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A Novel Model Predictive Current Control With
Reduced Computational Burden Based on Discrete
Space Vector Modulation for PMSM Drives

Jun SUN, Yong YANG, Jiefeng HU, Xinan ZHANG, Xinghe LI, and Jose RODRIGUEZ

Abstract—Discrete space vector modulation (DSVM) technique
is commonly adopted in model predictive control (MPC) to miti-
gate current harmonics and torque ripples. Nevertheless, the em-
ployment of DSVM typically leads to heavy computational bur-
den and high switching frequency (SF). To solve these problems,
a novel model predictive current control (MPCC) scheme based
on DSVM is proposed in this paper for permanent magnet syn-
chronous motor (PMSM) drives. Firstly, a simple voltage vectors
(VVs) pre-selection strategy based on the stator flux increment is
introduced to eliminate the redundant virtual VVs generated by
DSVM for the purpose of lower computational burden. Then, a
hierarchical search strategy is designed to generate the candidate
VVs online, which can further simplify the DSVM technique. In
addition, an efficient optimal switching sequence (OSS) method is
also employed to reduce the switching losses without weakening
the control performance. Compared to the existing strategies, the
proposed scheme possesses lower complexity and SF as well as
superior performance. The effectiveness of the proposed scheme
is supported by comparative experimental results on a PMSM
platform.

Index Terms—Discrete space vector modulation (DSVM), low
complexity, model predictive current control (MPCC), perma-
nent magnet synchronous motor (PMSM), pre-selection strategy,
reduced switching frequency.
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1. INTRODUCTION

WING to the outstanding features, such as high efficiency,

compact structure and large torque density, permanent
magnet synchronous motors (PMSMs) have been widely
applied in electric/hybrid vehicles, acrospace, servo drives, and
robotics [1], [2]. Field-oriented control (FOC) and direct torque
control (DTC) are two popular control strategies for PMSM
drives. On the one hand, FOC utilizes simple PI controllers
to regulate the field currents. However, the process of tuning
the PI controller gains to attain an optimal trade-off between
steady-state and dynamic performance is typically laborious
[3]. On the other hand, DTC exhibits faster dynamic responses
compared to FOC [4], whereas the classical DTC suffers from
large torque and flux ripples in the steady state.

Recently, the finite control set model predictive control
(FCS-MPC) has been widely implemented in PMSM drives
due to the advantages of simplicity, fast dynamic response,
and ease of handling nonlinear constraints [5], [6]. Compared
with DTC, FCS-MPC contributes to minimizing the current
or flux ripples by applying an optimal voltage vector (VV)
that minimizes a user-defined cost function while respecting
constraints on inputs and/or states [7], [8]. However, due to the
application of only one VV in an entire switching cycle, the
performance of the conventional FCS-MPC is unsatisfactory.
In addition, it also leads to variable switching frequency (SF)
[91-[12].

A substantial amount of research work has been carried out
to further improve the performance of FCS-MPC [12]-[19].
In [13]-[16], the multi-vector schemes with the duty cycle
control principle are employed to enhance the steady-state
performance. Through tracking the stator current error vector
produced by the zero V'V, [14] combines the optimal active VV
with the zero VV and calculates their duty cycles, which help to
reduce the torque ripples. In [15], [17], more generalized dual-
vector approaches are proposed, which include the active VVs
as the second optimal VV, and achieve the ability to regulate
the phase of the output VV [15]. Additionally, to completely
eliminate steady state errors, schemes combining three VVs
are employed in [16]-[19], where torque ripples and current
harmonics can be further reduced by synthesizing two active
VVs and the zero VV. However, despite the effectiveness of
the above-mentioned multi-vector MPC methods in enhancing
the performance of FCS-MPC, the evaluation of the optimal
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VVs and the calculation of the duty cycles remain complicated.
Additionally, the utilization of multiple VVs also leads to
the increased SF, making them less attractive for industrial
applications [17].

In addition to multi-vector FCS-MPC, the discrete space
vector modulation (DSVM) based FCS-MPC is also an
effective solution [20]-[22]. With pre-dividing the control
period, a large number of virtual VVs can be synthesized in the
DSVM technique to improve the accuracy of the optimal VV
[20]. Theoretically, the control performance can be enhanced
as the subdivision degree N of the control cycle increases
[21]. However, the computational burden of evaluating all
VVs also increases dramatically, which hinders the further
usage of DSVM [22]. Therefore, considering the balance
between computational burden and performance, some studies
optimized the DSVM-MPC under N=3 [22]-[25]. In [22],
the number of candidate VVs is reduced from 38 to 15 by
evaluating the center virtual VVs in the sector, and an online
SF reduction method is proposed to decrease the SF losses.
While in [23], the 38 VVs are divided into 6 control sets, and
the optimal VV can be evaluated from 13 candidate VVs
without suboptimality. [24] utilized the principle of DTC
and selected 12 candidate VVs for evaluation based on the
switching table. However, the output VV evaluated by [24]
could not guarantee optimality due to the hysteresis of torque
and stator flux error [23]. Moreover, it is worth noting that
the computational advantage of the above schemes cannot be
maintained when N grows [25].

In order to further decrease the computational effort of
DSVM based MPC, several VV pre-selection strategies have
been introduced in [25]-[28]. In [25], a two-step optimization
method is used to determine the optimal VV based on the
reference VV obtained from the deadbeat control. These
optimizations aim to enhance the system performance, but the
overall computational burden is still large. In [26] and [27], the
number of candidate VVs to be evaluated is reduced to three
by using the deadbeat torque and flux control (DB-DTFC), and
the generation of VVs does not depend on the look-up table.
However, the identification of candidate VVs requires complex
geometric operations, which increases the complexity of the
algorithm. Compared with [26], [28] improves the robustness
of the system by evaluating more virtual VVs. However, the
algorithm is computationally intensive when the reference VV
is close to the over-modulation region. Furthermore, [29] and
[30] achieve the optimal VV by solving the partial differential
equations, which further improves the control performance
at the cost of increased complexity. In [31], a simpler pre-
selection method that only requires the flux trajectory and
speed direction is employed. Meanwhile, the carrier-based
PWM technique is also incorporated to obtain a fixed SF.
Unfortunately, the computational burden of [31] is still high
when the number of virtual V' Vs rises.

To overcome the aforementioned shortcomings in DSVM-
based MPC, an improved model predictive current control
scheme based on DSVM is proposed in this paper. The main
contributions of the paper can be concluded below:

(a) Compared with existing enumeration-based strategies,
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Fig. 1. Two-level three-phase PMSM inverter.

such as [22], [23], [24], etc., the proposed scheme avoids
the tedious evaluations for optimal VV through using
a simple pre-selection method based on the stator flux
increment, thereby simplifying computations.

(b) The proposed scheme ensures the optimality of output
VYV even as the number of virtual VVs increases, leading
to performance improvement.

(c) An optimal switching sequence (OSS) strategy aimed
at minimizing the number of switching is adopted to
decrease the switching losses, which further enhances
the application of the DSVM technique.

(d) Experimental comparisons with the all-vector-based
DSVM-MPC and the existing DSVM-MPC schemes
[23], [24], [26] have been conducted to emphasize the
advantages of the proposed scheme.

The remaining sections of the paper are arranged as follows:
Section II establishes the mathematical model of PMSM drives
and introduces the conventional FCS-MPCC. Section III
describes the application of DSVM in FCS-MPC. In Section
IV, the enhanced DSVM-MPCC scheme is proposed. Section
V presents and discusses the experimental results. Finally,
conclusions are drawn in Section V1.

II. MODEL OF SYSTEM AND CONVENTIONAL FCS-MPCC

A. System Modeling

A surface-mounted PMSM (SPMSM) is studied in this
paper. As shown in Fig. 1, a two-level three-phase voltage
source inverter (2L-VSI) is used to drive the PMSM. The eight
basic VVs generated by the inverter can be expressed as

V. =§Udc(Sl+aSz +a’Ss) (D

where U 4, represent the DC bus voltage; V., ; represent the
eight basic VVs; S, . denote the switching states of the three
phases and a = '™,

Considering the symmetry of three-phase windings and the
equal inductance of d- and g-axis, the mathematical model of
SPMSM in the rotor reference frame can be described as

o d 0 -1
sy = Ry + 24 4 a)|: }y/dq Q)

dr 1 0
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where u,, =[u, u,1', iy, =[is i,]", Yau =[ws v, ]are the
stator voltage vector, stator current, stator flux in d-q axes
respectively; R, is the stator resistance; L, = L, = L, is the
synchronous inductance; ¥« =[y 0]', where V¥, is the rotor
flux; T, is the electromagnetic and p is the number of pole pairs.

Supposing that the motor velocity is constant within a single
control cycle, the discrete model for the current prediction of
the SPMSM in the rotor reference frame can be obtained by
the first-order Euler approximation as

yk+)=Ay(k)+Bx(k)+C )

where y =[ia i,]", x =[ua uy]", and

1——R£T5 o.T. ]7: 0 0
A= ’ B=" , C=| oy
R.T, T, -
—oT, 11— 0 - L
L, L,

where i, (k),i,(k) are the d- and g-axis stator currents at
instant k ; u,(k),u,(k) are the d- and g-axis stator voltages
at instant k ;i,(k+1), i,(k+1) are the d- and g-axis stator
currents at instant K+1; 7} is the sampling period; . is the rotor
velocity.

B. Conventional FCS-MPCC

In the SPMSM drive system, the electromagnetic torque
is proportional to the g-axis stator current. To achieve a good
system response and maximize electromagnetic torque, the
generated current vector usually needs to be concentrated in
the g-axis direction under the operating conditions below the
rated speed. Hence, in the conventional FCS-MPCC scheme,
the reference g-axis stator current is provided by a speed loop
comprising a PI controller, and the reference d-axis stator
current is usually set to 0.

Based on (5), conventional FCS-MPCC firstly predicts the
current vector generated by each basic VV. Then, the predicted
current is substituted into the cost function for iterative
evaluation of VVs.

In addition, one-step compensation is employed to com-
pensate for the time delay [11]. Consequently, the cost function
can be defined as

o (6)
VV,, =argmin[g(i)]~ -

{ gy =i =i k+2)|, +is - i,k +2),

Therefore, the conventional FCS-MPCC can achieve

better dynamic performance compared to FOC and DTC by
optimizing the output of the optimal VV online in each cycle.

\E Vs Vo3 V2

Vs Vsse Vse6 Vs

Fig. 2. Spatial distribution of VVs when using DSVM (N=3).

[I. FCS-MPCC Basep oN DSVM

For conventional FCS-MPCC schemes, the available VVs
only include six active VVs and two zero VVs. This limitation
leads to large torque ripples and current harmonics in the
steady-state [8]. To address this problem, the discrete space
vector modulation (DSVM) technique is introduced to expand
the available control set of FCS-MPCC. In the DSVM, every
control cycle is divided into NV parts evenly according to the
pre-definition, and a heavy quantity of virtual VVs will be
synthesized in each interval by utilizing basic VVs, which can
be described as

Vvir - l‘[ \]’_basic 7

2 0
.

VP e Vo, Vi, ..., Vo) )

At the same time, the final number of available VVs can be
calculated by the number N as

A, =3N* +3N +2 (10)

Considering the complexity of the VVs table, the number N
is usually taken as 3, and the corresponding V'Vs distribution is
shown in Fig. 2. All VVs can be classified into three types:
* Type-IL: it only contains one basic VV in a single control
cycle, such as Vo0, Vi

 Type-II: it consists of one active VV and one zero VV in a
single control cycle, such as V5, V.

» Type-III: it consists of two active VVs and one zero VV in
a single control cycle, such as V,,,, V..

The Table I shows the composition of virtual VVs for N=3,
and there are similar synthesis schemes for other N values. It
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TABLE I
SYNTHESIS OF VIRTUAL VVs (N=3)

Virtual Synthesized by Virtual Synthesized by
VVs basic VVs VVs basic VVs
Vioo (Vi+2Vy) /3 Vi 2Vi+Vy) /3
Vaoo (V2+2Vy) /3 Va0 (2V2+Vy) /3
Voo (V3+2Vo)/3 Viso (2V3+ Vo) /3
Voo (Vi+2Vy)/3 Vi (QVi+Vo)/3
Voo (Vs+2Vy) /3 Vsso (2Vs+Vy) /3
Voo (Ve +2Vy) /3 Voo (2Vs+Vy) /3
Vi 2Vi+Vy)/3 Vi (Vi+2Vy) /3
Vo 2V,+V3)/3 A\ (V,+2V3) /3
Viu (V3+Vy)/3 Vi (V3+2V3) /3
Vs (2V4+Vs)/3 Viss (V4+2Vs)/3
Vsss (2Vs+Vg) /3 Vises (Vs+2Vg) /3
Vs (ZV(, + V]) /3 Ve (V(‘ +2V|) /3
Vi (Vi+Vy+Vy)/3 Vis0 (Va+Vs+Vg)/3
Va0 (V2+V3+Vy)/3 Vseo (Vs+Vs+V) /3
Vi (V3+V4+Vy)/3 Vsio (Ve+Vi+Vy)/3

can be seen that the abundant VVs generated by 2L-VSI and
DSVM technique can effectively improve the accuracy of the
output optimal VV. Thus, the system performance is improved.
Furthermore, all VVs in the DSVM are defined in advance,
which provides flexibility since it does not require any
additional modulation schemes, such as SVPWM technique.
However, for real-time applications, the computational cost of
evaluating all VVs generated by DSVM is usually prohibitively
high. Therefore, it is necessary to reduce the computational
burden of DSVM while retaining its advantages [23], [26].

IV. ProPoSED DSVM-MPCC SCHEME

The proposed scheme integrates the flux predictive control
into the pre-selection process of candidate VVs. Through
tracking the stator flux increment, the pre-selection process
satisfies the maximum approximation of the stator flux
reference value, resulting in reduced torque ripples and current
harmonics. Simultaneously, a simplified hierarchical search
strategy is introduced to replace the complex look-up table in
the DSVM technique, alleviating the computational burden.
Furthermore, the proposed scheme employs the OSS technique
to further reduce the SF losses.

A. Pre-selection of Candidate VVs

The pre-selection reference is constructed by rewriting the
prediction equation of stator flux.
Firstly, according to (2), (10) can be derived

d s .
l=us—Rsls (11)
dt
It is obvious that there is a certain linear relationship between
the applied stator voltage and the change rate of stator flux in
the stator reference frame. Under discrete conditions, the stator

Candidate

VVs

VT Vi T

is(k+1)

w(k+1)

e
Fig. 3. Schematic diagram of pre-selection process.
flux increment can be described as
Ay (k) =[u. (k) — Rii (k)T (12)

where Ay, (k) represents the stator flux increment at time £.

When the control period is small enough, the influence
of stator resistance on stator flux increment can be ignored.
Therefore, the stator flux increment can be considered as
proportional to the stator VV. By tracking the stator flux
increment, the region of the corresponding stator VVs can be
obtained.

In order to maintain a fast dynamic response and reduce
current harmonics as well as torque ripples, the stator flux
increment is calculated according to the reference stator
current. Assume that the reference current vector provided
by the speed loop is i;, on the basis of (3), the corresponding
reference stator flux vector is

o = L +ype™ (13)
where ¥+ represents the reference stator flux vector.

Assuming that the rotor rotates at a constant speed for a
certain angle in a single cycle. Meanwhile, considering the
one-step delay, the stator current i(k+1) under the VV obtained
from the optimization in previous cycle is predicted as the
actual stator current at instant k. Thus, the stator flux increment
in the next cycle can be defined as

6. =0.+w.T,

14
Ay, (k+1) = L[il —i,(k+ D] +|y.| (e —e™) (9
Fig. 3 shows the spatial relationship between related vectors
in the rotor reference frame. On the basis of (14), the stator flux
increment which meet the need of control demand in the next
cycle can be calculated approximately. At the same time, all VVs
generated by the DSVM technique can be considered as evenly
distributed in space. The whole vector space can be regarded
as composed of equilateral triangles, each containing three
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Fig. 4. Schematic diagram of over-modulation strategy.

available VVs. According to the calculated stator flux increment,
an explicit equilateral triangle region can be obtained. The three
VVs corresponding to this region are taken as candidate VVs.
The optimal VV will be generated by evaluation. According to
(11), the output optimal VV can meet the stator flux increment
to the greatest extent. Therefore, the whole system can have less
torque ripples and current harmonics.

To ensure the precise tracking of the reference V'V, a suitable
VV overflow constraint will be implemented to guarantee that
the optimal VV remains within the modulation region. Firstly,
to reduce the complexity of the vector operations, the reference
stator flux increment is reconstructed in Sector II as

Ayl =Aye' =) (15)

where A i is the reconstructed stator flux increment.

As shown in Fig. 4, ZONE 0 and ZONE 1 are the zones
beyond the modulation region. Suppose the reconstructed
stator flux increment is vector OA in Fig. 4(a), which is located
in ZONE 1. In this case, the stator flux increment will be pulled
back to the point B, which is the intersection of point A and
the vertical line of line CD. Then the vector OB can be seen as
the desired stator flux increment in the linear modulation area.
Similarly, in ZONE 0, since the intersection of the vertical
lines falls outside the linear modulation area, the nearest point
to the intersection of the vertical lines on the CD line is used to
form the desired stator flux increment. The specific constraint
strategy is

( U, T,
Ay, NS
Ay, =1
. Ui T, U T,
sign(Ay?,) ‘*3 JAwL > =2
4 ) (16)
r , BULT.
Ay, AwspSTd
Ayl =1
\/gUch r \/gUdcT;
Ta AV/Sﬁ >T

where sign(x) represents symbolic function.

B. Simplified DSVM Technique
In classical DSVM applications [22], [23], all generated VVs

0 ¥ ST

4,1,0,1) Y %

.V¢V V. W/
TN

WAV 7AVAVAVAY
AVATAVAVAVAV

12=0 /3:l

Fig. 5. Schematic diagram of hierarchical search strategy.

TABLE II
SECTOR AND CORRESPONDING VV's

Sector

Number 2 3 4 3 6

Ve, Vi) (V1,V2) (V2,V3) (V3,V4) (V4,Vs) (Vs5,Ve) (Vg V1)

are usually stored in a look-up table in advance, however, it can
be known from (10) that the capacity of the look-up table will
rise rapidly and become complex as N rises. In addition, some
studies locate candidate VVs by constructing auxiliary lines
or solving evaluation functions, but the process of generating
the switching states of these VVs is very tedious. In order to
solve these problems, a hierarchical search strategy is used to
simplify the DSVM technique.

The main objective of the hierarchical search strategy is
to determine an equilateral triangle region based on the recons-
tructed stator flux increment and to obtain three candidate
VVs at the vertices of this equilateral triangle. Therefore, each
equilateral triangle region can be recorded by a set of indexes
(s, 1,, I, 1), where s is the sector of the actual stator flux
increment, /,, [,, [; are the different levels of the reconstructed
stator flux increment in Sector II. They can be expressed as

L= round[(3A Vi +\3Ay )N]
22U T,
GAyL —B3Aw,)N
L= d
» =round [ LT ] 17
I, =round [YAVN
Udc715

L

where round(x) represents rounding operation.

Since the whole vector space is a uniform positive hexagon,
the hierarchical distribution obtained in sector 2 will be
consistent with the other sector cases. As shown in Fig. 5,
a unique set of indexes can be determined by the sector
number and (17). Meanwhile, the hierarchical distribution
of each equilateral triangle also reflects the spatial position
of the candidate VVs, so that the three candidate VVs can be
calculated by the hierarchical number as
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r= (41 +1)%2
V() =[(h+ WV, + (I + )WV, /N

V() =[IV. + (L + DV, /N (18)
V(3)=[(h+1)V. +LV,]/N

where % represents modular arithmetic; V,, V, represent the
boundary VV of the sector of the actual stator flux increment.
Table Il shows V,, V, and the corresponding sector number.
Afterwards, on the basis of the stator current at instant k+1
which consider the digital delay compensation, the optimal VV
can be evaluated from the three candidate VVs according to (6)
to reduce the torque and flux ripples. Moreover, the proposed
strategy can maintain constant computational complexity as N
varies, which enhances the flexibility of DSVM technique.

C. Pulse Generation With Reduced Switching Frequency

A switching frequency (SF) reduction strategy is also employed
in the proposed scheme to reduce the switching losses [23].
The strategy consists of two aspects of optimization: 1) the SF
reduction during the current control cycle; 2) the SF reduction
during different control cycles. Firstly, according to the above
discussion, the output optimal VV evaluated from (18) can be
described as

AVor + AV, + 4V,
N

Vopt = 7N=/10+/11+Z‘2 (19)

where /;,_,, is the number of control intervals in which the
basic VV operates according to (18).

It can be seen that the optimal VV may be composed of
one, two, or three basic VVs in a single control cycle. Thus, to
clarify the composition of the optimal V'V, we can define

0,x=0

20
Lx#0 20)

A=1(A)+2n(A) +4n(4:),7(x) = {

According to the principle that only one phase of the inverter
changes in each switching, the candidate optimal switching
sequences (OSS) for each 4 can be obtained in advance, which
are listed in Table III. Furthermore, if the candidate OSS are
not unique, the optimal OSS is selected as the one that satisfies
the minimization of switching losses in the adjacent control
cycle, which can be described as

} @n

where S, ; is the first switching state of the candidate OSS
which 7 represents the index of the candidate OSS; S, is the
last switching state of the previous OSS.

As depicted in Fig. 6, assuming that the last OSS is V-
V,-V,, and the value of 4 is 3, sector is 5, then the current OSS
will be selected as V-V, based on (21) and Table III. The
proposed OSS strategy can minimize the SF losses during the

Sv,i - Sv,last

x={ab.c}

0SS, = argmin{ Z

TABLE III
SELECTION OF CANDIDATE OSS

Candidate optimal switching sequences

* Sector=1,3,5 Sector=2.,4,6

1 VyorV; VoorV;

2 V. Vi

3 Vo-V, or V,-V, V-V, or V,-V;

4 v, vV,

5 V;-V,or V,-V; V-V, or V,-V,

6 V.-V, or V,-V, V.-V, or V,-V,

7 V,-V,-V;or V,-V.-V, V,-V,-Vyor V,-V,-V;

V-V, or Vo-V,-V, V2V, or Vo-V,-V,

Bs-o Ms.-

C(A)st' fl}nct%'on Vont OSS( <
minimization generation

T $sector s] s)
Vi|Vo|Vs|  is(kt2)

v
T
v
tator fl . i
?na or flux Ay Vector reconstruction J __]_
crement & _'|'
calculation Hierarchical search
5
i(k+2).0] Time Delay <Li) dgq
Compensation PRrGE abe |

Fig. 7. System structure of the proposed scheme.

whole control process, while the system performance is not
affected due to only the reconstruction of V'Vs.

D. Discussion

The proposed scheme demonstrates a reliable and low-
complexity pre-selection method for DSVM-MPCC. Moreover,
it mitigates the switching losses by employing the OSS
strategy. The control block diagram of the proposed scheme
is illustrated in Fig. 7, which can be summarized as follows:
1) Measurements of the phase current, motor speed and,
electrical angle; 2) Time delay compensation for predicted
currents and angle; 3) Calculation of the stator flux increment;
4) Reconstruction of the stator flux increment vector and
identification of the candidate VVs using the hierarchical
search strategy; 5) Evaluation of the optimal VV; 6) Selection
and output of the OSS.
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Fig. 8. Experimental platform.

TABLE IV
PARAMETER OF THE EXPERIMENTAL SYSTEM

Parameters Symbol Numeric Value
DC voltage Ude 320V
d-axis inductance L 6.5 mH
g-axis inductance L, 6.5 mH
Stator Resistance R 2.35Q
Rotor flux wr 0.07876 Wb
Pole pairs P 4
Inertia coefficient J 0.0003 kg m?
Rated speed ®nom 3000 r/min
Rated torque Thom 1.27 N'm
Sample time T 0.0001 s

PI gain of Speed loop kp, ki ky=10.6, k= 0.05

V. EXPERIMENTAL RESULTS

The validity of the proposed DSVM-MPCC is proven
experimentally on a surface-mounted PMSM drive platform
shown in Fig. 8. The platform uses a Texas Instruments 32-
bit DSP TMS320F28335 as the main control unit. Relevant
parameters of the control system are listed in Table IV. The
proposed scheme is compared with the conventional MPCC
(C-MPCC), 38VVs-DSVM-based MPCC (DSVM-0),
DSVM-1 [23], DSVM-2 [24], DSVM-DB [26] in terms of
performance, complexity, and flexibility. For a fair comparison,
the PI parameter of the speed loop is the same and the control
mode of i, =0 is used for all schemes.

A. Calculational Burden Analysis

The execution time of each state of the algorithm is tested
separately to evaluate the computational burden. To ensure the
consistency of the measurements, all algorithms are written
in C language and the compiler optimization level is set to 0.
The measurement results are shown in Fig. 9. It can be seen
that the execution time of the proposed scheme and DSVM-
DB [26] is significantly smaller than DSVM-0, DSVM-1 [23],
and DSVM-2 [24] due to the pre-selection strategy. And the
computational effort of the proposed scheme is further reduced
compared to DSVM-DB [26], which is close to C-MPCC. The
execution time of the proposed scheme is 11.18 ps, whereas
the execution time of DSVM-0, DSVM-1 [23], DSVM-
2 [24], DSVM-DB [26] is 41.03, 25.70, 23.82 and16.53 s,
respectively.

[l A/D Measurement [l Delay Compensation
M Algorithm Execution Time

[ Pulse Generation
[ Speed Loop
C-MPCC
DSVM-0
DSVM-1[23]
DSVM-2 [24]
DSVM-DB [26]
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Time (ps)
Fig. 9. Algorithm execution time analysis.
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Fig. 10. Sub-optimization analysis.

B. Sub-optimization Analysis

The suboptimality reflects the performance loss of the
simplified DSVM-MPC compared to the conventional DSVM
strategy [23]. Hence, suboptimality can be defined as

0: |gM = gDSVM—0|

Suboptimality = Zm

n, otherwise 22)
1

where gy, is the value of cost function of the tested scheme and
Znsvao Tepresents that of the conventional scheme.

The sub-optimization is defined as the ratio of suboptimality,
as shown in Fig. 10. It can be seen that DSVM-2 [24] has a
higher sub-optimization due to inaccurate sector prediction.
Also, DSVM-DB [26] cannot maintain constant accurate
prediction within whole operating range due to the lack of
proper VV overflow handle. The sub-optimization of proposed
scheme and DSVM-1 [23] remains 0 over the entire range,
which means the proposed scheme fully inherit the advantages
of DSVM technique.

C. Evaluation of Different N Values and Switching Frequency

Fig. 11 shows the THD and average switching frequency
(ASF) of the proposed scheme with and without OSS under
different N values at 1000 r/min. It is observed that as N
increases, the THD is significantly reduced while the ASF
increases. This illustrates that the proposed scheme can
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decouple the control period from the switching frequency
without increased computational burden. Furthermore, it is also
evident that the use of OSS strategy notably decreases the ASF
without causing any degradation in control performance for
the proposed scheme. Fig. 12 further provides the comparative
results of the ASF for several schemes under different speeds,
with the N value is set to 3. At the same control period, the
ASF of the proposed scheme with OSS ranges from 2.7 to 3.2
kHz, which is significantly lower than other DSVM schemes.
It is obvious that the proposed scheme effectively reduces
the switching losses and enhances the flexibility of DSVM
technique.

D. Steady-state Performance Comparison

Fig. 13 and Fig. 14 show the steady-state performance of
several control schemes at 450 r/min and 3000 r/min with
rated load. The waveforms of d-g axis stator current, speed and
Phase-A current are included in the figure. In addition, the FFT-

analysis is performed and the standard deviation (SD) of d-¢
axis stator current is calculated for further evaluation as

v, SD—J Z[qu(z) ] ,:V;:—szq(l) 23)

i=0

From Fig. 13(a)-(f), it can be seen that the DSVM-MPC
methods achieve lower current ripples and total harmonic
distortion (THD) compared to C-MPCC. At 450 r/min, the d-q
axis stator current ripples of the proposed scheme are 0.099
A and 0.111 A, and the THD is 6.18%, which is similar to
DSVM-0, DSVM-1 [23] and better than DSVM-2 [24]. At
3000 r/min, both the d-q axis stator current ripples and THD
are smaller in the proposed scheme compared to DSVM-DB
[26], which indicates that the proposed scheme is not affected
by the increased modulation index under the high-speed,
heavy-load conditions. In addition, the proposed scheme
presents better steady-state performance at N=9 with the same
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computational burden as before, which can be seen in Fig.  changes in g-axis stator current and speed, respectively. Fig. 15
14(g), (h). Meanwhile, the application of the OSS strategy ~ presents the Waveforms when the reference speed is steppqd
allows the proposed scheme to maintain a lower ASF while ~ from 750 r/min to 2250 r/min. It can be seen that the dynamic

obtaining the excellent steady-state performance. performance of the proposed scheme is similar to DSVM-0.
And compared with C-MPCC and DSVM-2 [24], the proposed

scheme is able to maintain lower d-g axis stator current ripples
and smoother Phase-A current during the sudden speed change.
The dynamic performance is verified by imposing sudden Fig. 16 shows the dynamic waveforms when the given g-axis

E. Dynamic Performance Comparison
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stator current surges from 1.5 A to 2.5 A. From Fig. 16(a)-(f),
it can be seen that the proposed scheme is significantly more
effective than C-MPCC and DSVM-2 [24] in attenuating the
d-q axis stator current ripples. Furthermore, it can be seen from
Fig. 16(g), (h) that the proposed scheme further reduces the
g-axis stator current ripples compared to DSVM-DB [26)].

F. Evaluation of Parameter Robustness

Fig. 17 presents the results of robustness evaluation for the
proposed scheme and DSVM-DB [26] under the situations
of stator resistance and inductance mismatch. The speed is
600 r/min and N is set to 9. Fig.17(a), (b) shows the control
performance under resistance mismatch, and it can be seen
that the proposed scheme is almost unaffected by the change
of stator resistance parameter. Fig. 17(c), (d) shows the
results when the inductance is detuned to be 0.5, and 1.5L,
respectively. Compared with the DSVM-DB [26], the control
performance of the proposed scheme is less affected by the
inductance mismatch, which can be observed from its low
stator current ripples and low current harmonics. Therefore, the
proposed scheme has low parameter sensitivity and is robust

for parameter variations.

Overall, as shown in Table V, the merits of the proposed
method include

(1) Compared with the conventional FCS-MPCC, the
proposed method yields lower torque and flux ripples as well as
THD of phase current by obtaining more precise optimal V'V.

(2) The proposed method carries a decreased computational
burden relative to existing DSVM-MPCC methods, which
remains constant even as the number of virtual VVs increases.

(3) With the adoption of the OSS strategy, the proposed
method effectively reduces the switching frequency.

VI. CoONCLUSION

An enhanced DSVM-based FCS-MPCC control method is
proposed in this paper and has been validated experimentally
on a PMSM platform. In comparison to existing DSVM-MPC
methods, the proposed approach reduces the computational
burden effectively while minimizing torque and flux ripples
through the use of a novel VV pre-selection scheme. Fur-
thermore, the switching losses are further mitigated without
compromising the control performance, thanks to the SF
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TABLE V
COMPARISON OF DIFFERENT METHODS

Methods Enumeration Computatiqnal Torque_ and Flux THD of Average Switching
Numbers Complexity Ripples Phase Current Frequency
C-MPCC 8 Low High High Low
DSVM-0 38 (Increasel_\lni/?t}}ll rising N) Low Low High
DSVM-1 [23] 13 (Increagfrgiﬁi‘ising N) Low Low High
DSVM-2 [24] 12 (lncreasl\eﬂfﬂi‘ﬁ‘;‘ising M Medium Medium High
DSVM-DB [26] 3 (Constarl:f (:Jsliitl;lnrlising N) ]:rel:iwrflzgill?r‘g Betw;zr(liill?r‘g and High
Proposed Method 3 (Constan tl;x?i\t); rising N) Low Low Low

reduction strategy. Consequently, the proposed method brings
great improvement for FCS-MPC schemes.
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