
machines

Article

A Computationally Efficient Model Predictive Control of
Six-Phase Induction Machines Based on Deadbeat Control

João Serra , Imed Jlassi * and Antonio J. Marques Cardoso

����������
�������

Citation: Serra, J.; Jlassi, I.; Cardoso,

A.J.M. A Computationally Efficient

Model Predictive Control of

Six-Phase Induction Machines Based

on Deadbeat Control. Machines 2021,

9, 306. https://doi.org/10.3390/

machines9120306

Academic Editor: Dan Zhang

Received: 19 October 2021

Accepted: 20 November 2021

Published: 23 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

CISE—Electromechatronic Systems Research Centre, University of Beira Interior, Calçada Fonte do Lameiro,
P-6201-001 Covilhã, Portugal; joao.serra@ubi.pt (J.S.); ajmcardoso@ieee.org (A.J.M.C.)
* Correspondence: jlassi-imed@hotmail.fr

Abstract: Model predictive current control (MPCC) has recently become a viable alternative for
multiphase electric drives, because it easily exploits the inherent advantages of multi-phase machines.
However, the prediction in MPCC requires a high number of voltage vectors (VVs), being therefore
computationally demanding. In that regard, this paper proposes a computationally efficient MPCC
of an asymmetrical six-phase induction machine drive (ASIMD) that reduces the number of VVs
used for prediction. By using the characteristics of the deadbeat control (DB), the proposed method
obtains a reference voltage vector (RVV), where its position will serve as a reference and integrates
the MPCC scheme. Only 4 out of 13 predictions are needed to determine the best VV, dramatically
reducing the algorithm computation. Experimental results for a six-phase case study compare the
standard MPCC with the suggested method, confirming that deadbeat model predictive current
control (DB-MPCC) shows that the execution time can be shortened by 48.8% and successfully
improve the motor performance and efficiency.

Keywords: model predictive current control; deadbeat control; execution time; asymmetrical six-
phase induction machine drive

1. Introduction

In recent years, multiphase machines drives have received a great deal of attention
from the power electronics community due to their good features, such as fault-tolerant
capability, low current per phase, high torque density, etc. [1]. Multiphase machines have
been widely applied in industries, especially for high power and high-reliability industry
applications such as ultra-high-speed elevators [2], electric ship propulsion [3], and wind
power generation [4]. On the other hand, model predictive control (MPC) of electrical
drives has gained an impressive amount of attention. MPC became the main competitor to
field oriented control (FOC) and direct torque control (DTC) due to its inherent advantages:
straight-forward concept, the ability to easily include multiple nonlinear constraints into
the optimization problem, and excellent control dynamics [5]. Recent contributions on
MPC have been proposed to control electrical systems [6–15], to diagnose the fault in power
converters [16–19], to ensure the post-fault operation of fault-tolerant systems [20,21], or to
assess the impact of mismatch parameters [22].

The majority of the control approaches applied to multiphase drives are commonly
an extension of the control techniques applied to three-phase drives. In classical MPC,
stator currents, torque, and stator flux, as the controlled variables, are predicted from the
mathematical model of the machine with all available finite voltage vectors (VVs). By
minimizing the error between the reference value and the predicted values, the best VV
can be obtained. Although advantageous, MPC demands a high computational burden
due to all VVs combinations being used for prediction and evaluation [10]. Accordingly,
with the increase in the complexity of the converter, the amount of feasible VVs increases
and, therefore, the computation effort rises. Furthermore, with high sampling times, large
current ripples are produced, decreasing the overall drive efficiency. Moreover, very fast
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and expensive digital processors are required. However, the acceptance by the industry
will be low if their implementation cannot be accomplished in a cost-effective way.

An m-level n-phase inverter has mn space VVs so, a six-phase two-level voltage
source inverter (2L-VSI) has 26 which means 64 different space VVs, corresponding to the
switching states. Of those 64 VVs, 48 include active VVs, 12 are redundant and 4 are null
VVs. The VVs can be grouped into four distinct categories, according to their magnitude.
The 48 active VVs can be mapped into α-β and x-y subspaces, applying the vector space
decomposition (VSD) technique. The α-β subspace is responsible for the torque ripple
production and for the harmonics of the order 12n ± 1 (n = 1, 2, 3, . . . ). On the other hand,
x-y does not contribute to the air-gap flux and torque production, and it includes all the
supply harmonics of the order 6n ± 1 (n = 1, 3, 5, . . . ).

The use of MPC was introduced to dual three-phase electric drives in [23]. The
work proved that penalizing the current harmonic in the cost function reduces greatly the
harmonic content of the current. With the issue of high computation time, several predictive
schemes were proposed to avoid the excessive computational burden. Some studies [24,25]
developed predictive schemes based on virtual voltage vectors (VVVs). The VVs of the α-β
subspace and the x-y subspace were combined, simplifying the two spaces into one that
only contains 13 VVVs. However, the amplitude of the VVVs is constant, meaning that
serious harmonics would be generated when the amplitude of back electromotive force
(back-EMF) does not match the one of the VVVs.

Another way to simplify the optimization problem is to directly obtain a reference
voltage vector (RVV) based on deadbeat control (DB). DB can be based on deadbeat direct
torque and flux control (DB-DTFC) [26], or deadbeat model predictive current control
(DB-MPCC) [27,28]. The controlled variables for the different approaches of DB, such as
stator currents or torque and stator flux, are predicted from the mathematical model of the
machine in order to obtain the RVV, which will select the closer optimal VV. The DB-DTFC
is more accurate in controlling the torque and flux, when compared to DB-MPCC. The cost
function is also defined in the form of the error between the absolute value of the RVV and
the feasible VVs, which is different from the model predictive current control (MPCC) or
model predictive torque control (MPTC).

In [29,30], the DB is employed on six-phase permanent magnet synchronous machine
(PMSM) to reduce the number of VVs, by estimating an RVV. In the α-β subspace, 12 regions
can be defined, within which the RVV can be found. The region where the RVV is, defines
the VVs employed on the cost function. In [29], for each region, 2 VVs aligned, are selected
along with a null VV. In [30] 3 aligned VVs and a null VV are chosen. However, poor
control can be achieved, due to the use of only two or three active VVs from each region,
especially at the region extremities.

In classical MPCC for asymmetrical six-phase induction machine drive (ASIMD),
evaluating all the 49 VVs is redundant since the computing time is a crucial factor for
MPCC implementation. A common practice consists of only evaluating 13 VVs (12 large
active VVs and 1 null VV) [23,29,30]. Unfortunately, evaluating 13 VVs is still significant.

However, to the authors’ knowledge, a less computationally demanding MPCC based
on DB, applied to an ASIMD, which aims to obtain superior control performance, has not
yet been reported in the literature. Motivated by the aforementioned drawback, this paper
intends to simultaneously reduce the high computation effort and enhance the control
performance. The proposed method allows the regulation of the x-y currents, ensuring a
reduction in the stator copper losses and promoting drive efficiency. The proposed DB-
MPCC has as principle the DB, where the RVV is obtained. The position of the RVV gives a
region in α-β subspace, and according to its location, the feasible VVs are selected. In each
region there is one distinct large VV. Then, the two closest large VVs are also involved in the
cost function with 1 null VV to avoid poor control in the region extremities and to improve
the control performance. Accordingly, in each sampling time four VVs are selected, to be
evaluated by the cost function. The optimal VV is then selected and applied during the
next sampling period. As a result, the number of required VVs is effectively reduced from
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13 possible VVs to 4 VVs; consequently, a low computational time is achieved, allowing
for shorter sampling time and further enhancing the control performance. The proposed
control algorithm is tested and validated by intensive experimental results.

2. System Model

The analyzed system consists of an ASIMD with isolated neutral points, fed by a six-
phase 2L-VSI and a DC voltage source. A simplified scheme of the implemented topology
is shown in Figure 1.
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Figure 1. General scheme of an ASIMD controlled by a six-phase 2L-VSI.

2.1. Voltage Source Inverters

The switching state of each VSI leg is defined as Si ∈ {0, 1}, where if Si = 1, the
upper switch of the leg i is ON and the lower switch of the same leg is OFF, and if Si = 0
the opposite occurs. It is then possible to group the switching states of the VSI as a VV

[S] =
[
SaSbScSdSeS f

]
, which provides 26 = 64 possible different combinations of VVs.

Each stator phase voltage can be obtained through the 64 VVs, which can, in turn, be
mapped into the α-β, x-y and 0+ − 0− subspaces according to the VSD approach in (1):

[Tvsd] =
1
3
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0 0 0 1 1 1


(1)

The α-β subspace is the pair responsible for the electromechanical energy conversion,
representing the fundamental supply component plus supply harmonics of the order
12n± 1 (n = 1, 2, 3, . . .). The second pair, x-y subspace, does not contribute to the air-gap
flux and torque and it includes all the supply harmonics of the order 6n± 1 (n = 1, 3, 5, . . .).
The third pair, 0+ − 0− subspace, corresponds to the zero sequence harmonic components.
These harmonics cannot flow due to the isolated neutral points. The matrix M is defined as:

[M] =
1
3



2 −1 −1 0 0 0
−1 2 −1 0 0 0
−1 −1 2 0 0 0
0 0 0 2 −1 −1
0 0 0 −1 2 −1
0 0 0 −1 −1 2

 (2)
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vαβ
s = Vdc · Tvsd ·M · ST (3)

From the switching state vector represented in (3) all the 64 VVs are obtained. These
VVs are classified into two categories: active VVs (60 of them) and null VVs (4 of them).
Out of those 60 active VVs, 12 are redundant, hence there are 48 effective active VVs. The
active VVs are grouped according to the ascending order of their lengths {L1, L2, L3, L4}.
Therefore, VVs of the group L1 are the shortest and those from L4 are the longest. Figure 2
shows the active space VVs in the α-β and x-y subspaces.
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2.2. Asymmetrical Six-Phase Induction Machine

Taking into account that the electromechanical energy conversion involves only quan-
tities in the α-β subspace, the Park’s transformation in (4) is performed, and d and q
components are obtained, respectively, serving at the control stage:

Trot =

[
cos θ sin θ
− sin θ cos θ

]
(4)

where θ denotes the angle of the rotating reference d-axis with respect to α-axis.
Using standard assumptions [31], the model of the machine can be transformed into

VSD variables, by employing (3)–(4):

vds = Rsids +
d
dt ϕds −ωs ϕqs

vqs = Rsiqs +
d
dt ϕqs + ωs ϕds

vxs = Rsixs +
d
dt ϕxs

vys = Rsiys +
d
dt ϕys

0 = Rridr +
d
dt ϕdr − (ωs −ωr)ϕqr

0 = Rriqr +
d
dt ϕqr + (ωs −ωr)ϕdr

(5)

The stator and rotor flux components can be expressed as:

ϕds = Llsids + Lm(ids + idr)
ϕqs = Llsiqs + Lm(iqs + iqr)
ϕxs = Llsixs
ϕys = Llsiys
ϕdr = Llridr + Lm(ids + idr)
ϕqr = Llriqr + Lm(iqs + iqr)

(6)
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where ωs and ωr define the reference d-axis and rotor electrical angular speed, respec-
tively,

{
vds, vqs, vxs, vys

}
represent the voltages from the stator,

{
ϕds, ϕqs, ϕxs, ϕys

}
and{

ϕdr, ϕqr
}

correspond to the flux from the stator and rotor, respectively. Furthermore,{
ids, iqs, ixs, iys, idr, iqr

}
are the currents from stator and rotor, {Rs, Rr} are the resistances of

the stator and rotor, {Lls, Llr} are the phase leakage inductances of stator and rotor, and Lm
is the mutual inductance between them. Finally, the mechanical equation of the ASIMD
can be defined using the following equation:

Te = p
(

Lm

Lm + Llr

)[
iqs ϕdr − ids ϕqr

]
(7)

Ji
d
dt

ωm + Biωm = Te − TL (8)

being Bi the friction coefficient, Ji the inertia coefficient, Te defines the electromagnetic
torque, TL the load torque, p is the number of pairs of poles, and ωm the rotor mechanical
speed, which can be related to the rotor electrical angular speed using the expression:

ωr = pωm (9)

3. Classic MPCC

The classical MPCC can be described as an advanced control strategy that depends
on the mathematical model of the machine, to predict the future behavior of the motor
currents within a finite prediction horizon, in order to achieve the ideal behavior of the
system at the end. The mathematical model of the ASIMD must be in a discrete form so it
can be applied to the MPCC. The Classical MPCC evaluates all available switching states
of the VSI (shown in Figure 2), every sampling time, and consequently, this implies a high
computational burden. Typically, multiphase MPCC includes an outer speed loop with
a PI controller, which provides the q-current through the speed loop reference, whereas
the d-current reference is assumed to be constant and proportional to the rated magnetic
flux. With the model Equations (5)–(6) and with the necessary simplifications in [32] the
following voltage equations obtained as:

vds = Rsids + Lls
d
dt ids −ωs

[
Llsiqs + Tr ϕrωsl

]
vqs = Rsiqs + Lls

d
dt iqs + ωs[Llsids + ϕr]

vxs = Rsixs + Lls
d
dt ixs

vys = Rsiys + Lls
d
dt iys

(10)

where Tr =
Llr
Rr

, which denotes the rotor time constant, ϕr is the reference flux from d-axis
and ωsl is the slip speed of the motor, that can be estimated by ωsl = ωs −ωr.

The predicted currents for the instant k + 1 are obtained from the previous voltage
equations of the model. Using the standard Euler approximation, those equations are
given by: 

ik+1
ds =

(
1− TsRs

Lls

)
ik
ds +

Ts
Lls

ωk
s

(
Llsik

qs + Tr ϕrωk
sl

)
+ Ts

Lls
vk

ds

ik+1
qs =

(
1− TsRs

Lls

)
ik
qs − Ts

Lls
ωk

s

(
Llsik

ds + ϕr

)
+ Ts

Lls
vk

qs

ik+1
xs =

(
1− TsRs

Lls

)
ik
xs +

Ts
Lls

vk
xs

ik+1
ys =

(
1− TsRs

Lls

)
ik
ys +

Ts
Lls

vk
ys

(11)

where Ts is the sampling time,
{

ik
ds, ik

qs, ik
xs, ik

ys

}
are the measured currents at the instant k,

and
{

vk
ds, vk

qs, vk
xs, vk

ys

}
are the voltages reconstructed from the optimal VV applied to the

VSI at the instant k.
It is worth mentioning that in practical implementation, a large amount of calculations

is required, introducing a considerable time delay in the actuation [33]. This delay may



Machines 2021, 9, 306 6 of 17

deteriorate the performance of the system, if not considered in the design of the controller.
Accordingly, Equation (11) of the predicted current at the instant k + 1 was extended to
predicted current at the instant k + 2 (12). The stator field speed and the slip speed are
assumed to be constant over several control periods since the mechanical time of the motor
is much greater than the electrical time constant. Therefore, ωk+1

s ≈ ωk
s and ωk+1

sl ≈ ωk
sl

are expressed. The predicted currents in the instant k + 2 can be written as:

ik+2
ds =

(
1− TsRs

Lls

)
ik+1
ds + Ts

Lls
ωk

s

(
Llsik+1

qs + Tr ϕrωk
sl

)
+ Ts

Lls
vk+1

ds

ik+2
qs =

(
1− TsRs

Lls

)
ik+1
qs − Ts

Lls
ωk

s

(
Llsik+1

ds + ϕr

)
+ Ts

Lls
vk+1

qs

ik+2
xs =

(
1− TsRs

Lls

)
ik+1
xs + Ts

Lls
vk+1

xs

ik+2
ys =

(
1− TsRs

Lls

)
ik+1
ys + Ts

Lls
vk+1

ys

(12)

where
{

vk+1
ds , vk+1

qs , vk+1
xs , vk+1

ys

}
are reconstructed voltages from all the possible VVs of

the ASIMD.
A minimization procedure is then achieved by selecting the VV that minimizes a

predefined cost function. This cost function lists errors in each switching state obtained
between the reference and the predicted current two-steps ahead, and then applies the
corresponding optimal VV to the smallest error, which is applied to the machine during
the next sampling period. The cost function can be defined as:

g =
(

i∗ds − ik+2
ds

)2
+
(

i∗qs − ik+2
qs

)2
+ λ

[(
i∗xs − ik+2

xs

)2
+
(

i∗ys − ik+2
ys

)2
]

(13)

where
{

i∗ds, i∗qs, i∗xs, i∗ys

}
are the stator reference currents and λ is the weighting factor that

can be defined according to importance of both currents [34].
It is also important to emphasize that all the generated VVs are used for the prediction

of the currents. Therefore, in each sampling time, 49 VVs are needed for the evaluation in
(13) in the case of ASIMD. Due to the hardware limitation and according to the literature,
only 13 candidates are used for prediction and evaluation (12 large VVs and 1 null VV). A
simplified scheme of the implemented classic MPCC is shown in Figure 3.
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4. Proposed DB-MPCC
4.1. DB Principle

The proposed DB-MPCC algorithm obtains an RVV, based on DB. The stator currents
are predicted from the mathematical model of the machine, which will select a region
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depending on the position of the RVV. In this method, only the subspace relative to the
electromechanical torque is considered, that is, the d-q plane. By using the discrete version
of (10) the references voltage equations at instant k + 1 can be obtained, as expressed in
the following:

v∗ds = Rsik+1
ds + Lls

(
ik+2
ds −ik+1

ds
Ts

)
−ωk+1

s

[
Llsik+1

qs + Tr ϕrωk+1
sl

]
v∗qs = Rsik+1

qs + Lls

(
ik+2
qs −ik+1

qs
Ts

)
+ ωk+1

s

[
Llsik+1

ds + ϕr

] (14)

According to the DB-MPCC, the currents at the instant k + 2 in (14) can be replaced
with the corresponding reference currents in order to predict the reference voltages. Thus,
the predict reference voltages in d-q subspace can be predicted as:

v∗ds = Rsik+1
ds + Lls

(
i∗ds−ik+1

ds
Ts

)
−ωk

s

[
Llsik+1

qs + Tr ϕrωk
sl

]
v∗qs = Rsik+1

qs + Lls

(
i∗qs−ik+1

qs
Ts

)
+ ωk

s

[
Llsik+1

ds + ϕr

] (15)

where
{

v∗ds, v∗qs

}
are the predicted reference voltages and

{
i∗ds, i∗qs

}
are the reference currents.

To implement the proposed method, it is required to have the voltage in the stationary
frame, to obtain its position afterwards. The following expression can transform predicted
reference voltages expressions from the rotating frame to the stationary frame:[

v∗αs
v∗βs

]
=

[
cos θ − sin θ
sin θ cos θ

]
·
[

v∗ds
v∗qs

]
(16)

where v∗αs, v∗βs are predicted reference voltages in the stationary reference frame. Finally, in
order to obtain the position of the RVV from the DB, (17) is expressed as:

θ∗DB = tan−1

(
v∗βs

v∗αs

)
(17)

A simplified scheme of the proposed DB-MPCC is shown in Figure 4.

Machines 2021, 9, x FOR PEER REVIEW 8 of 18 
 

 

  

 

+

+ +

+

+ +

  −
 = + − +     

  


 −   = + + +   
  

* 1
* 1 1

* 1

* 1 1

k
k k k kds ds

ds s ds ls s ls qs r r sl

s

k

qs qsk k k

qs s qs ls s ls ds r

s

i i
v R i L L i T

T

i i
v R i L L i

T

 (15) 

where  * *,
ds qs

v v  are the predicted reference voltages and  * *,
ds qs

i i  are the reference cur-

rents. 

To implement the proposed method, it is required to have the voltage in the station-

ary frame, to obtain its position afterwards. The following expression can transform pre-

dicted reference voltages expressions from the rotating frame to the stationary frame: 





 

 

  −   
=     

      

* *

**

cos sin

sin cos

s ds

qss

v v

vv
 (16) 

where  

* *,s sv v  are predicted reference voltages in the stationary reference frame. Finally, 

in order to obtain the position of the RVV from the DB, (17) is expressed as: 

*

* 1

*
tan

s

DB

s

v

v





 −
 
 =
 
 

 (17) 

A simplified scheme of the proposed DB-MPCC is shown in Figure 4. 

 

Figure 4. Proposed DB-MPCC control of the ASIMD. 

4.2. VVs Selection from DB 

In the proposed DB-MPCC method there is only one possibility to determine the fea-

sible VVs. The α-β subspace is divided into 12 equal sections with a range of 30 degrees, 

as shown in Table 1. In each region there is one distinct large VV. In order to avoid poor 

control in the region extremities and to achieve a good precision, the two closest large VVs 

are included in the cost function. In addition, one null VV is also added in each case to 

further improve the control performance. So, for each sampling time, the proposed DB-

MPCC has four predicted VVs, choosing one among them, to be applied to the power 

converter during the next sampling time. The proposed method only employs large VVs, 

since these VVs minimize x-y currents. The large VVs on α-β subspace correspond to the 

small VVs on x-y subspace. When the secondary current components (typically entitled 

x–y in the literature) are better regulated, it leads to less system losses and better power 

quality. 

Suppose that the RVV gives the position of 27° in α-β subspace, as show in Figure 5. 

Given the position of the RVV, the region is selected and the candidate VVs will be chosen 

according to Table 1. In Figure 5 it can be noticed that the region I is selected. For this 

Figure 4. Proposed DB-MPCC control of the ASIMD.

4.2. VVs Selection from DB

In the proposed DB-MPCC method there is only one possibility to determine the
feasible VVs. The α-β subspace is divided into 12 equal sections with a range of 30 degrees,
as shown in Table 1. In each region there is one distinct large VV. In order to avoid poor
control in the region extremities and to achieve a good precision, the two closest large
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VVs are included in the cost function. In addition, one null VV is also added in each case
to further improve the control performance. So, for each sampling time, the proposed
DB-MPCC has four predicted VVs, choosing one among them, to be applied to the power
converter during the next sampling time. The proposed method only employs large VVs,
since these VVs minimize x-y currents. The large VVs on α-β subspace correspond to the
small VVs on x-y subspace. When the secondary current components (typically entitled x-y
in the literature) are better regulated, it leads to less system losses and better power quality.

Table 1. Regions of the α-β subspace and selection of the feasible VVs.

Regions Selection of the Corresponding Set of VVs

I→ 0◦ ≤ θ∗DB < 30◦ I = [V0, V36, V37, V52]
II→ 30◦ ≤ θ∗DB < 60◦ II = [V0, V36, V52, V54]
III→ 60◦ ≤ θ∗DB < 90◦ III = [V0, V22, V52, V54]

IV→ 90◦ ≤ θ∗DB < 120◦ IV = [V0, V18, V22, V54]
V→ 120◦ ≤ θ∗DB < 150◦ V = [V0, V18, V22, V26]
VI→ 150◦ ≤ θ∗DB < 180◦ VI = [V0, V18, V26, V27]
VII→ 180◦ ≤ θ∗DB < 210◦ VII = [V0, V11, V26, V27]
VIII→ 210◦ ≤ θ∗DB < 240◦ VIII = [V0, V9, V11, V27]
IX→ 240◦ ≤ θ∗DB < 270◦ IX = [V0, V9, V11, V41]
X→ 270◦ ≤ θ∗DB < 300◦ X = [V0, V9, V41, V45]
XI→ 300◦ ≤ θ∗DB < 330◦ XI = [V0, V37, V41, V45]
XII→ 330◦ ≤ θ∗DB < 360◦ XII = [V0, V36, V37, V45]

Suppose that the RVV gives the position of 27◦ in α-β subspace, as show in Figure 5.
Given the position of the RVV, the region is selected and the candidate VVs will be chosen
according to Table 1. In Figure 5 it can be noticed that the region I is selected. For this
situation V0, V36, V37, and V52 are designated and then evaluated in the cost Function (13).
Similar to the classical MPCC, the optimal VV, corresponding to the smallest error, is
applied to the power converter during in the next sampling period.
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For each sampling time, the proposed DB-MPCC has four predicted VVs, choosing
one among them to be applied to the power converter during the next sampling time. So,
it was possible to register a reduction of VVs used by the MPCC, reducing the number of
13 VVs of the classic MPCC to 4 VVs, which corresponds to a smaller number of iterations
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and, consequently, a reduction in the computational effort, enhancing the current and
torque quality.

5. Experimental Results and Discussion

This section compares the performance of conventional MPCC against the proposed
DB-MPCC, using the experimental rig depicted in Figure 6. It consists of a WEG motor,
model W21 Multimounting IE1, in the configuration of an ASIMD with two isolated
neutrals, supplied by 2L-VSIs from Powerex POW-RPAK VSIs. The VSI control is realized
using a digital signal processor (DSP) dSPACE DS1103 digital controller. In the proposed
work a 1GHz-dSPACE system based on a DSP was used, which presents interesting features,
such as an easy implementation of the code, large available memory (32 MB), and the
acquisition of a great amount of data in real-time. The dSPACE reads and acquires data,
related to torque, rotation speed and electrical quantities. The following were used: a
torque sensor between the shafts of the two motors; an encoder located on the ASIMD shaft;
and a sensor panel for reading electrical voltages and currents. The ASIMD parameters are
summarized in Table 2.
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Table 2. Parameters of the used ASIMD.

Parameters Values

DC voltage Vdc (V) 300
Motor-rated power (kW) 6

Rated speed n (rpm) 2930
Rated torque Te (Nm) 19

Stator resistance Rs (Ω) 1.87
Stator leakage inductance Lls (H) 1.48 × 10−2

Rotor resistance Rr (Ω) 0.499
Rotor leakage inductance Llr (H) 1.48 × 10−2

Mutual Inductance Lm (H) 0.199
Rotor inertia J (Kg-m2) 2.43 × 10−2

Coefficient of viscous friction B (Nm/(rad/s)) 9.0 × 10−4

No. of pole pairs (P) 1
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5.1. Computational Effort

The classical MPCC and the proposed DB-MPCC algorithms are separately imple-
mented under the Matlab/Simulink environment, into the dSPACE DS1103. The computa-
tional pre-requisites of a given algorithm are determined by the complexity and demands of
the applied programming language. The simplest way to estimate the computational effort
of a given algorithm is to implement it in the digital controller to perform all calculations.
Considering the procedure described in [35], Table 3 presents the average execution times
taken by each algorithm in the dSPACE DS1103 controller.

Table 3. Number of VVs, average execution time, and sampling time of the classical MPCC and
DB-MPCC.

Type of Control Numbers of VVs Execution Time (µs) Sampling Time (µs)

Classical MPCC 13 78.82 90
DB-MPCC 4 40.39 50

The computation time of the classic MPCC with 13 VVs remains significant. On the
other hand, in the proposed control, the combination between the DB and MPCC allows
the reduction of the candidate VVs from 13 to 4 VVs. As a result, the computation time
was significantly reduced. The experimental results in Figure 7 and in Table 3, show that
one of the most important issues in classical MPCC, which is the excessive computational
burden, is significantly reduced from 78.82 µs to 40.39 µs (approximately 48.8%), using the
proposed predictive control scheme, making it very suitable for cheaper microprocessors.
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Considering the execution time of such algorithm, the sampling time must be greater.
The sampling time for the classical MPCC using 13 VVs cannot be much less than 90 µs
considering the high calculation time. However, using four VVs in the proposed DB-MPCC
algorithm, the sampling time can be effectively reduced from 90 µs to 50 µs when compared
with the classic MPCC algorithm. In this case a reduction from 13 VVs of the classic MPCC
to 4 VVs of the proposed control, represents a reduction of about 44.4% in the sampling
time. It’s worth mentioning that the execution time of the DB-MPC requires an additional
calculation, which was not in the classical MPCC, for the predicted reference stator voltage
position and the selection of the VVs according to the sector. However, the calculations are
very simple, and therefore, the required extra execution time is much less than the time
reduced in the prediction and actuation steps.
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5.2. Control Performance

To better evaluate the performance of the different types of control, the total harmonic
distortion (THD) is used to quantify the distortion of electrical currents, according to the
IEEE standards [36]. The equivalent THD of the 6 phases can be expressed as:

THD =

√
THD2

A + THD2
B + THD2

C + THD2
D + THD2

E + THD2
F

6
× 100% (18)

Likewise, the total waveform oscillation (TWO) factor is used to quantify the ripple of
a given quantity. The TWO is given by:

TWO =

√
X2

eRMS − X2
eDC∣∣XeDC

∣∣ × 100 (19)

where XeRMS and XeDC stand for the RMS values and average values of a given quantity,
respectively. Extensive experimental tests were conducted to validate the proposed DB-
MPCC method, feasibility, and control performance. Moreover, the classic MPCC is
employed in parallel with the proposed algorithm for comparative purposes. Both controls
have been tuned to provide the best possible performance and are tested under the same
conditions. To rate the performance of each type of control, the dynamic response of the
drive under various operating conditions is considered, as well as the THD of the phase
stator currents and the TWO torque values.

The first test (see Figure 8) registers the steady state performance by setting a constant
reference speed of 1000 rpm, with a constant imposed load torque of 10 N·m. Firstly, it can
be seen that using both control algorithms, the rotor speed follows its reference value.
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Figure 8. Experimental results for the first scenario, with a constant speed of 1000 rpm and a constant torque of 10 N·m,
for different types of control: (a) classic MPCC with a sampling time of 90 µs ( fSW = 1.5 kHz); (b) proposed DB-MPCC
with a sampling time of 90 µs ( fSW = 2.3 kHz); and (c) proposed DB-MPCC with a reduced sampling time of 50 µs
( fSW = 3.2 kHz).
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In Figure 8a,b both controls present a sampling time of 90 µs, defined by the classical
MPCC for having greater computational effort, and Figure 8c presents the proposed method
with a reduced sampling time of 50 µs. It can also be noticed in Figure 8a,b, that the classic
MPCC presents a worse regulation of the d-q and the x-y currents compared with the
proposed DB-MPCC. The torque and stator phase currents are directly influenced by the d-
q and the x-y currents, respectively. Accordingly, the classic MPCC shows more prominent
stator phase currents and torque oscillations than DB-MPCC for the same sampling time.
In respect to THD, it decreases from 14.4% (classic MPCC) to 9.7% (DB-MPCC) and TWO
reduces from 9.0% (classic MPCC) to 5.6% (DB-MPCC). By reducing the sampling time
from 90 µs to 50 µs (see Figure 8b,c), there is an improvement in both THD from 9.7% to
7.1% and TWO from 5.6% to 4.3%. Finally, comparing the classic MPCC with the proposed
DB-MPCC after reducing the sampling time, a significant improvement of THD around
50.7% and of TWO around 52.2% is noticeable.

The second test (see Figure 9) investigates the machine’s performance in a condition
of a strong torque step from 2 N·m to 7 N·m, for a constant speed of 1000 rpm. In this
scenario, the fact that the torque value changes, induces an “overshoot” phenomenon in
both controls, with a very similar order of magnitude. This phenomenon occurs due to
the fact that the motor under study is very heavy and, therefore, the inertia itself does
not prevent this phenomenon from occurring. Additionally, it occurs because a strong
torque step is applied. The transient state shows a similar rapid dynamic response for both
algorithms tested. The rotor speed tracks its reference with high accuracy after a slight
descent, due to the applied load torque. Regarding the d-q and x-y currents, it can be noticed
in Figure 9a,b that the classic MPCC presents larger d-q and x-y currents ripple compared
with the DB-MPCC. Besides that, in d-q currents plot, it is possible to observe that there is
overlaying of both currents d and q in Figure 9a. As for Figure 9b,c, related to DB-MPCC,
there is a clear difference between both currents. The distance that separates currents d
from q is directly associated with the control’s performance. In this scenario, the classic
MPCC shows larger stator phase currents and torque oscillations than DB-MPCC, for the
same sampling time of 90 us. Accordingly, the THD and TWO values decreases, leading
to an improvement in the overall performance of the machine. By reducing the sampling
time from 90 µs to 50 µs (see Figure 9b,c), there is a significant improvement in the two
conditions of current THD as in torque TWO. Finally, comparing the classic MPCC with the
proposed DB-MPCC after reducing the sampling time, there is an improvement in THD of
about 52.0% for the no-load conditions and about 49.7% for constant load conditions. In
the TWO there is also around 56.3% improvement for the no-load condition and around
55.0% improvement for the constant torque condition.

The third test (see Figure 10) investigates the machine’s performance in a condition
where a speed change from 1000 rpm to 1500 rpm with an acceleration rate of 500 rpm/s,
considering a load torque of 2 N·m. The transient state shows a similar behavior for both
algorithms tested. The speed is smoothly tracking its new reference with no significant
overshoot. It is worth mentioning that there is a slight imbalance in the sets of motor phases,
derived from slight asymmetries in the stator structure. These are more evident under low
torque values. Comparing the left (classical MPCC) and middle (DB-MPCC) plots, with
the same sampling time of 90 µs, it is visible that, in the d-q and x-y currents, the classic
MPCC introduces more current ripples compared with the DB-MPCC. Moreover, regarding
to d-q currents in classic MPCC, it is possible to observe that there is a very small gap
between both plots. On the other hand, for Figure 10b,c related to DB-MPCC control with
different sample times, there is a clear difference between both plots, especially for a shorter
sampling time. Classic MPCC shows larger phase currents ripples and torque oscillations
than DB-MPC. Accordingly, using the DB-MPCC the THD and TWO decreases, leading
to an improvement in the overall performance of the motor. For a speed of 1500 rpm,
there is a slightly increase in THD and TWO values, comparatively to a speed of 1000 rpm.
By reducing the sampling time from 90 µs, in Figure 10b, to 50 µs in Figure 10c, under
no-load torque conditions at 1500 rpm, there is an improvement in THD and TWO values,
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as expected. Finally, comparing the classic MPCC (see Figure 10a) with the proposed
DB-MPCC (see Figure 10c), there is an improvement in THD of 50.4% and TWO of 55.2%,
for the condition with no-load torque at 1500 rpm.
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Figure 9. Experimental results for the second scenario, with a constant speed of 1000 rpm and a torque change from 2 N·m to
7 N·m, for different types of control: (a) classic MPCC with a sampling time of 90 µs (2 N·m, fSW = 1.6 kHz; 7 N·m, fSW =

1.6 kHz); (b) proposed DB-MPCC with a sampling time of 90 µs (2 N·m, fSW = 2.4 kHz; 7 N·m, fSW = 2.2 kHz); and
(c) proposed DB-MPCC with a reduced sampling time of 50 µs (2 N·m, fSW = 3.5 kHz; 7 N·m, fSW = 3.2 kHz).

The fourth test (see Figure 11) shows the steady state performance by setting a constant
reference speed of 2500 rpm, without load torque. It can be observed that using both control
schemes, the rotor speed follows its reference value. As previously concluded, the classic
MPCC presents a worse regulation of the d-q and the x-y currents than the proposed DB-
MPCC for the same sampling time. Thus, more torque and stator phase currents ripples are
generated. The proposed DB-MPCC outperforms the classical MPCC for the considered
operating condition. This is more evident for low sampling time. As in Figures 9 and 10,
there is a slight imbalance in the sets of motor phases, due to the slight asymmetries in the
stator structure and no-load operating condition.

The average switching frequencies (fsw) of the considered methods are presented
in Figures 8–11. fsw is obtained by counting the total switching jumps of all legs of the
2L-VSI over a fixed period of 0.05 s. Experimental results show that the proposed DB-
MPCC has slightly higher fsw than the classical MPCC, considering the same sampling time.
Indeed, such slight increase in the switching frequency is quite acceptable considering the
significant contribution offered by the proposed DB-MPCC.
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Figure 10. Experimental results for the third scenario, with a constant torque of 2 N·m and a speed change from
1000 rpm to 1500 rpm, for different types of control: (a) classic MPCC with a sampling time of 90 µs (1000 rpm,
fSW = 1.6 kHz; 1500 rpm, fSW = 1.4 kHz); (b) proposed DB-MPCC with a sampling time of 90 µs (1000 rpm, fSW = 2.4 kHz;
1500 rpm, fSW = 2.1 kHz); and (c) proposed DB-MPCC with a reduced sampling time of 50 µs (1000 rpm, fSW = 3.5 kHz;
1500 rpm, fSW = 3.1 kHz).
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Figure 11. Experimental results for the fourth scenario, with a constant torque of 0 N·m and a constant speed of 2500 rpm,
for different types of control: (a) classic MPCC with a sampling time of 90 µs (2500 rpm, fSW = 1.3 kHz); (b) proposed
DB-MPCC with a sampling time of 90 µs (2500 rpm, fSW = 2.0 kHz); and (c) proposed DB-MPCC with a reduced sampling
time of 50 µs (2500 rpm, fSW = 2.7 kHz).
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6. Conclusions

This work proposes an enhanced and computationally efficient predictive control of
ASIMD, with the prediction and evaluation of only 4 out of 13 possible VVs of the six-phase
VSI, to achieve fast dynamic response and favorable steady-state performance.

In the proposed DB-MPCC scheme, two distinct controls are combined: DB and MPCC.
By using the DB to estimate the RVV, its position will select a region and, accordingly,
the feasible VVs will be evaluated in the MPCC to select the optimal VV. This way, it is
possible to reduce the computational time by approximately 48.8%, making it an attractive
cost-effective solution. Consequently, with the reduction of sampling time, the DB-MPCC
presents much better control performance.

The proposed DB-MPCC overcomes the limitations of the classic MPCC, in terms
of being possible to reduce the computational effort and also because it is capable of
better regulation of the x-y currents, limiting the stator copper losses and promoting drive
efficiency. This enhanced performance is acquired while retaining the capability of MPCC
to regulate the speed in both steady and transient states.

The experimental results demonstrate that the DB-MPCC presents a substantial reduc-
tion in the THD values of phase current and torque TWO, when compared to the classic
MPCC under the same conditions, showing an improvement in the overall performance of
the ASIMD.
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