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   Abstract—Permanent  magnet  synchronous  motors  (PMSMs)
have  been  widely  employed  in  the  industry.  Finite-control-set
model  predictive  control  (FCS-MPC),  as  an  advanced  control
scheme,  has  been  developed  and  applied  to  improve  the  perfor-
mance and efficiency of the holistic PMSM drive systems. Based
on the three elements of model predictive control, this paper pro-
vides  an  overview  of  the  superiority  of  the  FCS-MPC  control
scheme  and  its  shortcomings  in  current  applications.  The  prob-
lems of parameter mismatch, computational burden, and unfixed
switching  frequency  are  summarized.  Moreover,  other  perfor-
mance  improvement  schemes,  such  as  the  multi-vector  applica-
tion  strategy,  delay  compensation  scheme,  and  weight  factor
adjustment, are reviewed. Finally, future trends in this field is dis-
cussed, and several promising research topics are highlighted.
    Index Terms— Computational  burden,  finite  control  set  (FCS),
model  predictive  control  (MPC),  permanent  magnet  synchronous
motor (PMSM), robust operation, switching frequency.
  

I.  Introduction

E LECTRICAL machines consume about 46% of total elec-
tricity  generated  worldwide,  resulting  in  about 6040

Mega-tonnes of CO2 emission.  This is  by far the largest  por-
tion of electricity use. Hence, motor energy efficiency is cru-
cial  for  energy  conservation,  environment  protection,  and
global  sustainable  development.  Consequentially,  high-effi-
ciency motors will dominate the market development of elec-
trical machines worldwide [1].

Due to the advantages of small size, high power factor, high
efficiency,  and  high  reliability  [2]−[5],  permanent  magnet
synchronous  motors  (PMSMs)  are  widely  used  in  various
drive  systems,  such  as  new  energy  vehicle  drive  systems,
high-speed rail  traction systems,  electric  ship propulsion sys-
tems,  and  high-end  CNC  (computer  numerical  control)
machine tool feed drive systems [6]−[8].  The complex work-
ing  conditions  in  industrial  productions  put  forward  strict
requirements on the control strategy of the motors.

The common control  methods  of  PMSM drive  systems are
current  vector  control  [9],  [10]  and  direct  torque  control
(DTC)  [11]−[13].  However,  the  linear  PI  (proportional-inte-
gral)  controller  used  in  current  vector  control  still  has  some
defects  in  driving  situations  requiring  no  overshoot  and  high
dynamic  performance.  The  traditional  DTC  has  the  problem
of large torque fluctuation at  low speeds.  Therefore,  scholars
continue  to  explore  advanced  and  effective  control  strategies
to improve the performance of PMSM drive systems, such as
internal  model  control  [14]−[17],  sliding  mode  control  [18],
[19],  state  feedback  control  [20]−[23]  and  model  predictive
control  (MPC)  [24]−[27].  At  present,  power  converters  and
transmissions  are  hybrid  non-linear  systems.  The  input  sig-
nals  of  power  electronic  devices  are  discrete,  which  control
the states (turn-on or turn-off) of the switches in each device.
When designing a control scheme, there are always some con-
straints, such as maximum output voltage and overcurrent pro-
tection.  Meanwhile,  the  control  strategies  on  digital  control
platforms all run in discrete forms. When designing a control
system, the device’s model must be fully considered to adjust
the  parameters  of  the  controller,  provided  that  the  model  is
widely  known.  In  addition,  the  computing  power  of  the  con-
trol  platform  has  been  improved  significantly  with  the  rapid
progress  of  digital  microprocessors,  which  can  fully  satisfy
the  computation  demand  of  MPC.  The  above  factors,  as
shown  in Fig. 1,  have  formed  a  strong  demand  for  MPC
among all control strategies.

The MPC algorithm originated in the late 1970s. Rodriguez
took  the  lead  in  applying  MPC  to  the  PMSM  drive  system,
setting off a global research boom [28]−[32]. MPC stands out
among  many  advanced  motor  control  algorithms  with  its
multi-objective,  multi-variable  and  multi-constraint  control
characteristics, as well as intuitive and simple design methods.
In terms of different control variables, MPC strategies can be
mainly  classified  into  model  predictive  current  control
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(MPCC)  [2],  [33],  [34],  model  predictive  torque  control
(MPTC)  [35]−[37],  model  predictive  speed  control  (MPSC)
[38]−[41]  and  model  predictive  flux  control  (MPFC)  [42],
[43].  According  to  different  control  actions,  the  MPC  strate-
gies of PMSM can be divided into two types: finite-control-set
model  predictive  control  (FCS-MPC)  [44],  [45]  and  continu-
ous-control-set  model  predictive  control  (CCS-MPC)  [46],
[47].  The  main  difference  between  them  is  whether  the  con-
trol system needs a modulation unit [48]. Among them, FCS-
MPC  considers  the  discrete  switching  characteristics  of  the
converter  in  the  prediction  model  and  directly  uses  the
inverter  switching  signal  as  the  control  action  to  realize  the
fast  transient  response  of  the  system,  without  the  need  for
modulation  technology.  Moreover,  FCS-MPC has  the  advan-
tages  of  intuitive  concept,  easy  handling  of  nonlinear  con-
straints,  and  realization  of  multivariable  control  [49],  [50].
These  remarkable  advantages  make it  a  hot  spot  in  the  MPC
of power electronic systems.

However,  FCS-MPC  also  faces  many  challenges  in  the
application  of  PMSM drive  systems,  as  shown in Fig. 2.  For
example,  the  non-fixation  of  the  switching  frequency  [51]
results  in  a  diffused  harmonic  spectrum.  Compared  to  FCS-
MPC, current control techniques using modulation techniques
have a fixed switching frequency, so their harmonic spectrum
is concentrated at the carrier frequency and around the multi-
ple. Meanwhile, the delays caused by online calculations [52],
and  model  parameter  mismatches  will  affect  control  perfor-
mance  [53].  These  issues  limit  further  development  of  FCS-
MPC in PMSMs.

Related  review  studies  on  MPC  have  included  the  follow-
ing work. In [54], the authors present the current state of MPC
for  power  converters  and  drives,  where  relevant  issues  stud-
ied are cost function selection, weighting factor design, reduc-

tion  in  computational  cost,  and  extension  of  prediction  hori-
zons.  In  [55],  the  author  summarizes  the  basic  principles  of
converter  level  and  grid-level  MPC.  Then,  a  comprehensive
survey  is  performed  on  the  three  layers  of  the  hierarchical
control  architecture,  including  power  converter  control,  fre-
quency/voltage  recovery,  and  fuel  management/economic
optimization.  A  challenge  for  predictive  models,  sampling
intervals,  stability  and  cost  function  design  is  briefly  dis-
cussed.  In  [31],  the  authors  focus  on  the  following  aspects:
weighting factor calculation when multiple objectives are used
in  the  cost  function,  current/torque  harmonic  distortion  opti-
mization when reducing the switching frequency of the power
converter,  and  robustness  under  parameter  uncertainty
improvement.

The above literature provides a good summary of the devel-
opment  and  trends  of  MPC.  But  unlike  the  above  literature,
this  paper  aims  to  provide  a  comprehensive  and  systematic
review  of  the  latest  FCS-MPC  strategies  for  PMSMs.  This
paper  analyzes  the  shortcomings  of  traditional  FCS-MPC
point  by point,  discusses  effective solutions,  and summarizes
and  categorizes  the  robust  operation  of  FCS-MPC  and  the
reduction of computational burden. Compared with the above
literature discussion, the analysis of multi-vector control strat-
egy  and  delay  compensation  is  also  added.  In  addition,  new
trends  in  the  application  of  FCS-MPC  control  schemes  for
PMSMs  are  also  explored,  such  as  the  FCS-MPC  scheme
combined  with  fault-tolerant  control,  sensorless  control,  and
so on.

The remainder of the paper is structured as follows. Section II
summarizes the basic principle of FCS-MPC in PMSM drive
systems.  Section  III  provides  an  overview  of  recent  research
on the robustness of FCS-MPC in terms of three aspects. Sec-
tions  IV and V provide  a  comprehensive  review of  the  com-
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Fig. 1.     MPC and its relationship with power converters, transmissions, and
current control systems.
 

 

FCS-MPC

External interference

Heavy computing burden

Computation delay

System parameters
variation

Applied one voltage
vector in control period

Difficult to adjust the
weighting factors

Variable switching
frequency

 
Fig. 2.     Main issues in current MPC applications.
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putational  burden  and  switching  frequency  of  conventional
FCS-MPC,  respectively.  Section  VI  investigates  other  FCS-
MPC  performance  optimizations.  Section  VII  points  out
promising future trends, followed by conclusions.  

II.  Principle of Finite-Control-Set Model
Predictive Control

The conventional  FCS-MPC is  based on the characteristics
of the limited switching states of the converter.  Based on the
discrete  mathematical  model  of  the  converter,  the  converter
system output under the respective effects of all the switching
states  is  calculated  through  traversal.  Finally,  the  optimal
switching state is chosen to minimize the cost function and act
on the system directly.

Fig. 3 shows  the  limited  switching  states  produced  by  the
two-level  voltage  source  inverter  (2L-VSI)  most  commonly
used in PMSMs.
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Fig. 3.     Voltage vectors space of 2L-VSI.
 

Similar  to  conventional  MPC,  FCS-MPC  also  has  three
basic  components:  predictive  model,  objective  function,  and
optimization  process.  In  this  section,  the  FCS-MPC  method
applied to the PMSM drive systems will be studied.  

A.  The Predictive Model
The continuous-time PMSM model can be written in the d-q

coordinate system, and the electrical equation is
 

ud = Rid +Ld
did
dt
−ωeLqiq

uq = Riq+Lq
diq
dt
+ωeLdid +ωeψ f

(1)

where ud, uq, id, iq, Ld and Lq are  the d-  and q-axis  compo-
nents of the stator voltage, current, and inductance in the rotor
reference  frame,  respectively. Rs, ψf and ωe represent  stator
resistance,  flux  linkage  and  electrical  rotor  speed,  respec-
tively.

The torque equation can be expressed as
 

Te =
3
2

npiq
[
id

(
Ld −Lq

)
+ψ f

]
(2)

where np is the number of pole pairs of the motor.
The  mechanical  motion  equations  of  the  motor  are  written

as follows: 

J
dωm

dt
= Te−TL −Bmωm (3)

 

ωe = npωm (4)
where J is  the  system  inertia  and Bm is  the  system  friction
coefficient. TL and ωm represent  load  torque  and  mechanical
speed, respectively.

For  common  current  control,  (1)  can  be  rewritten  in  state
space form [56], [57]
 

dx(t)
dt
= Ax(t)+Bu(t)+C

y = Dx(t)
(5)

x =
[

id(k)
iq(k)

]
u =

[
ud(k)
uq(k)

]where the controllable state variable , the control

input  variable , y is  the  controlled  output  vari-
able, and
 

A =


−Rs

Ld

Lq

Ld
ωe

−ωe
Ld

Lq
−Rs

Lq

 , B =


1
Ld

0

0
1
Lq


C =


0

−ωe
ψ f

Lq

 , D =

 1 0

0 1

 .
According to the forward Euler equation, (5) can be written

in discrete form as follows:
 {

x(k+1) = A0x(k)+B0u(k)+C0

y(k+1) = Dx(k+1)
(6)

k+1where k and  represent  the  value  of  the  current  moment
and the next moment, respectively, and
 

A0 =


1− TsRs

Ld
Tsωe

Lq

Ld

−Tsωe
Ld

Lq
1− RsTs

Lq

 , B0 =


Ts

Ld
0

0
Ts

Lq


C0 =


0

−
Tsψ fωe

Lq


where Ts is the sampling time.  

B.  The Objective Function
Unless  otherwise  specified,  the  conventional  FCS-MPC

introduced in this paper adopts a one-step prediction.

x∗(k+1)

Because  the  sampling  time  is  very  short,  it  can  be  consid-
ered that the reference value of the current time x*(k) is equal
to the reference value of the next time . The objective
function can be defined as follows:
 

J = λ1
∥∥∥x∗(k)− x(k+1)

∥∥∥
2+λ2∥∆ j∥2+ · · · (7)

where λ1, λ2 are  the  weighting  coefficients  of  control  objec-
tives, and Δj are the other control constraints. The multi-con-
straint  handling  nature  of  FCS-MPC  is  one  of  the  main  fac-
tors  that  differentiate  it  from many other  control  schemes.  In
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PMSM  drive  systems,  common  multi-constraint  problems
include consideration of voltage saturation, current limit con-
straints,  switching  frequency,  and  stability  control  [56],
[58]−[61].  However,  more  constraints  will  result  in  several
challenging  issues,  such  as  the  efficient  balance  of  various
control objectives and adjusting of the weight coefficients.  

C.  The Optimization Process

(n = 1,2, . . . ,8)
xn(k+1)

The  conventional  FCS-MPC  makes n predictions  in  one
control  cycle.  Taking  2L-VSI  as  an  example,  there  are  8
switching  states Sn  and  these  switching  states
to calculate the predicted value .  Finally, the optimal
switching pulse sequence Sabc is output to the inverter by min-
imizing  the  objective  function.  Similarly,  in  the  next  control
loop,  the  above  steps  are  repeated,  and  the  optimization  pro-
cess of each loop does not correlate.

The ergodic calculations and prediction bring a great compu-
tational  burden  and  put  forward  high  requirements  on  the
microprocessor.  Meanwhile,  the  delay  caused  by  the  compu-
tational  burden  will  also  deteriorate  the  control  performance
of  the  system.  The  computational  burden  will  be  heavier  for
multi-phase PMSM systems and more complex inverters. Fig. 4
is a control block diagram of FCS-MPC used in PMSMs.
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Fig. 4.     A typical MPC block diagram for PMSMs.
 

According to the introduction of the principle of FCS-MPC,
it  is  found  that  FCS-MPC  has  disadvantages  such  as  depen-
dence  on  parameters,  a  large  amount  of  calculation,  and
unfixed  switching  frequency.  With  the  widespread  applica-
tion of FCS-MPC, many scholars have made effective contribu-
tions  to  these  issues.  The  following  section  summarizes  the
research  status  of  FCS-MPC  in  robust  operation,  reducing
computational  burden,  optimizing  switching  frequency,  and
improving control performance  

III.  Robust Operation of FCS-MPC

FCS-MPC is a popular and efficient  control  scheme. How-
ever,  as  shown  in Fig. 5,  in  practical  applications,  PMSMs
have  problems  including  parametric  uncertainties  and  exter-
nal  disturbances.  Parametric  uncertainties  are  divided  into
mechanical  parameter  changes  and  electrical  parameter
changes. Mechanical parameters refer to system inertia, while
electrical  parameters  are  resistance,  inductance,  and  perma-
nent  magnet  flux  linkage.  External  disturbances  include  fric-
tion  torque,  load  torque,  and  mechanical  factors.  The  con-
troller  and  sensor  also  have  some  problems,  such  as  dead
effects and measurement errors [62].

The  above  problems  lead  to  inaccurate  prediction  models
and  further  deteriorate  control  performance.  Many  scholars

have studied the robust operation of FCS-MPC and divided it
into  three  aspects:  disturbance  estimation  and  compensation,
prediction  model  improvement,  and  online  parameter  iden-
tification.  

A.  Disturbance Estimation and Compensation
Considering the practical applications of PMSMs, there are

not  only  model  parameter  disturbances  but  also  load  distur-
bances and dead zone effects.  Therefore,  determining how to
suppress  the  disturbance  of  the  control  systems  has  always
been a research hotspot.  Among them, observer-based distur-
bance  estimation  and  compensation  technology  are  the  most
widely used [63]−[66]. The basic idea is to design an observa-
tion  mechanism  to  estimate  the  disturbance  and  uncertainty
variables  and  then  use  the  estimated  disturbance  to  achieve
disturbance compensation.

In  [67],  the  proposed MPCC method took into  account  the
perturbation  of  motor  parameters  and  the  demagnetization  of
permanent  magnets  compared  to  conventional  schemes.  The
designed  composite  observer  combined  the  sliding  mode
observer and Luenberger observer to observe the voltage and
current  values,  thereby  increasing  the  compensation  voltage
value to achieve robust operation. In [68], the moving horizon
estimator  was  used  to  compensate  for  the  voltage  offset
caused  by  the  inductance-resistance  mismatch.  The  influence
of  a  permanent  magnet  flux  linkage  was  eliminated  in  this
algorithm.  In  [69],  a  second-order  sliding  mode  observer-
based on the variable gain Super-Twisting algorithm was pro-
posed to realize parameter error estimation and one-beat delay
compensation and improve the performance of FCS-MPCC in
the  case  of  five-phase  permanent  magnet  synchronous  motor
model parameter mismatch. In [70], an incremental prediction
model was used to exclude the effect of flux mismatch, and a
sliding-mode  disturbance  observer  was  employed  to  estimate
the  predicted  current  value  and  perform delay  compensation.
Furthermore, a simple algorithm was developed to extract the
inductance value to refresh the prediction model.

These  articles  mainly  focus  on  the  changes  in  PMSM’s
parameters and do not make much analysis of the inaccuracy
of the predicted values caused by an external disturbance.

To  suppress  the  unknown  load  torque  disturbance,  a  load
torque  disturbance  estimator  using  a  two-stage  extended
Kalman  filter  (TSEKF)  was  proposed  [71].  The  proposed
TSEKF  estimated  the  system  state  at  the  same  time,  which
greatly  improved  the  model  prediction  process  and  enabled
predictive speed control. It has a faster transient response and
robustness  to  changes  in  mechanical  system  parameters.  In
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Fig. 5.     Uncertainty factors of FCS-MPC scheme for PMSM.
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[25], in addition to using the load torque observer to estimate
the actual load torque, the author also added a torque suppres-
sion factor to the cost function to avoid torque oscillation and
overshoot when the speed changes rapidly. In [42], Finite-con-
trol-set  model  predictive  torque  control  (FCS-MPTC)  in
actual operation, load disturbance and variable parameters will
produce  the  electromagnetic  torque  tracking  error  in  the
torque control loop. By extending the state observer, the load
disturbance was converted into a new state variable, and a dis-
turbance  compensation  technique  was  developed  through  the
online  estimation  of  the  lumped  observer.  However,  the
observer-based  method  does  not  eliminate  the  existence  of
model  bias.  It  should  be  noted  that  eliminating  model  devia-
tions  is  always  the  ultimate  goal  and  reason  for  robust  con-
troller design.

Fig. 6 is  a  block  diagram of  the  principle  of  compensation
based on observer estimation drawn in [68]. The specific prin-
ciples  of  various  observers  are  not  detailed  here  but  can  be
referred to [57], [62]. Table I lists the disturbance/uncertainty
estimation and attenuation (DUEA) techniques of AC motors
transferred from [62] for readers’ reference.
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Fig. 6.     Block diagram of FCS-MPC applied to PMSM based on observer
estimation and compensation.  

B.  Improvement of the Prediction Model
The  use  of  observers  has  been  proved  to  be  able  to  effec-

tively  resolve  the  impact  of  a  single  parameter  mismatch.
However, for PMSMs, there are multiple time-varying param-
eters  at  the  same time.  The  impact  of  resistance  mismatch  is
small,  and  the  inductance  has  the  greatest  impact  on  predic-
tion accuracy [72]. Thus, most articles only consider the influ-
ence of  inductance mismatch.  For  this  reason,  many scholars
generally combine improved predictive models and observers
to  realize  the  problem  of  multi-parameter  mismatch.  By
improving  the  motor  prediction  model,  the  influence  of
PMSM parameter changes on the motor prediction model can
be  reduced.  Constructing  incremental  predictive  models  and
non-parametric  predictive  models  is  a  common  method  for
PMSM model predictive control model improvement, both of
which improve the robustness of the system by eliminating the
disturbance of motor parameters.

1) Incremental Prediction Model
In [70] and [72], an incremental prediction model was used

to  remove  the  effect  of  permanent  magnet  flux  linkage.  The
main idea of the incremental prediction model is to expand the
original  model  by  introducing  additional  state  variables  to

form an  incremental  expansion  model.  Taking  the  Euler  dis-
cretization  of  the q-axis  current  in  the d-q coordinate  system
of  PMSM  as  an  example,  the  following  forward-backwards
expansion is performed:
 

iq(k+1) = iq(k)+
Ts

Lq

[
−Riq(k)−ωe

(
Ldid(k)+ψ f

)
+uq(k)

]
iq(k) = iq(k−1)+

Ts

Lq

[
−Riq(k−1)−ωe

(
Ldid(k−1)+ψ f

)
+uq(k−1)

]
.

(8)
Finally,  the  permanent  magnet  flux  linkage  parameter  is

avoided in the predicted current model.
 

iq(k+1) = − [id(k)− id(k−1)]Tsωe+
Ts

Lq

[
uq(k)−uq(k−1)

]
−

(
Ts

Lq
−2

)
iq(k)+

(
Ts

Lq
−1

)
iq(k−1). (9)

In  [73],  an  incremental  prediction  model  based  on  MPCC
was  developed  to  eliminate  permanent  magnet  flux  linkage.
Furthermore,  for  the  disturbance  of  the  rest  of  the  motor
parameters,  a  disturbance  observer  is  used  to  obtain  accurate
inductance information. The combination of the two schemes
overcomes  the  dependence  of  FCS-MPCC on the  parameters
of PMSMs.

However,  the  application  of  the  incremental  prediction
model is limited to the elimination of permanent magnet flux
linkage,  and  the  other  parameter  mismatches  still  need  to  be
combined with other robustness schemes.

2) No-Parameter Predictive Model
Nonparametric  model  predictive  control  improves  the  pre-

dictive  robustness  by  eliminating  parameter  uncertainty  and
does not depend on any motor parameters.

In  [74]  and  [75],  a  model-free  predictive  current  control
(MFPCC) of the PMSM drive system based on current differ-
ence detection technology was developed. The current change
between two sampling moments belonging to the correspond-
ing basic voltage vector (VV) was stored in the look-up tables
(LUT).  These  current  changes  were  used  for  current  predic-
tion  and  the  voltage  vector  that  causes  the  smallest  control
error  was  selected.  The  proposed  MFPCC  did  not  require
information  about  resistance,  inductance,  voltage  and  back-
EMF, so it was not affected by parameter mismatch. However,
this  control  strategy  increased  the  computational  burden
because it  doubled the current sampling in one control cycle.
And a higher sampling frequency was required to achieve sat-
isfactory  performance.  Based  on  [74],  a  simplified  MFPCC
was  proposed  in  [76],  where  the  stator  current  was  detected
once  per  sampling  interval  instead  of  twice.  Reference  [77]
addressed  the  stalling  problem  in  [74],  which  imposed  a
refresh  rate  window  at  a  predefined  sampling  period.  How-
ever,  applying  a  non-optimal  switching  state  can  adversely
affect system performance. In [78], major updates were made
to [74], [79]. The proposed scheme used the PMSM model to
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construct  the  equivalent  differential  stator  currents  corre-
sponding to the seven basic voltage vectors. The current slope
was  defined  from  the  current  difference  of  two  successively
applied voltage vectors. The relevant update factor was intro-
duced into the prediction to correct the mandatory response of
all switch states. Regardless of whether the continuous switch-
ing  state  of  the  application  was  different,  the  scheme  was
applied  to  each  current  measurement  to  update  the  stored
information.  In  [80],  an  improved  FSC-MPCC  of  SPMSM
was proposed. To avoid the slow current update, a novel cur-
rent  update  mechanism  was  developed,  which  took  into
account  the  changes  in  resistance,  rotor  flux  and  inductance,
and  introduces  a  modified  coordinate  system  that  includes  a
fixed axis and a rotating axis frame. Based on this mechanism,
prediction  parameters  can  be  obtained  more  accurately,
thereby suppressing the disturbance caused by model parame-
ter  mismatch.  In  [81],  the  permanent  magnet  synchronous
motor model mechanism was reconstructed based on the two
recent  current  changes  to  overcome  the  stagnant  current
update  mechanism.  The  proposed  non-parametric  predictive
current  control  based  on  the  current  update  mechanism  can
effectively  reduce  torque  ripple  and  improve  current  perfor-
mance.

The block diagram of the no-parameter predictive model is
shown in Fig. 7.  

C.  Online Parameter Identification
In the parameter  mismatch,  the influence of  the inductance

change is the largest,  and it  has a non-linear influence on the
current,  so  the  lumped  compensation  through  the  observer
cannot  completely  restore  the  prediction  accuracy.  A  more
intuitive way to solve the problem is to identify the real para-
meters  online  instead  of  looking  for  steady-state  equivalents
[82].  Using  the  method  of  online  parameter  identification
(OPI)  to  refresh  the  prediction  model  in  real-time  can  solve
the problem of the mismatch of the prediction model and real-
ize the robust control of the system. Different from the predic-
tion model improvement part, the online parameter identifica-
tion component improves the robustness of the model by iden-
tifying the parameters online instead of eliminating the role of
the parameters in the model.

The  common  methods  of  PMSM  online  parameter  identi-

fication  include  the  recursive  least  squares  algorithm  (RLS)
[83], [84], extended Kalman filter algorithm (EKF) [53], [85],
model  reference  adaptive  algorithm  (MRAS)  [86],  [87],  and
neural network algorithm (NN) [88], [89].

In  [90],  a  discrete-time  parameter  identification  algorithm
was developed through model reference adaptive system tech-
nology, and the Popov superstability criterion was proposed to
identify  SPM  discrete-time  model  parameters  to  realize  the
robust control of FCS-MPC. Reference [91] added the online
least-mean-square (LMS) recognition algorithm to the control
law to calculate a new system adaptive dynamic model based
on  the  measured  value.  In  [92],  the  Adaline  neural  network
algorithm  was  used  to  identify  the d-q axis  inductance  and
rotor  permanent  magnetic  flux  of  the  IPMSM  motor,  com-
bined  with  MPC  control  to  achieve  good  steady-state  and
robust  performance.  These  schemes  usually  use  white  box
(WB)  models  with  physical  parameters  and  only  identify
selected  subsets  of  these  parameters  online.  In  [93],  a  data-
driven  recursive  least  squares  estimation  method  RLS  with
real-time  capability  was  proposed  for  the  current  control  of
permanent  magnet  synchronous  motors.  The  data-driven
method did not use a predefined model structure composed of
physical  parameters  and  had  greater  flexibility  than  all  the
mentioned WB-based models. The motor model was continu-
ously estimated online using the RLS method, and the inverter
nonlinear  compensation  was  taken  into  account. Table II
compares  several  commonly  used  online  parameter  identi-
fication  methods  and  more  details  can  be  obtained  in  [94],

 

TABLE I 

Comparisons of Different DUEA Methods Reproduced From [62]

DUEA Complexity Capability

Method Output
feedbacks

Computation
burden

Load torque
observer

Inertial
identification

Friction
compensation

Torque ripple
estimator

Lumped
estimator

Extended state observer Yes Low Yes No No No Yes

Equivalent input disturbance Possible Medium Yes No Possible No Yes

Frequency-Domain disturbance observer Yes Low Yes Possible Possible No Yes

Generalized proportional integral observer Yes Medium Yes No No No Yes

Intelligent disturbance observer Possible High Yes Yes Yes Yes Yes

Nonlinear disturbance observer No High Yes Yes Yes Yes Yes

Sliding mode disturbance observer Possible High Yes Possible Yes Yes Yes

Uncertainty and disturbance estimator No Medium Yes No Possible No Yes
Unknown input observer Possible Medium Yes Possible Possible Yes Yes
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Fig. 7.     Block diagram of FCS-MPC applied to PMSM based on no-parame-
ter predictive model.
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[95]. The scheme of parameter online identification improves
robustness and greatly increases the complexity and computa-
tional burden as shown in Table II.
 

TABLE II 

Comparison of OPI Methods

Method of
OPI

Speed
range

Computational
burden Advantage Disadvantage

RLS Low to
high Medium Easy to

implement Ill-convergence

EKF Low to
high High

Not interfered
by measurement

noise

Complex
calculation

MRAS Low to
high Medium

Wide speed
range

application

Difficulty in
gain adjustment

NN Low to
high High VSI nonlinearity

is compensated
Long training

time

 
 

The block diagram of FCS-MPC applied to PMSM based on
online parameter identification is shown in Fig. 8.
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Fig. 8.     Block diagram of FCS-MPC applied to PMSM based on online
parameter identification.
   

IV.  Operations to Reduce the Computational Burden

The conventional  FCS-MPC needs  to  traverse  all  the  basic
voltage vectors,  which requires a large amount of calculation
and a short sampling time and limits the algorithm’s use in the
MPC  strategy  [28],  [35],  [96],  [97].  For  PMSMs,  the  use  of
more complex multi-phase or  multi-level  inverters  will  cause
alternative  basic  voltage  vectors  in  FCS-MPC  and  aggravate
the calculation burden [98]−[101]. Some schemes expand the
set  of  candidate  voltage  vectors  to  optimize  steady-state  per-
formance,  which  will  also  introduce  a  more  significant  com-
putational  burden  [101],  [102].  The  heavy computing  burden
has  undoubtedly  brought  great  challenges  to  digital  chips.
Therefore, more and more scholars have turned their attention
to  reducing  complexity  and  reducing  the  burden  of  online
computing.  This  paper  classifies  these  studies  into  candidate
vector  optimization  and  prediction  process  optimization.  In
addition, the use of multi-step predictive control will increase
computational cost, which will be described in Section VII of
this paper.  

A.  Candidate Vector Optimization
In [103], for the six-phase PMSM control scheme, a look-up

table  was  established  to  exclude  useless  voltage  vectors  in

advance.  This  reduced  the  number  of  prediction  vectors  and
relieved the heavy computational burden. Similarly,  in [104],
corresponding to the MPTC used for three-phase PMSM, the
candidate  set  was  first  expanded by synthesizing  virtual  vec-
tors  to  improve  steady-state  performance.  Then,  a  look-up
table  was  established  to  reduce  the  candidate  vectors  accor-
ding  to  the  relationship  between  the  voltage  vector  and  the
torque  and  flux  linkage.  In  [105],  the  pre-selection  of  the
examined switching states was based on the applied state rela-
tive to the previous sampling period. This method reduces the
27 voltage vectors in the 3L-NPC to 7 and reduces the calcu-
lation  amount  of  FCS-MPC  used  for  PMSM.  We  then  still
need to calculate the optimal vector through the cost function
with the above method.

The above candidate vector optimization scheme applies to
FCS-MPC with  more candidate  voltage vector  sets.  The pur-
pose  of  reducing  the  computational  burden  is  to  eliminate
redundant  or  useless  candidate  voltage  vectors  through  the
theoretical scheme.  

B.  Prediction Process Optimization
The optimization of the prediction process is different from

the traditional cost function calculation scheme. The optimiz-
ation  algorithm  is  used  to  reduce  or  avoid  the  calculation
times of the cost function.

(i′α, i
′
β)

In  [106],  combining  the  deadbeat  idea,  a  finite  control  set
model  predictive torque control  (FCSMPTC) control  strategy
was proposed, as shown in Fig. 9. In the strategy, the accurate
output voltage vector is measured and estimated first to obtain
the sector where it is located and then predict the three candi-
date voltage vectors of the sector. UREF in Fig. 10 is the esti-
mated voltage, and the sector (DB-sector) of the voltage vec-
tor  to  be  selected  is  determined  according  to  the  angle θref.
This  method  reduces  the  number  of  traditional  optimization
searches.  Moreover,  the duty-cycle  MPC of  PMSM was pro-
posed  based  on  the  deadbeat  principle  [107].  After  obtaining
the  reference  voltage  vector,  the  optimal  voltage  vector  was
determined  by  calculating  the  angle  of  the  reference  voltage
vector with only one calculation.  A method of using an indi-
rect reference vector was proposed in [3]. The reference vec-
tor  is  determined  indirectly  based  on  the  DTC  theory  rather
than  the  deadbeat  principle.  The  intensive  reference  vector
derivation  of  the  deadbeat  principle  is  avoided.  In  [108],  the
fuzzy control method was used to optimize the voltage vector.
The  controller  input  was  the  error  of  the  flux  linkage  and
torque, and the output was the simplified three candidate volt-
age vectors. In [2] and [33], a new type of FCS-MPC applied
to  PMSM  was  proposed.  The  establishment  of  a  new  refer-
ence system is shown in Fig. 10, which is based on the predic-
tion  of  the  current  trajectory  when  a  zero  voltage  vector  is
used.  The  proposed  method  only  needs  to  predict  one  zero
voltage  vector,  not  all  voltage  vectors.  The  selection  of  the
optimal voltage vector is based on the direction of the current
trajectory  in a given reference frame, rather than a cost
function, which saves a lot of calculation time.

Table III shows  the  computation  time  in  DSPACE  at  low
speed for conventional MPCC, duty-cycle MPCC (DCMPCC)
and  DCMPCC  based  on  the  deadbeat  principle  in  [107]  and
MPCC in [2], which is similar to that at high speed.  
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V.  Switching Frequency Optimization

Different from the classic control scheme using PWM con-
trol,  FCS-MPC does  not  need  a  modulation  unit  because  the
inverter model is discretized [109], and the switching action is
irregular.  Hence,  the  switching  frequency  of  the  converter
based  on  FCS-MPC  control  is  not  fixed,  and  the  current  or
voltage harmonic spectrum are scattered [110].

The existing research scheme combines the idea of modula-

tion to fix the switching frequency of FCS-MPC to solve this
problem [111]−[113].

In  [114],  an  FCS-MPCC  scheme  for  five-phase  PMSM
based on a constant switching frequency multi-vector was pro-
posed.  According  to  the  superposition  principle,  the  original
disordered  switching  state  was  rearranged  to  a  fixed  switch-
ing  frequency,  and  carrier-based  pulse  width  modulation
(CBPWM) was used to complete the calculation and arrange-
ment of  this  complex switching sequence. Fig. 11 shows that
using the method in [114], the original pulse signal is arranged
into a pulse signal with a fixed switching frequency after cal-
culating the switching time tx (x = a, b, c, d, e). On the FCS-
MPC control  of  the  six-phase  PMSM,  a  fixed  switching  fre-
quency was also realized, a zero vector was inserted, and three
sets  of  actual  vectors  were  used  to  synthesize  the  vectors  in
two different ways. The switching sequence was also arranged
and  implemented  with  PWM  [51].  According  to  the  THD
analysis in Fig. 12, it can be known that the THD of the con-
ventional  MPTC  is  30.03%,  while  the  proposed  MPTC  is
9.67%.
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Fig. 11.     Pulse generation. (a) Original switching signal; (b) Rearranged
fixed switching frequency signal.
 

However,  schemes  using  modulators  will  result  in  reduced
transient performance.

The  FCS-MPC  scheme  of  the  three-phase  PMSM  also
achieves a  fixed switching frequency.  In  [115],  a  modulation
model  predictive  control  (M2PC) scheme was  proposed.  The
program combines SVM, MPC and FOC. While ensuring fast
dynamic response, a fixed switching frequency and low torque
ripple  of  a  permanent  magnet  synchronous  motor  are  obta-
ined. Generally, M2PC is a variant of FCS-MPC. This control
method aims to improve the output power quality of the sys-
tem through an intrinsic modulator while retaining the advan-
tages of FCS-MPC. The difference is that a phase is added to
the modulator. M2PC predicts two active voltage vectors and
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Fig. 9.     2L-VSI’s deadbeat search solution.
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TABLE III 

Comparison of Calculation Time

Method MPCC DCMPCC DCMPCC in [107] MPCC in [2]

Calculation
time (μs) 46.2 49.3 35.4 32.1
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determines  their  duty  cycle  instead  of  one  voltage  vector
[116].

Similarly,  an  optimized  over-modulation  M2PC  was  dis-
cussed in [117], which can ensure the spectrum switching fre-
quency within the linear modulation range and extend its opti-
mized response to the over-modulation area. We use this tech-
nology  to  achieve  a  constant  switching  frequency,  and  opti-
mized overmodulation to ensure the fastest dynamic response,
to  achieve  the  same  transient  performance  as  FCS-MPC.  In
[118],  a  low-complexity  M2PC  method  (OST-M2PC)  was
proposed.  Only  one  prediction  was  required  per  sampling
period,  and  a  sector  was  quickly  selected  by  the  predicted
voltage to reduce computation.

Fig. 13 shows  the  control  block  diagram of  a  conventional
M2PC. It should be noted that although M2PC is a variant of
the  FCS-MPC  method  proposed  and  is  based  on  FCS-MPC
while  retaining  the  advantages  of  FCS-MPC.  The  introduc-
tion of modulators makes it closer to CCS-MPC in classifica-
tion.
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Fig. 13.     The control diagram of a conventional M2PC for PMSMs [117].
   

VI.  Other Performance Optimization Schemes

In  addition to  the  above analysis,  there  are  various  optimi-

zation schemes to improve the performance of FCS-MPC for
PMSM control. It mainly includes the following aspects, such
as  the  application  of  multi-vector  strategy,  delay  compens-
ation, weighting factors adjustment and multi-step FCS-MPC.  

A.  Multi-Vector Strategy
Conventional FCS-MPC uses only one voltage vector in one

control cycle, which causes large torque ripples and large cur-
rent harmonics.

In [119], after selecting the best VV through the cost func-
tion,  the  duration  was  calculated  by  the  current  slope,  which
was responsible for  reducing torque ripple.  In [107],  in  addi-
tion  to  obtaining  an  active  voltage  vector  from  the  conven-
tional MPCC, a zero vector was also applied at the same time.
A  more  accurate  voltage  selection  was  achieved  by  calculat-
ing  the  duration  of  the  active  voltage  vector.  The  duty  cycle
was calculated by the method based on the deadbeat and cur-
rent  differential,  respectively,  which  proved  that  the  scheme
based on the deadbeat was simpler and more effective.

The  duty  cycle  control  adds  a  zero  vector  in  one  control
period  to  adjust  the  amplitude  of  the  selected  optimal  active
voltage  vector,  but  it  cannot  adjust  the  phase  of  the  selected
voltage.  Therefore,  scholars  have  also  studied  how  to  adjust
the phase of the applied voltage in a control cycle to improve
steady-state performance.

To  improve  the  conventional  MPC  with  fewer  active  vec-
tors, increasing the number of voltage vectors by constructing
virtual  vectors  was  proposed  [104].  In  total,  the  steady-state
effect  of  MPTC  was  improved.  The  structure  of  the  virtual
vector was diverse and can be divided infinitely. More virtual
vectors will  reduce the control error and obtain better perfor-
mance. There are more virtual vectors in [102] than in [104].
The researchers in [102] designed a hybrid control set (HCS)
combined  with  virtual  vectors  and  duty-cycle  control.  How-
ever,  there  is  no  doubt  that  both  the  construction  of  virtual
vectors  and  the  introduction  of  duty  cycle  control  will  make
FCS-MPC  more  complicated,  and  the  computational  burden
will be heavier.

Take  the  two-level  VSI  as  an  example; Fig. 14 shows  the
alternative voltage vector sets of the conventional FCS-MPC,
the  duty  cycle  FCS-MPC,  and  the  FCS-MPC  based  on  the
hybrid control set. The black line represents the basic voltage
vector,  the blue line represents the constructed virtual vector,
and the red line represents the applied voltage.
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Fig. 14.     Voltage vector diagram. (a) Conventional FCS-MPC; (b) Duty
cycle FCS-MPC; (c) FCS-MPC based on a hybrid control set.
 

In  addition,  based on the  duty  cycle  MPC,  the  selection of
the second voltage vector is no longer limited to the zero vec-
tor but can also be a non-zero vector.  This type of method is
simpler  and  more  effective  than  performing  complex  duty

 

100

H
ar

m
on

ic
 c

on
te

nt 80

60

40

20

0

Harmonic order

THD(ia) = 30.03%
fsw = 3120 Hz

0 2 4 6 8 10 12 14 16

100

H
ar

m
on

ic
 c

on
te

nt 80

60

40

20

0

THD(isa) = 9.67%
fsw = 5000 Hz

Harmonic order

(a)

(b)

0 2 4 6 8 10 12 14 16

%

%

 
Fig. 12.     Frequency spectra  of  the  phase  current ia at  600 rpm with  4  N·m
load using (a) conventional MPTC and (b) proposed MPTC [51].
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cycle calculations after constructing virtual vectors.
An improved dual-vector MPTC was proposed to enrich the

voltage  vector  combination  by  rationally  choosing  the  active
vector  instead of  the  zero vector  in  [120].  Firstly,  by analyz-
ing the torque and flux differences of a PMSM, a second vec-
tor  selection  table  was  established  to  determine  the  best  VV
combination  to  suppress  torque  ripple.  Secondly,  the  duty
cycle  based  on  the  torque  and  flux  linkage  differences  was
used to  reduce the  computational  burden.  In  [121],  the  dead-
beat  scheme  was  used  to  obtain  the  reference  voltage  in
advance  and  the  second  voltage  vector  was  selected  accord-
ing  to  the  sector  where  the  reference  voltage  is  located.  The
selection  scheme  is  intuitive  and  simple.  Calculate  the  duty
cycle  separately  after  obtaining  the  appropriate  VV  combin-
ation.

To  further  improve  the  steady-state  performance,  a  three-
vector  model  predictive  control  was  proposed  based  on  the
two-vector  model  predictive  control  [122]−[125].  That  is,
three voltage vectors (two active voltage vectors and one zero
vector) are used in one control cycle. By adjusting their respe-
ctive duty cycles, a steady-state effect similar to SVPWM can
be achieved,  and the unique advantages of  FCS-MPC can be
maintained. Table IV compares  and  summarizes  the  above
multi-vector model predictive control.

Fig. 15 is an expansion of Table IV. The verification of var-
ious schemes is performed at a sampling frequency of 10 kHz.
The  parameters  of  the  permanent  magnet  synchronous  hub
motor are listed in Table V.

(N = 6)

It  is  worth  emphasizing  that  although  the  introduction  of
multi-vectors  improves  steady-state  performance,  the  com-
plexity  and  computational  burden  of  FCS-MPC  inevitably
increases.  Therefore,  the  research in  Section IV is  necessary.
Fig. 16 shows  the  voltage  vector  space  of  the  auxiliary  volt-
age vector MPC .  

B.  Delay Compensation
Various delays, including filtering, sampling and other fac-

tors, make the output of the controller have application delays.
The  update  mechanism  of  modern  digital  signal  processors
and microcontrollers  allows the command voltage at  the cur-
rent moment to be applied at the next moment. Therefore, the
application of voltage is  inaccurate and leads to deterioration
of  control  performance  [126]−[129].  Therefore,  it  is  neces-
sary to compensate for the delay in FCS-MPC to improve the

control accuracy.
Fig. 17 shows the change of iα without delay and with delay

time  in  the  static  coordinate  system of  model  predictive  cur-
rent  control.  The  superscript p represents  the  predicted  value
and the subscript * represents the reference value. When there
is  no  delay,  the  predicted  value  is  consistent  with  the  actual
value. But when there is a delay, the actual value will deviate
from the predicted value.

ip
s k+1

is(k)
ip
s (k+2)

In  [72],  a  two-step  prediction  was  used  to  compensate  for
the  delay  of  FCS-MPCC.  Firstly,  the  ( )  obtained  by
one-step  prediction  was  replaced  by  the  in  the  original
prediction model,  and then the  was  brought  into  the
cost function as a new predicted current value. In [130], two-

 

TABLE IV 

Comparison of Multi-Vector FCS-MPC (Taking 2L-VSI as an Example)

Item Conventional MPC Duty-cycle MPC Auxiliary voltage vector
MPC

Generalized double
vector MPC Three-vector MPC

Alternative voltage
vectors (VVs) 8 basic VVs

6 active VVs (first
choice) &2 zero VVs

(second choice)
8 basic VVs + N
auxiliary vectors

6 active VVs (first
choice) & 8 basic VVs

(second choice)

6 active VVs (first
choice) & 6 active VVs
(second choice) &2 zero

VVs (third choice)
Voltage amplitude Fixed Limited Variable Fixed Variable Variable

Voltage phase angle Fixed Fixed Limited variable Variable Variable

Dynamic performance Similar

Steady-state
performance Improved from left to right

Computational burden An increase from left to right
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Fig. 15.     Execution time, current harmonics and torque ripple under various
control schemes.
 

 

TABLE V 

PMSM System Parameters

Parameter Symbol Value

Permansent-magnet flux linkage ψf 0.215 Wb

Number of pole pairs Pn 22

Stator inductance Ls 4.5 mH

Stator resistance Rs 0.8 Ω

DC-link voltage Udc 420 V

Rated speed N 360 rpm

Rated power PN 3 kW

Frictional coefficient B 0.0006 N·m/s

Inertia J 0.03 kgm2
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k+2
step  prediction  was  used  to  obtain  the  predicted  torque  and
flux  value  of  ( )-th  time  in  FCS-MPTC.  Unlike  the  gen-
eral two-step prediction, in [107], first, the traditional one-step
prediction current was compensated for using Heun’s method
as  a  new  one-step  prediction  current.  Then  we  changed  the
one-step  prediction  to  two-step  prediction  to  achieve  delay
compensation. This method has higher accuracy.

However,  two-step  prediction  cannot  accurately  compen-
sate  for  the  deviation  value.  Therefore,  some  schemes  have
been studied to analyze the current value of the error for pre-
diction  and  compensation.  In  [52],  the  calculation  delay  in
FCS-MPC  was  described  in  detail.  Based  on  the  analysis  of
the delay, the delay time was calculated, and the correspond-
ing current change was directly compensated to the predicted
current.  Compared  with  the  traditional  two-step  forecasting
strategy,  it  is  simpler  and  we  can  choose  the  appropriate
switch  to  optimize  control  performance.  This  method  pro-
vides  high-performance  delay  compensation  technology  for
PMSM’s  MPCC.  In  [131],  a  novel  accurate  PMSM  model
based on the numerical  solution was proposed to replace and

eliminate  the  prediction  error  caused  by  Euler’s  dispersion.
Correspondingly, delay estimation and the current compensa-
tion  scheme  have  been  studied  to  achieve  excellent  perfor-
mance compensation.  

C.  Weighting Factor Adjustment
One  of  the  advantages  of  FCS-MPC  is  that  it  can  control

multiple  variables  simultaneously  with  a  single  control  rate
through  weighting  factors.  In  the  implementation,  efficient
determination  of  the  weighting  factors  is  crucial  to  the  opti-
mization of control performance [132], [133].

According  to  the  nature  of  different  items  involved  in  the
cost  function,  the  cost  function  was  divided  into  different
groups  in  [134]  to  determine  the  adjustment  scheme  of
weighting  factors. Table VI is  built  on  this.  Many  studies
adjust the weight factor through various methods, such as the
empirical method, genetic algorithm, and fuzzy decision-mak-
ing,  which  have  achieved  good  control  performance  [29],
[134]−[136].
 

TABLE VI 

Cost Function Classification

Classification Application Cost function (CF)
CF without
weighting

factors

Current control J = |i∗ − ip |
Voltage control J = |U∗ −U p |

CF with
secondary

items

Switching frequency
reduction J = |i∗ − ip |+λsw f 2

Common mode
voltage reduction J = |i∗ − ip |+λvV2

Reactive power
reduction J = |i∗ − ip |+λpP2

CF with
equally

important
items

Torque and flux
control J =

1
T 2

en

(
T ∗e −T p

e

)2
+
λψ

ψ2
sn

(
ψ∗s −ψ

p
s

)2

 
 

Although the above methods of adjusting the weighting fac-
tor have been proven to improve the performance of the con-
trol system, their complex design affects its further use in the
actual system.

Different from the traditional principle that torque and flux
are  equally  important  to  adjust  the  weighting  factor,  a  new
cost  function  is  proposed  in  [121],  [137],  [138],  which  only
includes  the  reference  voltage  vector  and  candidate  voltage
vector,  eliminating the step of adjusting the weighting factor.
In [139], the reference torque was changed to flux linkage by
using  the  maximum  torque  per  ampere  (MPTA)  method,  as
shown  in Fig. 18.  Therefore,  the  control  variable  changed
from  torque  and  flux  to  single  flux.  This  scheme  eliminates
the  adjustment  of  the  weighting  factor  but  also  increases  the
ripple of torque. Similarly, when id = 0 was used in [140], the
relationship  between  torque  and  flux  was  transformed  into
flux  to  simplify  the  control  variable  of  the  cost  function.  In
[141], a simplified cost function was proposed for multi-phase
PMSM. The original cost function included torque error, flux
error  in  the  first  and  third  space,  and  current  limiting  term.
Firstly, the virtual vector was used to eliminate the harmonics
in  the  third  space  to  reduce  the  flux  error  term,  and  then  the
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Fig. 16.     Auxiliary voltage vector MPC (N = 6).
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deadbeat scheme was used to eliminate the torque error term.
Finally, the addition of the weighting factor was avoided.

However, the scheme of eliminating the weighting factor is
not  suitable  for  the  cost  function  with  secondary  items  as
shown  in Table VI.  Because  the  secondary  items  are  not
specifically related to the primary control variable.  

VII.  Future Trends

The FCS-MPC strategy has been successfully applied in the
PMSM system in  recent  years.  However,  the  actual  needs  of
industrial  applications  and  the  pursuit  of  higher  performance
make the FCS-MPC need to be improved constantly. Here are
the trends for future research.  

A.  Multi-Step Control Strategy
In the field of industrial production and electric vehicle, the

reliability  problem  of  power  converters  are  becoming  more
and more serious due to the continuous improvement of power
density.  Temperature  increases  have  the  most  significant
effect on reliability. The most effective way to reduce the tem-
perature rise caused by switching loss is to optimize the con-
trol  mode  and  buffer  technology.  Multi-step  FCS-MPC  is  a
good choice. Most of the current research on FCS-MPC is sin-
gle-step  MPC.  In  comparison,  multi-step  FCS-MPC  has  a
long-term global optimal solution rather than a local optimum
of single-step FCS-MPC. Multi-step MPC was proposed many
years  ago [142],  [143],  and it  has  only recently  gained much
attention as a key driving force for improving efficiency, espe-
cially  in  high-power  electrical  drives  [31].  Multi-step  FCS-
MPC can effectively reduce the switching frequency of invert-
ers,  greatly  improving  the  efficiency  of  the  motor  drive  sys-
tem [144], [145].

Fig. 19 shows that the multi-step MPC can make the switch-
ing loss smaller  under the same THD, thereby improving the
efficiency  of  the  drive  system.  In Fig.19,  fs is  the  sampling
frequency and λu is the weighting factor [56].

Nevertheless,  multi-step  FCS-MPC  has  not  been  widely
used  because  of  its  high  computational  complexity,  and  it  is
difficult  to  implement  it  in  a  short  sampling  period  [146],
[147]. Fig. 20 shows the search tree of a multi-step model pre-
dictive  control  with  a  predicted  field  of  view  of  three  as  an
example.

To  reduce  the  computational  complexity  and  improve  the
accuracy,  researchers  have made many attempts  in  the  direc-
tion  of  fast  prediction  and  intelligent  prediction  based  on
MPC. This is the future research direction of multi-step MPC.

In [148], a frequency band-based multi-step MPTC was pro-
posed  for  PMSM  drivers.  First,  the  multi-step  prediction

N = 15

model  was  simplified,  and  the  band  constraint  was  used  to
reduce  the  computational  complexity.  Then  the  steady-state
and  transient  control  modes  were  designed  to  ensure  good
steady-state  and  dynamic  performance.  In  [149],  a  fast-
response multi-step MPTC was proposed for PMSM, and the
torque  was  converted  into  the  flux  linkage  to  eliminate  the
weighting factor.  In the transient process, Pontryagin’s maxi-
mum principle was designed to obtain the minimum time flux
trajectory. Along the trajectory, a one-step MPTC was used to
obtain the best voltage vector. Aimed at the underlying least-
squares integer programming problem, a non-recursive spheri-
cal  decoding  algorithm  is  developed  to  solve  the  multi-step
MPC  complex  optimization  problem  [150].  Given  the  more
powerful FPGA platforms that exist today, it  is expected that
fields of view up to a step size  can be achieved in real-
time  within  a  short  sampling  interval  of  25  μs.  And  it  is
pointed  out  that  for  more  complex  systems,  the  practical
implementation of  multi-step FCS-MPC remains a promising
topic for future research.

Furthermore,  for  higher  power  motor  drives,  an  optimized
pulse  mode  as  shown  in  Section  V  can  be  combined  with
multi-step MPC to further reduce load current distortion while
maintaining  low  switching  frequency  operation.  Moreover,
with  the  development  of  new  digital  platforms,  the  digital
computing power is  getting stronger and stronger,  and multi-
step FCS-MPC is bound to become the future research trend.  

B.  Advanced Robust FCS-MPC
The  PMSM drive  system will  suffer  from various  external

influences  in  the  actual  operation,  and  the  external  distur-
bance  will  produce  delay,  measurement  error  and  parameter
mismatch,  which  will  worsen  system  performance  and
increase  the  difficulty  of  parameter  tuning.  At  present,  the
high  requirement  of  motor  control  precision  makes  robust
model predictive control a hot topic.

Section  III  introduces  the  improvement  of  the  prediction
model,  disturbance  estimation  compensation  and  parameter
online identification. However, more studies are conducted to
passively  reduce  the  influence  of  parameter  mismatch  based
on the construction of disturbance observer and model param-
eter estimation, and fewer studies are conducted on anti-  dis-
turbance performance based on the  motor  model  itself  [151],
[152]. For example, in [153], the estimation scheme based on
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Fig. 18.     The trajectory of maximum torque per ampere (MTPA) in [139].
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a data-driven model was adopted to enhance the robustness of
the  driver  to  parameter  uncertainty.  Rather  than  using  motor
parameters directly, the inputs and outputs of the control sys-
tem were used to estimate the prediction. In [154], a self-regu-
lating strategy for  the stator  current  mathematical  model  was
proposed, which used the prediction error of stator current to
calculate  the  parameter  change,  design  the  parameter  change
compensation strategy, and correct the mathematical model in
real-time in each control cycle.

Secondly, these three schemes can enhance anti-disturbance
performance.  The  combination  of  these  schemes  can  further
enhance the performance of robustness [72], [73] and improve
the control accuracy of the motor.  

C.  Stability Analysis
Research  on  cost  function  mainly  focuses  on  multi-con-

straint  variables  and  weighting  coefficient  configuration,  as
shown in Section VI-C. However, there are few stability anal-
yses  on  the  control  system,  because  most  of  the  constructed
cost  functions  do  not  conform  to  the  definition  of  the  Lya-
punov function.  Therefore,  the traditional  control  theory can-
not analyze its stability, transient response characteristics, and
steady-state  response  characteristics.  It  is  often  verified  by
simulation  and  experiment.  Therefore,  the  analysis  theory  is
relatively  backward  and  leads  to  limitations  of  the  proposed
solutions.  Therefore,  some  cost  functions  based  on  the  Lya-
punov function  stability  theory  are  designed to  guarantee  the
stability of the system [155], [156].

In [157], the control law based on continuous input is devel-
oped from the control-Lyapunov function of feedback control
law and online adaptive law. Then the continuous control law
is  transformed  into  the  relevant  constraints  of  FCS-MPC.  In
the FCS-MPC of SPMSM, the stability condition based on the
adaptive  estimation  law  is  maintained  and  further  optimized
by exhaustive  search.  In  [158],  an  improved Lyapunov func-
tion constraint was proposed, which can allow for non-mono-
tonic  convergence  to  the  terminal  set,  thus  reducing the  con-
servativeness  caused  by  the  traditional  Lyapunov  function
constraint, thus obtaining better performance and ensuring the
stability  and  recursive  feasibility  of  the  proposed  prediction
scheme. An MPTC for PMSM was designed in [159], and its
cost  function was designed based on factors including torque
error,  maximum  torque  per  amp,  and  stator  current  con-

straints. The Lyapunov control theory is introduced to ensure
stability  when  determining  the  weight  coefficient  of  the  cost
function,  to  obtain the optimal  voltage vector  of  the inverter.
Compared with the conventional FCS-MPC, the torque ripple
is  reduced  and  the  system  robustness  is  significantly
improved.

However,  the  stability  of  FCS-MPC  in  PMSM  drive  sys-
tems  remains  to  be  studied  and  needs  further  attention  to  be
implemented effectively in industrial applications.  

D.  Combine With Other Control Schemes
It is promising to combine FCS-MPC with the actual appli-

cations of PMSM drive systems. Many control schemes, such
as  sensorless  control  and  fault-tolerant  control,  are  increas-
ingly  used  with  FCS-MPC  to  obtain  better  control  perfor-
mance.

The  robustness,  computational  burden,  steady-state  and
dynamic performance of the new control scheme generated by
the combination of these schemes still need to be further stud-
ied.  For  example,  both  sensorless  control  and  FCS-MPC  are
parameter  dependent  schemes,  and  sensorless  control  will
introduce  parameters  to  adjust,  which  will  increase  the  com-
putational  burden.  For  example, Fig. 21 shows  the  MPCC
fault-tolerant solution using virtual vectors [160]. The combi-
nation  of  the  two  saves  the  complexity  of  the  conventional
fault-tolerant  solution  and  achieves  good  results. Fig. 22
shows the tracking error of the FCS-MPC based on the finite
position set-phase locked loop (FPS-PLL).

Table VII lists  some  latest  combined  control  schemes  for
PMSM drive systems for different applications [161]−[168].

Furthermore,  complex  FCS-MPC  schemes  may  require  a
large  amount  of  computational  time.  To  avoid  unnecessary
resource  consumption  while  ensuring  control  performance,  a
popular  method  is  to  combine  event-triggered  control  and
FCS-MPC  [169]−[171].  Event-triggered  control  significantly
reduces  computational  cost,  making  it  possible  to  develop
more sophisticated solutions.  

VIII.  Conclusion

This  paper  reviewed  the  state-of-art  FCS-MPC method  for
PMSM  drive  systems.  The  basic  principles  and  three  ele-
ments  of  FCS-MPC  were  reviewed.  Some  problems  to  be
solved and related research results of FCS-MPC were summa-
rized,  such  as  robust  operation,  reduction  of  the  computa-
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tional  burden,  switching  frequency  optimization,  and  other
optimization schemes like multi-vector strategies, delay com-
pensation  and  weighting  factor  adjustment.  Several  new
research  ideas  and  promising  development  directions  were
proposed.  To  the  best  knowledge  of  the  authors,  the  above-
discussed  issues  of  FCS-MPC still  need  further  development
and research, and the analysis theory applicable to FCS-MPC
should  be  further  improved.  Multi-step  FCS-MPC  will  gain
more  and  more  attention.  The  vigorous  development  of  new
methods  makes  it  possible  for  the  PMSM  drive  systems  to
combine  solutions  such  as  fault-tolerant  control  and  sensor-
less  control  in  practical  applications.  Further  research  is
needed to explore the combination of these methods for better
results.
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Fig. 22.     The FCS-MPC with FPS-PLL. (a) Angular velocity tracking error;
and (b) Angle tracking error [161].
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