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ABSTRACT

In this paper, the design and implementation of adaptive speed controller for a sensorless synchronous
reluctance motor (SynRM) drive system is proposed. A combination of well-known adaptive input-output
feedback linearization (AIOFL) and adaptive backstepping (ABS) techniques are used for speed tracking
control of SynRM. The AIOFL controller is capable of estimating motor two-axis inductances (Ld, Lq),
simultaneously. The overall stability of the proposed control and Persistency of Excitation (PE) condition are
proved based on Lyapunov theory. In the proposed control drive system, the maximum torque control
(MTC) scheme and constant current in inductive axis control (CCIAC) are applied to generate the motor d
and g axis reference currents which are needed for the AIOFL controller. In addition, an ABS speed
controller is designed to compensate for the machine parameter uncertainties and load torque disturbances.
Another contribution of this paper is to estimate the rotor speed and position in very low speed by using 1) a
simple technique for eliminating the voltage sensors, 2) a simple method for online estimation of the stator
resistance, and 3) modeling the voltage drop of the inverter power switches. Finally, the validity and

capability of the proposed method are verified through simulation and experimental studies.
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1. INTRODUCTION

The SynRM is one of the oldest and simplest types of
electric motors. In recent years, it has been shown that
SynRM can be competitive with other ac motors [1-6]. A
SynRM is advantaged on induction motor by the absence
of rotor copper losses, on brushless motors by
inexpensive rotor structure and on switched reluctance
motor by a much lower torque ripple and low noise.

In the last two decades, the SynRM parameter
identification has been challenging so that some
researchers have tried to solve this problem [7-10]. One
may notice that uncertainties and variations of the
parameters seriously affect the motor performance
specially its closed-loop control stability. In Off-line
parameter identification methods described in [7, 8], the
SynRM electrical parameters are obtained for some
operating points by practical tests and inserted in look-up
tables or mathematically approximated by some curves.
An alternative solution is on-line estimation of the

machine parameters [9, 10]. In [9, 10], SynRM electrical
parameters (Ld, Lqg, Rs) are estimated using the Recursive
Least-Squares estimator (RLSE). It is not necessary to say
that RLSE at each Atstep of time needs to reset a so-
called positive definite co-variance matrix, which results
in a high computation storage and time [11]. Authors of
[9] have described in their paper that although is possible
to estimate all the electrical machine parameters by the
RLS method, the estimator performance is considerably
improved if only Ld is estimated with the assumption of
constant Rs and Lq.

In [10], three parallel nonlinear observers are used to
estimate the SynRM rotor speed, rotor position and the
motor electrical parameters (Rs, Ld, Lq). In this method,
so-called extended emf (EEMF) vector is introduced in
two-axis stationary reference frame with components of
(éa,éﬁ). These quantities can be on-line estimated if the

rotor speed and machine parameters (Rs, Ld, Lq) are
estimated simultaneously. The RLS estimator estimates
the motor electrical parameters which are used by the

i Jafar Soltani is with the Faculty of Engineering, Islamic Azad University, Khomeini-shahr Branch, Esfahan, Iran (e-mail: jsoltani@iaukhsh.ac.ir).
ii Corresponding Author, Hossein Abootorabi Zarchi is with the Faculty of Engineering, Ferdowsi University of Mashhad, Mashhad, Iran (e-mail:

hazarchi@gmail.com).

-nAmirkabirl Electrical & Electronics Engineering / Vol . 43/ No.1/ Fall 2011

11



EEMF observer as well as the motor controller. In this
approach, the RLS estimator needs to know the motor
estimated speed and measured currents and voltages. One
may note that in the method of [10], the rotor speed is
estimated by derivation of ér which is the output of the

EEMF observer. The overall stability of such very
complicated system is dubious and really cannot be
analytically proved. As mentioned in [10], by this method
the low speed estimation is impossible; however, the
authors of [10] have claimed that the motor speed
estimation is possible above 50 rpm while no any
practical results have been proposed for such a claim. The
practical results given in [10] show possibility the motor
speed estimation only from 500 rpm to 1000 rpm. In [12],
a predictive direct torque control has been presented for
encoderless SynRM which is able to operate at low
speeds. At the low speed operation, the rotor angular
position is estimated by injecting test voltage signals
(TVSs) to detect the spatial orientations of existing
position-dependent rotor anisotropies. However, the TVSs
deteriorate the performance of the predictive algorithm,
and they create some audible noise. The method of [12] is
complicated and for each motor chosen it is required to
obtain the motor inductances by off-line methods.

The main contribution of this paper is to use the well-
known adaptive input-output feedback linearization
(AIOFL) and adaptive backstepping (ABS) techniques for
SynRM robust speed control without using any
mechanical position sensor and voltage sensor with
simultaneous estimation of d and q axis inductances (Ld,
Lq). Backstepping is a recently developed design tool for
constructing globally stabilizing control laws for a certain
class of nonlinear dynamic systems with a lower
triangular structure. The persistency of excitation (PE) is
proved in the paper. In the proposed control technique, we
need to know the motor d and q axis reference currents
(i;,i;s). These reference currents are generated based on

Maximum Torque Control (MTC) and id constant
strategies. By our control approach, the rotor speed
estimation is possible. One may note that in the rotor low
speed estimation, we have some problems such as voltage
and current sensors dc offsets as well as the slowly
variation of stator resistance with temperature. We solve
these problems by 1) using a simple method for
eliminating the voltage sensors, 2) a simple method for an
online estimation of the stator resistance, and 3) using a
PI estimator and modeling the voltage drop of the inverter
power switches. It is worth to mention that the current
sensors dc offsets observed on the measured currents are
negligible.

2. THE SYNRM MODEL

The SynRM d-q axis equations in the rotor reference
frame taken into account cage winding is given by [13]

—w, A 1)

Vgs = Ryige + dtqs + o, A )
o di,
0= Rdr Idr + d: (3)
dA

— i qr

0=R i, + " (4)
with

/’iqs = Lm (iqs + iqr) + Llsiqs ' ﬂ’qr = Lmq (iqs + iqr) +

lds = Lmd (ids + idr) + Llsids' /’idr = Lmd (ids + idr) +

Ld = Lmd + LIs ' Lq = Lmq + Lls (5)

In the above, A, and A, are stator linkage fluxes,
vgandy,are stator voltages, g and i, are stator
currents; I, and 1, are rotor currents, | and| denote
andL,, are

Idr Igr
inductances,

mutual inductances, L, is stator leakage; L

rotor leakages, L,andL,are stator

R, and R are rotor resistances, all in d and q axis rotor

reference frame. R_is the stator resistance and @, is the

rotor electrical angular velocity. From Egs. (1-5) the
equivalent circuits of SynRM can be represented by Fig.
1. In addition, the motor generated torque is

3P, . .
Te = g?u,dlqs — Aglgs)
3P o 3P - -
= E?(Ld - Lq)ldslqs + 5?(Lmd Idrlqr - Lmqlqu (6)
where P is number of poles. Finally, the motor

mechanical equations are

dw dé
n4B,w, =T, ~T, » =, 7
m dt m@m e | dt o ()

where J  is the rotor moment of inertia, B is the
friction coefficient, g is the rotor displacement angle in

J

mechanical degrees, , is the rotor mechanical angular

velocity and T, denotes the motor load torque.

3. ADAPTIVE INPUT-OUTPUT FEEDBACK
LINEARIZATION

Assuming the reference direct and quadrature axis
fluxes defined by 4, and A , the main goal is to apply
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vqs Lm@ Rqr

b) g-axis Equivalent Circuit

Figure 1: Equivalent d-q axis circuits of the SynRM with cage.

IOFL for SynRM drive system in order to obtain the
reference space voltage vector for the SV-PWM inverter
which feeds the motor [14-16].

For this purpose, ignoring the cage rotor of SynRM in

Fig.1 and choosing A, , 4, and w, as state variables
and assuming v, =u, and Ve =U, as the system

control efforts, the nonlinear model is described by

X =f(X)+g(X)U ®
where
X=Pe % %] e Al U=l w] ©
fl - Rsids + Lqiqsa%
f(X): fz = _&iqs_l‘uids d ' (10)
f3 el B s P aﬂ[()
( (Lq LJ%S% ) 3
and
10
mm[mm]%l] (12)
00
Introducing the following output variables
ylz/?’ds’ yzzﬂ’qs (12)

from (1), the system output dynamics can be obtained

Y1 =V,

. (15)
Y2 =V,
The system control efforts are defined by
dA, .
v, = dtds —a,8y =Ry + o Ly +Vy (16)
di, _ :
v, = p” —a,e, =Rl —w Ll + Vg 17)
where «, and «, are positive constant and
€y = Age — Ay €4 = Age —/1;3. The superscript “*”

denotes the reference value.

Using (16) and (17), the motor estimated model is

dA, . o
v, = dtds —a8y =Ry + 0,8, +Vy (18)
dz;
, = dtqs — a8, =R — 0,8, +V, (19)

where &, = I:d anda, = qu are estimated values of

a, and a,, respectively.
From (15), (18) and (19), the motor error dynamics
becomes
de, de,
dt dt

This equation shows that for positive ¢, and «,, €,

=—a, &4, =-a,€ (20)

q

and €, exponentially converge to zero.

4. ADAPTATION LAW
Assume that
(21)

a1=a1_é\-1; azzaz_éz;

where @, and a, are the error values between the

actual and estimated parameters.
From Eqgns. (13), (18) and (19), one can have

Ags = (Rl +a)eLqiqS +Vy) =V, +VY,

as =i, + A —ae, = &= Wi 8, -, (22)
Y1 fy 1 0fu, f;
= = E(X)U
{yj [fj{o 1]y, 7|5, | FEX) (13)
. . . and
From (8-13), an internal dynamics is recognized that . ) )
its stability can be easily proved [11]. Based on the input—= A = (-Riigs =@ Lyig +Vgs) =V, +V,
output feedback linearization, the control effort is —— w4 +ﬂ; —ae, = ¢, - €, (23)
al i~ fl
U=E" " | (14)
. v . Egs. (22) and (23) in a matrix compact form as
Assuming the new state variables as
13
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X=AX+WTO
whereX:[ed eqr,éz[ﬁl él“Z]T,A:{_Oél O}

0 i
withWTz( ) ©e qu.
— .l 0

e'ds

The following Lyapunov function is used

\% =lex+1§TF’1§ (25)
2 2

where ' =diag[y,,7,].
¥, and y, are positive adaptation gains.
The Derivate of V with respect to time t is

V= x"Ax+0"Wx+0'T0 (26)
Assume the following adaptation law

0 = —TWx (27)
Then (26) is changed to

V = xTAx (28)

Since A is a negative definite matrix, therefore from
(28)1

V <0

LyandL, are assumed to be unknown constant

(29)

parameters, hence
a, =-4 . 2a,=-4, (30)

As a result from (27), the adaptation laws are obtained
as

A

a, = —y,0, idseq (31)
and
é2 =7za)eiqsed (32)

One may note that V is a radially unbounded function,
therefore (25) and (29) guarantee that €, and e, are

bounded. As a result from (24), WTand X are also
bounded, too. From Barbalat’s Lemma [11], we have

lime, =0; lime, =0 :for t—>o (33)

Moreover, if there exist two positive real constants T
and C such that the Persistency of Excitation (PE)
condition

t+T
W()WT'(r)dz>Cl,, forall t >0

is satisfied, then from [11] it follows that the

estimation
error vector @ exponentially converges to zero. It means
that Ld and Lq finally reach to the actual values,

respectively. This results in

t+T t+T 0 O
'[t w (T)WT(f)drz_[t (O Ojdr for o =0.
Hence, the matrix in (34) is positive semi-definite and the
PE condition fails. When @, # 0, we obtain
2:2
t+T T T [ @, 1y 0 t+T
L W (z)W (T)d‘L'=J.I ( 0 a)eziqzsjdr=L M(z)dz

Since M is positive definite therefore, the matrix in (34) is
also positive definite. As a result, the PE condition is

satisfied and consequently the estimation error vector @
exponentially converges to zero.

5. THE ADAPTIVE BACKSTEPPING SPEED CONTROLLER

From (7), it is not difficult to derive

d—a)r =i[Te -T, _Bma)r]:AlTe +AT, +A0,
dt Jo (35)
. 1 Bm
with A1:J_:_A2’ A3:_J_

where A, A, and A, are constant parameters which

are related to the motor parameters. In the real-world,
unfortunately the parameters are varied by the saturated
effect or temperature. As a result, it should be taken into
account by the controller designer. In this paper, we
propose an adaptive backstepping controller to
compensate for the machine parameter uncertainties and
load torque disturbances. Therefore,

:—ta)r =AT, +A0 +(AT, +AAT, +AAT, +AA@,)
=AT, +Aw +d (36)

and
d =(A,T, +AAT, +AA T, +AAm,) 37)
where AA,AA, and AA, are the variations of the

parameters and d is the uncertainty including the effects
of the parameter variations and the external load.
Define the speed error e, as

(38)

Taking the derivative of both sides of (38), it is easy to
obtain

€, =0 — o

g, =, —, (39)

In this paper, we select a Lyapunov function as
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v=ler iy Lo 11y gy (40)
2 7 2y
Taking the derivative of (18), it is easy to obtain
V =e,6, Lad —e,6, +20T(d —d)=e,6, L& (41)
v Y Y

By substituting (39) into (41) and doing some
arrangements, we can obtain

" 1~
=€, (@, —AT, ~A@, 41)—;dd

> 1
=l ~AT, Aty ~0-0)—

Assuming that the torque can satisfy the following
equation

v
) (42)
dd

1 . x T
T, =A—l(a),m -Ao,, —d +Me2) (43)
and substituting (43) into (42), we can obtain
v :—Mef—d~ez—ld~dA (44)

I

From (44), it is possible to cancel out the last two
terms by selecting the following adaptive law

A

d =-ye, (45)

In (23), the convergence rate of & is related to the
parameter » . By submitting (45) into (44), we can obtain

V =-Me?<0

From (46), we can conclude that the system is stable;
however, we require to use Barbalet lemma to show that
the system is asymptotical stable. By integrating (46), we
can write

(46)

jo‘”v' dz=( (0)-V (0)) <o 47)

From (47), the integration of parameter e22 of (46) is
not infinite. Then, e,(t) e L, nL,and &,(t)is bounded.
According to the Barbalet lemma, we can conclude

lime, (t) =0 (48)

The block diagram of the proposed adaptive
backstepping control system is shown in Fig. 2, which is
obtained from (43) and (45).

Adaptive

law SynRM

Limiter

M T, I
A

D™ Js+B

A
@ _ 9 e

Figure 2: Adaptive Backstepping Controller.

6. STATOR RESISTANCE ESTIMATION

The variation of the stator resistance is a thermal
process and therefore is not only determined by the
machine losses but also the time [17].

Among the machine variables, the stator flux vector is
highly affected by the resistance changes particularly at
low speed. In addition, the IOFL controller can be made
more reliable if the stator resistance is estimated online
during operation of the machine. In this paper, a PI
estimator is employed based on comparing the actual
current and the reference current to predict the stator
resistance [17, 18]. As shown in Fig. 3, the error in the
stator current is used as an input to the Pl estimator. The
technique is based on the principle that the error between
the actual stator current and the reference current is
proportional to the stator resistance change [17]. The PI
resistance estimator is described by

&R, =Ko+

Kp + S'jAIS (49)
where the letter "s" is the Laplace operator and K, and

K, are the proportional and integral gains of the PI

estimator. The error between the actual stator current and
its reference is passed through a low pass filter with a
very low cutoff frequency in order to attenuate the high
frequency component contained in the estimated stator
current. Then the signal is passed through a PI estimator.
The output of the PI estimator is the required change of
resistance AR, due to changes in temperature or

frequency. The change of stator resistance AR is

continuously added to the previously estimated stator
resistance R, ). This updated stator resistance can be

used directly in the controller.

. Low Pass Filter AR
S
IAS;O_’ 1 PI Resistance N R s(k)
1+sT Estimator 4
+ T s(k-1)

Figure 3: PI Resistance Estimator of SynRM Drive System.
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7. THE SYNRM MRCTC STRATEGY

In order to use the adaptive nonlinear controller
described in the previous section, it is required to obtain
the desired d and g axis reference currents. These
reference currents are obtained in a sinusoidal steady-state
operating condition, considering the different control
strategies relating to this motor as described in [19-22,
26]. One may note that in the sinusoidal steady-state
condition, no any currents are induced in the rotor cage
and hence there is no need to take into account the cage
windings in order to obtain the reference currents.
Regarding to (6), one can say that

« 3P . 3P 2
Te ZEE(Ld _Ltl) ls IqS :EE(LG _Lq) Is Sln(2€) (50)

where & is the angle of stator current vector I

relative to the rotor d axis.
In [3], the MTC and id constant torque control
strategies of SynRM are

A. MTC with

igs = [las| = (51)
B. CCIAC or iy constant with

* T,

. €

|qs = * (52)
8. THE SYNRM ROTOR SPEED ESTIMATION

Referring to Fig. 4, the rotor position angle is
0 =y,—¢ (53)

where y. is the angle of stator current vector with
respect to Ds-axis and & is the angle of stator current
vector i, with respect to the rotor d-axis, which can be

obtained from (50) by calculating the motor generated
torque from

_sp

.- (R e — s ios) (54)

where A and A, are  the etimated stator  flux

components in the stationary reference frame (Ds, Qs),
which are obtained by integrating the following equations

d A,

m (55)

= _Rles + Vs

and

dA -
£ =R
dt

where R_ is the estimated stator resistance and (i, igs )

SV (56)

Q Qs

and (VDS,VQS) are the Ds and Qs axis stator currents and

voltages.
A first-order low-pass filter is used in order to obtain a
smoothing signal for the rotor position.

Having estimated angle of the rotor positiond,, the
rotor speed is calculated as follows,

&, =do /dt (57)

-axis
1 Os — axis

d-axis

Ds —axis

Figure 4: Coordinates of SynRMs .

9. ELIMINATION OF VOLTAGE SENSORS

It is worth to mentioning that the phase voltage sensors
are eliminated to increase the system reliability and to
decrease the total cost of SynRM drive. The phase
voltages can be estimated from the dc link voltage and the
inverter switching state (Sa, Sh, Sc) [23]. However, the
switching patterns in our practical setup are available in
FPGA applied to the PWM inverter with 1us resolution
(as explained in section X). To resolve this problem, the
average voltages of each phase in each sampling interval
(5kHz) are computed using the sector number of the
reference voltage space vector and the timing assignment
of the SVM-PWM inverter, which are available in the PC.
Depending on the sector number in which the inverter
reference voltage vector is located in, the status of upper
switch of each leg is determined as given in Table 1. Sa,
Sh and Sc refer to upper switch status of phases a, b and
c, respectively.

Considering Table 1, the average of the inverter phase
voltages in during a sampling of T, is obtained as

VaN

v, |=Yoe xg *(tlj i=1..6and T, =t,+t +t

bN T G tz ) 1 s 0 2

Vo : (58)

where Vpc is the inverter DC link voltage and the letter
“N” refers to negative polarity of the DC link. t; and t, are
the timing assignment and S is the i" sector matrix
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obtained from Table 1. As an example, Se is the 1%
sector matrix.
11
01
00

S .=

ecl

(59)

Now, the components of the space voltage in two-axis
stationary reference frame can be obtained as [24]

Vs = 2/3%(v,, —0.5%v,, —0.5%v,, ) (60)
and
Voo =2/3*(V312%vy, —3/2%V,,) (61)

One may note that the zero time t, does not affect the

components of the stator voltage space vector (vDS,st)
and therefore, the status of upper switch of each inverter
leg during timet; is not seen in Table 1 and the sector

matrix as well.

TABLE 1
UPPER SWITCH STATUS OF EACH INVERTER LEG
BASED ON SECTOR NUMBER

Sector NO. 1 2 3 4 5 6
tldto e ltltlalltlclltlc]t
Sa 1i1Yy1:i0JO0oiO0fJoOiOffOi1ff1i1
Sb o!'!1g1!'1ff1!'11!0fjotojjot!o
Sc O:0ONOC:OffO: 211 :1fJ2:2042:0
S.., Matri»

ecl

10. EFFECTS OF THE FORWARD VOLTAGE DROP AND
ITs COMPENSATION

At very low speeds, the voltage drop in the PWM
inverter can be higher than the induced voltage and,
hence, constitutes a severe disturbance. In [25], the
examination of this non-ideal effect and its compensation
in an induction motor speed sensorless drive has been
given. In this session, the effect of the forward voltage
drop (FVD) in a SynRM drive will be analyzed. Fig. 5
shows the forward characteristics of the IGBT and diode
used in this project. It is well known that the forward
characteristics of the IGBT and its freewheeling diode are
nonlinear, and they vary with temperature. However,
according to their forward characteristic shown in Fig. 5
and datasheet, both can be represented by a DC voltage
source and a resistance as given in (62). In order to
simplify the analysis, it is assumed that the forward
voltage drop of diode and IGBT are the same. The
resistance term in (62) can be assumed as an extra stator
resistance and therefore could be estimated by the stator

resistance estimator given in section V. In this section, the
focus is to compensate for the error caused by Vg, .

Vee = Veeo —i fee (62)
The actual voltages with positive and negative currents

are shown in Fig. 6. The left part of the figure is the

inverter leg, the output voltage of which is either zero or

V.., ideally. The letter “s” in Fig. 6 shows the switching

function of the inverter leg. Output voltage of the inverter
leg with positive current (into the load) and negative
current (from the load) are compared under the conditions
of s=1 and s=0. It is seen that when the current is positive,
the actual voltage is shifted down by v.e, when the current
is negative, the waveform of the actual output voltage of
the inverter leg will shifted up by v.. After circuit
analysis of the inverter, the error caused by the forward
voltage drop of the switches of the inverter can be found.
The error caused by FVD in one inverter leg is given in
(63). Eq. (64) shows the error vector of the three phase
inverter in the stationary frame.

AVg =8*Vpe — Vg :VCEO*Sign(iR) (63)
and
Av:gvCEO *[sign (i ) +a*sign(is )+ *sign(i; )]
3 (64)

where sign(.) is the signum function and ¢ = el2r/3

Using (64), an estimated value V; of the stator voltage
vector can be obtained from the SV-PWM reference
voltage vector V" described as follows

A~

V.=V —Av (65)
Therefore, the stator flux vector is corrected as
ﬂS:J.(v*—Av—Iisi)dHﬂﬂ (66)

ot TR ¥l

Ie (A)
;

] 0 15 2 e -
CEm Ve (V)

Figure 5: Forward characteristics of the IGBT and diode of the
Intelligent Power Model.
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Case A: s=1, i=0 Case B:s=0, i=0

Case A-s=1,i=0

Case C: 51, i<0 Case D:s=0, i<0

i<

Case Des=0,i <0

r r )
'MT‘C . L, . l R,
= £l 15 A *
& Y SN )¢ 2 Adaptive d "
Adaptive [ L . ,+ L f Input-Output g o
i [3P - i 1 Feedback
Backstepping . \Ij(ﬂa -L) ?qs gs /er.s S e e - T
> X [ > )
¥ L
i L" & i Ld v
Strategy 4 A a 0 SVM-PWM
Selector | g5 - INVERTER
CCIAC (i, Const.) Fl;;ﬁ:a;ge i dq ¢ he
8 T’ i &
D P
o L)
" I: SynRM
P F2 52 L N Stator Resistance
e + Estimator

Fig. 7: Block Diagram of Proposed SynRM Drive System Control.

11. SIMULATION RESULTS

The overall block diagram of the proposed drive
system is shown in Fig. 7. Based on AIOFL, the motor
supply voltage is synthesized from stator d and q axis

voltage commands (v;S,V;S), using a two level space

vector modulation SVM-based PWM inverter. In
addition, d and q axis stator fluxes are estimated by Egs.
(1) and (2). A C ""step by step computer program was
developed to model the drive system control of Fig. 7. In
this program, the system dynamic equations are solved by
a static Range-Kutta fourth order method.

In the proposed control approach the system controller
gains are obtained by a trial and error method which are

given by Kp=0.3 KI1=0.05 =5, ry=3,

o =0y =225 and y =.05. Assuming an exponential

speed reference from 0 to 1000 rpm with rise time

=02 Sec., the simulation results are obtained for
MTC and id constant strategies corresponding to a three-
phase SynRM. The specifications and parameters of the
three-phase SynRM used in our simulation program are
given in Table 2. Simulation results obtained are shown in
Figs. 8 and 9 in the case of J_=2*] B=3*B

As shown in these figures, the desired torque is stepped
up and stepped down frequently. One can see that a
perfect tracking control can be recognized for the two axis
currents in spite of the parameters uncertainty and
external load torque. The estimation errors in parameters
Ld, Lg and Rs also converge to zero. It is worth
mentioning that the torque ripples and motor two axis
current harmonics seen in Figs. 8 and 9 can be explained
by the effects of PWM inverter higher harmonics as well
as by the higher harmonics induced in the SynRM rotor
cage windings.

m,nominal ! m,nominal *
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Figure 8: Simulation Results based on MTC strategy.
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Figure 9: Simulation Results based on id Constant strategy.
12. EXPRIMENTAL SETUP AND RESULTS

A. Exprimental System Setup

For practical evaluation of the actual system
performance, a PC-based prototype system was built and
tested. The experimental setup corresponding to the
overall system block diagram shown in Fig. 7 is depicted
in Figs. 10 and 11 consisting of the following parts: 1) A

0.37kW three-phase SynRM and a 1.1kW DC generator
as its load, 2) a three-phase voltage source inverter and its
isolation board, 3) voltage and current sensors board, 4) a
96 bit Advantech digital Input-Output card, 5) a 32-
channel Advantech A/D converter card, 6) a CPLD board
and a personal computer (PC) for calculating the required
signals and viewing the registered waveforms. The
0.37kW SynRM parameters are reported in Table 2. The
SynRM is supplied by a three-phase inverter with a
symmetrical two level space vector modulation.

A Xilinx XC95288xI CPLD has been selected for real
time implementation of switching patterns using a
switching frequency of 5 kHz. The CPLD board
communicates with PC via the digital Advantech PCI-
1753 1/O board. CPLD in experimental setup realizes the
following tasks:

1) Switching pattern generation of IGBT switches
based on the SVM technique providing a useful dead
time in the so- called switching patterns of power
switches.

2) generation of the synchronizing signal for data
transmission between PC and hardware and

3) shutting down the inverter in the case of
emergency conditions such as over current or PC hanging
states. The inverter has been designed and implemented
specifically for this experiment using the SKM75 GD 124
D SEMIKRON module.

The required drive board has been designed by HCPL
316J which is fast and intelligent IGBT driver and
guarantees a reliable isolation between the high voltage
and the control boards. The DC link voltage and stator
phase currents are measured by Hall-type LEM sensors.
All measured electrical signals are filtered using the
separate analogue second order low pass filters with 1.5
KHz bandwidth and then converted to digital signals
using an A/D card with 10us conversion time. In order to
evaluate the accuracy of the rotor-speed and position
estimation, the actual rotor position is obtained from an
absolute encoder with 1024 pulses/r.

B. Experimental Results

Using the same conditions adopted to get SynRM
simulation results as described in the previous section, the
experimental results were obtained and shown in Figs. 13-
15. It is seen that for the chosen id and iq reference
currents, the estimated values of Ld and Lq approximately
converge to these are obtained from Fig. 12 which shows
the curves of Ld versus id and Lg versus iq obtained by
the practical test.

The proposed rotor-speed and position-estimation
method at very low speed is shown in Fig. 15. The speed
reference is reversed from +10 to — 10 r/minatt =10 s
under 50% full load. It is seen that the reference speed is
perfectly tracked and the position-estimation error could
be suppressed within 4 electrical degrees. The torque and
speed are smooth enough, and the flux hodograph is
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almost a circle.

A close agreement is observed between simulation and
practical results with a little disagreement, which may be
because of inaccuracies that exist in our data acquisition
system, SVPWM voltage source inverter effects and the
dead times of inverter switching signals and also due to
motor iron losses as well as ignoring the SynRM slotting
torque effects that have not been taken into account in our
system modeling.
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TABLE 2
MoTOR NOMINAL CHARACTERISTICS
P =370W V, =230 |, =2.8A
Lupwse =22 MH | Ly o =178 mH L g =118mH
R,, =2.95Q f, =60 Hz No. of Poles=4
T,,=19N.m | J_=.015Kg.m* | B, =.003 Nm/rad/sec
s raea =-5Web | L, =10mH L, =8mH
L, =8mH R, =2Q R, =20

2 21
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13. CONCLUTION

In this paper, a method based on the adaptive input-
output feedback linearization and adaptive backstepping
controller was designed for MTC and iy constant
strategies of encoderless three-phase SynRM drive. The
controller is capable of simultaneous estimation of direct
and quadrature axis inductances. It has been shown that
under Persistency of Excitation (PE) condition, the
estimation errors in the motor d and g-axis inductances
asymptotically converge to zero. The ABS speed
controller was designed to compensate for the machine
parameter uncertainties and load torque disturbances.
Based on this control approach, the rotor low speed
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