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ABSTRACT This paper proposes a motor parameter-free predictive current control of synchronous motor
drives. In the context of motor parameter-free controls, the distinctive feature proposed in this paper is the use
of the discrete space vector modulation technique. The advantages of the proposed architecture are manifold.
As a distinctive feature of the proposed control algorithm compared to model-based solutions, is the real-time
self-adaptation capability to the installed motor. Two recursive least-square estimators update runtime an
accurate non parametric model. Compared to previous parameter-free solutions, the proposed algorithm can
achieve a significantly lower current harmonic distortion at the same control frequency, while keeping the
switching frequency value at bay. The result is an efficient and smooth torque delivery. The paper gives
the necessary design hints and analyses the steady state performance in terms of both current harmonic
distortion and switching frequency, taking finite-set model-based and parameter-free schemes as benchmark.
This analysis was previously missing in literature for parameter-free schemes. Experimental validation is
completed by including dynamic test results.

INDEX TERMS Control of permanent magnet synchronous motor drives (PMSM), model predictive control
(MPC), model-free control, data-driven control.

I. INTRODUCTION
The model predictive control (MPC) of the phase currents in
a synchronous electric motor is an hot-topic in the scientific
literature [1]. The technology advances in the production of
new motors, such as interior permanent magnet motors, per-
manent magnet assisted synchronous reluctance motors and
pure synchronous reluctance (SyR) motors expand the appli-
cation areas of the predictive control paradigm [2].

MPC algorithms can be of the indirect and direct type.
Techniques falling into the former group are also know as
Continuos Set (CS) MPC [3]–[6]. The CS-MPC effective im-
plementation requires quadratic programming solvers for se-
lecting the optimal voltage vector to be applied. Furthermore,
a modulation strategy must be adopted in the CS-MPC, e.g.
pulse width modulation (PWM), which adds further complex-
ity and computational burden. The direct MPC techniques are

called Finite Set (FS) MPC [7], [8]. The converter bus voltage
is not modulated, and the amount of voltage directly applied
to the motor windings depends on the inverter swtiches states.
The optimal combination of the switches states is selected
among a finite set of voltage vectors, called candidates, that
depends on the power converter topology. In case of a three-
phase two-levels inverter, there are eight candidates, including
two zero voltage vectors, which correspond to the eight possi-
ble switches configurations.

The FS-MPC offers several advantages, such as the mod-
ulator removal eases the current regulation scheme. Further-
more, the average switching frequency is reduced with re-
spect to the PWM-based solutions [9]. Thanks to these ad-
vantages, FS-MPCs are an effective control method for high
power converters [10], where the minimisation of switch-
ing losses can lead to an increase of the inverter efficiency.
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Finally, the FS-MPC framework is suitable for including ad-
ditional constraints, e.g. maximum output currents, or to to
implement straightforwardly nonlinear cost objectives.

A common issue of the MPCs, both FS and CS, is the need
of an accurate model of the plant. The accurate modelling
is a challenging task to be accomplished when implementing
anisotropic synchronous motors, due to the non-linearities of
the flux-current relationships. Advanced identification tech-
niques have been proposed, such as [11], due to the magnetic
saturation in anisotropic motors. Alternatively, the control
scheme can be integrated with additional online parameter
estimation algorithms [12], [13].

As a new paradigm in the scientific research, the motor
model can be replaced by an adaptive model which does not
require information about the motor parameters. The name
motor parameter-free was used in [14], which was formerly
known as model-free in [15]–[17]. A similar approach was
used in [18], [19] under the name of MPC based on an ultra
local model.

The model-free concept has been extended to other power
electronics applications, such as a generic auto-regressive
with exogenous input model in [20], which is suitable for
describing generic voltage source inverter systems. Induc-
tion motor drives are considered too, as proposed in [21]. A
PWM-based rectifier was considered in [22], including unbal-
anced and distorted network conditions. Finally, the generality
allowed by the model-free approach is further testified by
its application to a multilevel inverter in [23]. These meth-
ods present all the advantages of online parameter estima-
tion schemes. Many non-linear phenomena, not modelled in
the parametric representation, are included since the algo-
rithms do not rely on parametric models. Therefore, a time-
consuming and complex identification technique of the motor
model can be avoided. Furthermore, an adaptive model can be
adopted to any synchronous motor topology, with or without
permanent magnets.

One of the main limitations of the algorithm [14] derives
from the FS nature of the controller. For instance, the control
frequency was kept low due to computational power limita-
tion. The control frequency is often chosen to be equal to
the frequency of switches state updating. The cardinality of
the voltage vector set is thus limited to the eight base volt-
age vector, and the problem of finding the optimum solution
is reduced. However, if the control frequency is not high
enough, the currents harmonic distortion could be significant.
Of course, increasing the switches state adaptation frequency,
thus the control frequency, results in a higher switching fre-
quency.

In order to improve the current harmonic content, the
switches state updating frequency should be increased. How-
ever, the control frequency should be decoupled from the
switches state updating one to keep the computational effort
at bay. This is the underlying concept of the Discrete Space
Vector Modulation (DSVM) introduced in [24]. According to
the DSVM, the control period is divided in a discrete number
of sub-periods. Any of the eight voltage vector candidates

can be applied in each sub-period. According to a benchmark
DSVM, the voltage vectors synthesised by the modulation
are mapped in look-up-tables (LUT), which are usually built
offline [25].

In the MPC framework, the DSVM is treated as a predic-
tive controller with prediction horizon equal to the number
of sub-periods. The discrete nature of the inverter switches
positions implies that the MPC problem is nondetermistic
Polynomial-time hard (NP-hard), i.e. it scales exponentially
with the prediction horizon length. Proper solvers have been
presented in literature to tackle this issue, such as the branch
and bound and the sphere decoding methods [10]. The adop-
tion of proper solvers is crucial to limit the computational
effort at an affordable amounts. As an alternative, the selection
of the optimal inverter switches position vector to be applied
to the motor windings can be performed by exploiting both
offline considerations and online optimisation, such as in [26].
The DSVM has been applied in several works, such as in [27]
for an induction motor drives fed by a two-level inverter,
or in [28] for grid-connected applications. In a nutshell, the
DSVM is a software solution for increasing the number of
equivalent voltage vector that the inverter can apply to the mo-
tor. Its hardware equivalent consists of a multilevel inverter,
which may be too expensive for many applications.

Finding a proper tuning of the MPC for accomplishing both
a reduced harmonic content and a low switching frequency
could be a quite troublesome aspect [8]. Thus, many FS-MPC
solutions in literature implement a deadbeat version of the
algorithm, [29]. Deadbeat algorithms are also very popular in
the area of model-based predictive controllers [29], [30].

The main contribution of the paper is the implementation of
the DSVM technique to the motor parameter-free predictive
current controller aiming at reducing the current ripple. The
resulting architecture is an enhanced version of the adap-
tive controller proposed in [14]. The DSVM technique is
a software stratagem which permits to increase the average
switching frequency of the inverter [24] without modifying
the hardware of the electric drive. The reduction of the current
ripple contributes in reducing the Joule losses in the stator
windings, thus increasing the efficiency of the overall system.
A design procedure is provided to select the ratio between
the sampling and the control frequency of the DSVM algo-
rithm. A third contribution of the paper is the experimental
comparison between model-based and parameter-free MPC
methods in terms of current total harmonic distortion and av-
erage switching frequency, considering the entire motor speed
range of operation. The two analysis were missing both in [14]
and [15].

II. MOTOR PARAMETER-FREE CURRENTS PREDICTION
The conventional voltage balance equations of a synchronous
motor in the synchronous dq reference frame is

udq = Ridq +
[

ld 0

0 lq

]
didq

dt
+ ωme

[
0 −Lq

Ld 0

]
idq + h

(1)
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FIGURE 1. Magnetic flux linkages of a SyR motor at different currents and
an example of d-axis apparent Ld and differential ld inductances.

where udq and idq are the voltage and currents space vectors,
respectively, R is the stator windings resistance, ld and lq are
the incremental inductances, Ld and Lq are the apparent induc-
tances, ωe is the electric angular speed, h = [0 − ωe�pm]T

is the back-electromotive force contribution due to the per-
manent magnet flux linkage �pm, if present. The flux �pm

should be expressed as function of iq to avoid a mathematical
incongruousness when calculating the apparent inductances,
see [2], whereas the resistance R varies with the temperature.
The discrete state space representation is obtained from (1) by
means of the forward Euler discretisation method, considering
that a sufficiently small sampling time allows to obtain a fair
representation of the currents dynamics. It yields:

idq(k + 1) = Aidq(k) + Bh(k) + Budq(k)

A =

⎡⎢⎢⎣ 1 − RTs

ld

TsωeLq

ld
−TsωeLd

lq
1 − TsR

lq

⎤⎥⎥⎦ , B = Ts

⎡⎢⎣
1

ld
0

0
1

lq

⎤⎥⎦ (2)

where Ts is the sampling period. For the sake of simplification,
the speed ωe is considered constant within one sampling pe-
riod, which is an acceptable simplification when the sampling
time is small with respect to the mechanical time constant. The
voltage vector is obtained as udq = TPTcu(k + 1)ubus, where
ubus is the inverter bus input voltage. The 3 × 1 size vector u
defines the switches positions, whose elements are in the set
{0, 1}, TC and TP are the Clarke and Park transformations,
respectively.

The current model (2) requires the accurate knowledge of
the motor parameters. In particular, the nonlinear character-
istics of the magnetic flux linkage with respect to idq are of
utmost importance, since both the state matrix A and the input
matrix B in (2) strongly depend from them. The typical flux
characteristics of a synchronous reluctance motor, which is
considered in this article, are reported in Fig. 1. A graphical
interpretation of the incremental and apparent inductances is
reported, too.

The current prediction at future steps can be obtained by
means of (2). For instance, the current prediction at (k + 2)
can be calculated as

îdq(k + 2) = Aidq(k + 1) + Budq(k + 1) + Bh(k + 1) (3)

where the estimated voltage vector states udq(k + 1) is the
output of an optimisation algorithm as it will be described in
Section III.

A. A RECURSIVE LEAST SQUARE APPROACH
The synchronous motor currents dynamics in (2) can be
rewritten as follows:

idq(k + 1) = idq(k) + (A − I)idq(k) + Bh(k) + Budq(k)
(4)

where I is the 2 × 2 identity matrix. An equivalent model is
derived from (4) suitable for online adaptation of the working
point-dependent parameters. The method proposed in [14]
adopts the following adaptive model:

idq(k + 1) = idq(k) + ŵ(k) + Ŵ(k)udq(k)

ŵ(k) =
[

p1,d

p1,q

]
, Ŵ(k) =

[
p2,d 0

0 p2,q

]
(5)

where p1,d , p1,q, p2,d and p2,q are generic coefficients, not
to be intended equivalent to the motor parameters of (2). The
coefficients in (5) are estimated online by means of a recursive
least square (RLS) algorithm. The standard algorithm consists
of a set of equations that can be solved recursively:

G(k) = Q(k − 1)�T (k)(�(k)Q(k − 1)�T (k) + f I)−1

p̂(k) = p̂(k − 1) + G(k) (y(k) − �(k )̂p(k − 1))

Q(k) = 1

f
(Q(k − 1) − G(k)�(k)Q(k − 1)). (6)

The vector of measurements is

y(k) =
[

id (k) − id (k − 1)

id (k − 1) − id (k − 2)

]
when p̂(k) =

[
p1,d

p2,d

]
(7)

because the identification of two coefficients, e.g. [p1,d ; p2,d ],
requires two independent set of measurements. A vector of
measurements for the q-axis coefficients estimation can be
obtained in the same fashion of (7) by replacing:

y(k) =
[

iq(k) − iq(k − 1)

iq(k − 1) − iq(k − 2)

]
when p̂(k) =

[
p1,q

p2,q

]
(8)

Therefore, past currents and switches configurations are ex-
ploited to estimate all the coefficients, without resorting to
motor parameter information. The regressors vector � is
[1 ud ]T when the d-axis coefficients are estimated by means
of (6), or [1 uq]T alternatively. The forgetting factor f can
be chosen as reported in [14]. The gain matrix G(k) and the
covariance matrix Q(k) are calculated at each time step (k)
by the recursive least square algorithm. Finally, the vector
ŵ(k) is obtained by considering the first element of vector
p̂(k) for each axis, whereas the two non-zero elements of
matrix Ŵ(k) are obtained from the second element of vector
p̂(k), again one for each axis. In order to avoid the resolution
of a rank deficient least-square problem, the recursive least
square algorithms work within a variable length time window
(see [14] Section II-A).
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The advantages that the proposed adaptive model brings
along are manifold. First of all, the model (5) is general and
it can be adopted for several synchronous motor topologies
without additional commissioning effort. In other words, ei-
ther permanent magnet and reluctance synchronous motors
can be described by (5). The adaptive model modifies the
coefficients values of Ŵ and ŵ in (5) to track the synchronous
motor model parameters variations. Thus, stator resistance
and inductances variations are both taken into account. The
adaptive model can replace, for instance, the use of LUTs for
the inductances values, that are often included in the model-
based MPC algorithm [31].

The current prediction at future time k + 2 can be calcu-
lated as follows

îdq(k + 2) = idq(k + 1) + ŵ(k) + Ŵ(k)udq(k + 1). (9)

(9) can be used to predict current values at k + 2 + n, with
n ≥ 1, at the price of lower accuracy due to the constant value
assumption of the coefficients value in ŵ(k) and Ŵ(k). The
adaptive model (5) relies on the coefficients adaptation to
account for the innovation brought by the currents evolution.

III. DEADBEAT PREDICTIVE CURRENT CONTROL DESIGN
The main goal of the paper is to propose a deadbeat predictive
current control algorithm performing a reduced current ripple
compared to existing motor parameter-free algorithms. The
control frequency should be kept at a low value for the sake
of computational burden reduction. The switching frequency
is a consequence of the adopted switches state updating fre-
quency, which is selected to be a fraction of the control fre-
quency. Therefore, two different time scales are introduced to
distinguish between control and switches state updating fre-
quency. The former is denoted by the time index kc, whereas
the latter by ks. The equivalent control period Tc is selected as
an integer multiple of the switches state update period Ts. An
example of the different time variables is reported in Fig. 2,
where a ratio Tc/Ts = N = 3 was selected for the sake of a
clearer representation. The choice of N will be discussed in
Section IV-A.

In order to minimise the tracking error, a quadratic cost
function is adopted in this paper. A detailed overview of
alternative cost functions formulation are reported in [8]. It
is worth pointing out that alternative finite-set MPC cost-
functions might yield a lower value for a particular figure of
merit, e.g. the number of switching events, at the expense of
an increment in others, e.g. the current harmonic content. A
prediction horizon N is used to exploit the adaptive model (5)

min
u(·)

N∑
z=1

‖i∗dq − idq(ks + z)‖2

s.t. idq(ks + 1) = idq(ks) + Ŵudq(ks) + ŵ(ks)

. (10)

For the sake of tuning simplicity, no additional cost figures
have been added rather than the current tracking.

FIGURE 2. Set of αβ voltage vectors that can be synthesised using a
standard FS controller and the DSVM method.

In turn, the solution of (10) consists of a sequence of
switches configurations. In the original parameter-free con-
troller [16], the receding horizon policy was adopted. Thus,
the optimisation problem is solved for every sampling period
Ts. It is worth reminding that a digital delay of one control step
occurs between the computation of the optimal control action
and its application. The delay is compensated by means of an
open loop prediction, as described in [10].

A. DSVM APPLICATION TO THE MOTOR PARAMETER-FREE
CONTROLLER
A three-phase two level inverter can generate only eight base
voltage vectors in the αβ stator reference frame, correspond-
ing to the eight possible configurations of inverter switch
positions. Hereinafter these vectors are denoted as: u1 =
[1 0 0]T , u2 = [1 1 0]T , u3 = [0 1 0]T , u4 = [0 1 1]T , u5 =
[0 0 1]T , u6 = [1 0 1]T , u7 = [0 0 0]T and u8 = [1 1 1]T . The
fundamental vectors are reported in Fig. 2 by means of black
dots. It is worth noticing that a zero voltage vector can be
generated by two switches configurations, i.e u7 and u8: the
choice between the two of them is driven by the minimisation
of switching events.

According to the DSVM, the control period Tc is divided
in an integer number of shorter sub-period Ts. Different base
voltage vectors can be potentially applied at each one of these
Ts-long sub-periods. From a predictive controller point of
view, the MPC problem solution is calculated at every Tc. The
RLS algorithm described in Section II-A is run with a period
Ts to better track the coefficients p̂ evolution. In other words,
the time variable k from (4) to (9) should be rewritten by
using the time variable ks. Therefore, the validity of equations
(4)-(9) is general for any value of N .
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FIGURE 3. Overview of the control scheme architecture. Continuous-line
(magenta) and dashed-line (cyan) indicate the Tc and Ts samples times,
respectively.

For the sake of simplicity, it is convenient to set the predic-
tion horizon length N equal to the number of sub-periods. The
different sample rates of the main blocks that compose the
proposed control scheme are sketched in Fig. 3. As a result,
the DSVM enlarges the set of equivalent voltages that can be
synthesised within a control period Tc. The augmented set of
voltages is represented by orange squares in Fig. 2, where a
number of sub-periods N = 3 was chosen.

As the number of sub-periods N increases, problem (10) be-
comes more and more computationally expensive. In fact, the
number of equivalent vectors grows in an exponential rate, and
so does the number of cost function evaluations. Moreover,
each equivalent voltage vector can be obtained with different
combinations of the base vectors u1, . . . , u8. The proposed
deadbeat motor parameter-free predictive controller adopts
one of the most up-to-dated methods to solve the control
problem, i.e. the one proposed in [26]. The idea behind this
method is to separate the current tracking problem (10) from
the selection of the optimal combination of base voltages.

The tracking problem is solved very efficiently in terms
of the equivalent voltage vector. In fact, the cost function
is first evaluated for the six central voltages of the hexagon
sectors. An example of sector and its centre is reported in
Fig. 2, in particular sector 6. Once the voltage vector returning
the lowest cost is found, all other vectors that belong to the
same sector are evaluated. Considering 3 sub-periods, 15 cost
evaluations are computed, instead of evaluating all the 37
equivalent vectors. This number is obtained by considering
the sectors centres, i.e. 6, the number of voltage vectors in
the sector, i.e. 8, and only one zero voltage vector. Then,
the voltage vector of the remaining set returning the lowest
cost is considered and it is synthesised in such a way that
the number of inverter switches commutations is minimised.
The minimisation of the switching events is computationally
cheap due to offline considerations (maximum 4 cases need to
be considered). Extensive considerations and detailed discus-
sions are reported in [26]. The idea of separating the tracking
problem from the switching minimisation can be extended to
a different number of sub-periods. A flow chart of the overall
deadbeat parameter-free algorithm is reported in Fig. 4. The
distinctive features with respect to the previous works of the
authors [14], [16] are highlighted. The proposed paper reports
several implementation hints which comes from the results
discussions in Sect. IV.

FIGURE 4. Flow chart of the DSVM parameter-free MPC (N = 3).

TABLE I Parameters of the Prototype SyR Motor Under Test

IV. EXPERIMENTAL RESULTS AND DISCUSSION
The motor under test was a SyR motor, whose plate pa-
rameters are reported in Table I. A dSPACE MicroLabBox
hardware was used for the real-time implementation, featur-
ing a 2 GHz NXP QorlQ P5020 microprocessor. The test
rig is reported in Fig. 5. The inverter bus voltage was set at
ubus = 300 V. The SyR motor under test was dragged by a
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FIGURE 5. Test rig layout.

speed-controlled PMSM load motor during all tests reported
in this Section.

Six control schemes were compared, three FS-MPC algo-
rithms and three DSVM based predictive control algorithms.
Model-based control schemes, i.e. the ones that adopt the
parametric model of the PMSM (2), are denoted with the
acronym MB. The sampling frequency of the finite-set al-
gorithms was fs = 10 kHz and it coincided with the control
frequency. The DSVM schemes shared the same control fre-
quency of the FS ones. However, they differed in terms of
sampling frequency, which is three times higher (N = 3), if
not specified. It is worth recalling that the oversampling was
exploited by the RLS estimators to update the parameter-free
adaptive model. No tuning parameters are requested in (10)
for the predictive controllers. A forgetting factor f = 0.98
was selected in (6), following the design guidelines discussed
in [14]. In conclusion, the only remaining parameter that has
to be selected is the number of sub-periods, as discussed in
Section IV-A.

Two model-based MPC scheme were implemented. One
exploited the nominal motor parameters for the current pre-
diction, whereas the other a more accurate model. The model
was designed to take into account the effects of the iron-
saturation. Moreover, a third FS controller was implemented,
i.e. the deadbeat version of the parameter-free method pro-
posed in [14]. On the other hand, two model-based MPC
schemes adopting a DSVM architecture were implemented
for the sake of comparison. As for the FS case, one scheme
implemented the nominal motor model, whereas the other one

FIGURE 6. Switching frequency and current THD as function of the
number of sub-periods of the DSVM.

the more accurate model. Finally, the novel DSVM controller
based on the parameter-free algorithm proposed in this paper
was tested and compared to the previous alternatives.

All the quantities reported in the results are normalised with
respect to their nominal value, reported in Table I.

A. SELECTION OF THE NUMBER OF SUB-PERIODS
The only parameter that needs to be selected when imple-
menting the parameter-free DSVM algorithm is the number
of sub-periods within one control period. This parameter was
selected by means of a commissioning test of the SyR motor
at its nominal operating point (Table I). Four different number
of sub-periods were analysed.

The average switching frequency of the inverter and the
Total Harmonic Distortion (THD) of the phase currents were
monitored during the commissioning. On the one hand, the
average switching frequency reflects the losses due to the
switching. The average switching frequency was measured
starting from the switches states generated by the controller
implemented in the dSPACE hardware. On the other hand,
currents THD is selected as performance index to prove and
quantify the current ripple reduction. Indeed, THD is the most
adopted index by practitioners and the most widespread in
literature. A lower THD results in reduced Joule losses in the
stator windings and a lower torque ripple. Phase currents THD
was measured by means of current probes and an oscilloscope
(Fig. 5). All the results are reported in Fig. 6.

The two considered performance indexes conflicts when the
number of sub-periods increases. In particular, the switching
frequency grows with the number of sub-periods, while the
current THD has an opposite trend. After the commissioning
test, the design of the controller can be carried out harmonis-
ing it with the requirements of the application. In this paper,
it is selected a number of sub-periods equal to three, since
the main scope of this work is to minimise the current THD.
Indeed, choosing four sub-periods allows a small reduction of
the ripple at a price of a relevant increase of the switching. It
is worth highlighting that the proposed model-free algorithm
is capable of self-adapting the coefficients p̂ for any number
of sub-periods. Therefore, the number of sub-periods can be
varied even during online operations thanks to the adaptability
characteristics of the proposed model-free solution, provided
that sufficient computational power is available. All the re-
sults reported hereinafter regarding DSVM based algorithms
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TABLE II Average Turn-Around-Time of the Considered Controllers for
Different Number of Sub-Periods N

adopts three sub-periods, which results in a sampling fre-
quency of 30 kHz.

From practitioners point of view, it is of primary interest
to know whether the computational burden of the designed
deadbeat controller is higher than the one of a benchmark
FS controller with receding horizon running at 30 kHz. On
the one hand, a FS controller would solve N = 3 times the
MPC optimisation problem by evaluating the 8 base voltages
reported in Fig. 2. It results cheaper to evaluate 7 base volt-
ages, thus considering the two zero vectors u7 and u8 together.
Then, if a zero vector is optimal, the one that involves the
minimum switching effort is applied. In conclusion, the cost
function is evaluated 21 times every Tc. On the other hand,
the proposed deadbeat parameter-free method requires 15 cost
evaluations every Tc, as already discussed in Section III-A.
Thus, a lower number of cost evaluations is achieved with
respect to a conventional FS controller. Nevertheless, the
computation time required to identify the optimal switching
pattern increases by the number of sub-periods.

In general, it is difficult to state which solution is compu-
tationally cheaper, since it depends on the adopted hardware
and on the code generation procedure, too. Therefore, the av-
erage turn-around-time of the controller for several number of
sub-periods is reported in Table II, as comprehensive compu-
tational burden index. This is a common choice for evaluating
the computational complexity of a predictive control algo-
rithm, such as in [32], [33]. It is worth noting that the proposed
parameter-free scheme guarantees a computation time similar
to the one of a model-based MPC which adopts an accurate
motor model.

B. ANALYSIS OF THE PHASE CURRENT DISTORTION
The main motivation for combining the DSVM method with
the parameter-free scheme is to reduce the ripple in the motor
currents. Therefore, several tests were performed in order
to analyse the ripple in the entire operating speed range of
the SyR motor, considering all the six predictive controllers
implemented in the paper. The results are reported in Fig. 7,
categorised according to the type of modulation technique
used (FS or DSVM).

As a first consideration, the current THD obtained using
the DSVM technique (Fig. 7(a)) is always lower than the one
obtained with the FS method (Fig. 7(b)), regardless of the
working speed and the predictive control algorithm. Indeed,

FIGURE 7. Comparison of the current THD of the different controllers for
different operating speeds.

this is a well known result in literature [29]. Moreover, the
model-based algorithms that exploit a more accurate model
outperform the ones that implement just the nominal model,
regardless of the adopted modulation technique.

The current THD analysis for the parameter-free algo-
rithms is definitely an original contribution of this work. The
parameter-free schemes achieve a current THD which is equal
or lower than their model-based counterparts within the whole
considered speed range. This may be justified by the fact that
even the SyR motor model that accounts for the iron saturation
does not fully describe the dynamics of the currents. It is
worth highlighting, indeed, that the proposed accurate model
could neglect some non-linear phenomena. The authors are
aware that these phenomena may be included in the motor
model. However, an even more accurate model requires addi-
tional commissioning effort. Moreover, the current predictions
evaluations become more computationally expensive. There-
fore, the simple parameter-free adaptive model appears to be
a reasonable compromise between having good performances
in terms of currents THD and maintaining a relatively cheap
prediction model.

The phase currents are reported for two particular operating
speed in Fig. 8, for sake of completeness. The parameter-free
schemes are compared to the model-based algorithms that use
the more accurate motor model. The phase shift between the
current measurements is introduced on purpose for the sake
of clarity. The current ripple reduction obtained thanks to the
DSVM methods Fig. 8(a)-8(b) with respect to the FS ones
Fig. 8(c)-8(d) is evident. The improvement in the waveform
is achieved especially in the peaks of the sine curve, where
low current derivatives are required. In fact, the DSVM un-
locks the possibility of synthesising voltage vectors of lower
magnitude (see Fig. 2). Thus, the current variations become
smoother, as can be mathematically proved by means of (2).

In order to provide quantitative results, some relevant motor
operating points are considered, as shown by the grid reported
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FIGURE 8. Motor phase current at steady state for two operating speed
and considering different control strategies.

in Fig. 9. The selected points are similar to the ones suggested
by the EN50598-2 standard, which regards the efficiency eval-
uation of the drive system. The obtained THD results are
reported in Table III for each point of the grid. The proposed
parameter-free method exhibits promising results with respect
to the model-based MPC. The percentage improvements of
the current THD achieved by the proposed technique can be
calculated as

η =
(

1 − T HDMB − T HDMF

T HDMB

)
· 100 (11)

The results in terms of THD differences are reported in Ta-
ble III. From the efficiency point of view, the reduction of
current THD is proportional to the reduction of Joule losses
cause by the additional harmonics components of the motor
currents. The results of Table III confirms that the proposed
model-free algorithm consists a remarkable improvement of

FIGURE 9. Map of the analysed points. Squares denote the points
suggested by the EN 50598-2 standard. The considered points are
red-coloured.

TABLE III THD (%) Comparison Between the Three Controllers,
Considering the Red Points of Fig. 9

Joule losses reduction compared to a model-based solution
with constant parameters.

C. ANALYSIS OF THE SWITCHING FREQUENCY
The DSVM technique permits a reduction of the current THD
at a price of an increase of the average inverter switching fre-
quency. For this reason, the current THD analysis performed
in the section above is supported by an analysis of the average
inverter switching frequency fsw, reported in Fig. 10.

All the DSVM based control algorithms (Fig. 10(a)) pro-
duce a switching frequency on average higher with respect
to the FS ones (Fig. 10(b)). This is, in general, a good initial
results. The implemented DSVM algorithms, characterised by
3 sub-periods, allow a maximum switching frequency three
times higher than the FS ones. Thus, the frequency is in-
creased less than linearly. Moreover, it is noticed that the
switching frequency of the FS algorithms always decreases
when increasing operating speeds. This is mainly due to the
fact that the motional cross-coupling term in (2) is propor-
tional to the speed. Thus, in steady state condition, the current
derivatives are lower at high speed, when the cross coupling
counterbalances the input voltage term, reducing the overall
available voltage.

As for the THD analysis, the model based controller that
takes into account the saturation in the iron results as the best
between the model based solutions. However, the parameter-
free paradigm grants a slightly lower switching effort than
the model-based one. The most relevant improvements are
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FIGURE 10. Comparison of the switching frequency among the different
controllers for different operating speed.

TABLE IV Switching Frequency (kHz) Comparison Between the Three
Controllers, Considering the Red Points of Fig. 9

achieved by the DSVM parameter-free algorithm at low speed
(Fig. 10(a)). In conclusion, the currents THD and switching
frequency analysis of the controllers highlights some benefi-
cial effects of the DSVM parameter-free approach. In fact, it
permits a significant reduction of the phase current harmonic
content and, at the same time, the lower increase of switching
frequency between the DSVM based controllers.

Quantitative results are reported in Table IV. They were
obtained by considering the working points defined in Fig. 9.
The switching frequency plays an important role in the drive
efficiency, which may depend on the size of the drive and
on the technology of the inverter switches. Anyway, switch-
ing losses are always proportional to the average switching
frequency of the converter. The results reported in Table IV
suggest that the proposed solution allows to obtain lower
switching frequencies than the model-based solution with
constant parameters. Actually, the switching frequencies of
the proposed model-free solution are very similar to the ones
of the model-based algorithm with LUT parameters, i.e. with
the correct model for each working point. Lower losses in the

FIGURE 11. Comparison of the step responses among the DSVM
model-based and parameter-free controllers at different speed.

FIGURE 12. Estimated coefficients dynamics vs current dynamic.

converter improve both the design of the cooling system and
the life-cycles of the switches.

D. STEP RESPONSE ANALYSIS
The currents reference step responses are considered here to
analyse the dynamic performances of the proposed DSVM
parameter-free controller. All the tests are performed chang-
ing the current references step-wise from zero to the nominal
point Fig. 11- 13. The dynamics are repeated for two operating
speed, namely at standstill and at nominal speed, covering
the entire working range of the motor. The currents shape
characteristics of Fig. 11 and 13 resemble the magnetic curve
relationships of Fig. 1. As a distinctive feature of every finite-
set algorithm, the transient responses are as fast as possible
subject to the available voltage.

From the rise time and overshoot point of view, all the
algorithms assure very good performances and are very simi-
lar between all the schemes. This is, in fact, a distinguished
feature of the MPC paradigm. It is worth noticing that the
parameter-free exhibits a similar dynamic behaviour of a
model based scheme, without any a priori information of the
motor parameter. However, the model-based controllers that
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FIGURE 13. Comparison of the step responses among the FS model-based
and parameter-free controllers at different speed.

adopt an accurate motor model tend to behave slightly better.
In case of the parameter-free algorithms, in fact, the model
learning rate is determined by the recursive least square esti-
mator dynamics. The dynamics of the estimated coefficients
during the step responses in Fig. 11 are reported in Fig. 12.
The currents responses are faster than the estimators ones.
Thus, the parameter-free controller is adapting the model dur-
ing the transients, while the accurate model-based controller
exploits previously measured motor-parameters. This fact jus-
tifies the minimal reduction of performances of the parameter-
free controller in terms of step response when compared to
accurate model-based schemes. Nevertheless, the steady-state
current ripple improvement achieved with the parameter-free
approach counterbalance the limited reduction of dynamic
performances. The beneficial effects of the adapted coeffi-
cients on the current ripple is thus a reduction of the THD
as discussed in Sect. IV-B, which are comparable to a model-
based predictive current control algorithm with LUTs based
parameters.

V. CONCLUSION
A motor parameter-free predictive current controller coupled
with a discrete space vector modulation technique is proposed
in this paper. The motivations behind this design are manifold.
First, the implementation of recursive least square estimators
carries along the real time adaptation of the prediction model.
The discrete space vector modulation permits a reduction of
the current ripple that affects the parameter-free algorithm,
with respect to the finite-set version. This, in turn, allows
to reduce Joule losses in the stator windings, increasing the
efficiency of the drive. Finally, thanks to the deadbeat imple-
mentation of the predictive control algorithm, the number of
tuning parameters of the proposed algorithm is minimal. In
particular, no motor characterisation are required and only one

commissioning test is needed to tune properly the number of
sub-periods of the discrete space vector modulation.

The experimental results included in the work permits to
address the design of the only tuning parameter. Thanks to
the proposed commissioning test, a suitable number of sub-
periods of the discrete space vector modulation can be se-
lected according to the specific application. The total phase
current distortion and the inverter average switching fre-
quency are discussed by means of ad-hoc tests. The price
paid to implement a computationally heavier algorithm is
worthy. In fact, the proposed parameter-free discrete space
vector modulation algorithm has a lower current distortion
with respect to the finite set version. The method outperforms
even model based ones in some operating points. Finally,
the analysis of the dynamic performances of the proposed
scheme is provided, too. The proposed method behaves sim-
ilarly than equivalent model-based schemes, characterised by
accurate prediction models obtained through many commis-
sioning tests. At the end, the impressive feature of the pro-
posed algorithm is that it emulates, sometimes outperforming,
the behaviour of model-based controllers, but dribbling all the
overwhelming critical issues related to the model identifica-
tion.
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