS-MPC (g)—(i):
(a), (d), (g) Electromagnetic torque (solid line) and its reference (dash-dotted line); (b), (e), (h) three-phase stator current (solid lines) and their references
(dash-dotted lines); (c), (f) three-phase (modified) switching pattern (solid lines) and nominal OPP (dash-dotted lines); (i) three-phase switching pattern.

However, because the three-level NPC converter can only
produce 27 discrete voltage vectors (i.e., three-phase switch
positions) v;, i € {1,2,...,27}, the realizable converter
voltage vector is

Vs, ins :mln(Hvz _vs,ideaIHQ) B (NS {172;727} (2)

Hence, by translating v ins into a three-phase switch position,
and by inserting the latter into the OPP, shorter settling times
can be achieved during a torque transient.

Once the to-be-inserted three-phase switch position has been
determined, the next step is to decide where to locally over-
write the OPP. This is done by exploiting the predictive nature
of GP3C such that the additional three-phase switch positions
are dynamically inserted within the prediction horizon. To this
end, the current prediction at the previous time step k& — 1,
k € NT, is utilized to determine if the magnitude of the stator
current error convergences monotonically to zero within the
horizon. Specifically, the predicted current trajectory at k — 1
is scanned with 7T, < T, to monitor the evolution of the

current error magnitude s e = ||%sref — %5/|2 at the discrete
time steps p € N1, ie.,

) ) ) T
Isen(k—1) = [’s,err(p) isen(P+1) oo dsen(p+ m)] )

where m = (N, — 1)Ts/T,, with N, being the number of
prediction steps. For the stator current error to be decreasing,
the difference between every two consecutive entries of I ¢
must be negative, i.e.,

iser(P+H0) —isen(pt+€—1) <0, £€{1,2,...,m}. (3)
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Therefore, the first time instant ¢, = k7T, + 71, in the
prediction horizon where condition (3) is violated the chosen
three-phase switch position (see (2)) is inserted into the OPP as
a pulse of infinitesimal width. This pulse is freely manipulated
by GP3C to eliminate the current error. Note that if condition
(3) is not violated for any ¢, a pulse insertion is not performed.

III. PERFORMANCE EVALUATION

Fig. 2 compares the dynamic performance of GP3C
from [5], GP3C with the proposed pulse insertion mechanism,
and FCS-MPC [11] based on an MV drive system. The
parameters of the system and GP3C can be found in [5].
Both GP3C and FCS-MPC use 7, = 50pus and operate
at a switching frequency of 250 Hz. As can be seen from
Figs. 2(a) and 2(d), thanks to the proposed pulse insertion
algorithm the settling time of GP3C improves by more than
75% compared with GP3C in [5], while it is comparable to
FCS-MPC, see Fig. 2(g). This is achieved by manipulating
the three-phase switch position wu.p. = [1 1 — 1]7, inserted
at around ¢t = 3 ms, see Fig. 2(f).

IV. CONCLUSION

This work improved the dynamic performance of the GP3C
algorithm for MV drives presented in [5]. To achieve this, a
pulse insertion algorithm was proposed that enables the full
utilization of the available voltage margin during transients.
As a result, the settling time of GP3C is improved by more
than 75%, while it is on par with that of FCS-MPC.
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