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KEYWORDS Abstract In this paper, a sensorless permanent magnet synchronous motor (PMSM) drive was

presented based on direct power control (DPC) technique. To estimate the rotor’s position and
speed of PMSM, a drastic sensorless strategy was developed according to artificial neural network
(ANN) to reduce the cost of the drive and enhance the reliability. The proposed sensorless scheme
was an innovative model reference adaptive system (MRAS) speed observer for DPC control
PMSM drives. The suggested MRAS speed observer employed the current model as an adaptive
model. The ANN was then designed and trained online by employing a back propagation network
(BPN) algorithm. Performance of the proposed strategy was adopted using simulation analysis. The
results showed the fast dynamic response, low ripples in motor’s currents, power, and electromag-
netic torque, as well as good performance in tracking speed and power references.
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1. Introduction reported in the literature [1,3]. The well-known technique,

direct torque control (DTC), is now being adopted by the

Recently, PMSMs have received more interest, since they are
more efficient and cost-effective and have an appropriate speed
control range and reduced maintenance requirements [1,2].
For PMSM drives, several control strategies have been
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industry. However, DTC still has some drawbacks such as rel-
atively high ripples in flux and torque [4,5]. Also, the switching
frequency of the inverter is not constant for a DTC without
vector control method and changes with rotor speed, load tor-
que, and bandwidth of the two hysteresis controllers. Direct
power control (DPC) is a control technique which, without
using current loops, directly selects output voltage vector states
based on the power and flux errors using hysteresis controllers.
In this respect, it is the same as DTC. Similar to DTC, DPC is
a stator flux-based control technique with the advantages of
robustness and fast control [6]. DPC has the following advan-
tages: simpler voltage and power estimation algorithm, easy
implementation of the unbalanced and distorted line voltage
compensation to obtain sinusoidal currents (low THD),
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excellent dynamics, and no need for coordinate
transformation [7].

Basically, DPC is applied to generators. In [8], the conven-
tional DTC scheme for inducing motor drives was extended to
directly control the active power (DPC) delivered to an active
load by a wind turbine driven squirrel cage induction genera-
tor (SCIG). The SCIG was interfaced to the load through an
AC-DC converter (PWM rectifier). The goal of this control
system was to maintain the DC bus voltage at a constant value
independent from the variations of the load. In [9], for a dou-
bly fed induction generator (DFIG), an algorithm was devel-
oped for the independent control of active and reactive
powers with high dynamic response. The instantaneous switch-
ing state of the rotor side converter (RSC) was determined
based on the active and reactive powers measured in the stator
circuit. Measurements were carried out in one terminal of the
machine, whereas the switching action was performed in
another terminal. The directly controlled quantities were the
stator active and reactive powers. A new adaptive control
strategy for a wind energy conversion system based on a per-
manent magnet synchronous generator and a pulse-width
modulated current source converter were introduced in [10].
This conversion system was a good alternative because of its
high efficiency and reliability. Electrolytic capacitors were
not required in this type of converter and the voltage in the
DC-link as well as the generated reactive power could be
dynamically modified according to wind velocity, being even
negative if required. However, it was challenging from the con-
trol and stability standpoints [11,12].

In [13], a combined vector and direct power control
(CVDPC) was proposed for the RSC of DFIGs. The control

3-phase Suppli

system was based on a direct current control by selecting
appropriate voltage vectors from a switching table. In fact,
the CVDPC enjoyed from the benefits of vector control (VC)
and DPC in a compacted control system. Its benefits, in com-
parison with VC, included fast dynamic response, robustness
against variation of machine parameters, lower computation,
and simple implementation [14-16]. A direct rotor current
mode control (CMC) was suggested in [17] for the RSC of
induction generators, which was aimed to improve the tran-
sient response in relation to the dynamic performance achieved
by the conventional (indirect) CMC. A simple method for
achieving the predictive direct power control (PDPC) for
DFIG-based wind energy conversion systems was proposed
in [18]. This approach was able to operate at low switching fre-
quency and provide excellent steady-state and dynamic perfor-
mances, which were useful for high-power wind energy
applications. Three vectors were selected and applied during
one control period to reduce both active and reactive power
ripples. Compared to the prior three-vectors-based art using
two switching tables, the approach only needed one unified
switching table to obtain the three vectors [19,20]. Nowadays,
it has been tried to employ DPC to control electrical motors
instead of DTC techniques due to the problems of torque esti-
mation and dependence on motor parameters in DTC. Thus,
DPC technique relishes all the advantages of DTC such as fast
dynamics and implementation ease without having its
problems.

In machine learning and cognitive science, artificial neural
networks (ANNSs) are a family of statistical learning algo-
rithms inspired by biological neural networks (the central ner-
vous systems of animals, in particular the brain) and are used
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Figure 1

Overall diagram of sensorless control of PMSM drive using the proposed ANN-BPN-MRAS based speed estimator.
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Figure 2 The proposed speed estimator based on MRAS including an ANN.

to estimate or approximate functions that can depend on a
large number of inputs and are generally unknown [22]. ANNs
are generally presented as systems of interconnected “neurons”
which can compute values from inputs and are capable of
machine learning as well as pattern recognition, thanks to their
adaptive nature. Like other machine learning methods — sys-
tems that learn from data, neural networks have been used
to solve a wide variety of tasks that are hard to solve using
ordinary rule-based programming, including computer vision
and speech recognition.

In the present study, a sensorless PMSM drive was pre-
sented based on DPC technique, in which the motor speed
was estimated using an ANN-based MRAS speed estimator.
The proposed control scheme was a model reference adaptive
system (MRAS) speed observer for DPC control PMSM
drives. The suggested MRAS speed observer employed the cur-
rent model as an adaptive model. The ANN was then designed
and trained online by employing a back propagation network
(BPN) algorithm. The simulation and experimental results
were presented to verify the performance of the proposed
PMSM drive.

2. Dynamic model of PMSM

Electrical drives with PMSMs have found a wide implementa-
tion in different fields of the present day society, whereas vec-
tor control has become the state of the art method of the a.c.

W, (k—1)

drive control. Drive structure usually involves an a.c. machine
equipped with sensors, a microcontroller, and a PWM inver-
ter. Based on data received from position (0,,..,s) and current
sensors, microcontroller generates pulse width modulated volt-
age patterns, which, amplified by PWM inverter, drive PMSM.

Model of a sinusoidal PMSM can be described in the rotor
d—q reference frame by the following equations [1,12]:

di
Ve = Rig+ L(,% — L,P,oi,
v, =Ri,+ L, o + LyP,wiy+ Pyowdpy
3., . ..
Tm - EPp[/LPMlq + (Ld - Lq)ldlq} (1)
do 1
& (T, — T, — F
a7 1~ Fo)
o
dr

where vy, v, are the stator voltages in the rotor reference frame,
ig, i, are the stator currents in the rotor reference frame, R is
the stator phase resistance, L,, L, are the machine inductances,
respectively, along direct quadrature axis, P, is the number of
motor pole pairs, Apy, is the flux generated by permanent mag-
nets, T, is the electromagnetic torque, 77 is the load torque, F
is the viscous friction coefficient, J is the moment of inertia of
all rotating masses, o is the instantaneous angular speed, and 6
is the instantaneous angular position.

W, (k—1)

iy (k=1)

i, (k1)

>y, (k)

v, (k)

Figure 3  ANN pattern for rotor flux estimation.
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Table 1 On and off states and the corresponding outputs of a three-phase VSI.

State Sa Sb Sc ua/Udc ub/Udr uc/Udc Uap Upe Ueq uat/Udc uﬂ/Udc
Uy 0 0 0 0 0 0 0 0 0 0 0
us 0 0 1 —1/3 —1/3 2/3 0 ~1 1 —1/3 “1/V3
us 0 1 0 ~1/3 2/3 ~1/3 -1 1 0 ~1/3 V3
U 0 1 1 -2/3 1/3 1/3 -1 0 1 —2/3 0
w 1 0 0 2/3 ~1/3 —1/3 1 0 1 2/3 0
us 1 0 1 1/3 -2/3 1/3 1 -1 0 1/3 ~1/V3
w 1 1 0 1/3 1/3 —23 0 1 —1 1/3 1/V3
u; 1 1 1 0 0 0 0 0 0 0 0

3. Proposed PMSM control scheme

3.1. Speed estimation

A complete block diagram of the proposed ANN-MRAS-
based sensorless control of PMSM drive is shown in Fig. 1.
MRAS scheme is less complex and more effective. The MRAS
approach uses two models. The model that does not involve
the quantity to be estimated is considered the reference model.
The model that has the quantity to be estimated is considered
the adaptive model (or adjustable model). The output of the
adaptive model is compared to that of the reference model
and the difference is used to drive a suitable adaptive mecha-
nism whose output is the quantity to be estimated (the rotor
speed). The adaptive mechanism should be designed to assure

the stability of the control system. The MRAS uses redun-
dancy of two-machine model of different structures that esti-
mate the same state variables. Both models are referred to in
the stationary reference frame and the output of a reference
model is compared to the output of an adjustable or adaptive
model until the errors between the two models vanish to zero.
With the correct value of rotor speed, the fluxes determined
from the two models should match. An adaptation algorithm
can be used to tune the speed value until the two flux values
match.

In MRAS technique, some state variables, x4, x, (e.g. rotor
flux-linkage component, ey, ¢4, etc.) of the machine (obtained
by measured quantities, e.g. stator voltages and currents) are
estimated in a reference model and then compared with the
state variables X,, %, estimated by an adaptive model. The
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Response of the speed PMSM motor: (a) dc link current control, (b) DTC, and (c) the proposed DPC scheme.
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Figure 5

difference between these state variables is then formulated as a
speed tuning signal (&), which then becomes an input for the
adaptation mechanism and outputs the estimated rotor speed
(@). Speed estimator using ANN is a part of a MRAS, where
ANN takes the role of the adaptive model. ANN contains the
adjustable and constant weights and the adjustable weights are
proportional to the rotor speed. The adjustable weights are
changed by the error between the outputs of the reference
and adaptive model. Fig. 2 shows the MRAS-based speed esti-
mation scheme, which contains an ANN with BPN adaptation
technique. Outputs of the reference model are the rotor flux
linkage components in stationary reference frame, as given
by [1,12]:

L
lpdr = L_’ |:/(V¢lx - Rsid.v)d[ - leds:|

L
lpqr - /(vq.f - Rsiql")d[ - LSi‘IS
L}”

These two equations do not contain the rotor speed and
describe the reference model. The equations of adaptive model
are given by [1,12]

(2)

~

1 N ~
l//zlr = T /(Lmlds - lpdr - er‘qur)dt
3)

1 . -~ ~
lpqr = T /(Lmlq& - l//qr - wr'Trl//dr)dt

It is possible to implement Egs. (3) and (4) by a two-layer
ANN containing weights, wi(=1—¢),wa(= w,cT, = ©,T)
and wi(= cL,,), where ¢ = T/T,. T, T, are sampling time and

Response of the torque of PMSM motor: (a) dc link current control, (b) DTC, and (c) the proposed DPC scheme.

rotor time constant. The variable ANN weight w, is propor-
tional to the rotor speed. Using the backward difference
method, the equation of adaptive model is given as follows:

Var(k) = withar(k — 1) = wath g (k = 1) + wiig(k — 1)

- - - 4
lpqr(k) =W l//q,,(k — 1) + W2l//dr(k — 1) + W3l.qx(k — 1) ( )
which gives the value of rotor flux at the " sampling instant.
These equations can be visualized by the very simple two-layer
ANN shown in Fig. 3 [22]. The back propagation algorithm
[23] is used in the layered feed-forward ANN. This means that
the artificial neurons are organized in layers, their signals are
sent “forward”, and then the errors are propagated back-
wards. The network receives inputs by neurons in the input
layer and the output of the network is given by the neurons
on an output layer.

3.2. Power control

The main issue in DPC is the correct power calculation. If the
stator winding loss and core loss are small enough to be
neglected, the input electrical power is the same as the electro-
magnetic power. If the rotational losses are also small and neg-
ligible, the electrical input power can be approximated as the
mechanical output power. Thus

Py =2 P, = Py (5)

where P, P,, and P,, represent the electrical input power,
electromagnetic power, and mechanical output power,
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Figure 6 Response of the power of PMSM motor: (a) dc link current control, (b) DTC, and (c) the proposed DPC scheme.

respectively. The mechanical input power can be expressed as
follows:

[OF

> (6)

The electromagnetic torque of a PMSM in the syn-
chronously rotating d—¢ reference frame can be expressed as
follows [21]:

3P[(dLs . di, C (dLy.  dy, .
Tem:T|:< d l,y¢{+ lﬁd—lpsq) lsd+ (—dqlsq—l— dl/;q_ll/m) l,gq:|

P out — Tem

do, do, do,
™)
Substituting the torque in (6) by (7) results in the output
power as
3w, [ (dLs . dy, _ dLy, . | 4y, .
Paul - T |:< d@e l,rd+W:'_ sq) lsd+ ( 616: lsq + d@el - l//,vd lsq

®)

where ¥y = Lygisa + W, Wy = Lygisq + V5 0 1s the rotor elec-
trical angle, P is the number of poles, iy, i, are d and g-axes
currents, Ly, L, are d and g-axes stator inductances, and
W,ar W,y Wy are d and g-axes rotor and stator flux linkages,
respectively.

3.3. Hysteresis controller and PWM inverter

Among the various PWM techniques, the hysteresis band cur-
rent control is used very often because of its implementation
simplicity. Also, besides fast response current loop, the method
does not need any knowledge of load parameters. However,
the current control with a hysteresis band has the disadvantage
that the PWM frequency varies within a band, because peak-
to-peak current ripple is required to be controlled at all points
of the fundamental frequency wave. The method of adaptive
hysteresis-band current control PWM technique, in which
the band can be programmed as a function of load to optimize
the PWM performance, was described in [3]. The basic imple-
mentation of hysteresis current control is based on deriving the
switching signals from the comparison of the current error
with a fixed tolerance band. This control is based on the com-
parison of the actual phase current with the tolerance band
around the reference current associated with that phase. On
the other hand, this type of band control is negatively affected
by the phase current interactions which is typical in three-
phase systems, which is mainly due to the interference between
the commutations of the three phases, since each phase current
not only depends on the corresponding phase voltage, but is
also affected by the voltage of the other two phases. Depend-
ing on load conditions, switching frequency may vary during
the fundamental period, resulting in irregular inverter
operation. In [4], the authors proposed a new method that



Neural network-based sensorless direct power control

735
@z
=
o
5
[3)
)
@
£
S
)
o
i~ O
s : | : : :
D D e e
=~ | | | |
5 2________T ________ [ I B N E el
o | 1 | 1
o 0 t S —
g@ 1 1 1
R R R -~ 1o e (it ELELEES
3 4 : — ' _—
ﬁ | | I | |
-6 L 1 i I I
0.4 0.41 0.42 0.43 0.44 0.45 0.46
Time [s]
© < T | T
ey | | |
QR e e e e e o p—————e o e
g : | :
g2 D - -
[0} I 1 1 =]
—@ | | :
S i saanets et e e el e e cneieg
8 I | |
E | | i
1 I 1
0.43 0.44 0.45 0.46
Time [s]

Figure 7 Three phase current of PMSM motor: (a) dc link current control, (b) DTC, and (c) the proposed DPC scheme.

minimized the effect of interference between phases while
maintaining the advantages of the hysteresis methods using
phase-locked loop (PLL) technique to constrain the inverter
switching at fixed predetermined frequency. In this paper,
the current control of PWM-VSI was implemented in the sta-
tionary (o, ) reference frame. One method was based on space
vector control using multilevel hysteresis comparators where
the hysteresis band appeared as a hysteresis square. The sec-
ond method was based on predictive current control where
the three hysteresis bands formed a hysteresis hexagon. To
describe inverter output voltage and analyze the current con-
trol methods, the concept of a complex space vector was
applied. This concept provides the possibility of representing
three phase quantities (currents or voltages) with one space
vector. Eight conduction modes of inverter are possible, i.e.
the inverter can apply six nonzero voltage vectors uk (k = 1-
6) and two zero voltage vectors (k = 0. 7) to the load. The
state of switches in inverter legs a; b; ¢ denoted as Sk(Sa; Sb;
Sc) corresponds to each vector uk, where for Sa; b; ¢ = 1
the upper switch is on and, for Sa; b; ¢ = 0, the lower switch
is on. The switching rules are as follows: due to the DC-link
capacitance, the DC voltage must never be interrupted
and the distribution of the DC-voltage Udc into the three
line-to-line voltages must not depend on the load. According
to these rules, one of the upper and one of the lower switches
must be closed all the time. There are eight possible combina-
tions of on and off switching states. The combinations and the

corresponding phase and line-to-line voltages for each state are
given in Table | in terms of supplying DC voltage Udc. If we
use the transformation from three-phase (a,b,c) into station-
ary (o, f) coordinate system, then

118

4. Simulation results

_1
3

©)

S-

In this section, performance of the proposed drive system is
evaluated through simulation analysis using MATLAB/
SIMULINK [24]. The values of the parameters of PMSM
for these simulations are given in Appendix A. Here, three case
studies are considered. In the first case, the PMSM using DPC,
DTC, and dc link current control method is driven. The
response of the proposed PMSM drive to an arbitrary refer-
ence power is investigated in the second case. Both aforemen-
tioned case studies deal with nonlinear model of the motor.
However, the third case analyzes the linearized model of the
PMSM.

Case 1. Here, the performance of the proposed PMSM drive
was extensively compared to DTC and dc link current control
schemes. The motor was operating in its normal condition.
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Figure 8 Tracking of the reference power via DPC technique for
PMSM: (a) reference power tracking and (b) speed.

The simulation results are shown in Figs. 4-7. As shown in
Fig. 4, the response of the speed was good and acceptable in all
three methods. However, it is clear that the time to reach the

0.2 T T T T

final value in the method of DPC was less than the other
methods. The rise time in the speed response of the PMSM
using the proposed DPC scheme was the least of all three
methods. Figs. 5 and 6 show the response of power and torque
of PMSM, respectively. The ripple of power and torque was
increased in dc link current method compared to the other
method. As shown in Fig. 6, the changes in the power by the
proposed DPC lasted shorter than the DTC. The same
discussion can be given about the torque. Fig. 7 shows the
three-phase current of PMSM, in which DPC and DTC
methods were more suitable rectangular than dc link current
control.

Case II. In this case, the capability of the PMSM equipped
with the proposed DPC control scheme in tracking a reference
power was verified. In this part of the simulation, PMSM
motor was driven by DPC method. At first, the reference
power of 500 W was assumed. Next, the reference power of
400 W was applied at ¢t = 2 s. The hysteresis band for the con-
trol of power was 5% around the reference value. Waveforms
of the generated power and speed are shown in Fig. 8. The
power tracking had a good response in transient and steady-
state situations. The power followed changing the reference
power as well. Decreasing the power decreased the speed of
the motor. However, the response of the actual power had
overshot, resulting from anti-windup phenomenon that caused
the overshot in the response of the speed and power.

Case III. Response of the linearized model of the motor to the
proposed control strategy is analyzed in this case. The lin-
earization method is based on quadratic linearization tech-
nique and removes the dominant quadratic nonlinearity of
the model as well as higher order terms involving the input
in the system. A synopsis of the linearization process is given
in Appendix A. For more information and definition of other
parameters, please see [25-27]. Fig. 9 shows the response of the
motor after linearization. As shown, the system has stabilized
for the pulse inputs u; = u = 0.1{u(¢) — u(¢t — 1)} where u(z) is

o o
[=} a 5
o -8 o

state variables Y1,Y2,Y3

o

1
¥2
Y3

-D.05
0

10
Time [s]

Figure 9  Response of y,,»,,y; for the linearized system.
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Figure 10  Phase A current of the linearized PMSM equipped with the proposed control strategy.
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Figure 12 Laboratory test bed.

the unit step function. Here y,, y, are the linearized direct and
quadratic currents and x;3 is the angular velocity. Figs. 10 and
11 show the current of phase A and speed response of the lin-
earized model of PMSM equipped with the proposed control
strategy. As shown, the machine operates in stable condition.

5. Practical implementation of the PMSM drive system

An experimental system is designed to implement the proposed
control scheme of PMSM. Fig. 12 shows the laboratory test

|
05 0.6 0.7 0.8 09 1
Time [s]

Speed response of the linearized PMSM equipped with the proposed control strategy.

bed and Fig. 13 shows a simple schematic diagram of the sys-
tem. The equipment used in the laboratory setup is listed
below:

e Permanent magnet synchronous motor (PMSM).

e Inverter.

e Voltage, current and other measurement equipment.

e dSpace DS1103 control system.

e 24V relay.

e An optocard for over-current protection.

e Various electrical items such as wires, connectors, ground-
ing and so on.

All these equipment are installed and organized in the fol-
lowing way:

e A measurement box that includes the following:
— DC voltage source that provides the equipment with
+15V.
— Three voltage transducers UMAT?2 with three channels
for voltage measurements each one.
— Seven current sensors LEM LA 50-S for current

measurements.

— A resolver-to-digital converter that measures rotor angle
and speed.

— Connector terminals to electrically link different
components.

e The inverter box that includes the following:
— A =15V DC voltage source that supplies the inverter
control system.
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Figure 13  Schematic diagram of implemented drive system.
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Figure 14  Experiment results: response of the speed of PMSM.

A +24V DC voltage source that feeds the grid

contactor.

A four leg switch-mode inverter that uses MOSFET

switches (one leg is spare).

A relay (C3-A 30) for the PMSM secondary winding

connection to the grid.

A designed electronic board to drive the relay.

e The PMSM with double stator windings and the resolver
already installed on the shaft. Resolver coils are available
from the motor through a 12-pin connector installed in
the motor housing.

e Control system is based on the dSpace, including the fol-
lowing parts:

— Two CP1103 dSpace board with analog and digital 1/O.

— A CLP1103 dSpace board with luminous LEDs that
show the state of the different signals.

— The optocard that in case of over-current in inverter
shuts down the PWM signal to the transistors of the
inverter to avoid damaging the converter.

— A DIO interface card that receives the measurement sig-
nals and sends an error signal to the optocard in case of
over-currents.

The secondary winding voltages and currents are measured
by the transducers. Moreover, there is a relay for connecting
the three-phase grid voltages to the secondary set of windings.
The machine used in the practical setup is a surface mounted
PMSM. The motor parameters used in the practical setup
are the same as those considered in the simulations. The mag-
netic flux created by the permanent magnets has a fixed value.
For PMSM, the inductances in direct and quadrature axes are
the same values.

Figure 15
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Experiment results: response of the power of PMSM.
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Table A.1 Values of the parameters of the PMSM considered
in the simulations.

Parameter Value Description

Vpc 300 V DC voltage

W, 1500 rpm Rated speed

Ry 0.4 Q Stator phase resistance
Ly 13 mH Stator phase inductance
P 2 Pole pairs

VP 3Nm Rated torque

J 0.004 kg m? Inertia

B 0.002 N m/rad/s Viscous coefficient

Figs. 14 and 15 show the experimental results of the imple-
mented PMSM drive. As shown, noting to Fig. 4(c) and Fig. 6,
the performance of the proposed control strategy in experi-
ment is good.

6. Conclusion

In this paper, the direct power control (DPC) technique for
controlling PMSM based on a neural network based speed
estimator was presented. This proposed sensorless scheme
was a new approach which employed a model reference adap-
tive system (MRAS) speed observer that used the current
model as an adaptive model for DPC control PMSM drives.
The nonlinear model of the motor was linearized based on
quadratic linearization technique and removed the dominant
quadratic nonlinearity of the model as well as higher order
terms involving the input in the system. The simulations con-
firmed that the proposed control approach was able to control
the PMSM for the linearized model as well as for the nonlinear
model of the motor. The simulation and experimental results
confirmed the effectiveness of this control strategy in tracking
the reference power as well as reducing the ripples.

Appendix A

A.l. Parameters values

See Table A.1.

A.2. Linearized model of PMSM

The PMSM model can be written in the standard form as
follows:
% = Ax + Bu+ f*(x)
k1xx3
x=[x1 x x3}T, u=[u uz]T, f(x) = | kaxsx;
k3xyxy

where [x; X X3]T =[iz i a)e]T is the state vector, and
[u) uz]T: [ Vgs vdS]T, and k;,k,, k; are constants defined
in the literature. Applying the quadratic linearization theorem
to this model, the linearized model of PMSM becomes

739
0 k
—k3xx
P(x) = oP(x) = | kixoxs |, a(x) = { o 1}
5 —kzX3)C1
k1X3
| o (00 (x) )"
BV (x) = (=1)"" >(BT B> m =2
Ox
Thus, the system can be reduced to
y=Ay+ By
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