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Abstract—This paper presents a speed sensorless directetorqu TO overcome the above drawbacks, some researchees h

control scheme using space vector modulati@TG-SVN for
permanent magnet synchronous mo®¥EM drive based a Model
Reference Adaptive SysterMRAS algorithm and stator resistance
estimator. TheMRAS is utilized to estimate speed and stato
resistance and compensate the effects of parar@iation on stator
resistance, which makes flux and torque estimatimre accurate
and insensitive to parameter variation. In otherchthe use 06VM
method reduces the torque ripple while achievingoad dynamic
response. Simulation results are presented and steeffectiveness
of the proposed method.
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|. INTRODUCTION

C motor control has attracted much attention rdgent

the power electronics field [1]. Permanent magn
synchronous motor@MSM)have been widely used as servo
machines over the last two decades. In recent ydaeyg are
used more in the variable speed applications dusotoe
advantages like: more simplicity, low dependency tbe
motor parameters, good dynamic torque responsé, fate
torquefinertia [2] Since the advent of the direstjtie control
(DTC) for induction machines in the 1980's as propdsei¥.
Depenbrock [1] and Takahashi [3], its research bhasen

becoming ever more prevalent in the society. Thanma
advantages dDTC are the simple control scheme, a very 9008

torque dynamic response, as well as the fact thabeés not
need the rotor speed or position to realize thguerand flux
control,
variations (except stator resistor) [1]-[5].

However, it still has some disadvantages that cen
summarized in the following points:

« Difficulty variable switching frequency,

» High current and torque ripple;

» High sampling frequency needed for digital

» Implementation of hysteresis comparators.

» High noise level at low speed [3];
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moreover DTC is not sensitive to parameters

been trying to propose solution to solve these lprob by
substitute hysteresis control fiyzzycontrol [4]. An effective
modality for reducing the torque ripple without ngsia high
rsampling frequency is to calculate a proper refegevoltage
vector that can produce the desired torque andviilixes, and
then applied to the inverter using space vector utatitn
(SVM [6]-[9]. This approach is known in the literatuess
DTC-SVM Even though this
torque response and small torque ripples.

The high performance speed or position control ireguan
accurate knowledge of rotor shaft position and ecigfoin
order to synchronize the phase excitation pulsethéorotor
position. This implies the need for speed or atspasition
sensor such as an optical encoder or a resolvevetdr, the

Jresence of this sensor (expensive and fragile reqdire
causes raeve

Special treatment of captured signals),
Hisadvantages from the standpoint of drive costuebrance,
reliability and noise problem [6]-[10].

To achieve sensorless operation dPMSM drive, several
algorithms have been suggested in recent literatlihese
methods can broadly be classified as:

e Back-emf based estimators with explicit compensatio

for nonlinear properties, parameter variation aistudbances.

xploiting the saliency property ofRMSM[3].
« Adaptive or robust observers based on advanceelsiod
The Method of observers is sometimes more favoardbé
to its robustness to parameter variations and Xtelkent
disturbance rejection capabilities[7]-[9].
b This paper proposes the control strategy usingespactor
modulation PTC-SVM based on th®IRAS(Model Reference
Adaptive System) in the sensorless control of ampeent
magnet synchronous motor and stator resistanaaagin So
that it can overcome the problem of sensitivitythe face of
motor parameter variation.

Il. PMSMMODEL

The stator and rotor flux equation BMSMcan be written
in the reference frame of Park in the followingrfo2]:

@y Lq 0 |lig @.
1)

?, 0 Lyllig| O
While the equations of the stator voltages aretevwriin this

same reference frame in the following form:

control method provides fast

» Estimation based on high frequency signal injegtion
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In addition the electromagnetic torque can be esgae: V,4(011) V,(100)

3 - .
Te:Ep((Id - q)ldsqu+qe|qs) (3)

The mechanical equation of the motor can be expreas
flows:

JQ=T,-T - fQ (4)

I1l.  CONVENTIONAL DTC

The methods of direct torque contrdTC) as shown in
figure 1 consist of directly controlling the turff or turn on of
the inverter switches on calculated values of stftox and
torque from relation (6). The reference frame ezlato the
stator makes it possible to estimate flux and dhgute, and the

Sector 6

Fig. 2 Different vectors of stator voltages prowdd®y a two levels
inverter

Where: | (D)F : Increase (Decrease) of Flux ampg&tu

I(D)T : Increase (Decrease) of Torque.

Table | have the sequences corresponding to thqroef
the stator flux vector in different sectors (segurés 1).

position of flux stator. The aim of the switchestol is to TABLE |
. . . VECTORSVOLTAGE LOCALIZATION
give the vector representing the stator flux theeation
. A ACe S S S S S S
determined by the reference value.
¢ 1 110 010 011 001 101 100
P = [ (Vyp =14y, )t - 1 0 000 000 000 000 000 000
® -1 101 100 110 010 011 001
Psp = I(VSﬁ ~ g )dt 1 010 011 001 101 100 110
0
The DTC is deduced based on the two approximations 0 0 000 000 000 000 000 000
described by the formulas (6) and (7) [1],[5]: -1 001 101 100 110 010 011

g (k+D)=q(K)+VI, - Ag=VT, (6)

T, = k(F,x@,) = k|| |¢'r| sin(J)

More over:
Py = P + P
O ¢3$ = arctg L&
sa ) (8
' —
. = Switching [ —
_Lr aa, logic >
[~
c
2
| T
AC, ﬂg-g
@& Ce
Estimation

Fig. 1 Diagram oDTC control applied foPMSMsupplied with a
three-phase inverter withMW

A two levels classical voltage inverter can achiseven
separate positions in the phase corresponding @oetght
sequences of the voltage inverter.

The flux and torque are controlled by two compamateith
hysteresis illustrated in Figure 3. The dynamicsjue are
generally faster than the flux then using a compara
hysteresis of several levels, is then justifieddgust the torque
and minimize the switching frequency average [5].

_E% 'O(T+1

0

1

Fig. 3 Comparators with hysteresis used to regtilateand torque

IV. SPACEVECTORMODULATION

The Space Vector ModulationSYM is not based on
separate calculations for each arm of a three-phatiage
inverter but by determination of a reference vatagctor
from eight voltage vectors. This is generally cidted and
approximated on a modulation periddrom a vector average
voltage developed by the application of adjacenttage
vectors and zero vecto¥g andV;. We note withT; and Ty, a
two-time application of these vectors; their sumstrioe less
than the period T of the inverter switching. TB¥M consists
in projecting the reference voltage vector on Bagh: desired
voltage vectord/; andV; in the first sector and the application
time of each adjacent vector is given by [9]:
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Fig. 4 Projection of the reference Voltage Vector

Where:

T represents the switching period;

T,: the time of application of the vectyr;

T, is the time of application of the vectgr,;

To: the duration of the sequence of freewheel.
The determination of the amount of timBsandT, is given by
simple projections:

Vg, = %Vl‘ + x.cos (30°)
Ve = T?ZWZ‘
Vg

X= ———
tang (60°)

9)

T
X :U V2.V g et
[
@
vy = T [ ~/2 v + /6 v
_U 2 =V ps ref 2 -V oas réf
c
_T Pﬁav RV
Uc 2 * V' ps réf 2 -V oas réf

In the previous example for sector Ty, = -Z andT, = X.
Extending this logic, one can easily calculate gector
number belonging to the related reference voltagxor.
Application durations of the sector boundary vestare
tabulated as;

TABLE Il
DURATIONS OF THE SECTORBOUNDARY VECTORS
Sectors §) 1 2 3 4 5 6
Ty -Z Y X VA -Y -X
T2 X VA -Y -X -Z Y

The third step is to compute the three necessayyayales as;

e e
aon 2 (12)
Tbon = Taon +T
Tcon = Tbon + Ti+1

Finally, with the ¢-f) component values of the vectors

given in the Table 4.2,

TABLE Il

(0-ff) COMPONENTVALUES OF THE VECTORSV OLTAGE
Vectors S S S Vs Vs
Vo 0 0 0 0 0
o0 0 1y 3 0
Vs 0 10 Uc/6  Ug/l/2
Va 0 11 —u e U /2
Vi 1 0 0 _\/ijc /\/é 0
Ve 1 0 1 -U /B —u V2
Va2 1 1 0 U./~/6 -U. /2
Vs 1 1 1 0 0

The amount of times of application of each adjaseator

T

T, = 2U (\E-Vas et \E-Vw réf ) (10)
T

T2 = \Euivﬁsréf

c

The rest of the period spent in applying the neltter. For
every sector, commutation duration is calculateuae @mount
of times of vector application can all be relatenl the
following variables:

V.DIRECT TORQUE CONTROL SCHEME USING SPACE VECTOR
MODULATION (DTC-SVM)

The strategy of th®TC-SVMuses a switchingVM vector
and imposed constant frequency. This DTC- fixedjdency
does not use the controller hysteresis; it sigaifity relaxes
the constraints of computing time. Furthermore, s thi
methodology is based on an explicit calculatiorihef control
to achieve the objective of torque, and the ogwis of the
latter are considerably reduced [11].

This is a strategy for generating a stator refexevmitage
which should be applied to PMSM and it can be iegskeinto a
block PWM inverter (see Fig. 6).

In DTC-SVM the generation of command puls€s &, &)
applied to control the inverter switches is usubised on the
use of a predictive controller. The error of torque
AC, :( 0 ée), the reference amplitude stator flug”

eref
delivered by predictive controller, It can receivefrmation
about the module and the position of estimatedossthiix

@ and measured stator current vector, then the pieglic

controller determinate the stator voltage referemeetor in
polar coordinates, = DVsreJ for space vector modulator

sref
(SVM), which finally generates the pulsgk S, S) to control
the inverter [9].

From the vector diagram of Figure (5) and equafibrnone
can obtain the following expression for the torfL#]:
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{qelq sin(§)+%(p§(ld -1,) sin(2§)} (13) o0 Vosrer 1 }—L|Jc

Where Jis the angle between the stator and rotor fluxdgek
when the stator resistance is neglected.

From equation (13), we note that for constanplitude of
the stator flux and flux produced by permanent magthe
electromagnetic torque can be changed by controlthen
torque angled which can be varied by changing position of
the stator flux vector in respect BM vector using voltage
vector delivered by the inverter. In steady stdte,stator flux
and rotor flux rotate at synchronous speéds constant and
corresponds to the torque angle. In transient sitevaries
and the stator flux and rotor flux rotate at diffier speeds.

2 B
ar |

Predictive [

Controller |,

h A V
is| @

S
SVM S =
S

Positiongs

Yvy

Flux and Torque estimation

Fig. 6 Diagram oDTC-SVMcontrol applied foPMSMsupplied

with a three-phase inverter

VI. MODEL REFERENCEADAPTIVE SYSTEM
The presence of sensors measuring these quainipies

& several disadvantages in addition to the extra; @greater
number of connections between the motor and theraon
board and reduced robustness. For these reasomsalsev
strategies to detect the speed and position withengors have
been developed over the last twenty years. Mulitoldservers

9 have been proposed, but only a few [7]-[12] are ablsustain

persistent and accurate wide speed range sensopession.

The model reference adaptive syste®IRAS is an

Fig. 5 Vector diagram illustrating the conditiorfgarque control important adaptive controller [10]. THdRASfor estimating
rotor position angle and speed is based on a statoent

The error torque and the amplitude of the referestaéor estimator using discontinuous control. Due to et that only
flux are delivered to the predictive controller. €Thelation stator currents are directly measurable iPMSM drive. In
between the torque error and the increment of dad langle g way, when the estimated currents, i.e., staach the
404 is nonlinear. So &1 controller that produces the increment,, 5 nifold. Comparing to other adaptation techniquiss
of the load angle can minimize the error instantaiseorque.  athod is simple and needs a low computation p@merhas

The referencedd value of the stator voltage vector, is
calculated based on the stator resistance, thealsitiy the
measured stator current, the flux stator magnitadd its
estimated position as follows: [11]

pleos(g, + 49 ) - p.cos(g.)

Vst = T + 1 using the model reference adaptive systdtRAS. The
sin(p + 45 )S_ in(s.) (14) MRAS principle is based on the comparison of thgpots of
V= &SN oS,y two estimators. The first is independent of the eobed
T variable named as model reference. The second ds th
adjustable one. The error between the two modedd fn
where adaptive mechanism to turn out the observed variabl
Vet = AVWVasrer -V porer - 1 In this work, the actual system is considered asrtiodel
Vv (15)reference and the observer is used as the adjestael. The
P = arctan [/’5"”] rotor speed is included in the (16) that presemtectt model
as ref are relevant to rotor speed. So the stator cumendel is
For constant flux operating region, the value démence chosen as the state variable:
stator flux amplitude is equal to the flux ampliéugroduced de v, ffds ..
by permanent magnet [11]. at lgs = I, I + PRy (16)
de Ve Fi q KFi

a high speed adaptation even at zero speeds. Tdtisoch
because eliminates the produced error in the spdagitation,
is more stable and robust.

The rotor speed and the stator resistance are seooted

—Yas _llas _ nOH T _ e O as
- pgrlds pi'Qr +
Id ld

—1
dt I, I,

The stator resistance and the rotor speed areavailind the

following adaptive mechanisms:
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MRAS the speed response is achieved without dip attd awi

(17) shorter recovery time which is almost similar witie actual
speed motor.
Figure 10, shows the stator flux estimation usirgMRAS
We notice that it is not affected by these changes.
(18) Electromagnetic torque follows his rate as showRigure 12.

Also, the flux and torque ripples are significarglyppressed
due to theSVMmodulation scheme as shown in Figure 11 and
19) Figure 13

Where k, and k; are the proportional and integral constants 3 ‘ ‘ ‘ ‘ i i
respectively. The tracking performance of the spestiination £ %8 | |
.. . . . < 2.5 I I
and the sensivity to noise are depending on prapatt and o | |
. .. . . .. | |
integral coefficient gains. The integral gdinis chosen to be ‘é’, ! !
high for fast tracking of speed. While, a low prajmal k; g 2 ! C
gain is needed to attenuate high frequency sigiateted as § ; ;
noises [12]. 5 8 !
g Actual Resistance
. 1- Estimated Resistance .
Vs Vs, ldss 0.75- Estimated Resistance (SVM)_ o
: Reference 05 l l l l l 1
Model o 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)
Fig. 8 Stator Resistance
\ \ DTC/DTC-SVM
Adjustable 100 \ I R \ ‘
Model 1 l o l l
P SRR SR SRS RS R
N\ Adaptation g l l l 1 1 1
P s Mécanisme F- R N
r & N
S 40H- - -+ —-——— b 44—
Fig. 7 Basic MRAS structure g | | | | | |
V. Results of Simulation ~ Estimated Speed | | |
. . . 0 1 1 1 1 1 1
Table (IV), summarizes theMSM parameters used in this ° 005 01 ods (fs")z 025 03 035

simulation [7].

Fig. 9 Rotor speed

TABLE IV
PMSM PARAMETERS
Pole pairs 3
Rated poweKW (at 50Hz) 1. .
Rated voltageV) 220/38( <)
Rated Flux WE) 0.3¢ g 02
Rated torqueNm) 5 X
Rs (Q) 1.4 i
La; Lg(H) 0.0066; 0.0058 g
Flux magnet (Whb) 0.15 %
J(Kg.m2 0.0017¢
f, (N.m/(rad/s)) 0.003¢ L e i e wi et R ay
e
We simulated the system drive for a reference spédd0 ! ! ! ! ! !
(rd / s) load at startup, then from t = 0.08 (&, assumed a 0 005 01 0"1ri5me (95)2 025 03 035

variation of the stator resistance (see Fig. 5% AD.15(s)the
PMSM is tracking load equal to 5 (Nm). The results are
obtained using &I speed controller.

Figure 8 illustrates the evolution of stator resmiste, actual
and estimated (delivered by the propd$RASproposed for
DTC/ DTC-SVN. The two quantities (estimated and actual
resistances) are combined in practice, in steaate.SAs in
Figure 9, it illustrates estimated speed (rad fissped by

Fig. 10 Stator Flux
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DTC-SVM
e I A R
I e
o2 b
~— | | | | | |
o]
o e e T [
~ | | | | | |
T R o
| | | | | |
s A A R
§ 0t
| | | | | |
L Bl i Al it (3]
048 4 f
| | | | | |
1 1 1 1 1 1
[4]
[8]
3
4
8
% (6]
o
g
g 7]
, _ (8l
Fig. 12 Electromagnetic Torque
DTC-SVM
| [9]
2 |
Z 1
° i [10]
‘6 |
= I
g) |
I
o L
g | (]
& |
I
1
B N T N T N [12]
0 005 01 015 02 025 03 035
Time (s)

Fig. 13 Electromagnetic Torque

VI. CONCLUSIONS

In this paper, a robusiRASfor speed sensorle€3TC-
SVM scheme based on stator resistance estimator les be
introduced. According to this control approach, tR&/M
inverter reference voltage vector is generated by a
conventional Pl predictor. The reference voltage vector is
synthesized with theSVM technique as opposed to the
switching table in the conventiondTC. The DTC-SVM
scheme has lower harmonic current and consequemigr
torque ripple than conventional hysteresis ba3&. Using
of a model reference adaptive system for estimatiegspeed
and stator resistance ofPMSM compensate the effect of the
variations of motor parameters and replace the tipasi
encoder. The obtained simulation results were faatisry in

terms of estimation errors, robustness and glotadilgy of
| the drive electrical system for different operatgumnditions.
|
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