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Abstract—Model predictive control (MPC) has attracted a lot of
attention for power converters and motor drives in the last decade,
owing to its merits such as explicit concept, excellent dynamic
performance, and decent applicability in digital implementation.
However, as a model-based method, classical MPC is heavily de-
pendent on the system parameters of the plant under control.
In this article, a novel finite-set sliding-mode model-free predic-
tive current control (FS-SM-MFPCC) is proposed for permanent
magnet synchronous machine (PMSM) drives, which combines the
theory of sliding-mode control with MPC. The proposed strategy
is thoroughly model-free, irrelevant for the dc-link voltage, and
computationally light. The original version of the suggested strat-
egy suffers from two flaws: 1) poor steady-state performance and
2) existent tracking errors, which are solved by using a simple
correction algorithm and an extended control set coordinating
with an improved cost function, respectively. The comparatively
experimental results based on a 500-W PMSM drive are given to
confirm the benefits of the proposed strategy.

Index Terms—Model-free predictive current control, model
predictive control (MPC), motor drives, permanent magnet
synchronous machine (PMSM), power converters, sliding mode
(SM).

I. INTRODUCTION

MODEL PREDICTIVE CONTROL (MPC) has been ac-
tively developed for power converters in recent decades

[1], thanks to the advancement of digital microprocessors. The
concept of MPC is quite explicit, which accords with the
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discrete character of digital microprocessors. MPC takes several
advantages such as good dynamic performance, feasibility for
multiobjective control, and easy integration of nonlinear con-
straints [2], [3].

As a model-based technique, the most challenging issue en-
countered in MPC is the dependence on parameter accuracy
[4]. However, parameter mismatches are inescapable in practical
systems due to the changes in operating point and/or environ-
ment [5]. Obvious steady-state errors and weakened dynamic re-
sponsiveness will result if the parameter variations are not under
consideration. Such deteriorations in control performance heav-
ily impede the development of MPC in industrial applications.

Various solutions have been proposed in the literature [6],
[7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20] to avoid the problem of parameter dependence and
enhance the robustness consequently. The most straightforward
way is to identify or correct the involved parameters online
by integrating online identification techniques. For example, an
adaptive model predictive current control (MPCC) is proposed
for a permanent magnet synchronous machine (PMSM) drive in
[6], which integrates an adaptive observer. The dq inductances
are identified online by the adaptive observer in a recursive
manner. In [7], an inductance online identification method-based
MPCC is proposed for a grid-connected voltage source inverter
(VSI). The identification method corrects the inductance value
in the control loop to its real one repeatedly. Nevertheless, the
integration of online identification must aggravate the computa-
tional burden and, thus, complicate the implementation of MPC
strategies [8].

To fundamentally tackle the issue of parameter dependence,
model-free predictive control (MFPC) has attracted a lot of
attention and has been a prominent branch within the family
of MPC strategies for power electronics [9], [10]. As MFPC
normally considers those variables that can be sampled di-
rectly, the currents are usually in control, instead of torque
or flux, so model-free predictive current control (MFPCC) is
a typical case at present. Existing MFPCC strategies can be
loosely categorized into two groups. The first predicts the future
current using the current differences associated with voltage
vectors [11], [12]. The principle of this is very simple and
straightforward. A severe challenge is ensuring the updating
frequency of the current differences and, hence, the prediction
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precision of future currents. To solve this problem, an improved
current difference updating technique is proposed in [13], which
allows the current differences of multiple voltage vectors to be
updated simultaneously. However, another deficiency in terms
of the sampling accuracy on currents is still unresolved [14].

Another kind of MFPCC is developed based on the ultralocal
model (ULM) [15], which offers a general framework for
describing most physical systems. The utilization of ULM in fact
constructs the correlation between the inputs and outputs of sys-
tems. For example, in the context of PMSM drives, the voltages
generated by the inverter and the stator currents can be deemed as
the inputs and outputs, respectively. All parameter-related parts
in the original mathematical model are described by a total dis-
turbance term, which can be estimated by using observers, such
as linear extended state observer (LESO) [16], sliding-mode
observer (SMO) [17], and Luenberger observer (LO) [18]. After
acquiring the total disturbance, the future currents can be easily
predicted and controlled based on finite set (FS) or deadbeat
(DB) MPC technique. Nonetheless, the design of the gain
coefficient in the ULM actually relies on the value of inductance
[19], although no parameters of the system are involved. At
the same time, the compensations made for the inherent non-
linearities are crucial when implementing observers in digital
systems [20].

Recently, the theory of sliding-mode (SM) control has been
extended to MPC methods in [21], [22], and [23]. In [21], a
quasi-SM predictive control is proposed, where a sliding surface
predictive function is designed and integrated into a new cost
function. In [22], the sliding surface predictive function is chosen
in the same way as in [21], but a cost function satisfying the SM
existence condition is proposed. These two works incorporate
the SM control into MPC, but model-based predictions are
still required. In [23], an approximatively model-free SM-based
predictive control is proposed, where a simplified sliding surface
is chosen and the cost function is designed in the same manner
as for the work in [22]. This strategy is implemented in the abc
frame for a bidirectional grid-connected VSI. The strategy is
independent of the inductance value and the inner resistance
value can be ignored due to its small value; therefore, “approx-
imatively model-free” is utilized in the preceding description.
However, this strategy is unsuitable for PMSM drives because
the winding inductance values change with the position of the
rotor. Furthermore, if the αβ or dq frame is selected, the feature
of inductance-independence will be disabled as well.

In this article, a novel finite-set SM MFPCC (FS-SM-
MFPCC) is proposed for PMSM drives, which are fully model-
free. The proposal takes two merits in addition to the model-free
feature. On the one hand, the dc-link voltage information is
irrelevant; therefore, the corresponding sensor can be removed.
On the other hand, the computational burden of the proposed
strategy is extremely low, since no predictions are needed and
the cost function designed based on SM existence condition is
very simple.

The main research contributions of this article can be sum-
marized as follows.

1) For the first time, a substantially distinct FS-MFPCC
incorporating the SM control theory is proposed. A very

simple cost function is designed based on the SM existence
condition, which is quite different from those utilized in
the existing FS-MPC strategies.

2) Compared to the existing FS-MFPCC strategies, the pro-
posed FS-SM-MFPCC not only dispenses with the in-
formation of dc-link voltage but significantly reduces the
computational burden as well.

3) The proposed strategy is generic, although it is described
and implemented based on a PMSM drive. The proposed
strategy can be easily extended to most power electronics
and motor drives, without sacrificing its simplicity and
other distinct merits.

The rest of this article is organized as follows. First, the
mathematical model of the PMSM drive, the traditional FS-
MPCC, and the FS-MFPCC based on ULM are described in
Section II. In Section III, the proposed FS-SM-MFPCC strategy
is elaborated in terms of both advantages and disadvantages,
and the associated improvements made for demerits are also
included. The test results established on a 500-W PMSM drive
are given in Section IV. Finally, Section V concludes this article.

II. MATHEMATICAL MODEL OF PMSM DRIVE AND

TRADITIONAL FS-MPCC

A. Mathematical Model

The mathematical model of the PMSM drive in the dq frame
can be expressed by a state-space equation, as{

ẋ = Ax+Bu+C

y = Ex
(1a)

with

x = y =
[
id iq

]T
, u =

[
ud uq

]T
(1b)

A =

[ −Rs

Ld

ωrLq

Ld

−ωrLd

Lq
−Rs

Lq

]
, B =

[
1
Ld

0

0 1
Lq

]
(1c)

C =
[
0 −ωrψf

Lq

]T
, E =

[
1 0
0 1

]
(1d)

where the cap “·” means the differential operation; id and iq are
the dq-axis currents; ud and uq are the dq-axis voltages provided
by the inverter; Ld and Lq are the dq-axis inductances; Rs is the
stator resistance; ωr and ψf are the electrical angular speed and
the PM flux, respectively.

B. Traditional FS-MPCC

The principle of the traditional FS-MPCC method is exactly
intuitive, which mainly consists of the following three steps:

1) using a prediction model to predict the future dq-axis
currents for all voltage vectors provided by the inverter;

2) evaluating the voltage vectors using a cost function;
3) comparing the cost function values to find the optimal

voltage vector.
The prediction model refers to the discretized version of the

mathematical model, which can be deduced by the forward Euler
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Fig. 1. Voltage vectors available in a two-level converter.

equation. Discretizing (1), it has

x (k + 1) = eTsAx (k) + Ts [Bu (k) +C] (2)

where “k” and “k +1” mean the current and the next sampling
periods, respectively; Ts is the sampling period. This prediction
model using system parameters implies the decoupling control
of dq-axis currents, which is normally accomplished by intro-
ducing an additional feed-forward current controller into the
traditional field-orientated control based on PI controllers [24].

On the other hand, the cost function defined in the two-norm
of the current tracking errors is

gMPCC = ‖x∗ − x (k + 1)‖22 (3)

where x∗ = [id∗, iq∗]T is the reference. The optimal input
corresponds to the minimum value of the cost function, which
can be selected by

V opt = arg min
V i∈ν

gMPCC (V i) (4)

where ν = {V0, V1, …, V6} for a two-level converter, as shown
in Fig. 1.

C. FS-MFPCC Based on ULM

In the FS-MFPCC approaches based on ULM, all parameter-
related and unknown portions of the original mathematical
model (1) are described by a total disturbance. Under this
concept, the mathematical model can be rewritten using a simple
form, as

ẋ = D +αu (5)

where D represents the parameter-related and unknown parts of
the system, α is a two-dimensional coefficient matrix, which, in
principle, is equal to the matrix B in (1).

The estimation of D is essential to this method, which can
be realized by using state observers, such as LESO [16], SMO
[17], and LO [18]. It is worth mentioning that the essence of these
works is the same, although different observers are employed.
From this fact, the control performance of the three methods
should be very similar. Comparatively, LESO is simpler than

SMO and LO in terms of digital implementation; therefore, in
this work, the LESO-based FS-MFPCC (LESO-FS-MFPCC)
is chosen as a representation of the ULM-based FS-MFPCC
methods. In [16], the LESO is constructed to estimate D, as⎧⎨

⎩
err = z1 − is
ż1 = z2 +αu− β1err
ż2 = −β2err

(6)

where z1 is the estimated value of is, and err is the error between
the estimated and actual values of is; z2 is the estimated value
of D; β1 = 2ω0, β2 = ω0

2 are coefficients, and ω0 is in relation
to the control frequency.

The prediction model obtained by discretizing (5) is

x (k + 1) = x (k) + Ts [D +αu] . (7)

Besides, the cost function is the same as for the traditional
FS-MPCC, as in (3).

III. PROPOSED FS-SM-MFPCC

This section introduces the SM control to the FS-MPCC
in the beginning. Thereafter, the proposed FS-SM-MFPCC is
explained in terms of both advantages and disadvantages, fol-
lowing which, the demerits are solved. Finally, a summary of
the proposed strategy is presented and a qualitative comparison
is made between the proposed and existing strategies.

A. SM-Based FS-MPCC

The SM-based FS-MPCC is introduced at first. It should
be noted that the PMSM drive is under consideration, rather
than the bidirectional grid-connected VSI investigated in [23].
Meanwhile, the dq frame rather than the abc frame is considered.

Choosing a sliding surface is the first step in SM control. In
strategies considering current control, the stator current is =
[id iq]T should track their reference is∗ = [id∗ iq∗] T; therefore,
the sliding surface could be defined as

σs = is − i∗s (8)

where σs = [σd σq]T and σs = [0 0]T indicates the sliding
surface. The existence of SM necessitates the satisfaction of the
following conditions [25], as

σsσ̇
T
s < 0. (9)

The negative sign in this inequality implies the system evolve-
ment toward the sliding surface, and the amplitude of |σsσ̇

T
s |

determines the rate of such evolvement [25].
The references of dq-axis currents are considered to be con-

stant during a sampling period; thus, it has

σ̇s = ẋ. (10)

Then, (9) can be written by

σsẋ
T < 0. (11)

As the inductance values Ld and Lq are positive, (11) is
equivalent to

σsF
T < 0 (12a)
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with

F = A′x+ u+C ′ =
[
Fd Fq

]T
(12b)

and

A′ =
[ −Rs ωrLq
−ωrLd −Rs

]
, C ′ =

[
0

−ωrψf
]
. (12c)

The control goal is surely to find a voltage vector that can
fulfill (11). To that goal, a cost function can be defined in a very
simple form, as

g = σTs F = σdFd + σqFq. (13)

According to the SM existence condition (11), it can be
concluded that only negative cost function values are beneficial
for maintaining SM of operation. The optimum voltage vector
can be easily found by comparing the cost function values
associated with all possible voltage vectors, which belong to ν
= {V0, V1, …, V6}, as shown in Fig. 1. It should be noted that
other nonlinear constraints can be included in (13) as well, such
as switching frequency regulation [26] and capacitor voltage
balancing in multilevel inverter systems [13].

B. Proposed FS-SM-MFPCC

In form, the cost function (13) differs significantly from a
standard cost function designed as 1- or 2-norm. The two parts,
σdFd andσqFq, are practically linearly dependent on the dq-axis
components of the input voltage u, respectively. This feature is
advantageous for a further simplification of the strategy, which
is also the foundation of the proposed FS-SM-MFPCC.

Considering the linear dependence, Fd and Fq can be rewritten
as {

Fd = ud + fd

Fq = uq + fq
(14)

where fd and fq are the parameter-dependent parts in F, which
are irrelevant to the input. In this way, the cost function can be
further expressed as

g = σdFd + σqFq = σd (ud + fd) + σq (uq + fq)

= σdud + σquq︸ ︷︷ ︸
parameter−independent

+ σdfd + σqfq︸ ︷︷ ︸
parameter−dependent

. (15)

This equation divides the cost function into parameter-
independent and parameter-dependent portions. It can also be
noted that the parameter-dependent portion is input-irrelevant;
thus

V opt = argmin
V i∈ν

g (V i) = argmin
Vi∈ν

g1 (V i) (16a)

with

g1 = σdud + σquq. (16b)

Furthermore, ud and uq can be calculated using

[
ud
uq

]
= T abc/dq

⎡
⎣uaNubN
ucN

⎤
⎦ (17)

with Park’s transformation from the abc frame to the dq frame
as

T abc/dq=
2

3

[
cos θe cos (θe−2π/3) cos (θe + 2π/3)
−sin θe − sin (θe − 2π/3) − sin (θe + 2π/3)

]
(18)

where uaN, ubN, and ucN are the three-phase voltages in relation
to the switching state of VSI and the dc-link voltage, expressed
by ⎡

⎣uaNubN
ucN

⎤
⎦ =

Vdc
3

⎡
⎣2Sa − Sb − Sc
2Sb − Sa − Sc
2Sc − Sa − Sb

⎤
⎦ . (19)

By defining[
Sd
Sq

]
= T abc/dq

⎡
⎣2Sa − Sb − Sc
2Sb − Sa − Sc
2Sc − Sa − Sb

⎤
⎦ (20)

(16b) can be rewritten as

g1 =
Vdc
3

(σdSd + σqSq) . (21)

On this basis, it is definitely true that

V opt = argmin
V i∈ν

g1 (V i) = argmin
V i∈ν

g2 (V i) (22)

where

g2 = σdSd + σqSq (23)

The cost function g2 is independent of parameters and dc-link
voltage, and it is simpler than (13). This cost function introduces
the parameter-independence feature, which allows the dc-link
voltage sensor to be removed and further reduces the computa-
tional burden.

Despite the several advantages, it is foreseeable that the
proposed FS-SM-MFPCC will suffer from the disadvantage of
poor steady-state performance, since the selection of optimal
voltage vector according to (23) aims to control the system
evolvement toward the sliding surface as fast as possible (but
not regulate the dq-axis current errors to zero). The simulation
results of dq-axis currents using LESO-FS-MFPCC [16] and
the proposed strategy are shown in Fig. 2. As seen, the q-axis
current ripple of the proposed strategy almost doubles that of
LESO-FS-MFPCC. Meanwhile, the steady-state tracking error
of the q-axis current can be observed in the zoomed figure,
although the current change at each sampling period can tend
to the reference (i.e., the so-called SM of operation). The two
issues are addressed in the following sections.

C. Suppression of Steady-State Tracking Errors

A simple and generic algorithm is proposed to suppress the dq-
current tracking errors. The algorithm corrects the references of
dq-axis currents. The error between the targeted and the sampled
values is integrated to obtain the correction, which is then added
to the targeted value. The algorithm can be described using{

i∗dc = i∗d +K
∫
(i∗d − id)dt

i∗qc = i∗q +K
∫ (
i∗q − iq

)
dt

(24)
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Fig. 2. Simulation results of LESO-FS-MFPCC and the proposed strategy.

where idc∗ and iqc∗ are the corrected values of dq-axis references,
respectively; K is the integral coefficient. The sliding surface
should become

σs = is − i∗sc (25)

with

i∗sc =
[
i∗dc i∗qc

]T
. (26)

D. Improvement of Steady-State Performance

The unsatisfactory steady-state performance is a remarkable
disadvantage in the classic FS-MPCC, which is essentially
caused by that the applied voltage vector leads to a large di/dt.
The achievements in this field have put a lot of effort into
improving the steady-state performance, by means of implicit
modulation or extension of control set. The implicit modulation
aims at selecting multiple vectors and calculating the corre-
sponding duty cycles [27] while the extension of the control
set is always based on constructing virtual voltage vectors
[28]. Comparatively, the former is more attractive in terms of
additional computational burden; however, the implementation
always relies on the accurate prediction model. Therefore, this
solution is incompatible with the proposed FS-SM-MFPCC.

Differently, the extension of the control set is more straight-
forward in theory and is applicable to the proposed strategy.
The extended control set normally encompasses several sets of
voltage vectors with different magnitudes; therefore, the control
performance can be commensurate with a multilevel converter.
When this solution is utilized in the traditional FS-MPCC, the
additional computational burden is so severe owing to calcu-
lations of state prediction and cost function for the constructed
virtual voltage vectors. Fortunately, in the proposed strategy, the
calculations associated with voltage vectors are only conducted
for the cost function (23), which is greatly simplified. Thus,

Fig. 3. Extended control set in this work.

TABLE I
VOLTAGE VECTORS IN THE EXTENDED CONTROL SET

the extension of the control set is utilized in this article for the
improvement of steady-state performance.

In this work, the extended control set ve is composed of the
original 7 voltage vectors (V0–V6) and 12 constructed virtual
voltage vectors (V7–V18), as shown in Fig. 3, where the vir-
tual voltage vectors are drawn with red dots. According to the
amplitude, the 19 vectors can be categorized into 4 groups, as
depicted in Table I. The original voltage vectors V0 and V1–V6

have magnitudes of 0 and 2Vdc/3, respectively. Synthesizing all
pairs of adjacent vectors with the same durations results in the
virtual voltage vectors with a magnitude of

√
3Vdc/3 (V7–V12),
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for instance, V7 = V1/2 + V2/2. Finally, V13–V18 are with
a magnitude of Vdc/3, which are formulated by synthesizing
V0 and V1–V6, such as V13 = V1/2 + V0/2. The αβ-axis
components of the 19 voltage vectors are also given in Table I,
which can offer support for programming in experiments.

What should be noted is that the small voltage vectors (i.e.,
V13–V18) cannot be selected by minimizing (23). For instance,
if the value of (23) corresponding to V13 can fulfill (11), i.e.,

g2|u=V 13
< 0 (27)

that corresponding to V1 fulfills the condition as well. Mean-
while, as the amplitude of V1 doubles that of V13, the following
inequality always holds, as

g2|u=V 1
< g2|u=V 13

< 0. (28)

This inequality implies that V1 is always superior to V13 under
the evaluation criterion of (23). To address this problem, the cost
function is further improved by introducing the amplitudes of
Sd and Sq, as

g3 = σdSd + σqSq + λ (|Sd|+ |Sq|) (29)

where λ is the weighting factor, which should be properly
tuned for a better performance. By minimizing (29), the optimal
voltage vector can be easily selected, as

V opt = argmin
V i∈νe

g3 (V i) . (30)

E. Stability Analysis

Stability analysis is undoubtedly a crucial issue for control
strategies. Till now, the publications giving the stability verifica-
tion of FS-MPC methods for power electronics are still rare [29].
In this work, the stability of the proposed strategy is analyzed
based on the Lyapunov function stability theory.

Lyapunov function stability theory states that the stability of
the controlled system can be guaranteed if an energylike function
[e.g., V(x)] exists and holds the following conditions except for
the point x = 0: 1) V(x) is positive definite and 2) the time
derivative of V(x) is negative definite. [30]

Considering the sliding surface chosen in (8), the constructed
Lyapunov function can be expressed as

V (σs) =
1

2
‖σs‖22 . (31)

There is no doubt that the condition i) is satisfied in the case
of σs � [0 0]T. The satisfaction of condition ii) gives

V̇ (σs) = σsσ̇
T
s < 0. (32)

This is exactly the existence condition of SM, which is men-
tioned in (9). The SM-based FS-MPCC is to find a voltage vector
that can fulfill the existence condition of SM. In other words,
the SM-based FS-MPCC naturally satisfies Lyapunov’s stabil-
ity criteria. Hence, the proposed FS-SM-MFPCC also satisfies
Lyapunov’s stability criteria, as the cos functions g, g1, and g2
are entirely equivalent.

Fig. 4. Implementation flowchart of the proposed FS-SM-MPCC.

Fig. 5. Control diagram of the proposed FS-SM-MFPCC.

F. Summary and Digital Implementation of the Proposed
FS-SM-MFPCC

The implementation flowchart and the control diagram of the
proposed strategy are shown in Figs. 4 and 5, respectively. The
following steps are required for digital implementation.

Step 1: Sample the stator currents (ia, ib, and ic), acquire the rotor
mechanical angle and speed (θm and Nr), and then calculate
the electrical degree and the electrical angular speed (θe and
ωe).

Step 2: Calculate the dq-axis currents (id and iq) using Park’s
transformation, and obtain the q-axis current reference (iq∗)
by means of the outer speed controller.

Step 3: Correct the dq-axis current references using (24), and
calculate (25).

Step 4: Calculate the cost function (29) for all members in control
set ve, and select the optimal voltage vector by comparing the
obtained cost function values.

Step 5: Generate the corresponding switching signals to fire the
inverter.

G. Qualitative Comparison Between Proposed Strategy and
Existing Strategies

In this section, a qualitative comparison is made between
the proposed and existing strategies, as shown in Table II. The
basic FS-MPCC [2] and LESO-FS-MFPCC based on [16] have
been explained in Section II. Moreover, the strategies developed
in [21] and [23] are included, as their effort is also put into
integrating the SM control with FS-MPC.
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TABLE II
COMPARISON BETWEEN PROPOSED AND EXISTING STRATEGIES

Fig. 6. Experimental test rig.

The table shows two similarities between the offered methods.
For one thing, no modulator is required in the presented methods,
which is a characteristic of FS-MPC methods. For another thing,
the presented methods are capable of multiobjective optimiza-
tion, thanks to the use of the cost function. Thereafter, it is clear
that both the LESO-FS-MFPCC and the proposed strategy do not
require the system parameters while more tunable coefficients
are included. Observing and comparing the cost functions, it is
evident that the strategy in [21] is a variant of the basic FS-MPCC
while the essence behind the proposed strategy and that in
[23] is similar. Finally, a distinct advantage of the proposed
strategy over others is that the information on dc-link voltage is
not demanded. Overall, the proposed strategy inherits the good
characteristics of FS-MPC and qualitatively holds merits of quite
model-free characteristic and dc-link voltage independence.

IV. EXPERIMENTAL RESULTS

To verify the feasibility and effectiveness of the proposed
FS-SM-MFPCC, an experimental test rig is constructed, as
shown in Fig. 6. The PMSM under test is mechanically coupled
with a servo machine that serves as the load, and a torque
meter is placed between them. The main parameters of the
PMSM are presented in Table III. The VSI consists of three
FF300R12ME4 modules (Infineon), and an adjustable dc power
supply is in the dc-link. Furthermore, the stator currents and the

TABLE III
MAIN PARAMETERS OF THE TESTED PMSM

TABLE IV
COEFFICIENTS OF FOUR STRATEGIES IN EXPERIMENTS

dc-link voltage are sampled by three current sensors HAS 50-S
(LEM) and a voltage sensor LV25-P (LEM), respectively. The
rotor position is acquired via a 2500-line incremental encoder,
which is integrated into the PMSM casing. All sensed signals
are fed into a digital signal processor TMS320F28335 (TI).
The real-time programs are developed in C language on Code
Composer Studio 7.4.0 software.

To experimentally corroborate the effectiveness of the pro-
posed strategy, the traditional FS-MPCC, the LESO-FS-MPCC
developed based on [16], and the two versions of the proposal
are compared. For convenience, the traditional FS-MPCC and
the LESO-FS-MFPCC are tagged with strategy #1 and strategy
#2, respectively; meanwhile, the proposed strategy based on the
control set ν and the cost function (23) is termed strategy #3,
and the proposed strategy based on the control set νe and the
cost function (29) is dubbed as strategy #4. It is worth noting
that the dc-link voltage information is useless for strategies #3
and #4 but is mandatory in order for strategies #1 and #2 to be
implemented.

The involved coefficients to be tuned in four strategies are
summarized in Table IV, where Kp and Ki are the propor-
tional and integral gains of the outer loop for speed control,
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Fig. 7. Steady-state results of (a) strategy #1, (b) strategy #2, (c) strategy #3, and (d) strategy #4.

respectively. In order for a fair comparison, the PI gains of the
outer-loop speed controller are designed to be the same for all
evaluated strategies. The tuning of PI gains refers to the work
in [31]. Regarding strategy #2, the matrix α is approximately
set to [30 0; 030] considering the dq-axis inductances of the
investigated PMSM, and ω0 is set to 7500 in order to obtain a
fast convergence of the LESO [32]. For Strategies #3 and #4, the
coefficient K is set to 5 using a trial-and-error method while the
weighting factor introduced in Strategy #4 is manually adjusted
to 0.15. The sampling frequency is set as 10 kHz, as well as the
control frequency, namely the sampling period Ts = 100 μs.

A. Steady-State Performance

At first, the steady-state performance is tested under the speed
command of 500 revolutions per minute (r/min) with 4 N·m load.
The results are shown in Fig. 7. It can be observed that all four
strategies can yield sinusoidal stator current with a peak value of
about 7 A; meanwhile, the dq-axis currents, the electromagnetic
torque, and the speed can track the demands.

From the waveform of the stator current under strategy
#3, a noticeable distortion can be seen while strategy #4 can
generate a smoother curve thanks to the improvement discussed
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Fig. 8. Dynamic results of (a) strategy #1, (b) strategy #2, (c) strategy #3, and (d) strategy #4.

in Section III-D. According to the fast Fourier transform analysis
results, the total harmonic distortion (THD) of ia obtained using
four strategies is 7.74%, 6.38%, 8.57%, and 3.61%, respectively.
As observed, the harmonic content at 10 kHz is slight for
strategies #1–#3, which is due to the dead-time effect of the
inverter. In contrast, in strategy #4, more visible harmonics at
the control frequency exist owing to the use of virtual vectors. At
the same time, comparing the performance of four strategies in
the low-frequency range, strategy #3 leads to more low-
frequency harmonics and strategy #4 performs better.

In the results of dq-axis currents, it is easy to observe that
the waveforms are irregular in strategies #1 and #2 while those
curves in strategies #3 and #4 oscillate around the references,
namely the SM of operation. This difference indicates the feature
of SM control.

B. Dynamic Performance

Then, the dynamic response of four strategies is compared, as
illustrated in Fig. 8. The transient experiments follow an initial
speed reference of 500 r/min with a step change to 800 r/min.
The load is kept at 4 N·m. Strategies #1, #3, and #4 show a very
similar dynamic response (response time of about 400 ms with
an overshoot in the speed of 140 r/min) while the response time
of strategy #2 (response time of about 440 ms with an overshoot
in the speed of 120 r/min) is longer than others. As observed in
Fig. 7(b), the electromagnetic torque in strategy #2 is lower than
that in other strategies, although the stator current can reach the
limit, which is set to 10 A in control programs. The cause might
be that the LESO cannot accurately obtain the total disturbance
in the step change condition, which results in the tracking errors
of dq-axis currents. This test demonstrates the good dynamic
performance of the proposed strategies.

C. Current THD Versus Load Torque

In addition, the THD of ia under different load conditions is
tested at 500 r/min, as concluded in Fig. 9, where 1 p.u. refers

Fig. 9. THD results of stator current under different load conditions at
500 r/min.

to 5 N·m. From the figure, it can be seen that the steady-state
performances of strategies #1 and #2 are about equal in all
conditions. The minor deficiency of strategy #1 can be explained
by the unavoidable parameter mismatches in reality. Besides, it
is verified that strategy #4 ranks first throughout the test while
strategy #3 is always at the bottom. However, the performance
of strategy #3 is very close to strategy #1 when the load torque
is larger than half of the rating. This test shows the superiority
of model-free strategies (including both the proposed strategies
and the LESO-FS-MPCC) in practical implementation.

D. Switching Frequency Versus Speed

Thereafter, the average switching frequency of the inverter
under changed speed conditions is tested in a manner where
the load is set to 4 N·m. The results are presented in Fig. 10,
where 1 p.u. corresponds to 800 r/min. It can be observed that
in low-speed conditions, the average switching frequency of the
inverter controlled by strategy #1 is slightly higher than that for
strategy #2. When the speed is larger than 0.5 p.u., the switching
frequency is nearly the same for strategies #1 and #2. In addition,
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Fig. 10. Average switching frequencies of the inverter under changed speed
conditions with the load of 4 N·m.

TABLE V
COMPUTATIONAL BURDEN COMPARISON

upward trends of change can be seen from the curves of strategies
#1 and #2. Comparing the proposed two strategies, the average
switching frequency generated by strategy #4 clearly exceeds
that of strategy #3. This is as expected since each virtual vector
used in strategy #4 is composed of two switching states.

Comparatively, in strategies #3 and #4, the switching fre-
quency indicates downward trends of change, which are different
from that in strategies #1 and #2. This distinction implies the
different principles between the traditional predictive control
strategies and the proposed ones. In addition, the comparison
illustrates that the inverter may work at a higher switching
frequency if the proposed strategies are activated.

At the same time, it must be noticed that the drawback of
unfixed switching frequency exists in all strategies. There are
many publications aiming at this issue as well, such as [33] and
[34].

E. Computational Burden

Finally, the computational burdens of the four strategies are
compared. The spent clock cycles are measured in the software
by inserting breakpoints at the beginning and end of the inter-
ruptions triggered once per control period. The results are con-
cluded in Table V. In addition to the spent clock cycles and the
corresponding execution time, the ratios of the execution time
of strategies #2–#4 with respect to that of strategy #1 are also
presented. As seen, four strategies need about 31.26μs, 28.39μs,
13.67 μs, and 17.26 μs, respectively. The computational burden
of strategy #2 is slightly less than that of strategy #1, which
is attributed to the replacement of the traditional mathematical
model by the simple ULM. Comparatively, strategy #3 shows
a significant decrease in the computational burden, and the
ratio is only 44%. Furthermore, as no model-based predictions
are conducted and a very simple cost function is utilized, the

computational burden of strategy #4 is merely 0.55 times of
strategy #1, although 19 voltage vectors are included in the
extended control set.

With the development of wide bandgap power semiconduc-
tors, such as SiC and GaN, the switching frequency of inverter
can be up to tens of kilohertz in some applications [35], such
as electric vehicles. The execution time of strategies #3 and #4
is less than 20 μs, which means that the inverter can operate
at a frequency higher than 50 kHz. Such an improvement in
terms of computational burden makes the proposed strategy
more competitive and more attractive in the high-performance
applications based on wide bandgap power semiconductors.

V. CONCLUSION

In this article, a novel FS-SM-MFPCC is proposed for PMSM
drives, which integrates the theory of SM control with MPC.
Compared with the existing methods, the proposed strategy has
several merits, including completely model-free characteristics,
dc-link voltage independence, and lower computational burden.
The original version of the proposed strategy also suffers from
problems of the existence of tracking errors and weak steady-
state performance. A simple correction algorithm is proposed to
suppress the tracking errors while the steady-state performance
is enhanced by extending the control set and improving the
cost function. The experimental results are given to verify the
merits of the proposed strategies, and comparative studies are
conducted among the basic FS-MPCC, the LESO-FS-MPCC,
and two versions of the proposed strategy. It is shown that
the improved version of the proposed strategy takes better
steady-state performance, good dynamic response, and very low
computational burden. The comparison in terms of switching
frequency shows a difference in the trends of change of the
switching frequency, which is because of the different principles
of the traditional predictive control strategies and the proposed
ones for selecting the optimal voltage vector.
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