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Abstract—This paper introduces the comparison of four predic-
tive torque control schemes for a permanent-magnet synchronous
machine (PMSM). The first method is the finite-set model predic-
tive control (FS-MPC). In FS-MPC, the optimal switching state is
selected based on the evaluation and minimization of a cost func-
tion for all possible voltage space vectors (VSVs) of the inverter.
The second method performs a simplified FS-MPC where the se-
lection and evaluation of the possible VSVs are reduced to only
three. The third method is based on the principle of predictive di-
rect torque control (PDTC), where the duty cycle of the switching
state is optimized for application in the inverter. Finally, a method
that combines FS-MPC and PDTC named model predictive torque
control is presented. This paper introduces the methodology and
the results of a comprehensive comparison of the four predictive
schemes based on different criterions. The control schemes are im-
plemented on a field-programmable gate array and are applied
to a PMSM. Experimental results are presented to validate the
presented comparison and discussion.

Index Terms—Field-programmable gate array, permanent-
magnet synchronous machine (PMSM), predictive control, torque
control.

ACRONYMS

AVSV Active voltage space vector.
CCS-MPC Continues-control-set model predictive control.
DTC Direct torque control.
FCS-MPC Finite-control-set model predictive control.
FOC Field-oriented control.
FS-MPC Finite-set model predictive control.
GPC Generalized predictive control.
MPC Model predictive control.
MPTC Model predictive torque control.
PDTC Predictive direct torque control.
PMSM Permanent-magnet synchronous machine.
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SFS-MPC Simplified finite-set model predictive control.
VSI Voltage source inverter.
VSV Voltage space vector.
ZVSV Zero-voltage space vector.

I. INTRODUCTION

TODAY, field-oriented control (FOC) and direct torque con-
trol (DTC) are two well-established control schemes for

electrical drives [1]; however, in recent years, model predictive
control (MPC) schemes have received wide attention due to
their high performance, natural digital implementation, multi-
variable control, and inclusion of constraints and nonlinearities
in the control objectives [2]. The objective of MPC in electrical
drives is to optimize the switching state that will be applied
to the voltage source inverter (VSI) based on the model of the
machine, this is possible because of the existence of accurate
linear mathematical models, which are used to predict the be-
havior of the controlled variables (typically one step ahead in
time) in order to select the final switching state, in this man-
ner, the control becomes an optimization problem solved in real
time. MPC entails a wide variety of control techniques, and have
been classified into two main categories: continues control set
MPC (CCS-MPC) and finite control set MPC (FCS-MPC) [3].
In the first type, an open-loop receding horizon optimization
problem is solved during each sampling time, and the control
action is applied through a modulator, this is the case of gen-
eralized predictive control (GPC) [4], [5]. On the other hand,
FCS-MPC exploits the inherent discrete nature of the power con-
verter to solve the optimization problem. FCS-MPC schemes for
electrical machines include: finite-set model predictive control
(FS-MPC) [6]–[20] and predictive direct torque control (PDTC)
[21]–[24].

FS-MPC is one of the more popular predictive control
schemes and has been applied in the current [10]–[12], torque
[13]–[15], and speed control of electrical machines [16], [17].
In FS-MPC, the discrete behavior of the VSI is used to perform
the control; due to the limited number of possible switching
states, it is possible to predict the effect of each voltage space
vector (VSV) to determine the best VSV for the next sampling
time. This process is executed by using a cost function, which
defines the control objectives, and the VSV that minimizes the
error on the controlled variables is selected for application in the
VSI. It is evident that FS-MPC is more efficient than the con-
ventional DTC because the heuristic switching table is replaced
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by an optimization procedure; however, the main drawback of
this control technique is the high computational burden, espe-
cially when the horizon of prediction is bigger than one. For this
reason, improving the performance and reducing the complex-
ity of the FS-MPC has recently become an important research
topic. Nowadays, several methods to reduce the complexity and
the number of calculations in the FS-MPC have been presented
in the literature, for instance: sphere decode algorithm [18], the
nearest two adjacent vectors [19], single prediction method [20],
and branch and bound algorithms [21]. From this methods, [18]
and [21] present a complex solution to reduce the computational
burden of FS-MPC, while [20] cannot be easily extrapolated to
electrical machines, however, the proposed method in [19] is
a suitable solution for the control of electrical machines. In
this paper, the simplified FS-MPC (SFS-MPC) [19], which uses
active prediction vectors, is investigated for comparison in a
permanent-magnet synchronous machine (PMSM).

On the other hand, it is well known that the application of one
voltage vector during the whole control cycle leads to a high
ripple in the controlled variables, for this reason, the sampling
frequency of FS-MPC has to be high [27], which requires a fast
digital platform in order to reach the computational time. An
alternative to overcome this problem is to use a different control
technique such as the PDTC. In PDTC rather than applying the
switching state during the whole sampling time, two voltage vec-
tors of the VSI are applied to the machine during each sampling
time: one active voltage space vector (AVSV) and one zero-
voltage space vector (ZVSV), this permits the use of a bigger
sampling time with the advantage of a fixed switching frequency.
PDTC uses a modulator to apply the AVSV and the ZVSV dur-
ing their corresponding times, however, it still can be considered
as a FCS-MPC scheme because the selection of the optimal VSV
is based on the direct evaluation of the effects of discrete states
of the power converter in the flux and torque of the PMSM. In
PDTC, the duty-cycle optimization can be performed to reach
different control objectives, in [25], three different methods are
presented to determine the optimal duty cycle for DTC, which
includes the deadbeat control, direct mean torque control, and
the reduction of the torque ripple root mean square (RMS) value.
These methods are highly dependent on the machine parameters,
which can be a problem when the parameters vary during oper-
ation, for this reason, in [26], a simplification of the duty-cycle
calculation is introduced to replace the torque derivatives with
weighting factors, however, these factors are calculated trough
trial-and-error, which it is not a simple task. In PDTC, the cri-
terion to select the optimal switching state of the VSI is usually
based on a second flux prediction [22], [23], this is commonly
seen as a drawback of the PDTC because of the math simplifica-
tions used to determine it. In order to improve the switching state
selection, a control scheme that combine some characteristics
of the FS-MPC and PDTC have been presented, this predictive
control is called model predictive torque control (MPTC) [27]–
[29]. In MPTC, every switching state is evaluated according to
the FS-MPC, in this way, flux and torque evaluation is ensured
in the vector selection and the one minimizing the cost function
is selected for the duty-cycle optimization based on the methods
introduced in [25] and [26]. The introduction of different control

schemes has led to a large number of possibilities to perform
an optimal control of electrical machines, including the classic
control schemes like FOC and DTC, and the different predictive
control schemes; however, in terms of optimal torque perfor-
mance, it is difficult to give an exact idea of which one gives
the best results mainly because these controllers are commonly
implemented on different machines with different parameters.

From the several predictive schemes in the literature, two
principles of operation are the most popular: those that optimize
the switching state for application during the whole control cycle
(FS-MPC and SFS-MPC); and those which optimize the duty
cycle of the switching state (PDTC and MPTC). Although from
the theoretical point of view FS-MPC, SFS-MPC, and the MPTC
present a significant similitude on the principle used to optimize
the switching state, in real experimental evaluation these con-
trol schemes might result in a varied steady-state performance
of torque, stator flux, and current ripple [13]. So far, some papers
have addressed the comparison between predictive schemes [6],
[10]–[14], [27], and [28]; however, in these comparisons, the
classic vector control and the predictive control schemes are
compared [6], [11], [13], hence, is evident that the performance
of the digital implementation of predictive schemes is superior
than classic schemes. Other papers have addressed the com-
parison performed on the same predictive control scheme but
pursuing different control objectives, for example, in [10] and
[12], a comparison between torque and current control for the
FS-MPC is presented; in [14], a comparison between flux and
torque control is introduced; and in [27] and [28], the evaluation
of MPTC with different duty-cycle optimizations is presented.
Yet, a comparison on more complex predictive schemes have
not been presented, moreover, predictive schemes with differ-
ent principles of operation like the FS-MPC, SFS-MPC, PDTC,
and the MPTC have only been compared when they were first
introduced, however, a comparison of these schemes is not pos-
sible because they were carried out under different machines
and it is not a simple task to conclude which one is the more
suitable for certain applications. For this reason, the main con-
tribution of this paper is the comparison and evaluation of some
of the most common predictive schemes that aims to optimize
the torque performance of a PMSM. Two principles of operation
are compared: the optimization of the switching state based on
a cost function (FS-MPC and SFS-MPC), and the optimization
based on duty-cycle optimization (PDTC and MPTC). FS-MPC
and PDTC are selected as these schemes represent the most used
predictive controls in the literature and are the basic schemes
for more complex strategies; however, in contrast with PDTC,
where only three VSVs are evaluated during each control cycle,
in FS-MPC, a full evaluation of the VSVs of the VSI is carried
out, for this reason, to accomplish a fair comparison, SFS-MPC
is selected, here, only three VSVs are selected for evaluation
during each control cycle. Finally, MPTC is presented to com-
pare the case when full evaluation of the VSVs with duty-cycle
optimization is done. These strategies are evaluated experimen-
tally using various criteria to give an objective evaluation. The
results provide a guide for users to obtain an idea of which
control scheme should be selected to accomplish their control
objectives.
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Fig. 1. Two-level voltage source inverter. (a) Topology of the power converter
connected to the stator of the PMSM. (b) Output voltages generated by the
switching states in the α–β plane.

II. DISCRETE MODEL OF THE PMSM

In order to provide the voltage to the PMSM a two-level VSI
is used and is shown in Fig. 1(a). With this topology, eight
different combinations are obtained through the gate signals
Sx , six AVSVs and two ZVSVs, and can be represented in the
complex plane α–β as shown in Fig. 1(b).

The voltage equation of the PMSM in continuous time can
be expressed in the stator reference frame (α–β) as in [23];
however, predictive control schemes are carried out with a
discrete-time model of the machine, therefore, a discretization
of the mathematical model of the PMSM is performed based on
the Euler forward differentiation method for the discrete time
(k + 1) as

iα(k + 1) = iα(k) + T s

L
(uα(k) − R · iα(k)

+ · · ·wr · ψPM · sin γe(k)) (1a)

iβ(k + 1) = iβ(k) + T s

L

(
uβ(k) − R · iβ(k)

− · · ·wr · ψPM · cos γe(k)) (1b)

ψα,β (k + 1) = ψα,β (k) + T s
(
uα,β(k) − R · iα,β(k)

)
(2)

Me(k + 1) = 3

2
p · (

ψα(k + 1) · iβ(k + 1) − ψβ(k + 1)

· iα(k + 1)) (3)

γe(k + 1) = γe(k) + T s · wr (4)

where uα,β, ψα,β , and iα,β are the α–β orthogonal components
of voltage, flux, and current space vector, respectively, R
is the stator resistance, L is the stator inductance, ψPM is
the PM excited flux, wr is the electrical speed, Me is the
electromagnetic torque, p is the number of pole pairs, γe and γm

are the electrical and mechanical angular position of the rotor,
respectively, and T s is the sampling time.

III. CONTROL STRATEGIES

In this section, the predictive control strategies are presented.
They are divided according to their control principle into the
strategies that optimize the switching state applied during the
full control cycle (FS-MPC and SFS-MPC), and the ones that

Fig. 2. Simplified block diagram of FS-MPC (black dashed line), SFS-MPC
(black plus red dashed lines), and MPTC (black plus blue dashed lines).

TABLE I
VOLTAGE RECONSTRUCTION

Switching State U0 U1 U2 U3 U4 U6 U7
000 100 110 010 011 101 111

υα/UDC 0 2/3 1/3 −1/3 −2/3 1/3 0
υβ/UDC 0 0 1/

√
3 1/

√
3 0 −1/

√
3 0

optimize the switching state introducing a duty-cycle optimiza-
tion (PDTC and MPTC). Since FS-MPC, SFS-MPC, and MPTC
present a similar control law, they have been represented using
a simplified block diagram shown in Fig. 2. FS-MPC blocks are
within the black dashed line; SFS-MPC blocks are within the
black and red dashed lines; and MPTC blocks are within the
black and blue dashed lines.

A. FS-MPC and SFS-MPC

A simplified block diagram of the FS-MPC is shown in Fig. 2.
It comprises three blocks: the voltage reconstruction, the esti-
mation of the machine variables, and the predictive control. At
each sampling instant, the stator currents, the mechanical an-
gular position of the rotor, and the voltage in the dc link are
measured, after this, the voltage applied to the machine is cal-
culated based on Table I, then, the stator flux and torque of the
machine are estimated using the dynamic model, and finally, the
predictive control is carried out.

FS-MPC is divided into two tasks: the prediction of the con-
trolled variables and the evaluation and minimization of the cost
function. In the first one, the prediction of the stator flux and
torque based on the discrete model of the machine (1)–(4) for
all possible VSVs of the VSI is carried out. The second task
performs the evaluation and minimization of the cost function.
In general, the cost function evaluates the torque and flux error,
however, several control targets, variables, and constraints can
be included in a single cost function, for this reason, the cost
function perform a very important role in the FS-MPC and it is
possible to control several variables like flux, torque, currents,
and switching frequency [30]. In this paper, the cost function is
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TABLE II
POSSIBLE VSVS

δMe θs

S1 S2 S3 S4 S5 S6

δMe > 0 U2,U3 U3,U4 U4,U5 U5,U6 U6,U1 U1,U2
δMe < 0 U5,U6 U6,U1 U1,U2 U2,U3 U3,U4 U4,U5

defined to control the flux and torque of the machine, given by

Fc = 1

Men
· ∣∣M∗

e − Me(k + 2)
∣∣ + λ · 1

ψsn
· ∣∣ψ∗

s − ψs(k + 2)
∣∣

(5)
where M∗

e andψ∗
s are the reference torque and reference flux,

respectively; ψs is the magnitude of the stator flux; FC is the
value of the evaluation of each vector; Men andψsn represent
the nominal torque and flux of the machine, respectively, and
are used to normalize the torque and flux magnitude to obtain an
equal tradeoff between the torque and flux control; and λ is the
weight factor used to balance the torque and flux [31]. Finally,
in order to select the optimal switching state, the cost function
is evaluated for all possible VSVs of the VSI and the one that
minimizes the error is selected for application in the VSI during
the next control cycle.

One of the major drawbacks in FS-MPC is the evaluation of all
possible VSVs of the VSI, which lead to a high computational
burden and limits the sampling frequency. To overcome this
problem, a simplified FS-MPC has been introduced in [19].
SFS-MPC is similar to the conventional FS-MPC and it is based
on the same control structure: voltage reconstruction, estimation
of the machine variables, selection of the possible VSVs, and
the predictive control. The main difference compared to FS-
MPC is the selection of the VSVs for prediction and actuation
(see Fig. 2 red dashed line); in SFS-MPC rather to evaluate all
possible VSVs, a lookup table is introduced for the selection of
only three possible VSVs, and consequently, a reduction in the
computational burden is obtained.

The selection of the possible VSVs is based on Table II, which
evaluates the torque deviation δMe and the angular position of
the stator flux θs given by (6) and (7), respectively

δMe = M∗
e − Me (6)

θs = arctan

(
ψβ

ψα

)
. (7)

This idea is similar to the principle of DTC, and the stationary
reference frame α–β is divided into six sectors (S1–S6) every
π/3 rad [see Fig. 1(b)]. Table II selects only two AVSVs and one
ZVSV for evaluation in the predictive control. For instance, if the
stator flux lies in the sector 1 and the torque deviation is greater
than zero, the two possible AVSVs are U2,U3 and U0. It can be
noted from Table II that the possibility for a torque deviation
equal to zero is not considered, for this reason, the ZVSV U0 is
selected to cover the case of a zero torque deviation. In this case,
it is not necessary to evaluate the U0 and U7 vectors since both
have the same effect on the machine, however, when applied

Fig. 3. Simplified block diagram of PDTC.

Fig. 4. Principle of the torque control in the PDTC scheme (steady state).

to the inverter, the number of switching transitions between the
past VSV and the ZVSV (U0 or U7) are considered to reduce the
switching frequency. Finally, in order to select the final vector,
the three possible VSVs are predicted and evaluated using the
cost function given by (5), and the one minimizing the cost
function is selected for the application in the inverter during the
next control cycle.

It can be noted that Table II does not take into consideration
the flux variation for the preselection of the two possible AVSVs,
however, this method is still valid because torque estimation is
performed based on the stator current and the stator flux of the
machine, moreover, the final selection is carried out based on a
cost function that evaluates both the torque and flux, therefore,
a satisfactory torque and flux performance is obtained.

B. PDTC and MPTC

The simplified block diagram of the PDTC is shown in Fig. 3
and it is comprised of four blocks: the voltage reconstruction,
the estimation of the machine variables, the calculation of the
active time for two possible AVSV and the selection of the final
AVSV. In PDTC, the application of two VSVs during each con-
trol cycle is pursued, hence, unlike FS-MPC where the applied
vector is kept constant during the whole control cycle, in PDTC
one AVSV and one ZVSV are applied during the control cycle
as shown in Fig. 4. During steady state, one AVSV is applied
to the VSI for a predetermined active time tav , and a ZVSV is
applied during the rest of the control cycle tzv . In order to keep
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a fast torque response in PDTC during transients, the switching
transition from an AVSV to a ZVSV is not performed and a
single state is applied during the whole control cycle. By as-
suming a linear torque performance during the control cycle,
the magnitude of the torque at (k + 1) can be predicted as [23]

Me(k + 1) = Me(k) + ṀAVSV · tav + ṀZVSV · tzv

= M∗ − 1

2
�M (8)

where ṀAVSV and ṀZVSV are the torque derivatives for the
AVSV and ZVSV, respectively, and are calculated as in [22].
The principle of the PDTC is to keep the torque of the machine
within the bandwidth of a virtual hysteresis �M , which can be
calculated from Fig. 4 as

�M = − ṀAVSV · ṀZVSV

ṀAVSV − ˙̇MZVSV

T s. (9)

By solving (8) for the switching time tav , the active time
corresponding to a given value of torque reference can be cal-
culated as function of the voltages, the measured currents, the
permanent-magnet flux, and the rotor position; thus, the switch-
ing time tav for the application of the AVSV is calculated as
[22]

tav = M∗ − Me − �M
2 − ṀZVSV · T s

ṀAVSV − ṀZVSV
(10)

and the switching time tzv for the application of the ZVSV as

tzv = T s − tav. (11)

Based on the same principle that SFS-MPC, on PDTC, two
possible AVSV are selected for each control cycle and their
respective active times are calculated based on (10), then, in
order to select the optimal AVSV, the evaluation of the error
between the reference flux and the predicted value of the flux
of the machine is carried out, thus, the AVSV that yields to a
minimum flux deviation from the reference is chosen for the
application in the next control cycle [23].

As pointed before, in PDTC, the criterion for the final selec-
tion of the optimal AVSV is based on a second flux prediction,
this is commonly seen as a drawback because of the math sim-
plification used when the flux prediction is performed. In order
to consider both the torque and flux performance for selecting
the optimal AVSV, MPTC has been introduced in [27] and [28].
The simplified block diagram of the MPTC is shown in Fig. 2
(black plus blue dashed line) and it is comprised of a combined
structure between the FS-MPC and the PDTC. In MPTC, the
objective of the predictive control is to reduce the ripple in the
controlled variables, for this reason, an AVSV is selected fol-
lowing the idea introduced in the FS-MPC, and subsequently,
the AVSV to be applied is optimized following the procedure
introduced in the PDTC.

MPTC is performed similarly to the other control techniques:
first the voltage reconstruction is carried out, then, the estimation
of the machine variables, and finally, the predictive control. As
it can be observed in Fig. 5, the predictive control is performed
into two stages: in the first stage, the selection of the AVSV that

Fig. 5. FS-MPC steady state. From top: Electromagnetic torque; stator flux;
stator currents.

TABLE III
PMSM PARAMETERS

Parameter Value Parameter Value

Rated torque 4.7 Nm Pole pairs 3
Stator resistance 2.41 � Rated speed 3000 min−1

Stator inductance 24 mH Flux linkage PM 0.2456 Vs
Rated current 3.4 A Rotor inertia 3.041 × 10−3kgm2

minimizes the cost function given by (5) is performed, then, the
active time for the preselected AVSV is calculated using (10)
and is applied to the inverter in the next control cycle.

IV. COMPARATIVE EVALUATION

In this section, an experimental evaluation of the predictive
control strategies previously described is given. The machine
under test is a commercial available PMSM whose parameters
are listed in Table III and is connected to a SKiiP 232GD120-
313CTV, which is a two-level VSI used to feed the voltage to the
machine. The angular position of the rotor is obtained from an
incremental encoder of 2024 ppr, while the currents are sensed
using the Hall effect sensors LTS25Np. In order to implement
the controllers, an Altera Board DE2-115 with a Cyclone IV
EP4CE115 device is used; all of them have been described
using VHSIC1 Hardware Description Language (VHDL) code
in two complement and fixed-point arithmetic of 32 bits (1 bit
for the sign, 15 bits for the real part, and 16 bits for the decimal
part). The sampling time is the same for all controllers and has
been set on 55 μs (18.18 kHz) in order to limit the switching
frequency below the maximum frequency of the VSI (20 kHz).

The comparison is performed to evaluate the following
aspects: dynamic torque response, torque and flux ripple, to-
tal harmonic distortion (THD) of the stator currents, average
switching frequency, and computational effort. The selection of
the value of λ is a very important issue in predictive schemes, a
large value of λ would improve flux performance while torque
ripple would increase, in contrast, a small value of λ would
reduce torque ripple while flux performance would be deterio-
rated as shown in [14]. For this reason, it is important to obtain
a λ value that assign a similar importance to both torque and

1 Very high-speed integrated circuit.
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Fig. 6. SFS-MPC steady state. From top: Electromagnetic torque; stator flux;
stator currents.

Fig. 7. PDTC steady state. From top: Electromagnetic torque; stator flux;
stator currents.

stator flux. Some guidelines for the selection of the value of are
presented in [31]. In the case of the FS-MPC, SFS-MPC, and
MPTC, the λ factor is determined based on extensive simula-
tion, this factor is set on 0.85 for all of them. Finally, in order
to mitigate the effects of the digital delay caused by the com-
putational burden of the predictive schemes, all of them have
been compensated according to the delay-time compensation
introduced in [30].

A. Experimental Results

For sake of space, results are shown for one operating point;
for each predictive scheme, the torque and flux references
are the same. The torque reference is set from 0 to 4 Nm;
and the flux is changed using a reference from 0 to 0.2 Vs at a
time of 20 ms. The performance of the predictive schemes for
the PMSM are shown in Figs. 5–8; for all predictive schemes
a fast dynamic response in the torque and flux is observed. It
can be noted from the figures that the predictive scheme that
presents the bigger torque and flux ripple is the SFS-MPC, on
the other hand, the other predictive schemes present a similar
performance in the flux and torque ripple. In the case of current
performance, the FS-MPC presents a bigger ripple compared to
the other predictive schemes.

Fig. 5 shows the experimental results of the FS-MPC. It can
be noted that the torque follows the torque reference quickly.
A zoom is applied to the torque and a ripple of 0.42 Nm is

Fig. 8. MPTC steady state. From top: Electromagnetic torque; stator flux;
stator currents.

calculated. The stator flux follows the flux reference immedi-
ately and a ripple of 0.014 Vs is obtained. Similar experimental
results are obtained from the other predictive schemes, which
successfully follow the torque and flux reference; in the case
of the SFS-MPC, the ripple torque is 0.43 Nm and the flux
ripple is 0.0093 Vs; in PDTC, the torque ripple is 0.254 Nm
and the flux ripple is 0.0103 Vs; finally, in the MPTC, the
torque ripple is 0.267 Nm and the flux ripple is 0.0086 Vs.
The results obtained show an excellent torque reaction of all
predictive schemes, however, a slightly difference on the ripple
is observed, being the SFS-MPC and FS-MPC the ones with
the largest torque, flux, and current ripple.

It can be noted from Fig. 5–8 that the predictive schemes
where duty cycle is optimized outperform the predictive
schemes where only one switching state is applied in the whole
control cycle, nevertheless, the fact that a better performance is
obtained by using a more complex implementation should be
taken into account when implementing these predictive schemes
for a certain application. On the other hand, it can be expected
that PDTC and MPTC present a smaller torque and flux rip-
ple than FS-MPC and SFS-MPC because of the optimization
of the AVSV, however, the lack of a previous comparison has
not allowed us to verify this assumption objectively, here is the
importance of the presented comparison.

B. Dynamic Torque Response

The dynamic torque response is evaluated from the results
showed in Fig. 5–8. The rotor is initially aligned by a pulse train
to reach a zero position, for this reason, a small pulse is ob-
served when the machine starts to operate. The zoomed torque
response for each predictive scheme is shown in Fig. 9. It can
be observed that a similar torque dynamic response is obtained
for every predictive scheme with an approximate time of 1 ms
to reach the torque reference. The reason to observe a similar
behavior in the dynamic torque response is attributed to the fi-
nal AVSV selected for the next control cycle, for instance, when
the FS-MPC and the SFS-MPC are carried out and a dynamic
change in the torque reference is observed, both controllers keep
the previously selected AVSV during the whole control cycle,
for this reason, their times to reach the torque reference are sim-
ilar (≈1 ms). On the other hand, although the PDTC and the
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Fig. 9. Dynamic torque response.

Fig. 10. Evaluation of the torque ripple under different values of torque ref-
erence.

MPTC are strategies that tend to optimize the performance by
controlling the duty cycle, during dynamic response, the appli-
cation of one VSV during the whole control cycle is preferred
to increase the dynamic response, which is slightly faster than
the FS-MPC and SFS-MPC with a time of 0.9 ms.

C. Torque and Flux Ripple

The evaluation of the torque and flux ripple is carried out by
using the standard deviation of the torque Merip and flux ψsrip

given by (12) and (13), and is expressed in terms of percent-
age performance through the coefficient of variation of torque
%Merip and flux %ψsrip as (14)

Merip =
√

1

N

∑N

i=1

(
Me(i) − Me

∗)2
(12)

ψsrip =
√

1

N

∑N

i=1

(
ψs(i) − ψs

∗)2
(13)

%Merip = Merip

M∗
e

· 100 (14a)

%ψsrip = ψsrip

ψ∗
s

· 100. (14b)

The torque ripple evaluation of each predictive scheme at
different torque references is shown in Fig. 10. It can be ob-
served that the control algorithm that presents the lowest torque
ripple is the PDTC; and that the SFS-MPC is the control algo-
rithm that presents the biggest ripple of all presented schemes.
A better performance is obtained when the PMSM is operat-
ing close the nominal torque, thus, when the machine oper-
ates at a 4-Nm torque reference, the FS-MPC present a ripple

Fig. 11. Evaluation of the flux ripple under different a 4-Nm torque reference.

of 0.42 Nm (10.5%), while a ripple of 0.43 Nm (10.75%),
0.254 Nm (6.35%), and 0.267 Nm (6.67%) are obtained for the
SFS-MPC, PDTC, and MPTC, respectively. On the other hand,
the torque ripple presents a slight increment when the PMSM
is operating at lower torque references; this variation on the rip-
ple performance is congruent with the efficiency of an electric
drive, which is better when the machine operates close to the
nominal values [32]. One aspect to highlight of the torque ripple
evaluation is that an optimization procedure in the application of
the optimal AVSV directly affects the ripple in the torque of the
machine; consequently, when the duty-cycle optimization is car-
ried out, a better torque and flux performance is obtained. Con-
versely, when constraints are introduced to determine the possi-
ble AVSV for the next control cycle (see Table II) in SFS-MPC,
a slight increment in the torque ripple is obtained; this is caused
because the optimal VSV may not be preselected using Table II.

The results of the flux ripple evaluation under a torque refer-
ence of 4 Nm is shown in Fig. 11. The experimental results show
that the variation of the flux ripple under different torque refer-
ences is smaller compared to the variation on the torque ripple
of the PMSM, for this reason, the evaluation of the flux ripple
is only presented for the case of the 4-Nm torque reference.
Here, the FS-MPC is the predictive scheme that presents the
highest ripple with a 0.014 Vs (7%) of flux ripple; however, the
predictive scheme that presents the lowest ripple is the MPTC
with a flux ripple of 0.0086 Vs (4.3%). The remaining predictive
schemes presents a flux ripple of 0.0123 Vs (6.15%) and 0.0103
Vs (5.15%) for the SFS-MPC and the PDTC, respectively.

D. Stator Current THD

The THD is calculated by

THD =
√

I 2
2 + I 2

3 + · · · + I 2
n

IF
(15)

where In is the RMS value of the harmonic n, and IF is the RMS
value of the fundamental current. Fig. 12 shows the evaluation
of THD for each predictive scheme when a reference of 4 Nm
is applied to the machine. The predictive scheme that presents
the bigger THD is the FS-MPC with a 12.54%. A remarkable
difference is observed with the other predictive schemes where
a THD of 12.42%, 9.51%, and 9.57% is obtained for the SFS-
MPC, PDTC, and MPTC, respectively. It can be observed from
Fig. 12 that the PDTC is the predictive scheme with the lower
harmonics components followed by the MPTC, conversely, the
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Fig. 12. Stator current THD.

FS-MPC and the SFS-MPC presents a more spread harmonic
spectrum.

E. Average Switching Frequency

In order to evaluate the average switching frequency fsw of
each predictive scheme, the following expression is used [6]:

fsw = 1

3

Na + Nb + Nc

T
(16)

where Na, Nb, and Nc are the number of switching cycles in
one switch of the phases a, b, and c, respectively; and T is the
period considered for the calculation of the fsw.

The fsw of each predictive scheme under different speed and
torque references is shown in Fig. 13. The SFS-MPC is the
predictive scheme that presents the lowest fsw below 3 kHz, and
is followed by the FS-MPC with an average of 3 kHz; conversely,
the PDTC is the predictive scheme that presents the biggest fsw

of approximately 8 kHz; and finally, the MPTC presents a fsw,
which vary from 5 to 7 kHz. A significant difference in the fsw

between the predictive schemes with duty-cycle control (PDTC
and MPTC) and the other schemes (FS-MPC and SFS-MPC) can
be observed, this issue is related to the duty cycle that causes the
power semiconductors to maintain a fixed switching frequency
during steady state in PDTC and MPTC, however, in FS-MPC
and SFS-MPC, the switching frequency is always variable.

F. Computational Effort

The computational effort of each predictive algorithm is eval-
uated based on the execution time and the number of resources
used for its implementation, and is performed for an Altera
Board DE2-115 with a Cyclone IV EP4CE115 with an internal
clock of 50 MHz. The execution time of each predictive scheme
is summarized in Table IV. Each predictive scheme presents a
quite similar execution time, here is observed that PDTC is the
fastest algorithm, while the FS-MPC is the slowest. A significant
time execution is observed during the signal conditioning, this
time is caused by the analog-to-digital conversion (ADC) and
digital-to-analog conversion (DAC), which can be significantly
reduced by using a much faster ADC and DAC converter.

Table V shows the summary of used resources for each
predictive scheme. PDTC is the control scheme that needs

Fig. 13. Average switching frequency under different speed and torque refer-
ences. (a) FS-MPC and SFS-MPC. (b) PDTC and MPTC.

TABLE IV
EXECUTION TIME

Control Signal Total Execution
Algorithm Conditioning Time

FS-MPC 12.52μs 31.94μs 44.46μs
SFS-MPC 11.16μs 31.94μs 43.1μs
PDTC 9.76μs 31.94μs 41.7μs
MPTC 11.48μs 31.9μs 43.38μs

TABLE V
SUMMARY OF USED RESOURCES

Total Logic Embedded Multiplier Maximum Operating
Elements 9-bit Elements Frequency

FS-MPC 11 962/114 480 (10%) 206/532 (39%) 85.98 MHz
SFS-MPC 16 546/114 480 (14%) 318/532 (60%) 81.77 MHz
PDTC 22 218/114 480 (19%) 478/532 (90%) 62.54 MHz
MPTC 19 575/114 480 (17%) 444/532 (83%) 62.34 MHz
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more resources for its implementation. In contrast, the control
scheme that uses the least amount of resources is the FS-MPC.
The maximum operating frequency is also showed in Table V.
Here, the MPTC presents the lowest maximum operating
frequency, while the FS-MPC presents the biggest operating
frequency. Results from Tables IV and V may vary depending
on the digital platform, however, is the intention of the authors
to give a parameter for the evaluation of the complexity of each
predictive scheme to point out the main differences in execution
time and used resources.

The timing performance and the number of used resources
vary depending on the control algorithm as observed in
Tables IV and V. One important aspect to highlight is that the
number of used resources varies in each predictive scheme ac-
cording to the complexity, while in PDTC and MPTC, a high
amount of resources are used; this is not the case of FS-MPC and
SFS MPC. In the same way, the number of used resources in the
predictive schemes that only evaluate three VSVs (SFS-MPC
and PDTC) are not necessary lower than those who perform the
full evaluation of each VSV of the VSI (FS-MPC and PDTC).
The reason for this is because in SFS-MPC and PDTC, the an-
gular position of stator flux, torque deviation, and the selection
of the possible VSVs, based on Table II, are integrated into the
control scheme, thus, a slight increment in the number of used
resources is obtained. From these results, it can be concluded
that a tradeoff between the performance and the number of re-
sources needed for implementation is presented, here, in order
to obtain a better torque and flux performance, a more complex
algorithm is needed, thus, a more number of digital resources
are needed.

V. DISCUSSION AND CONCLUSION

In this paper, the comparison of four predictive schemes for
a PMSM has been presented. The comparison is performed
to evaluate different characteristics: the torque performance in
steady and dynamic state, torque and flux ripple, current THD,
average switching frequency, and computational effort.

Experimental results have shown that the predictive scheme
that presents the poorest performance is the SFS-MPC, with
largest torque and flux ripple, as well as a larger THD and
a more spread harmonic spectrum, which is something not
desirable in certain applications. SFS-MPC is followed by
the FS-MPC in terms of performance. On the other hand,
the more reduced torque and flux ripple is obtained with the
PDTC, however, the digital resources for its implementation is
higher than the FS-MPC and SFS-MPC. In the case of dynamic
behavior, all algorithms present a similar rising time because
the VSV applied during transients is quite similar, here, in
all predictive schemes, only one switching state is applied
during dynamics. In terms of the current THD, the PDTC is
the predictive scheme that presents the lowest spread harmonic
spectrum. The average switching frequency is quite different
in each predictive scheme, FS-MPC and SFS-MPC presents
the lowest switching frequency, while the PDTC presents the
biggest switching frequency. Finally, the algorithm complexity
was evaluated, although the execution time of each predictive

scheme is comparable, a higher amount of resources is needed
for the PDTC and MPTC.

In terms of performance, it can be noted that all predictive
schemes present an excellent flux and torque performance. It has
been showed that duty-cycle optimization yields to a lower flux
and torque ripple in expense of a more complex control where
more digital resources are needed. Conversely, in FS-MPC and
SFS-MPC, the performance is still notable; however, a larger
ripple is obtained. For a final choice of the control algorithm, it
is important to consider objectives and constraints, for instance,
for an application where torque ripple is not a very important
issue the use of a simpler controller (FS-MPC and SFS-MPC)
that still performs remarkable and the use of a lower cost digital
platform can be afforded, however, if lower torque ripples are
necessary, a most complex control scheme (PDTC and MPTC)
will be necessary, as well as a more powerful digital platform.

The experimental results presented in this paper confirm that
predictive schemes are a competitive alternative to classical vec-
tor control schemes, however, this results also intend to serve
as a starting point for researchers that are interested in the field
of predictive control for future selection of predictive schemes,
since there are different predictive schemes, it is not a trivial
task to select the one that fit better their control objectives, and
so far, there is not a comparison of the most used predictive
schemes presented in the literature.
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