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Abstract—This paper investigates a finite-control set model-
predictive control (FCS-MPC) algorithm to enhance the perfor-
mance of a synchronous reluctance machine drive. Particular
emphasis is placed on the definition of the cost function enabling
a computationally light implementation while targeting good
transient and steady-state performance. In particular, this work
proposes the inclusion of an integral term into the cost function
to ensure zero steady-state errors thus compensating for any
model inaccuracies. A control effort term is also considered in the
formulation of the cost function to achieve a high ratio between
the sampling frequency and the average switching frequency.
After a comprehensive simulation study showing the advantages
of the proposed approach over the conventional FCS-MPC for
a wide range of operating conditions, several experimental test
results are reported. The effectiveness of the proposed control
approach, including a detailed analysis of the effect of the
load and speed variations, is thus fully verified providing useful
guidelines for the design of a direct model predictive controller
of synchronous reluctance motor drives.

Index Terms—Synchronous reluctance machine, finite control
set model predictive control, two-level voltage-source inverter,
steady-state performance.

I. INTRODUCTION

In many industrial applications, synchronous reluctance
(SyRel) motor drives are gaining significant attention as viable
alternative to conventional drives based on induction and per-
manent magnet synchronous motors (PMSMs) thanks to their
satisfactory performance at a competitive cost [1]. The lack of
winding and rare-earth-based permanent magnets on the rotor
makes this machine topology less susceptible to raw material
price fluctuations, guaranteeing a stable supply chain. On the
other hand, the disadvantages of SyRel motors include the low
power factor, high torque ripple, and remarkably non-linear
magnetic behavior, which inevitably complicate the control
algorithm [2], [3]. The first two disadvantages are usually
mitigated during the machine design aimed at maximizing the
machine anisotropy and minimization of the torque oscillation
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Regarding the non-linear magnetic behavior, this is tackled
with the adoption of ad-hoc control strategies with the target
of achieving the desired performance independently from the
operating point. The most commonly used control approach
is field-oriented control (FOC) based on proportional-integral
(PD) controllers [5]. Although its implementation is relatively
straightforward, such a control method is not the most suitable
for non-linear systems like SyRel motor drives. Indeed, its
performance varies substantially depending on the operating
point, and if a thorough offline tuning procedure is not fol-
lowed (i.e., gain scheduling) inferior performance may result,
and even stability issues may appear. Direct torque control
(DTC) is another possible solution for SyRel machine drives
[6]. This method is characterized by its simplicity and wide
applicability, even though it is prone to high current ripples.

An alternative to the above-mentioned control techniques is
model predictive control (MPC), especially in its direct control
version, known as finite-control set MPC (FCS-MPC) [7].
Complex and constrained non-linear systems, such as SyRel
motor drives, can benefit from this control approach, especially
when an increased granularity of switching is achievable [8],
[9], i.e., a high ratio between the sampling frequency and the
average switching frequency.

In order to implement MPC strategies, two stringent hard-
ware criteria must be satisfied. Firstly, the computing capa-
bility of the controller must be sufficiently high to execute
the control algorithm in real time. This is addressed by
economically affordable digital control chips based on field-
programmable gate arrays (FPGAs) and digital signal proces-
sors (DSPs) capable of handling computationally demanding
algorithms like FCS-MPC. Furthermore, the power modules of
the driving converter must ensure high switching frequencies
while respecting the physical limitations imposed by the
semiconductor devices. The adoption of silicon-carbide (SiC)
power switches allows keeping the operating temperature
within the safe working region of the devices while running
at very high switching frequencies [10], [11].

According to the working principle of FCS-MPC, the sys-
tem behavior is predicted for all feasible actuating commands.
The one that minimizes a given cost function is selected and
applied to the power converter. Typically, the cost function
definition merely considers the error of the tracking terms as
in [12]. Nevertheless, [8] states that the lack of the control
effort penalization leads to a low granularity of switching and,
consequently, a poor performance. Several studies considered



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2022.3213002

the control effort in their cost functions, such as in [13], where
the penalization in the change of the switching state results in
a reduction in the commutation losses of a matrix converter.
The same practice was adopted in [14] and [15] to control a
PMSM and a SyRel motor, respectively. The latter provides
simulation results focused on extending the prediction horizon
to enhance the MPC performance at steady state.

Another common difficulty with FCS-MPC is that inaccu-
rate knowledge of the system model can negatively influence
the reference tracking performance of the controller [16].
When it comes to SyRel motor drives, a precise identifica-
tion procedure of the nonlinear magnetic model is required,
unless the controller inherently compensates for any potential
model mismatches. A few approaches have been proposed,
mainly applied to PMSMs, to imporve the robustness of FCS-
MPC. In [17], [18], the integral of the state was included
in the cost function, resulting in an augmented prediction
model of the PMSM. In [19], a real-time least-squares system
identification was adopted to correct any set-point deviations.
In [20], an integral term was added to the cost function
without augmenting the system state. However, it has to be
underlined that including an integral term within the cost
function, calculated based on the state prediction, increases
the algorithm complexity and its computational burden.

This work, based on [9], investigates an FCS-MPC method
for SyRel motor drives with particular emphasis on the for-
mulation of the cost function. Specifically, the typical cost
function of FCS-MPC that solely accounts for the stator
current reference tracking is augmented by introducing two
terms, namely a term to integrate the tracking error and a
control effort term. The former term enhances the steady-
state performance of the drive as it increases the controller
robustness to parameter variations, model mismatches, etc.
The second term allows for direct control of the switching
frequency, thus it enables an increase of the switching granu-
larity and, consequently, an improved steady-state performance
in terms of stator current distortions.

To demonstrate the effectiveness of the proposed control
strategy, an extensive simulation and experimental study are
performed. As shown, compared with conventional FCS-
MPC, the proposed method exhibits superior steady-state
performance over a wide range of operating points, such as
different loads and speeds, while achieving a high degree
of robustness. Moreover, the favorable dynamic behavior
that typically characterizes FCS-MPC is still present. This
advantageous performance is achieved with only a small
computational overhead due to the additional cost function
terms. Regardless of this, the presented control technique,
being an optimal control method that relies on the real-
time solution of an optimization problem, still requires more
computational resources than conventional control solutions,
such as linear control techniques. Hence, it is not well-suited
for low-cost microprocessors. Nevertheless, given the fall in
the cost of powerful microprocessors and the increase in their
computational power, the potential of the proposed control
scheme can be fully harvested in the near future.
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Fig. 1: Voltage vectors and corresponding switching positions.

This paper is organized as follows. The two-level voltage-
source inverter (2L-VSI) and the SyRel motor prediction
models are described in Section II. The FCS-MPC algorithm
derivation is given in Section III. Simulation results are
presented in Section IV to verify the superior performance
of the proposed control approach when compared with the
conventional one for various operating points. Section V re-
ports the experimental findings in several operating scenarios.
Lastly, the overall achievements are summarized in Section
VL

II. SYNCHRONOUS RELUCTANCE MACHINE DRIVE
PREDICTION MODEL

The 2L-VSI and SyRel motor mathematical models used
for the implementation of the proposed control technique are
discussed in this section.

A. 2L-VSI Model

In a stationary orthogonal reference frame (a/3) the eight
switch positions (n = 0, 1...,7) of the 2L-VSI form a hexagon
as shown in Fig. 1. The following are the three-phase voltage
components:

Sa(n) — Se(n)] (1)

vp(n) = v [25(n)
c Sa(n) = Sp(n)]

_ V.
ve(n) = Y= [25,(n)

where V. is the dc-link voltage set by the power supply,
Sa(n), Sp(n), and S.(n) are the configurations of the cor-
responding inverter legs, yielding eight switching positions as
reported in Table I. As shown in Fig. 1, these configurations
result in six active voltage vectors v,5(1,2,...,6), and two
zero voltage vectors v,3(0), vas(7).

The dg-voltage vectors can be obtained by using the fol-
lowing transformation:

Vag(n) = P - vgpe(n) 2)

where v,p.(n) is the three-phase voltage vector. The Clarke
and Park transformations are merged, forming the rotation
matrix P, which is a function of the electrical angle 6.,..
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TABLE I: 2L-VSI switching positions.
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Fig. 2: Magnetic model identified experimentally. (a) d-flux linkage versus
d-and g-current. (b) g-flux linkage versus d- and g-current

B. SyRel Motor Non-linear Model

FCS-MPC bases its working principle on predicting the
system state. Hence, having an accurate representation of the
plant is critical. The system is modeled in a synchronous
reference frame (dq coordinates) rotating at the electrical speed
w, which relates to the mechanical speed via the number of
pole pairs p. In this reference frame, the electrical variables
are represented by constant vectors. The discrete-time domain
drive model is deduced as follows by using the forward Euler
discretization:

id’;“(n) =g, + T L7 |vh, (n) — Riig, + Quapl,| 3)

The superscript k£ on the right-hand side of (3) denotes the
current time step, whereas k£ + 1 on the left-hand side denotes
the next time step, and 7 stands for the sampling interval
between the two samples. The term id’fl+1(n) refers to the
stator current prediction in dq coordinates, evaluated for each
configurable switch position (n = 0,1,2,...,7) of the 2L-

1 0

rotation by 90°. R is the stator resistance, while the actuating
voltage vector v’jq(n) is defined in (2). The measured current

VSI. The matrix Q = performs a counter-clockwise

vector is represented by id”f]. The symbols L~! and 1/:5,1
indicate the inverse of the differential inductance matrix and
the magnetic flux vector, respectively, both varying with the
current vector.

Due to the direct and cross-magnetization effects, both
d- and g-axis flux linkages (¢4, 1)4) show highly nonlinear
behaviors with both the d- and g-axis currents components
(iq, 1q). The flux-versus-current characteristics are derived
experimentally by performing offline tests according to the
procedure described in [21], and the results are shown in Fig.
2. The resulting apparent inductances can be calculated as:
_ Yalia,iq) _ Yqlia,iq)

La(ia,iq) = W v Laliaiq) = ——
q

“4)

The peculiarity of the SyRel machine lies in how the appar-
ent inductance differs from the incremental inductance matrix
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Fig. 3: (a) Apparent inductances Lg, Lq. (b) Incremental inductances Lqq,
Lyg.

Lgq Lgg

Lga  Lgq
evaluated from the flux linkages and the current components
as

L = , whose components can be numerically

6¢d - 7/’3+1 B wg

Lyg = —4 o Tdtl  7d
=5 Ai (5a)
d
7 dig Ai
g Vi — v
Lyg= "~ —F———
%= Bi, Ai (50)
o d+1 - ﬂfd
L — q ~ q q .
9“7 By Ai (5d)

In (5), the term “A¢” is the fixed current step corresponding
to two consecutive magnetic flux points. Subscripts identify
the flux map, and superscripts denote to which orthogonal
current a specific map is referred. The apparent inductance
terms Lg and L, are represented in Fig. 3(a). The terms Lgq
and L, are the direct and quadrature incremental inductance
components respectively, shown in Fig. 3(b). The quantities
Lgq and Lyq are the cross magnetization inductance, resulting
in non-zero terms. An accurate prediction model is required
to guarantee high performance in model-based controllers,
see, e.g., [22]. Any model mismatch can adversely deteriorate
the accuracy of the predictions and, subsequently, the system
behavior. Hence, self-axis non-linearities, and cross-saturation
phenomena need to be fully known. To this end, the flux-
current maps represented in Fig. 2 are stored in 2D look-up
tables (LUTs) and used online for real-time control of the
SyRel motor.
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Fig. 4: Evaluated maximum torque per Ampere trajectory.

The electromagnetic torque T, can be estimated knowing
the flux versus current maps as:
3
Tem =

5P (Vag > daq) (©6)

The maximum torque per ampere (MTPA) trajectory is evalu-
ated offline [23] and stored as a 2D LUT, and it is represented
in Fig.4.

III. DIRECT MODEL PREDICTIVE CONTROL WITH
REFERENCE TRACKING

Direct MPC, often referred to as FCS-MPC, is used to
control the current of a SyRel motor drive. The major purpose
of the controller is to accomplish precise current setpoint
tracking while keeping the switching frequency reasonably low
to reduce the switching losses. The accuracy of the prediction
model (3) is critical to the effectiveness of the controller
because FCS-MPC essentially behaves as a proportional con-
troller. As a result, any existing model inconsistencies might
amplify potential tracking problems.

A computationally expensive solution to this problem con-
sists of implementing self-commissioning identification ap-
proaches and/or elaborated observers to the control strategy.
In this work, a more computationally efficient approach is
adopted to tackle this issue, i.e., by incorporating an integrat-
ing element into the cost function to compensate for any model
inaccuracies and steady-state errors.

Given all the above, the cost function that can tackle all the
aforementioned challenges can be defined as the sum of the
(squared) 2-norm of the current errors plus an integrating term
and a control effort term:

2
J(n) = ||igy err () +

qu Z qu err

(7

2

@],

where the error between the references szH, izk“ and the

prediction components 4" (n), i:1(n) at the next time step
k 4+ 1 defined in (3) is calculated as

k+1 k+1 k+1
by g () = e " — i (n) (8)

2
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. . ,k .
while the current error at step k, i.e., Udg,err 18t

-k ke -k
qu,err = qu - qu (9)

The integrals of the current errors are evaluated at every
sample j for ¢ times. The term iS;ZM is the previously
calculated integral of the errors. W, is a diagonal matrix
whose nonzero entries are two gains tuned in a trial-and-error

fashion.

The first (squared) 2-norm in (7) includes two terms, i.e., the
current errors and the integral of the error terms. By doing so,
the integral of the error depends on the actuating commands
(n) thanks to the cross-product. This term is calculated by
considering the difference between the reference and the
feedback current signals.

The control effort factor is defined as:

AS*(n) = Sk (n) — Sk, (10)

abc
where the term S%,_(n) = [S,(n) Sy(n) S.(n)]” is evaluated
for each conﬁguratlon of the 2L-VSI ([0,0,0], [1,0,0],
[1,1,1]), while %~ abe ! represents the three-phase switch position
applied at the previous time step k— 1. The values that the con-
trol effort factor AS* (n) can assume are listed in Table II. The
control effort term penalizes the change in the switch position,
allowing the minimization of the average switching frequency.
In other words, it enables a more beneficial granularity of the
switching, defined as the ratio between the sampling frequency
(fs = 1/T,) and the average switching frequency f.,, thus
permitting operation in a quasi-continuous time domain with
lower current distortions [8]. The weighting factor A, > 0 is
used to create a high ratio and consequently fine switching
granularity. The control effort penalization is not included
in conventional FCS-MPCs, i.e., A\, = 0. This implies that
the switching frequency is not directly controlled, but merely
limited by the sampling frequency, which defines a theoretical
upper limit, i.e., fs, = fs/2. As a consequence, conventional
FCS-MPC achieves poor granularity of switching, which af-
fects the drive performance, as indicated in the next section.
Hence, the aim is to have as high a sampling frequency as
possible and tune A, such that the average switching frequency
is reduced, and, consequently, fine granularity of switching is
achieved as experimentally verified in Section IV. Referring
to Fig. 5, given the electrical angle and measured phase
currents %, @y, %, the prediction (3) can be evaluated for
each vector n at the next sampling instant. The cost function
is then evaluated to determine the optimum vector aiming to
achieve the desired behavior, and to send the corresponding
gate signals S to the three legs of the 2L-VSI.

IV. SIMULATION RESULTS

In this section, the performance of the proposed control
strategy is evaluated by analyzing several simulations results
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TABLE II: Control effort list of values for each configuration change.
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Fig. 5: Block diagram of FCS-MPC for a SyRel motor drive.

in terms of current total demand distortion (TDD;) and average
switching frequency (fs. ), which are defined as:

fow = Jim —ZHASabc |, (11a)
\/ Zn;ﬁl Z721
DD, = +——— (11b)

I,

In the definition of f,, v is the number of power switches
of the adopted converter, which is six for a 2L-VSI, and ¢ is
the number of samples.

The estimation of the average switching frequency in real
time is not an easy task due to finite storage constraints.
In [24], the switching frequency is considered as a state
variable and it is directly controlled. In this work, a low-pass
filter (LPF) is adopted to online calculate the moving average
switching frequency (11a). The mean value is post-processed
and computed over an integer number of electrical periods.
The TDD,; metric takes into account the energy spread over
all harmonics except for the fundamental, and it gives finite
results also when the fundamental harmonic is close to zero
(as the denominator is the rated current, i.e., ,,). In a similar
fashion to f,,,, TDD; is calculated in a post-processing stage
over an integer number of electrical periods, and averaged over
the three phases.

A set of simulations of the proposed control approach,
whose block diagram is reported in Fig. 5, has been performed
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Variable Symbol | Value | Unit
Stator Resistance R 3.15 Q
Rated Torque Tem 14 Nm
Rated Speed Wm 1500 | rpm
Rated Power P, 2.2 kW
Rated Current I 5.5 A
Rated Voltage Vi 400 A\
Pole Pairs P 2 #
TABLE III: SyRel motor nameplate.
12
X=0
—fs = 24 kHz (Fitted Data)
104 + fs = 24kHz (Raw Data)
—fs =40 kHz (Fitted Data)
g « fo = 40kHz (Raw Data)
H
o W 7
4 L L L L L L L
2.5 3 3.5 4 4.5 5 5.5 6

Fou [KHZ]

Fig. 6: Trade-off curves between current TDD; and switching frequency at
various Ay and full-load (iq = iq = 5.5A; wp, = 15001pm, 0 < Ay <
0.056).
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Fig. 7: (a) dg-current reference tracking (fs = 40kHz, fs. =~ 4020 Hz, and
Ay, = 0.0384). (b) dg-current reference tracking transients. (c) a-, b-, and
c-phase currents reference tracking. (d) a-, b-, and c-phase current harmonic
spectra.

considering a SyRel motor with the nameplate data reported
in Table III. The analysis has been carried out by keeping
the current references, the rotational speed, and the dc-link
voltage fixed and varying the sampling frequency and A,.
In particular, the simulations have been carried out at full
load, i.e., the current references were set to 5.5 A on both d-
and g-axis. The dc-link was set to 600V, and the mechanical
rotational speed to 1500rpm. The current control tests are
performed within a time window of 0.76 s, lasting long enough
to have a periodicity over one mechanical turn. The model of
the SyRel motor includes the identified magnetic model curves
given in Figs. 2(a) and 2(b) implemented as a 2D LUT. The
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Fig. 8: Test bench configuration.

converter model is based on (1), and the dead-time effect is
neglected. In Fig. 6, the resulting trade-off curves between the
TDD; and the average switching frequency (fs.,) are shown.
In particular, the conventional FCS-MPC (i.e., A\, = 0),
and the one proposed including the control effort term are
represented for two sampling frequencies, i.e. f; = 24kHz,
fs = 40kHz. The introduction of the control effort term (i.e.,
when A\, > 0) allows achieving a lower current distortion
over a wide range of switching frequencies and for different
sampling frequencies compared to the performance obtained
with A, = 0.

Considering the same switching frequency, i.e., fo, ~ 4
kHz, about 25% improvement of the current TDD; is obtained.
The benefit in terms of TDD; over the conventional approach
increases as )\, increases for a given sampling frequency fs.
Higher sampling frequencies allow achieving a wider range of
switching frequencies. Indeed, the blue line is wider than the
dark green line, both calculated considering the same range
of \,. A trial-and-error procedure was considered to tune A,
to identify the trend shown. The dg-current reference tracking
is shown in Figs. 7(a) and 7(b), whereas the measured a-,
b-, and c-phase stator currents are shown in Fig. 7(c) for
operation at f, = 24kHz and f,,, ~ 4 kHz (\, = 0.0384).
Fig. 7(d) reports the harmonic spectrum of the phase currents,
confirming the low current TDD,.

V. EXPERIMENTAL RESULTS

The test rig layout (see Fig. 8) consists of the SyRel
machine (whose details are reported in Table III) driven by
a SiC 2L-VSI fed by a controllable dc-power supply. A prime
mover (PM) driven by an industrial drive (ID) is mechanically
coupled to the SyRel under test. The two converters share the
same dc-link. The control algorithm was executed in real time
on the control platform introduced in [25]. During the tests
the average dc-link voltage was 300V fixed by the dc-power
supply and the industrial drive rated voltage. Each test lasted at
least twenty electrical periods for accurate computations of the
TDD;. In the following, several experimental test campaigns
are reported to assess the effectiveness of the proposed FCS-
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Fig. 9: Steady-state performance under 50% magnetic flux prediction error.
(a) d-current tracking with and without integral (b) g-current tracking with
and without integral. (c) Integral of the d-current error over time with and
without integral. (d) Integral of the g-current error over time with and without
integral.
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Fig. 10: Assessment of the effectiveness of the integrating action of the
proposed FCS-MPC scheme and its comparison with the method described
in [20].

MPC to guarantee zero steady-state reference tracking errors
and a reduced TDD; compared with conventional FCS-MPC.
When powerful microprocessors are used based on an FPGA
or a system-on-chip solution, such as the one employed for
this work [25], then a higher f; can be used. This increases
the granularity of switching and thus the system performance.

A. Integral Terms Assessment

Two current-control tests at a constant speed (w,, =
100rpm) were performed to show the impact of including
integral terms when a +50% error is introduced in both flux
vector components 4. In Figs. 9(a) and 9(b) the d— and ¢-
current reference tracking is shown when the integral term is
considered (green lines) and not considered (blue lines). The
numerical integration of the current errors (see (9)) is also
computed and plotted in Figs. 9(c), and 9(d) to make the results
clearer. Analyzing these figures, it is evident that including the
integral term in the cost function allows for achieving zero
steady-state current error, even in the presence of model inac-
curacies. As a result, a high degree of robustness is achieved
and potential parameter variations, model mismatches, etc., are
successfully tackled by the controller.

To provide more insight, further tests were conducted to
compare the effectiveness of the explicit integrating action
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Fig. 11: Trade-off curve between current TDD; and switching frequency (ig =
iq = 5.5 A; wm = 100rpm, 0 < Ay < 0.032).
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Fig. 12: (a) dg-current reference tracking (fs = 48 kHz, fsu; ~ 3.2kHz,
and A, = 0.0160). (b) dg-current reference tracking during transients. (c)
a-, b-, and c-phase currents reference tracking. (d) a-, b-, and c-phase current
harmonic spectra.

of the proposed FCS-MPC scheme with that of the method
described in [20]. Even though both the proposed FCS-MPC
scheme and the one in [20] include an element of integrating
nature in the cost function, this is done differently. Specifically,
the proposed method introduces the product between the pre-
dicted and accumulated errors—see (8) and (9), respectively—
that can enable faster transient responses. To verify this,
the tests were carried out by considering that the flux was
overestimated by 30% while operating in the current-control
mode and at a constant speed. The d-and g-current references
were set to ¢q = 2.6 A, and i, = 3.7 A, respectively, corre-
sponding to a torque command of 7T.,, = 7Nm. Moreover,
the rotational speed was 800rpm, and the dc-link voltage
300 V. Finally, the sampling frequency was 24 kHz, and the
control effort weighting factor was chosen as A, = 0.0040.
For the first test, the integral of the current error was excluded
from the cost function; the corresponding tracking of the ¢-
component of the current reference is shown in Fig. 10. In the
same figure, the tracking performance of the proposed FCS-
MPC method is shown when the integrating term is active.
Finally, for comparison purposes, the behavior of the method
in [20] is depicted. As can be observed, both FCS-MPC
methods successfully compensate for the error introduced in
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Fig. 14: (a) dg-current reference tracking (fs = 24kHz, fsw = 2kHz, and
Aw = 0.0160). (b) dg-current reference tracking during transients. (c) a-,
b-, and c-phase currents reference tracking. (d) a-, b-, and c-phase current
harmonic spectra.

the prediction model due to the flux variation, but the proposed
method exhibits better dynamic performance.

Finally, it is worth mentioning that the integral of the
current error is calculated considering the predicted current
error (see (8)) and the integral of the past errors (see (9)). As
these depend on the (known) current reference and the (already
computed) accumulated steady-state error, respectively, it can
be seen that the additional computational overhead is very
small, especially as compared with methods that rely on
an augmented state or an exhaustive prediction of the state.
Hence, the proposed method, not only selects the optimal
actuating voltage vector by accounting for the past steady-
state error (and thus by introducing an integrating element that
improves the robustness), but it also comes with relatively low
computational complexity.

B. Tests at Rated Current

The current references on the d-and g-axis were set equal to
the rated value while the speed was fixed by the prime mover
to 100 rpm. Fig. 11 reports the results in terms of TDD; of the
test campaign carried out at three different values of sampling
frequency: fs = 32,40, and 48kHz over a wide range of
switching frequencies. Similar to the simulation studies (see
Fig. 6), the trend based on the experiments is the same, i.e., the
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proposed FCS-MPC clearly outperforms the conventional one
thanks to the fine granularity of switching. Fig. 12 reports the
dg-current tracking, the phase currents, and harmonic spectra
for the given operating point.

C. Tests at 20% of the Rated Current

In the second test campaign, the dg-axis current references
were set to 20% of the rated current, while the rotational speed
was set to 400 rpm. As for the previous set of tests, the trend
illustrated in Fig. 13 shows that more favorable TDD;s can be
achieved with the proposed FCS-MPC algorithm. However,
differently from the previous case, the trends for the three
tested sampling frequencies f; = 16, 24, and 32kHz show
a different behavior because they are not monotonically de-
creasing as the switching frequency increases. This difference
can be justified by the non-linear inductance variations with
the current which is an intrinsic characteristic of the SyRel
machine. Finally, the dg-reference current tracking, the phase
currents, and the harmonic spectra are shown in Fig. 14.

D. Tests over the Entire d-q Current Plane

In the following, an experimental investigation of the
steady-state performance over the entire dq current plane is
reported for two different values of the control effort weighting
factor, i.e., A, = 0 and A\, = 0.0160, when considering a fixed
speed of 400 rpm and a sampling frequency of f, = 48kHz.
A comprehensive performance metric, cj, is considered to
compare these two series of tests, defined as the product of
TDD; and fi.,.

Ck :TDlesw (12)

The performance metric ¢y takes into account both the effect
of the switching frequency and the TDD,;. Lower ¢ values
mean better overall performance.

In Fig. 15, the obtained cj is plotted for the two cases
Ay = 0 and A, = 0.016. It can be noticed how the cy
variations are mainly due to the d-current component variation
as the L4, variation over the tested current domain is more
significant than L., (see Fig. 3). In general, high performance
is achievable in the whole current operating region by setting
Ay > 0.

E. Tests at Different Speeds

Speed variations also have an impact on the overall perfor-
mance. For this reason, current control tests were performed to
quantify the importance of this variation for two values of the
control effort weighting factor (A, = 0, A, = 0.0160). In this
case, the tests were performed with a fixed sampling frequency
(fs = 48kHz) and both current references iq and i, to 1.1 A,
while the rotational speeds varied from 100 rpm to 900 rpm
with a 100 rpm speed step. The TDD; and fsw trends over the
rotational speed w,, are represented in Fig. 16(a), showing
more profitable results when A\, = 0.0160. Fig. 16(b) shows
the ¢y, trend for different speeds. Lower cj, is observable with
Ay = 0.0160 when w,,, > 750rpm. This is because the back-
electromotive force term in (3) is more significant than the
control effort in (7) to increase the granularity of switching.
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E Tests at MTPA Conditions

Without changing the inner (FCS-MPC-based) control loop,
the current references corresponding to a specific electromag-
netic torque demand are selected according to the MTPA
(see Fig. 4). Two torque control tests (7.,, = 1.4Nm, and
Ter, = 12.6Nm) were performed and compared for various f
and )\, in Fig. 17.

Lower TDD,; is achieved for lower torque when considering
the same switching frequency. In addition, a lower margin of
improvement can be achieved by varying )\, when considering
high torque values. Indeed, with higher torque, the current
reference tracking term in (7) dominates the control effort,
decreasing the margin of improvement.

VI. CONCLUSIONS

In this work, an improved finite control set model predictive
controller (FCS-MPC) was implemented and tested on a SyRel
motor drive. It was shown how the performance of a highly
non-linear drive can be significantly improved by adopting a
FCS-MPC with a cost function consisting of three terms: the
typical reference tracking term, an integral term of the current
tracking error that depends on the actuating commands, and
a control effort term. The proposed integral term is able to
compensate for any system non-idealities and unmodeled dy-
namics which could negatively affect the system performance,
at the cost of only a small computational overhead. Lower
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Fig. 17: TDD; and switching frequency trade-off for two torque references
(wm = 1001pm, 0 < Ay < 0.032).

output current distortions and granularity of switching are
achieved, enabling a favorable operation with reduced power
losses thanks to the direct control of the switching frequency.
Several design insights were provided by analyzing the steady-
state performance under different values of the control effort
weighting factor (i.e., at different switching frequencies) and
sampling frequencies. An extensive test campaign endorses the
proposed control approach and assesses its validity for a wide
variety of operating conditions.

In a future step, the design and implementation aspects
of the proposed control method can be further investigated.
Among those, the tuning process of several weighting factors
is a relevant research topic. Even though such terms are
typically tuned by examining the Pareto optimal points [8], the
multidimensional tradeoff curves do not allow for a straight-
forward design procedure. Moreover, to further increase the
switching granularity, an FPGA-based implementation of the
controller could be considered. Due to the nature of the
solution process, i.e., exhaustive enumeration, many operations
can be parallelized with such an implementation approach.
In doing so, higher sampling frequencies—and, consequently,
switching granularity—can be achieved as the control cycle
can be further reduced.
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