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Abstract - This article presents a sensorless control structure 
for a PMSM (Permanent Magnet Synchronous Motor), with 
a MRAC (Model Reference Adaptive Controller) type speed 
controller, FOC (Field Oriented Control) type overall con-
trol strategy, and d-q axis type reference system, for which 
the Id current reference set to zero is selected for reasons of 
torque maximization, and the current reference is supplied 
by the MRAC adaptive controller output. The numerical 
simulations results obtained in the case of parameter varia-
tion and rapidly varying load torque with a random compo-
nent, plus an adjustment mechanism described by first-
order differential equations recommend the implementation 
of this structure in an embedded system in real time. Also, 
presents a sensorless MPC (Model Predictive Control) for a 
PMSM in which the rotor speed is provided by a MRAS 
(Model Reference Adaptive System) observer. The results of 
the numerical simulations show the superiority of the MPC 
control system compared to FOC type control system in the 
case of parameter variation and rapidly varying torque load 
with a random component. The relatively low complexity of 
the number of arithmetic operations required to implement 
the estimation and control algorithms recommends the im-
plementation of an embedded system in real time in future 
works. 

Cuvinte cheie: PMSM, FOC, control adaptiv, control predictiv, 
observer de stare. 

Keywords: PMSM, FOC, adaptive control, predictive control, 
state observer. 

I. INTRODUCTION 

In the last decade, a significant increase is noticed in the 
use of PMSM’s in electric drives with applications in ro-
botics, electrical vehicles, machine tools, peripherals 
equipment for computers, etc. This increased interest for 
PMSM’s is due to certain advantages over other types of 
motors, such as: high duty density, small size, low-inertia, 
easier cooling and rapid torque response [1]. In addition, 
in [2] the high performance of PMSM control can be 
achieved due to the fact that the back-EMF is sinusoidal.   

Among the standard PMSM control structures pre-
sented in [3-5] is mentioned DTC (Direct Torque Control) 
and FOC. In addition with these structures, a significant 
number of modern control methods have been inherently 
developed, such as: the robust control system [6], the 
model adaptive control [7-10], the model predictive con-
trol system [11-18], neuro-fuzzy control and intelligent 
control [19-22]. 

Among the modern PMSM control methods, the adap-
tive control methods hold a special place, considering that 
in the electric drive control a number of parameters vary 
with time, and the reference speed and the load torque can 
have very fast variations [7-10].  

The results on the application of the predictive control 
of the induction motors are presented in [14] and in terms 
of motors with variable reluctance, a predictive speed loop 
controller is presented in [15]. The predictive control for 
the PMSM is presented in [16], but the results are pre-
sented for the current regulation loop without considering 
the external speed control loop and a global MPC of the 
currents and speed is presented in [17]. 

The type MPC systems have a special place among the 
control systems. They can be viewed as real-time optimi-
zation systems, and if their first industry applications were 
applied to relatively slow systems over the past decade, 
due to the significant increase in computing power in the 
embedded system with DSP, MPC application, the con-
cern has expanded to fast systems over time. Some of the 
first works which deal with the application of the MPC 
strategy to electric drives, power convertors, and PMSMs 
are presented in [11-13].  

To eliminate the speed sensors, which require addi-
tional costs and even the decrease in the reliability of the 
overall driving system, a series of speed observers have 
been developed for both induction motors in [23] and for 
PMSM’s in [24-30].  

Based on these aspects, this article presents an adaptive 
sensorless control structure for the speed control with 
FOC-type overall control strategy, where the current ref-
erence is selected for reasons of torque maximization, and 
the current reference is supplied by the MRAC adaptive 
controller output, and the speed is supplied by a back-
EMF sliding mode observer. Also, presents a predictive 
control structure of currents for a PMSM where the global 
control structure is FOC type with a PI type external speed 
control that will generate a reference  for the predictive 

controller, and the reference *
di s chosen to maximize 

torque (Id and Iq are stator currents in d-q axis frame).   
The res

*
qi

0  i

t of paper is structured as follows: Section 2 de-
scribes the mathematical model of PMSM and adaptive 
control. The results of the numerical simulation for the 
classical FOC structure with PI controller versus MRAC 
controller are presented in Section 3. The hybrid model of 
PMSM and inverter is presented in Section 4. Section 5 
presents the sensorless model of the predictive control 
using a MRAS observer. The results of the numerical 
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simulation for the classical FOC structure with PI current 
controllers versus predictive current controller are pre-
sented in Section 6. In last section are presented some 
conclusions and ideas for future works. 

II. PMSM AND ADAPTIVE CONTROL – MATHEMATICAL 

Following [8 l notation, in d-q model 
on

 

MODEL 

, 9], with the usua
 rotor reference frame, the stator voltage equations are 

given by: 

qsdsdsdds

dsdsqsqqs

iRu

iRu








 (1) 

where Rq, Rd and Lq, Ld are the quadrature and direct 
ax

 

is winding resistances and inductances of the PMSM 
drive and ρ is the the differential operator. The id, iq and 
ud, uq are the d and q axes stator currents and voltages 
respectively. Note the rotor angular velocity with ω and 
the flux linkage ψf. For q and d axes the flux linkages are 
given by: 

fdsdds

qsqqs

iL
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By substituting equation (2) with (1) the result is: 

  (3) 

The electromagnetic torque (Te) and the mechanical 
to
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the equations: 
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where J represent the rotor inertia, B represent the vis-
co

ations, where Ld=Lq=L 
an

us friction coefficient, np represent the pole pair number 
and TL represent the load torque. 

A reduced model of these equ
d Rs=Rq=R is presented in [9], in the following form: 
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where K  represent the torque constant. t

Note
J

B , a 
J

K t  and b  )()( *
qq

tL ii
J

K

J

T
td  . 

From (4) and (5) the speed equation is given by: 

  (6) 

The adaptive model is based on the FOC-type control 
strategy (see Fig. 1) with a cascade structure, with an outer 

sp

)(tdbia q   *

eed control loop ω, and two inner control loops for id 
and iq currents. The current reference 0* di  is selected in 

order to maximize the torque developed by the PMSM, 
and the *

qi  current reference is supp y the MRAC 

adaptive controller output (see Fig. 2). 

lied b

 

Fig. 1.  FOC control strategy block diagram. 

 

Fig. 2.  MRAC block diagram. 

For eq isturbance d(t) 
is negligible, the reference model in the following form is 
se

 (7) 

here am > 0 and bm > 0 are the param
erence model.  

(8) 

here l(t) represent the variable fee
h(t) represent the variable feedback gain. 

 (9) 

he speed tracking error and the paramete
fin d as follows: 

uation (6) of speed ω where the d

lected: 
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Substituting (8) into (6), are obtained: 
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Then, differentiating (10) along system (7) and (9) are 
ob

Considering the Lyapunov function:  

tained: 

 TT
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t can be obtained as follow: Then i

0
222   beabeeaV mm

T  (16) 

Therefore, according to the Lyapunov stability theorem, 
it can be concluded that the closed loop system i
totically stable. 

resents the results of the numerical simu-
 for th ntro f PMSMs with back-

 4 
pr

s asymp-

III. ADAPTIVE CONTROL – NUMERICAL SIMULATION 

This section p
lation e sensorless co l o
EMF sliding mode observer by using Simulink. Fig.

esents the block diagram for the Simulink implementa-
tion of the sensorless PMSM speed control system.  

 

Fig. 3.  MRAC control and back-EMF sliding mode observer - Simu-
link implementation. 

The nominal parameters of PMSM are: the stator resis-
tance Rs is 2.875Ω; q and d inductance Lq and Ld is 
0.0085H; the combined inertia of rotor and load J is 0.8e-
3kg·m2; the combined viscous friction of rotor and load B 
is 0.005N·m·s/rad; the induced flux by the permanent 
magnets of the rotor in the stator phases ψf is 0.175Wb; 
and the pole pairs number P is 4. 

The implementation in Simulink of the block diagram 
of the back-EMF sliding mode observer described above 
is presented in Fig. 3. 

 

Fig. 4.  Back-EMF and rotor speed sliding mode observer - Simulink 
implementation [21, 28, 30]. 

The main implemented blocks are highlighted: speed 
reference generator, MRAC controller, adaptive mecha-

m, model transfer function, load torque reference gen-
erator, PMSM model drive, and sliding mode observer.  

Following the overall FOC-type control strategy, the re-
sults of the simulations where the speed controller in the 
outer control loop is PI-type or MRAC-type are presented 
comparatively, together with the adjustment mechanism of 
the control law parameters. The rotor speed and angle are 
provided by a back-EMF sliding mode observer. Regard-
ing the transfer function of the reference model, a system 
of first order with aperiodic response, preferred in the 
electric drive control is selected. 

If the PMSM has the nominal parameters presented at
the beginning of this section, the PI-type control law given

 
parame uning by us-
ing Ziegler-Nichols method), the speed reference is given 
by

-
su

nis

 
 

in equation (17) implemented in Simulink with adjustment
ters Kp=2 and Ki=50 (after practical t

 the next sequence: [0 0.25 0.5 0.75 1 1.25]s→[500 700 
900 1100 700 500]rpm, the acceleration for speed ramps 
of ±1000rpm/s and, after 50ms from the start, the load 
torque reference is 0.1Nm, the numerical simulations re

lts are shown in Fig. 5. 

 
s

KKsH ipPI

1
)(   (17) 

In Fig. 6, for the same conditions regarding the nominal 
parameters of the PMSM, speed reference and load torque 
reference, such as the case where the speed controller is 
PI-type, the numerical simulations results are presented, 
but if the speed controller is MRAC-type, and the control 
law is given by equation (8), the adjustment law of the 
control law parameters is given by equation (15), and the 
reference model is a first-order type of transfer function 
with a time constant of 10ms. 
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It is noted that in the case of the PI controller, the only 
advantage relative to the MRAC-type controller is the 
rising time. In the case of the PI controller, it is noted that 
the peak values of the stator currents are three times high-
er than in the case of the MRAC controller (24A versus 
8A). This observation is also valid for currents Id,q and for 
the electromagnetic torques. In terms of the settling time, 
the advantage of the PI controller di
are load torque variations, as it will be

sappears when there 
 further noticed.  

If the nominal parameters vary (for example the value 
of the combined inertia of rotor and load increases by 
50%, J=0.8e-3kg·m2 becomes J=1.2e-3kg·m2), the profile 
of the speed reference remains as in the presentation 
above, and the load torque reference is given by the next 
sequence: [0 0.05 0.8]s→[0.1 4 1]Nm, plus a uniform 
random sequence between -1Nm and 1Nm, the numerical 
simulation results for the PI controller are shown in Fig. 7, 
and the numerical simulation results for the MRAC con-
troller are shown in Fig. 8. 

In addition to the certain advantages of the MRAC con-
troller compared to the PI controller, previously presented 
in the case of nominal parameters, it is noticed that in the 
case of the variation of nominal parameters and high vari-
ation of the load torque, the significant increase of the 
transient regime, and the occurrence of overshooting and 
errors in the stationary regime in the case of the PI-type 
controller are noticed in the details in Fig. 7. In terms of 
the implementation in embedded systems in real time, it is 
noticed that although the MRAC-type controller provides 
significantly superior results in proportion to the PI-type 
controller, the MRAC implementation additionally re-
quires only the adjustment equations (15) which do not 
represent a significant burden of the DSP. 

Fig. 5.  Time evolution of the system with nominal parameters and PI 
controller. 

Fig. 6.  Time evolution of the system with nominal parameters and 
MRAC controller. 

Fig. 7.  Time evolution of the system with variation of J parameter and 
variable load torque and PI controller. 

Fig. 8.  Time evolution of the system with variation of J parameter and 
variable load torque and MRAC controller. 

IV. HYBRID MODEL OF PMSM AND INVERTER 

With the usual notations for a PMSM in d-q model on 
rotor reference frame, following [8, 9], the stator voltage 
equations can be written as:  

qdddd

ddqqq

iRv

iRv








(18

where R e and direct 
axis winding resistances and inductances and ρ is the dif-
ferential operator. The id, iq and vd, vq are the d and q axes 
stator currents and voltages respectively. Mark the flux 
linkage as � and the rotor angular velocity as ω. The flux 
linkages for q and d axes can be written as:  

)

q, Rd and Lq, Ld are the quadratur









ddd

qqq

iL

iL (19)

For Ld=Lq=L and Rs=Rq=R, np is the number of pole 
pairs, J is the rotor inertia, Kt is the torque constant, B is 
the viscous friction coefficient, and TL is the load torque, 
the reduced model presented in [9] is obtained in the fol-
lowing form: 
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Following [16], Fig 9 presents in a simplified form the 
connection of a two-level, three-phase voltage inverter to 
a PMSM. Each inverter leg has two switching states, so 
there are eight possible switching states. These switching 
possibilities are presented in Table 1. These switching 
possibilities are indexed as j = 0...7, and will generate the 
corresponding inverter configurations. 

TABLE I. SWITCHING STATE OF INVERTER LEGS 

j 0 1 2 3 4 5 6 7 

ua 0 1 1 0 0 0 1 1 

u  0 0 1 1 1 0 0 1 b

u  0c 1  0 0 0 1 1 1 

The hybrid model is presented next, where the voltage 
vector [vd(k) vq(k)]T can be expressed directly by using the 
inverter switching state vector, or by using the duty cycles 
of the switching state vector.   

or a balanced load, the phase-to-neu
be expressed as functions of the half-bridge voltages (see 
Fi

F tral voltages can 

g. 9). 

 



















































)(

)(

211

121

112

3

1

)(

)(

)(

0

0

v

kv

kv

kv

kv

kv

c

b

a

cn

bn

an

 (21) 

)(0 k

 

Fig. 9.  Simplified representation of the system. 

For , ux represents the state of the leg x (if 
u

 cbax ,,
x = 0 then vxo = 0; if ux = 1 then vxo = E, where E is the 

value of the voltage of the DC intermediate circuit). Based 
on this, it can be written as follows: 
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Following [2], the stator voltages in d-q frame can be 
obtained:  
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It is specified that the number of different configura-
tions of the inverter is seven because the cases ua = ub = uc 
= 0 and ua = ub = uc = 1 lead to null voltages for PMSM. 
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For  Tcba kkkk )()()()(   , the duty cycle 

vector, equation (26) can be written as: 
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q
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 (27) 

ere is a cas-
cade control system in which the outer loop is used to 
adjust the speed. The references for the internal current 
control loop are prescribed by the speed controller for I
and Id is set to zero for torque maximization.  

The hybrid equations (24) and (27) model the SVPWM 
(Space Vector Pulse Width Modulation) and the inverter 
w

 accordance with a switching table in the mi-
crocontroller’s memory.  

The next section presents a predictive control 
with the current controllers from the FOC structure s
in Fig. 1, with a MPC type controller that will receive the 
reference from the speed controller and will command the 
IGBT drivers switching after a prediction of the Id and Iq 
currents and minimization of an optimization criterion in 
order to obtain superior control performance. 

In the FOC control strategy (see Fig. 1) th

q, 

ith IGBT drivers blocks. Typically, the switching from 
one inverter configuration to another (see Table 1) is 
achieved in

model 
hown 
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V. PREDICTIVE CONTROL – MATHEMATICAL MODEL 

ction presents the predictive control struc

ce for the predictive controller, and the 
re

ω horizon urrents

 (20) describi
ed 

 

This se ture of 
currents for a PMSM where the global control structure is 
FOC type with a PI type external speed control that will 
generate a referen

ference is chosen to maximize torque (Id and Iq are stator 
currents in d-q axis frame). Due to the fact that the internal 
current controlling loop is much faster than the external 
speed control loop, it is assumed that the angular velocity 

 is constant over the prediction  of the c  Id 
and Iq.  

Thus, the equation ng the model of a 
PMSM can be written in a simplifi form:  
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 (28) 

ly low so that the 
displacement of the rotor between two successive sam-
pling is negligible:  

 (29) 

It is assumed that the R, L and � are constant, and the 
selected sampling period T is sufficient
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For the general form of the discrete system (29) given 

by: 
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 TRT

  1  (31) 

  (32) 

 (34) 

In the case of PMSM control, a series of constraints are 
required:  

 

ikik Cxy  
where k is the present step to which the predictive con-

troller is called, and i is the step in the prediction horizon 
N, the predictive control method implies constraints on the 
state and input variables and the minimization of a optimi-
zation criterion. 

Constraints on the system may be written in general 
terms in the form of the equations below: 
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The optimization criterion in the general form can be 
tten: 
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here P, Q and R, are weighting matrices. 
In the case of PMSM control due to the fact that the 

control loops are fast and the calculation time for the 
online implementation must be as low as possible, the 

ization criterion can be chosen in one step by the 
m

w

optim
inimization of the distance between the vector 

 Tqd kiki )1()1()1   kX ( and X* representing the 

references for Id and Iq provided by the speed
Thus (19) becomes: 

 controller. 

 *

71
)1(min X  (37) kXJ i

i




In order to obtain the PMSM model in which the inputs 
are the switching functions of the IGBT drivers 

 )()()()( kukukuku cba ,  is substitute equation 

(24) in (29), where vd and vq, are replaced by their mean 
values calculated for the switching period T in (26) , and 
th

 (38) 

here Xi(k+1) is the state vector in
arrives after a sampling period in which the i configura-
tion was applied (one of the seven possible inverte
figurations according to Table 1). 

ven possible inverter configurations, the 
proper state vectors are derived from the equation (38) 
and the predictive algorithm selects the inverter configu-
ration which, depending on the reference X* will mini-
mize the optimization criterion (37). This configuration 
will be applied to the inverter at the next sampling
The predictive calculation algorithm works continuously, 
specifying that in order to minimize the number of com-
mutations inside the inverter, if the minimization of the 
optimization criterion is provided by the free response of 
the system (given by classical SVPWM), then the con-
figuration 0 in Table 1 is selected if the previous inverter 

e system is obtained in the next form: 

)()()()()()1( kHkuDkMBkXkAkX iii 

w  which the system 

r con-

At each sampling step, the stator currents, position and 
rotor speed are acquired to calculate the current vector X 
From the se

 period. 
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co

 Fig. 10: 

nfigurations are 1, 3, or 5, otherwise configuration 7 is 
selected.    

The block diagram of model predictive control is pre-
sented in

 

ram of MPC. 

In the case of the sensorless control, the rotor speed 
will be provided by 

Fig. 10.  Bloc diag

an observer. Due to the fact that the 
MPC algorithm is time consuming, it is necessary for the 
ob ver to be chosen so as not to signific
DSP for implementation in an embedded system in real 
tim

23]. 

sing an adaptive 
model of the PMSM (see Fig. 12) described by an equa-
tion of the type (28) where the values of the Id and Iq

rents are updat

ser antly burden the 

e. An observer involving a relatively small number of 
calculations is the MRAS observer according to [3, 18, 

The block diagram of MRAS is presented in Fig. 11. In 
case that even the PMSM is the reference model, Id and Iq 
currents can be acquired directly. By u

 cur-
ing according to ω, the intermediate signal 

ξ is formed: 

 )ˆ(ˆˆ)( dqqd iiiiiit  qqL

  (39) 

To assure the convergence of the observer in the adap-
tation mechanism (see Fig. 13) a PI controller is inserted. 
Based on these, the rotor speed is estimated by. 

 
t

ip dktkt
0

)()()(ˆ   (40) 

where kp and ki, are the adjustment parameters of the PI 
controller. The stability of the observer is proved using the 
Popov hyperstability theory according to [5]. 

 

 

Fig. 12.  Simulink block diagram of adaptive model. 

 

Fig. 13.  Simulink block diagram implementation of adaptation mecha-
nism. 

VI. SENSORLESS PREDICTIV CONTROL – NUMERICAL 

SIMULATION 

By using Matlab/Simulink, this section presents the re-
sults of the numerical simulation for the sens
of the predictive control of the PMSMs wit
server. The  

orless model 
h MRAS ob-

nominal parameters of the PMSM used in
simulation are presented in Section 3. Fig. 14 presents the 
block diagram for the implementation of this control 
structure in Simulink.   

 

Fig. 14.  Predictive current control and MRAS observer - Simulink 
implementation. Fig. 11.  Speed estimation scheme for MRAS. 
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The main implemented blocks (see Fig. 14) of the con-
trol system are: speed reference generator, predictive cur-
rent controller, intermediate DC and inverter block, filter 
block, PMSM model drive, load torque reference genera-
tor, and MRAS observer. Based on the FOC type global 
control strategy, the results of the numerical simulations in 
which the speed controller in the outer control loop re-
mains the same, and the current controllers in the inner 
control loop from Fig. 1 (which are usually PI-type or on-
off hysteresis controller) are replaced with a predictive 
current controller. 

 In case of sensorless control the speed and angle of the 
rotor are provided by a MRAS observer. Considering the 
nominal parameters of PMSM presented at the beginning 

 law is 
of the PI-type as in equation (17), implemented in Simu-
link with the adjustment parameters Kp=20 and Ki=200 
(after practical tuning by using Ziegler- Nichols method), 
and current controllers are of the PI-type, with a suitable 
adjustment in order to obtain a more higher response ve-
locity than the speed control loop. 

Fig. 15 presents the numerical simulation results for the 
FOC strategy sensorless control and speed reference given
by the next sequence: [0 0.25 0.5 0.75 1 1.25]s→[300 600 

 
torque reference is 0.1Nm e same simulation condi-
tions for the PMSM, the speed controller, and the same 

ed 
la-

tions when the PI-type current controllers are replaced 

er versus the response time of 8ms 
for the predictive current controller.  

In the case of the same profile of the speed reference 
presented above, but where the load torque reference is 
given by the next sequence: [0 0.05 0.8]s→[0.1 1 4]Nm, 
over which an uniform random sequence is added between 
-1Nm and 1Nm, and the combined inertia of the rotor and 
load increases by 50%, J=0.8e-3kg·m2 become J=1.2e-
3kg·m2, the results of the numerical simulations for the PI-
type current controllers are shown in Fig. 17, and for the 
predictive current controller, the numerical simulation 
results are presented in Fig. 18.  

The occurrence of the overshooting and the significant 
increase of the settling time in the case of the current con-
trollers and also a clearly superior quality response in the 
case of the predictive current controller can be noticed in 
case of a rapidly varying load torque and the variation of 
the nominal parameters. Also, it can be noticed that the 
maximum current values in the predictive current control-
ler don't exceed 10A, and in the case of current controllers 
the maximum current values exceed 20A. Although the 
predictive current controller requires the selection of an 
optimal configuration and generally the predictive control 
is processing time consumer, in the system presented, by 
choosing a one-step prediction horizon and because the 
criterion optimization doesn't involve very complex
arithmetic operations, it can be considered that the struc-

of this section, for the speed controller, the control

 

900 1100 800 500]rpm, and 50ms after the start, the load
. For th

speed, acceleration, and torque reference values impos
above, Fig. 16 shows the results of the numerical simu

with a predictive current controller. Regarding the con-
straints of the type (37), the constraint is imposed for the 
reference current Iq, generated by the speed controller, not 
to exceed 10A. In the case of the PI-type current control-
lers, compared to the predictive current controller, there is 
a very small advantage regarding the response time by 
6ms for PI-type controll

 

ture presented can be implemented in an embedded sys-
tem in real time. 

 

Fig. 15.  Time evolution of the system with nominal parameters and PI 
controller. 

 

Fig. 16.  Time evolution of the system with nominal parameters and 
MPC. 

 

Fig. 17.  Time evolution of the system with variation of J parameter and 
variable load torque and PI controller. 
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Fig. 18.  Time evolution of the system with variation of J parame
variable load torque and MPC.  

VII. CONCLUSIONS

This article presents the implementation in Simulink of 
a FOC-type control structure for a PMSM, where the 
speed controller in the outer loop of the cascade control 
system is of MRAC type, and the speed is supplied by a 
back-EMF sliding mode observer.  

The comparative results of the numerical simulations 
between the MRAC controller relative to the PI controller 
have been presented, where the nominal parameters vary, 
and the load torque has a very fast variation and a random 
component. It can be concluded that the adaptive control 
structure is considerably superior to the PI-type structure, 
and in terms of the implementation in real time in an em-
bedded system, it introduces a small number of additional 
calculations, which makes it suitable for such an imple-
mentation in embedded systems in real time in future
works. 

 
in which the roto ed by a MRAS observer, 
in comparison to a standard FOC-type control structure.  

The results of the numerical simulations show both the 
superiority of the MPC system, and the recommendation 
for the implementation in an embedded system in real 
time in future works, due to the relatively low complexity 
of the number of arithmetic operations required to imple-
ment the control algorithm and the speed estimation.  
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