IEEE POWER ELECTRONICS REGULAR PAPER

Latest Advances of Model Predictive Control in
Electrical Drives. Part II: Applications and
Benchmarking with Classical Control Methods

Jose Rodriguez, Life Fellow, IEEE, Cristian Garcia, Member, IEEE, Andres Mora, Member, IEEE,
S. Alireza Davari, Senior Member, IEEE, Jorge Rodas, Senior Member, IEEE, Diego F. Valencia, Member, IEEE,
Mahmoud Elmorshedy, Member, IEEE, Fengxiang Wang, Senior Member, IEEE, Kunkun Zuo,
Luca Tarisciotti, Member, IEEE, Freddy Flores-Bahamonde, Member, IEEE, Wei Xu, Senior Member, IEEE,
Zhenbin Zhang, Senior Member, IEEE, Yongchang Zhang, Senior Member, IEEE,

Margarita Norambuena, Member, IEEE, Ali Emadi, Fellow, IEEE, Tobias Geyer, Senior Member, IEEE,
Ralph Kennel, Senior Member, IEEE, Tomislav Dragicevic, Senior Member, IEEE, Davood A. Khaburi,
Zhen Zhang, Senior Member, IEEE, Mohamed Abdelrahem, Senior Member, IEEE,

Nenad Mijatovic, Member, IEEE.

Manuscript received January 2, 2021; revised March 27, 2021; accepted
September 24, 2021. This work was supported in part by: ANID through
projects Fondecyt 11180235, 1210208, 11190852, FB0008 and Anillo Project
ACT192013; SERC Chile (CONICYT/FONDAP/15110019); National Nat-
ural Science Funds of China under Grant 51877207; the Australian Gov-
ernment through the Australian Research Council (Discovery Project No.
DP210101382). (Corresponding author: Cristian Garcia)

J. Rodriguez, F. Flores-Bahamonde and L. Tarisciotti are with the Depart-
ment of Engineering Sciences, Universidad Andres Bello, Santiago, 30332
Chile (e-mail: jose.rodriguez; freddy.flores; luca.tarisciotti @unab.cl).

C. Garcia is with the Department of Electrical Engineering, Universidad de
Talca, Curico, 3340000 Chile (e-mail: cristian.garcia@utalca.cl).

A. Mora and M. Norambuena are with the Department of Electrical
Engineering, Universidad Tecnica Federico Santa Maria, Valparaiso, 30332
Chile (e-mail: andres.mora; margarita.norambuena@usm.cl).

A. Davari is with the Faculty of Electrical Engineering, Shahid Ra-
jaee Teacher Training University, Tehran 16788 15811, Iran (e-mail:
davari @sru.ac.ir).

J. Rodas is with the Laboratory of Power and Control Systems, Fac-
ultad de Ingenieria, Universidad Nacional de Asuncién, Paraguay (e-
mail:jrodas @ing.una.py ).

D. Valencia and A. Emadi are with the McMaster Automotive Resource
Centre (MARC), McMaster University, Hamilton, Ontario L8P 0A6, Canada
(e-mail: valendl; emadi@mcmaster.ca).

Mahmoud F. Elmorshedy is with the Department of Electrical Power
and Machines Engineering, Faculty of Engineering, Tanta University, Tanta,
31521, Egypt (e-mail: Mahmoud.elmorshedy @f-eng.tanta.edu.eg).

F. Wang is with Quanzhou Institute of Equipment Manufacturing, Haixi
Institutes, Chinese Academy of Sciences, Jinjiang, 362200, China (e-mail:
fengxiang.wang @fjirsm.ac.cn; zuokunkunl7 @mails.ucas.ac.cn).

K. Zou is with Quanzhou Institute of Equipment Manufacturing, Haixi
Institutes, Chinese Academy of Sciences, Jinjiang, 362200, China and also
with the Institute for Electrical Drive Systems and Power Electronics,
Technical University of Munich (TUM), 80333 Munich, Germany (e-mail:
kunkun.zuo @tum.de).

W. Xu is with the State Key Laboratory of Advanced Electromagnetic
Engineering and Technology, School of Electrical and Electronic Engineering,
Huazhong University of Science and Technology, Wuhan 430074, China (e-
mail: weixu@hust.edu.cn).

Z. Zhang is with the School of Electrical Engineering, Shandong University,
Jinan 250061, China (e-mail: zbz@sdu.edu.cn)

Y. Zhang is with School of Electrical and Electronic Engineering,
North China Electric Power University, Beijing 102206, China (e-mail:
yozhang @ieee.org).

T. Geyer is with the ABB System Drives, 5300 Turgi, Switzerland (e- mail:
t.geyer@ieee.org).

R. Kennel is with the Institute for Electrical Drive Systems and Power
Electronics, Technical University of Munich (TUM), 80333 Munich, Germany
(e-mail: ralph.kennel@tum.de).

Abstract—This paper presents the application of Model Predic-
tive Control (MPC) in high-performance drives. A wide variety of
machines have been considered: induction machines, synchronous
machines, linear motors, switched reluctance motors, and mul-
tiphase machines. The control of these machines has been done
by introducing minor and easy-to-understand modifications to
the basic predictive control concept, showing the high flexibility
and simplicity of the strategy. The second part of the paper is
dedicated to the performance comparison of MPC with classical
control techniques such as field-oriented control and direct torque
control. The comparison considers the dynamic behavior of the
drive and steady-state performance metrics such as inverter
losses, current distortion in the motor, and acoustic noise. The
main conclusion is that MPC is very competitive concerning
classic control methods by reducing the inverter losses and the
current distortion with comparable acoustic noise.

Index Terms—Predictive control, variable speed drives, electric
machine.

I. INTRODUCTION

With the advances of electromobility, the control of elec-
trical machines, a traditional research area, is now more
active than ever [1]-[3]. Applications of controlled electrical
motors in cars, trucks, buses, trains, scooters and bicycles are
intensively investigated [4]-[11]. Different types of motors are
being studied for these applications: Induction Machines (IM),
Permanent Magnet Synchronous Machines (PMSM), Switched
Reluctance Machines (SRM) to mention a few [5], [12]-[14].
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Today, the dominant strategy for the control of electrical
motors in electromobility is Field Oriented Control (FOC).
This technique was invented 50 years ago at a time where
microprocessors were not available [15], [16]. Using micro-
processors this technique constantly has been improved and
today is the standard for high performance drives.

The tremendous calculation power of modern micropro-
cessors available today has motivated the investigation of
different control techniques for high performance drives, with
Model Predictive Control (MPC) being one of them. MPC has
emerged as a very attractive alternative for drives applications,
because it adapts in a very natural way the discrete nature
of the controller (the microprocessor) to the load, which is a
system with a finite number of switching states generated by
the inverter. Using MPC it is not necessary to linearize the
equations of the machine, to design linear controllers and to
use Pulse Width Modulation (PWM) [17]-[21]. Several works
have been published, related to the use of MPC in electrical
drives [22]-[27].

This paper presents a review of recent and relevant MPC
strategies applied to different types of machines: induction mo-
tors, synchronous motors, switched reluctance motors, multi-
phase motors, and linear motors. This paper shows how MPC
is adapted to fulfill the particular restrictions presented by each
electric machine type.

Aiming to be accepted by the industry, MPC techniques
must demonstrate superior performance compared to existing
high-performance strategies: FOC and Direct Torque Control
(DTC). For doing so, the second part of this review paper
is dedicated to assessing the performance of these control
techniques. The main comparison criteria evaluate the dy-
namic behavior of electromagnetic torque. The assessment also
considers steady-state performance metrics such as switching
losses in the inverter, the ripple in the motor current, and the
motor’s acoustic noise, which is relevant for car applications.

The paper is organized as follows. Section II presents a
short review of the main model predictive control strategies.
Sections III, IV, and V present the main features related to the
application of MPC in switched reluctance, linear induction,
and multiphase machines, respectively. Section VI compares
a model predictive torque control (MPTC) strategy based
on Finite Control Set MPC (FCS-MPC) with the two most
important high-performance control strategies used in indus-
try, namely: FOC and DTC. The comparison evaluates the
steady-state and dynamic performance. Section VII compares
the technique called Model Predictive Pulse Pattern Control
(MP3C), [28]-[34] with standard control techniques, applied
in a high power (>1MW) drive, using a 3-level Neutral
Point Clamped (NPC) inverter. Section VIII compares the
model predictive current control with linear current control and
PWM for an electric car application, considering the losses of
the inverter and acoustic noise [35]. Section IX presents the
challenges and future works. Finally, section X presents the
conclusions.

II. PREDICTIVE CONTROL STRATEGIES FOR DRIVES

The predictive control method includes different sub-
branches, i.e., hysteresis-based control, trajectory-based con-
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Fig. 1: Deadbeat-based FOC method.
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trol, deadbeat control, and MPC [36] [37]. The hysteresis
control theory, which is also known as bang-bang control
theory, was firstly introduced for predictive current control in
[38]. The trajectory control method is based on forcing the
variables of the system to track a predefined trajectory. Direct
self control [39] and direct mean torque [40] are the most
important methods in this category [41]. The combination of
the hysteresis-based control and the trajectory-based control
has become an independent family in the drive applications
known as the Direct Toque Control [42]. This method showed
that the predictive control is capable of the direct control
of the desired variables like the torque and the flux [41].
Except for the DTC strategy, today two successful categories
of the predictive control family in drive applications are
deadbeat control, and MPC. These two categories were widely
investigated for the drive applications during the last decade.
The MPC method has been applied by two approaches, i.e.,
Continuous Control Set MPC (CCS-MPC) and FCS-MPC.

A. Deadbeat Control in Drive Applications

The idea of the deadbeat control is based on calculation and
application of the voltage vector that will move the operating
point of the motor exactly to the desired torque and the
flux [43]. The deadbeat method has been applied to drive
applications because of the capability of a very fast dynamic
response [44] and an accurate steady state response [43]. Fig. 1
shows a typical block diagram of the deadbeat control method
for motor drives in field coordinates. The following equation
shows the voltage reference calculation in deadbeat control of
the induction motor [45]:

Le . .

. . ke .
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where r=k—:,kr=|L_—":,R =Rs+k§Rr, =1 %gl*_‘r

and T is the sampling period.

Despite the mentioned advantages of this technique, it
shows a high sensitivity to different kinds of disturbances in
practice. Most of the studies about the deadbeat method during
the last decade are dedicated to robustness improvement. The
research on this issue can be categorized as follows:

Disturbance estimation and cancellation.
Controller bandwidth tuning.

Online parameter identification.
Prediction model robustness improvement.
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The disturbance estimators are used to estimate the general er-
rors produced by system's the disturbances [46]. The estimated
disturbance should be subtracted by the control law, which is
the stator voltage reference. In [47], an ultra-local model is
used to observe the system's disturbance. A combination of
disturbance and load observers is proposed as the parallel-
observer in [48].

Another technique to increase the deadbeat method's ro-
bustness to reduce the controller bandwidth was introduced in
[44]. The bandwidth reduction of the controller is performed
by dividing the error by two [48]. Through this technique,
the tolerance of the parameters can be increased up to 200%

while decreasing the deadbeat controlled system's dynar@&vmgr g = 0. For instance, if a surface-mount PMSM is

Fig. 2: CCS-MPC-based MPTC for PMSMs.

performance. " L . K .
) ) ) L utilized, the optimized voltage variabl andvg, are:
The adaptive online parameter identi cation has been P g ! s
widely utilized to improve the robustness of the deadbeat \« _ Sy iK)+ Rsif, Ll k||s<q; (3a)

method [43]. A Model Reference Adaptive System (MRAS) sd ™ T,
observer is used in [49] to adapt the speed and stator resistance x _ E(i
simultaneously. The results of this study showed that a 150% 9 T, %9

uncertainty of the stator resistance is tolerated. However,the studies in [54]-[56] show that the CCS-MPC results
the drift error is a common problem among MRAS-baseg 4 |ow ripple for the torque and the current of the machine.
observers. In [43], the estimation is performed one step ahegdy, the computational burden of this control method is low.
to reduce the drift error. However, as shown in (3), the performance of the controller
The closed-loop Luenberger prediction model has be@juld be deteriorated by the parameter variations (including
introduced as the robust prediction model [50]. The feedbasigator resistance, stator inductance, and permanent magnet ux
gains are calculated based on tHe robust design. Though jinkage) and nonlinearity. Thus, the sensitivity of the method
this method increases the robustness, it is proved that {§ehigh, similar to the deadbeat control strategy.
method is not robust at near-zero speed region. In [51], [52], anTo overcome this issue, many approaches have been pro-
integrator is used in the control loop to reduce the sensitivighsed in the literature. For instance, as indicated in [37], the
and modify the dynamic response of the system. robustness of the Indirect MPC is improved by penalizing the
Overall, the deadbeat control method is considered the fastentrol effort in the cost function allowing for less aggressive
control method in the predictive control family. Consequentlyontrol actions. In [54], a disturbance observer is applied to
the sensitivity to parameters mismatch and estimation mduce the sensitivity of the method. Besides, the rotor position
disturbances are the main issues to overcome about this congaliminated from the prediction model in [56] to increase the
method to achieve a high-performance motor drive controlleobustness of the sensorless motor drive.
Furthermore, when input and/or state constraints are con-
sidered for the MPC formulation [37], then either ef cient
B. Continuous Control Set MPC (CCS-MPC) QP solvers can be employed (e.g., inte.rior—point, actiye—set
methods [57]), or the unconstrained solution can be projected
This control strategy was rst introduced as the generalizezhto the feasible set. In [58], a CCS-MPC strategy with input
predictive control [53] and it is considered the basic form gfnd state constraints was introduced for MPTC in PMSMs, in
MPC. As shown in Fig. 2, this control method employs carriewhich an active-set algorithm to solve ef ciently the associated
based PWM such as Sinusoidal PWM (SPMW) or SpaégP problem is implemented in a low-cost control platform.
Vector Modulation (SVM) and it is also referred to as Indirect

MPC [37]. C. Finite Control Set MPC (FCS-MPC)
This control method computes the voltage reference by|pq distinguishing point of this MPC approach is the

minimizing a given cost function, representing the trackingynsigeration of the nite nature of the power converter. Con-
error of the controlled variables. The cost function for Curre%ﬁdering this feature, the FCS-MPC predicts the behaviour of
control considering a prediction horizon of one step is de nefe variable to be controlled for a set of admissible switching

as below [54]: positions. The cost function should be examined for all feasible
g= iy iK1 24 s i‘;gl 2. 2 vo_Itgg_e_vectors, and the_ optimum switching statg_is the one
minimizing the cost function. For instance, if a traditional two-
Suppose both the constraints related to the feasibility regivel inverter is utilized and a prediction horizon of one step
in which the voltage vector belongs (input constraints) and

the current limits (state constraints) are not considered. |n1In CCS-MPC, the control effort stands for change in the voltage vector or
change in the modulation index. In the context of FCS-MPC, the control

that Case* an unconstrained Quadratic Programmmg _(Qp)eﬂ‘ﬁrt concept refers to the switching effort and penalizes the number of
established, and the voltage vector can be easily obtainedcbyimutations of the power semiconductors.

i)+ Rsity + Ls! Kify+ 1% om: (3b)
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Fig. 4: Block diagram for control algorithms in SRM drives
(a) Current reference generated with of ine torque sharing
techniqgue and MPCC for phase current tracking (b) MPTC.

Fig. 3: FCS-MPC-based MPDT for IMs.

is considered, the cost function should be evaluated for the set
of possible voltage vectors [59]-[61]. .
The block diagram of the FCS-MPC method applied for Seduential FCS-MPC [70].

model predictive torque control is illustrated in Fig. 3. As The second drawback of the FCS-MPC is the high ripple

indicated above, the stator ux and electromagnetic torque &f the torque and the current. A promising solution to

the IM can be predicted by using [62]: mitigate these issues is the so-called modulated MPC strategy

introduced in [71], [72] for PMSMs. Similar to the modulated

kel _ k4l K+l MPC, a control strategy that manipulates the switching states
s Lsis™ + ke ¢ (42)  and their application times aiming to control the stator ux tra-

T(lf*l - 3 k41 i‘;” (4b) jectory is proposed in [73] to improve the overall performance

of IM-based drives.

2 S
In (4), the future trajectories for the stator curréfit’ and  The last problem of FCS-MPC is the high computational
rotor ux 'r<+1 are obtained from the following discrete-timedurden when it is adapted for multilevel converter applications.

model: \oltage vector elimination has been utilized in [74] aiming
2 . 3 2 ) 2 k3 2 3 to reduce the number of possible vectors that should be
iP5 1 LR Tske 1jp ko Te calculated.
§'s Z-§ to to T BT, g
k+1 Tslm 1 T. L j| k k 0
r . s 7 ' r
5 I1l. APPLICATION OFFCS-MPCIN SWITCHED
©) RELUCTANCE MACHINE (SRM)
m;;rﬁtﬁgztifslfncnon for controlling the torque and stator ux SRMs, magnet-free and double salient pole structure of-

fer a simpler construction and robust high-speed and high-
g= T Telz(jﬂ 2y . 'gj"l 2, (6) temperature operation [75], making them interesting for reli-
) able fault-tolerant operation [76]. These features have found
Consequently, the cost function (6) should be computed for gligitaple position in applications such as vacuum cleaners,
possible voltage vectors according to the FCS-MPC workingey hammers, compressors, and electric vehicle systems [77],
principle, where is the ux weighting factor. Then, the [7g] Although SRMs are candidates for high-performance
inverter applies the voltage vector that minimizes the coghg safety-critical systems such as automotive traction or
function. This process is repeated each control mteTya_I aerospace [79], [80], in practice, they have not seen such
The advantages of the FCS-MPC can be summarized @gnarios due to their inherent torque ripple and acoustic
below [61]-[65]: noise [81].
It is Straightforward to include nonlinearities, ConStraintS, Several design considerations have been proposed and com-
and variables of different nature in the optimization problemyrehensively reviewed in [82]-[84]. However, torque control
There is no need for a modulator which is useful whenig not as straightforward as it is in conventional AC drives.

multi-level or a matrix converter is applied. _ The highly nonlinear torque-current-position relation requires
The dynamic performance of the control method is fastgfe de nition of torque sharing rules that are mapped as phase
than the one obtained with FOC. reference currents through lookup tables [85], in a similar way

Despite the mentioned advantages, there are some drag+OC. Some of these rules include Torque Sharing Functions
backs with the FCS-MPC method. The rst problem is th¢TSFs) [86] or Radial Force Shaping (RFS) algorithms [87].
weighting factor in the cost function which is the commomevertheless, the current tracking is a challenging task in such
problem of all cost function based model predictive contr@ nonlinear machine. This high complexity has become an
methods [66]. Generally, four techniques have been appligderesting target for MPC to handle.

for this problem. 1) MPC of SRM drives:There are two alternative imple-
Finding the optimum weighting factors [67]. mentations of MPC in SRM, as shown in Fig. 4. The rst one,
Simpli ed FCS-MPC [68]. in Fig. 4(a), emulates the FOC obtaining reference currents

Decision making based methods [69]. from pre-calculated lookup tables. A Model Predictive Current
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current waveforms, thus evidencing the exibility of MPCC.
g =i ij k+2 2; X (93a)
2 2 .
g.= T T:j 2%+ g (9b)

3) Particular considerations and constrain&RM control
usually rely on Finite Element Analysis (FEA) models to
obtain the static maps, which possibly makes the parameter
variations considerable. Solutions have been proposed like
online parameter estimation to compensate for variations in
the phase inductance and Itering techniques for measurement
inaccuracies [94]. MPC for SRM is still at an early stage, and
further work on secondary objectives such as acoustic noise
and fault-tolerance is still required.

Fig. 5: Results for torque tracking at 1000 rpm of a four-phase

8/6 SRM using (a) TSF and MPCC (b) MPTC. IV. APPLICATION OFFCS-MPCIN LINEAR INDUCTION
MACHINE

Control (MPCC) algorithm tracks the phase currents based orl-in€ar Induction Machines (LIMs) have many applications

the discrete machine ux equation as [88], such as reciprocating compressor, packing materials handling
Lol ‘e ‘ » and also it is used in subway systems in various coun-
= g aE ) T Ry, (7)  tries such as the USA, Japan, and China [95]-[97]. Despite

wherev; ,i;,R;,L; and ; are the voltage, current, resistance‘?omprehens'\’e research of MPC for conventional rotating

and ux linkage of the phasg, respectively. Notice that machines presented in [95], [98], few works have focused

the dependence of the ux linkage on both the current arﬁf1 MPC for L”\g e}pplications. :_Diffe_rent MPC strategies havef
electrical angle; is highly nonlinear; therefore, the predictive een presented for LIM applications [98]-[106]. Some o

model usually relies either on approximated analytical equ@_ese strategies have focused on the reduction of thrust and

tions or static maps [89]. In the Iatest}k is obtained from the primary ux-linkage ripples, the decreasing distortion of the

static characteristics (i; ) as a lookup table. The predictedprlmary current, achieving the Maximum Thrust Per Ampere

j|<+1 is used to obtairijk+1 using a second lookup tableg:/lﬂ'i:l;ﬁ\), and eliminating the weighting factor from the cost

i( ;). In practice, this prediction uses on*? for delay both _ 4 saf on for th
compensation. Alternatively, Fig. 4(b) uses a MPTC approach In [99], both running and safety operation for the LIM

which generates a switching pattern with the comparison of tﬂé"e been improved by applying Multistep Model Predictive

reference torque and the predicted torque from the predictﬁ?ntrOI (MMPC). Meanwhile, the development of wo or
ree voltage vectors has been proposed in [100], [101] so

model [90]. The main advantage is the online de nition of ;
torque sharing laws. The torqu‘bek-+l is predicted from the as to reduce the current ripples. In [100], the armature current
phase torqugéﬂ andil!(ﬂ as, has been limited within a safe region by inserting a penalty

over-current factor in the designed cost function. Moreover,
il el kel kel an improved deadbeat control with an iterative algorithm is
Te ™= Ty 055 (8) proposed in [101] to solve the problem of current and voltage
i=1 constraints in the traditional DBC. In addition, the deadbeat
2) Cost functions:The current tracking can be de ned withcontrol has been improved by producing the maximum thrust
eq. (9a) [91]. As the SRMs commonly use asymmetric coff the whole working condition [102]. Further, the FCS-MPC
verters, there are three possible switching states per phase.idfmproved by adding the MThPA criteria with different
a four-phase SRM it mear# = 81 possible combinations. condition such as presented in [103]-[105]. Finally, some
Assuming no more than two phases simultaneously active/§gearchers have developed the MPC without weighting factor
is reduced t® possible states [88]. For the MPTC approaci© reduce the time consumed like [98], [106].
(9b) can be adopted [90], [92]. It is common to include a term In order to completely eliminate the weighting factors,
to penalize the phase currents to obtain the reference torg@guce the calculation process and improve the performance
with the minimum conduction losses [93]. The cost functiorgf the LIM drive system, a new cost function is proposed in
in (9) evaluate the possible switching states to obtairst]g‘é [103]. The new cost function is based only on the primary ux-
that minimizes the error. Fig. 5 shows the phase currentiikage error. Extra improvement can be accomplished with
phase torque and total torque for the algorithms shown tihe proposed control approach by achieving MThPA criterion.
Fig. 4. MPCC guarantees a proper current regulations wifttis method is called Finite-Set Model Predictive Direct Flux
minimum ripple, but the algorithm, in this case TSF, fails t&€ontrol (FS-MPDFC).
reduce torque ripple requiring additional improvement. MPTC, Based on the dynamic model of the LIM, the error between
contrarily, provides a smooth torque sharing with more diversiee reference thrust and the actual thruste = F, F, can
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Fig. 6: The proposed MThPA based the FS-MPDFC for LIM

drive system. Fig. 7: Responses of thrust, primary ux-linkage, and linear
speed for LIM based on FS-MPDFC.

be expressed by [105],

3 1 . . ] applications such as electric propulsion and traction (i.e. ships
Fe = 77Tk 1kk 2k sin( a2+ 1) sin(12) 5 (A0) 14 electric vehicles) and generation systems (i.e. offshore

2
where 1, is the angle between the primary and secondar\évnd energy systems) [108]. Nevertheless, the additional de-

ux-linkages. Notice that, from (10), the relation betweerd€es Of freedom (typically named 'y planes) that exist

the thrust error and the incremental deviation of the thrut Multiphase ZYS_temIS also make th(;m aé}ood altirnatlve 1;or
angle, 1 is non-linear. Therefore, a Pl controller is used tyarous nontraditional purposes such as battery chargers for

generate the incremental variation of the thrust angle. HenEECIIC vehicles or multimotor systems fed by a single power

the reference primary ux-linkage can be calculated by, converter [1_09],' , )
The application of new control techniques for multiphase

k .kcos( ,+ ) (11) systems has been undoubtedly one of the main research
k ksin( ,+ ) (12) topics that has caught the attention of the MPC community.
L ) . i Therefore, much effort has been directed over the last decade
wherej ] is the amplitude of reference primary ux-linkage,is improve the performance of traditional control schemes by
and 1 the angle of the estimated primary ux linkage. Inysing MPC-based controllers. The application of FCS-MPC as

order to guarantee the maximal thrust, the reference primayypcc for multiphase machines is presented below, taking
ux-linkage j ;j can be calculated based on [103]. a 6-phase IM as an illustrative example.
The proposed cost function depends only upon refer-

ence and predicted components as expressed by
2 2 A. Standard MPCC of Multiphase Machines

9= it it (13) . .
Fig. 8 shows the control structure of a 6-phase IM variable
The block diagram of the proposed FS-MPDFC strategy épeed drive using the standard Indirect Rotor Field-Oriented
shown in Fig. 6. The nal expression of the predicted primargontrol (IRFOC) technique where the inner current control
ux-linkage can be written as: loop is implemented with the standard MPCC. Then, the
, _ , ; stator current reference in the plane (. ) is generated
vi (kx D)= (k) + Ts(uag (k) Rl,ll () Ad) - m the outer speed control loop and from thexis current
vi (k+D)= 1 (k) + Ts(uri (k) Rada ()2 (15 reference iy)- The MPCC uses the following discrete-time

The proposed FS-MPDFC is tested under the thrust load8pdel of the system to predict the future values of the 6-phase

1

1

100 N, linear speed of 6 m/s and sample im@d0 *s. The IM's currentsim = i il ir

responses of electromagnetic thrust, primary ux linkage, and ik _ akik 4 gy k- (16)

linear speed are shown in Fig. 7. It is observed that the FS- m m s’

MPDFC can achieve faster response with lower thrust ripplghere i, = is is ' andisy = isis, ' denote

compared to the other FS-MPDTC method mentioned in [103he stator current in the  andx y planes, respectively.
The rotor current is de ned accordingly. = i, i,

V. APPLICATION OFFCS-MPCIN MULTIPHASE MACHINE  MatricesAK and B depend on the 6-phase IM parameters

Multiphase systems are those that have more than thfé the present value of both, the rotor spéddand the
phasesr{ = 5: 6, 7:9; 12: : : :) and could be of either induction sampling t|meTS+ The mpuj[ stator voltages are .denoted by
or synchronous type. The possibility to split the power ints= Vi, Vix . To provide delay compensation, a two-
more phases and its inherent fault-tolerance operation with si@p ahead prediction of the stator currents i; i;xy T
extra hardware are the main advantages compared with traditypically performed. To this end, it is necessary to esti-
tional three-phase systems [107]. For that reasons, multiphas&te and predict the unmeasurable rotor currents at instant

systems are considered ideal for fault-tolerant and high-powet 1 [110], [111].
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TABLE I: Control algorithms comparison

FOC DTC MPTC
Tuned Param. 6 4 3
Exter. Control PI PI PI
Inner Control 2 Pl 2 Hys. Contr.  Pred. Contr.
Flux Angle Yes Yes No
Coordinate Transf. Yes No No
PWM Yes No No
Constraints inclusion Dif cult Dif cult Easy
Fig. 8: Voltage space vectors afd switching states in Control Complex. High High Low
andx vy planes and MPCC scheme for a 6-phase IM. Computational Burden 8 s 8 s 12 s

cost, worsex y current control, and higher current ripple.
An open issue is the simultaneous control of primary
ux/torque production plane and secondaxy Yy machine
losses plane. Many variations of the standard PCC have been
proposed for this problem. Fig. 9 summarizes the experimental
results for some of the most recent variations of the MPCC
method, namely the MPCC with Virtual Vector (MPCC-VV)
[116], Modulated Model Predictive Control (M2PC) [117]
and a novel variation named N-M2PC [112]. The most recent
reviews of PCC structures with different cost functions for 5-
phase IM and 6-phase IM are available in [118] and [119],
respectively.

VI. GENERAL ASSESSMENT OFFCS-MPCwITH HIGH
PERFORMANCECONTROL STRATEGIES

Fig. 9: Experimental stator current responses pres;enteq:rorn the theoretical poi ;
: ) i ) ) point of view [120]-[122], the com-
in [112] using (@) standard MPCC; (b) MPCC-VV; (c) Ivmpc{arison of FOC, DTC and MPTC (see Fig. 3) is summarized

(d) N-M2PC C?_”g?' me”thods. Ehe sz;me s(tjatordmfjrrentlrf; g Table 1, including the required tuned parameters, external
ences are applied for all controllers (Reproduced from [ op controller, inner loop controller, system control, etc. In

this section, these methods are studied comparatively by using

The cost function (17) is used to de ne the desired behavioer),(pe”menta1| tests.

i.e. the stator current tracking. For a 6-phase IM, the cost ) o

function is evaluated 49 times, and then, the Voltage Sourfe Evaluation Criteria

Inverter (VSI) switching statesﬂj;tz) for the stator voltage 1) Switching frequencyUnlike the FOC method, where
vector that minimizes the cost function is selected and appligte carrier frequency. of the PWM imposes the switching
to the 6-phase IM by means of the VSI during the next sampfiequency asfqy = f.=2, the DTC and MPTC strategies

time. perform variable switching frequency. Thus, to ensure a fair
— i k2 ik+2 2 L ok+2  ik+2 2,
9= Is ' |s+ 2+ Xy st; |s>:ry 2" (17)
) o ) o TABLE II: Parameters of the IM
The tuning of the weighting factor () is a heuristic pro-
cedure providing trade-off between the variables of inter- Parameter Value
est [113]. Other examples of cost functions for multiphase :
machines include reduction of common-mode voltages, torque dc-link voltage Ve 582V
ripple minimization and VSI switching losses [114], [115]. Stator resistance  Rs 2.68
Rotor resistance R; 2.13
B. Particular Considerations and Constraints Mutual inductance L 275.1 mH
The standard MPCC is an alternative to the inner Pl current Stator inductance  Ls 283.4 mH
controller used in typical FOC schemes. The latter technique Rotor inductance L, 283.4 mH
is one of the most used control structures for multiphase Nominal Speed I nom 2772 rpm
machines. Compared to the standard Pl current controller, Nominal Torque  Tnom 75 Nm

MPCC provides faster current tracking and wider current

. . ) Rotational inertia ~ J 0.005 kg/nd
control bandwidth at the expense of a higher computational 9
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Fig. 11: Experimental results: dynamic torque response under

three control algorithms.
@)

B. Performance Evaluation

The IM test bench consists of two 2.2 kW squirrel-cage
IM. The load machine is controlled by a 3.0 kW Danfoss VLT
FC302 inverter to provide load torque, and the main machine is
driven by a 14 kVA servostar600 inverter. The parameter of the
IM are summarized in Table II. A self-made 1.4 GHz real-time
computer system, Embedded PC104, is used for the control
system of the inverter, with 16 kHz sampling frequency. All
methods are carried out experimentally on the same test bench
and using the same speed PI controller with 8 rad/s bandwidth.

To demonstrate the steady-state performance of all meth-
ods, the rst comparative experiment is tested at full speed
(2772 rpm) with a full load torque (7.5 Nm), as shown in
Fig. 10. It should be noted that we have done a lot of
experiments to tune the relevant parameters to achieve the
optimal performance of each method. The measured THD of
FOC, DTC and PTC are 3.2%, 4.0%, and 3.6%, respectively.
It is clear that FOC algorithm achieves the best current
performance at this operating point. FOC and PTC achieve
smaller torque ripples, which are 0.8 Nm and 0.9 Nm, and the
SD of torque are 0.1473 and 0.1852, respectively. DTC has
slightly bigger ripples of 1.2 Nm, and the SD is 0.2227.

At the same time, when evaluating the error between
the observed load reference value (7.5 Nm) and the torque

(© uctuation average value, only the FOC algorithm achieves a
Fig. 10: Experimental results: steady-state performance un@efo torque tracking error, which is due to the use of internal
three control algorithms. (a) FOC; (b) DTC; and (c) MPTC.current PI controllers and the modulator. However, more PI
parameters need to be tuned for a cascaded control structure.
Dynamic performance is one of the important indicators for
evaluating various algorithms. Therefore, the torque dynamics
comparison, the goal is to establish an average switchiofjall methods are compared in the second test under the step-
frequency equal to the one obtained using FOC. To this emghange load torque (from 0 Nm to 7.5 Nm), as shown in
the DTC's switching frequency is taken as a reference to adjuty. 11. From this picture, we can see that FOC algorithm
the sampling frequency used in the MPTC and the PWMiakes a long time (2 ms) to reach the torque reference,
carrier frequency employed in the FOC. because the inner current loop with limited bandwidth will

2) Steady-state performanc@&he Standard Deviation (SD) lr'nrg;:g ?o?yvr:/izlilmg;is(g t;e dgll;tyer ggeter?e I%%?]t;r;?/ tg?r (l:JS:n(c)lf
e ool et THPTC oxhta shorterdynam process (0. o) because ey
the performance of the tested control methods Rave theoretically unlimited bandwidth. However, the primary

' disadvantage of the direct control method is that the selected

3) Dynamic performancein this work, the time for the voltage vector will be kept throughout the control interval,
electromagnetic torque to reach the reference is used wbich possibly results in higher torque ripple.
evaluate all control algorithms' dynamic performance. To evaluate the dynamic performance over the entire speed

(b)
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@) Fig. 13: MPC scheme based on optimized pulse patterns.

the dynamic performance, the FOC algorithm takes a longer
settling time for torque transients when compared to MPTC
and DTC strategies. Besides, MPTC can achieve dynamic
responses like the DTC while keeping better steady-state
performance.

VIl. ASSESSMENT OFMPC IN A HIGH POWER DRIVE
A. MP3C Control Strategy

(b) The block diagram of the MY strategy is depicted in
Fig. 13. This controller combines the modulator and inner
control loop in one computational stage using the receding
horizon control policy [28]-[34]. From this perspective, for a
given input trajectory, an internal model of the drive system
allows predicting the system's output trajectory over a predic-
tion horizon. An optimization stage minimizes the stator ux
error by manipulating the time-instant of the optimal switching
transitions derived from Optimum Pulse Patterns (OPP) [123].

B. Experimental Results

) Experimental results for a medium-voltage NPC inverter

Fig. 12: Experimental results: reversal performance undgic-link voltage is set td/gc = 4:84 kV) driving a 3.3 kV
three control algorithms. (a) FOC; (b) DTC; (c) MPTC. IM rated at 1140 kVA are summarized in this review paper
(further details can be found in [33]).

Torque steps from 85% to 35% rated torque are shown in
Fig. 14. MPC achieves the same torque settling time as DTC
854], [125], which is below 1 ms. This feature is due to the

speed reverse.test. Fig. 12 shows the results of rotating S'pdnsértion of additional switching transitions into the switching
electromagnetic torque, and stator current of all methods .
attern in case of large stator ux errors [30].

respectively. As can be seen from the gure, all methods halé
achieved very similar results. While, FOC shows better current

performance, which is the benet of using the independeft. Assessment and Comparison with FOC-SVM

inner current PI controller. In the MPTC algorithm, the cost To quantify the user benets of the ME strategy in
function considers the prediction errors of torque and Uxelation to the standard FOC with space vector modulation
Therefore, the weighting factor determines the electromagnet®/mM), a comprehensive simulation work of an idealized
torque performance and the quality of magnetic ux. In
summary, all methods in the comparison result can achieve ) ) i
acceptable control performance throughout the entire speed TABLE IIl: Comparative analysis of experiments

range, the nal comparative experiment demonstrates a fi

range. _ FOC DTC MPTC
Finally, the performance comparison of the tested control

strategies in terms of switching frequency, current THD, torque Switching Freq. 4 kHz 4 kHz 3.92 kHz

SD, among other indexes, is summarized in Table Ill. As Current THD 3.2%  4.0% 3.6%

shown, the FOC algorithm's steady-state performance is better Torque SD 0.1473 0.2227  0.1852

since, for similar switching frequencies, the current THD

. . . Dynamics 2ms 0.5ms 0.5 ms
and torque ripple are slightly lower. However, in terms of
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Fig. 14: Medium-voltage experimental results: #@P and
DTC during a torque reference step from 85%

to 35% rat%qlg_ 17: Multistep model predictive current control for elec-
torque, [33].

trical car applications, [35].

out (further details in [33]). The trade-off between the inverter
losses and the harmonic losses of the machine is shown in
Fig. 16 when varying the switching frequency at nominal
speed and load. It is clear from the results tha®@Rchieves

a superior performance in terms of losses. As indicated by the
arrow in Fig. 16, MPC atf,=150 Hz achieves a total loss
reduction of 25 kW with respect to SVM &t,,=250 Hz. This

loss reduction can have a signi cant impact on both the capital
expenditure as well as the operating costs of the system. For
instance, by considering an electricity price8tke per MWh,

the operational cost of the whole drive system can be reduced
by 21ke per year, [33].

Fig. 15: Simulation results: current TDD vs switching fre
quency when comparing FOC-SVM and RAP (operating at
full load), [33].

VIII. A SSESSMENT OFMMPC FOR ELECTRIC VEHICLES
APPLICATION

The implementation of predictive control for a multi-step
prediction, or also known as long-horizon prediction, has been
proposed as a control strategy in power electronics, [126]. The
main characteristics of this method is its ability to work with
lower switching frequency, reducing the losses of the inverter

Fig. 16: Simulation results: Trade-off between the harmoni@ comparison with PWM [127]-[129]. This last characteristic
losses of the IM and the inverter losses, [33]. has allowed it to position itself as an attractive strategy for
electromobility applications, where energy ef ciency is essen-
tial, [35]. Sphere decoding allows one to solve the underlying

variable speed drive system was done in [33]. The harmorfi€ger optimization problem in a computationally ef cient
performance of MBC with that of FOC-SVM is compared W&, [130], [131].

in Fig. 15. As shown, up to 50% lower current distortions '"€ proposed multi-step strategy with sphere decoding in
or up to 40% lower switching frequency can be obtained B$°! is shown in Fig. 17. The proposed method was imple-
using MPC. A third alternative is to reduce both the switchingnented in a two-level VSI feeding a Interior-PMSM which is
frequency and the current distortions. An example of this typical electrical drive system for electrical car. In this work
approach is addressed by the diagonal arrow in Fig. 15. Helfé€ cost function used is,

MP3C reduces the switching frequency by 20% and the current XN 5 )
TDD by 35%. 9= (1 W) gt o+ o uk o (19)
As can be concluded from the above analysis, the perfor- k=t

mance of the drive system can be optimized by adequateifiere the control objectives are the direct and quadrature
reducing the iron and copper losses in the IM and the switchingachine currents along with the change in the three-phase
losses in the power converter. Also, low current distortiorswitching positions to minimize the commutations.
imply low ripple of the electromagnetic torque, which leads The ef ciency in the use of energy is crucial today. This
to lower mechanical stress. This feature allows improvingecomes even more important in electromobility applications
the reliability and also enables increasing the maintenangiere the available energy is limited, as is the case with
intervals to reduce the operational costs of the drive systeman electric car. Fig. 18 shows the performance of multistep
In an effort to quantify these bene ts, detailed simulationstrategy, where it can be seen that it is possible to reduce the
of a 3.3 kV drive system with a 10.3 MW IM were carriedosses in the converter for the same harmonic distortion.
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TABLE IV: Measurements showing the total inverter losses

difference P =100 (Pmpc Proc)=Proc.
Speed (rpm)
Load Torque (Nm) | 1000 2000 3000 4000
10 26% -14% -13% -14%
20 20% 9% 9%  -13%
30 -16% 6% T%  -12%
40 -10%  -5% 6% -11%
50 -7% -4% 6% -10%
12
n
10
9
- 8
S
% 7
= 6
5
A Au=0.70 10 kHz
3 MPC( f,=80 kHz)
2 0 20 40 60 80 100 120 140

Inverter switching losses [%]

Fig. 18: Inverter switching losses versus THD, reproduced
from [35]. Here, fs refers to the sampling frequency.

Table IV shows a comparison between the inverter losses
generated by MPC and FOC in a wide operating range, that
it is a summary of the Fig. 8 of [35]. FOC method always
generates greater losses in the inverter. Around nominal speed
and nominal torque this difference is smaller, however in other
operating points this difference is very significant.

Another important requirement for a control scheme in
an electromobility application is to reduce the vibrations it
generates. In [35] it is shown that the acoustic noise generated
by MPC is comparable to linear controller with PWM.

IX. CHALLENGES AND FUTURE WORK

Until now, MPC has shown that it can be applied in a
variety of electrical machines using commercially available
microprocessors. And that it works well. The main challenge
for MPC is to be adopted by the industry and to achieve this
goal it must demonstrate that it offers some advantages in
relation to linear control with Pulse Width Modulation (PWM),
which is the standard solution. What the industry demands
from the control strategy is:

Ease of application.

An increase in inverter efficiency.

Reduction in the distortion of the current supplied to the
motor.

Control of acoustic noise, very important in electric cars.

Robust behavior against parameter mismatch.

Be implemented with standard microprocessors.

Applicability to a wide range of converter systems, in-

cluding grid-connected converters as well as inverter drive

systems.
All these aspects must be addressed in future research. In
addition, future work should make a very careful comparison
with Field Oriented Control, using linear controllers and PWM
and where possible, to demonstrate that it can achieve better
results. The comparison must be made independently for each
application, converter and motor type. A good result on a drive
with a 10 kW induction machine will not necessarily be the
best on a 10 MW synchronous machine.

X. CONCLUSIONS

The results presented in this paper show that MPC can
be adapted to control a wide variety of electrical machines,
maintaining the simplicity of the basic control strategy. Par-
ticular restrictions and conditions associated with the different
types of machines can be easily included by introducing minor
changes in the cost functions. Speed, torque, and flux are well
controlled in all applications.

A general assessment of the dynamic behavior of the con-
trolled machine shows that model predictive control reaches
better results than two well-established high-performance
strategies, namely Field Oriented Control and Direct Torque
Control.

A more specific assessment in a high-power machine driven
by a 3-level neutral point clamped inverter shows that the
strategy known as Model Predictive Pulse Pattern Control
has superior performance, reducing the inverter losses and
the distortion in the motor current when compared with the
classical solutions.

Another specific assessment for electric cars shows that
multi-step model predictive current control has an outstand-
ing behavior generating less current distortion in the motor,
reducing the inverter losses, with a comparable acoustic noise,
compared to classical linear control.

As the main conclusion, it can be affirmed that Model
Predictive Control emerges as a brilliant and competitive
alternative to high-performance strategies for the control of
electrical machines.
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