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Adaptive Input–Output
Feedback-Linearization-Based Torque

Control of Synchronous Reluctance
Motor Without Mechanical Sensor
Hossein Abootorabi Zarchi, Jafar Soltani, and Gholamreza Arab Markadeh

Abstract—In this paper, a well-known adaptive input–output
feedback-linearization (AIOFL) technique is used for speed and
torque-tracking control of synchronous reluctance motor drive.
This controller is capable of estimating motor two-axis induc-
tances (Ld, Lq) simultaneously. The overall stability of the pro-
posed control and the persistency of excitation condition are
proved based on Lyapunov theory. In addition, the maximum
rate of change of torque control scheme is applied to generate
the motor d- and q-axis reference currents which are needed
for AIOFL controllers. Another contribution of this paper is to
estimate the rotor speed and position. For low-speed estimation,
we have to eliminate the current and voltage sensors’ dc offsets,
detect the stator resistance, and take into account the voltage
drop of the inverter power switches. We solve these problems by
using a simple technique for eliminating the voltage sensors and a
simple method for online estimation of the stator resistance and
modeling the voltage drop of the inverter power switches. It is
worthwhile to mention that the current sensors’ dc offsets, seen
on the measured currents, are negligible. Finally, the validity of
the proposed method is verified by experimental results.

Index Terms—Adaptive input–output feedback linearization
(AIOFL), encoderless, synchronous reluctance motor (SynRM).

I. INTRODUCTION

THE synchronous reluctance motor (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]–[7]. A SynRM is superior to an induction
motor due to the absence of rotor copper losses, to brushless
motors due to inexpensive rotor structure, and to a switched
reluctance motor because of a much lower torque ripple and
low noise.

In the last two decades, the challenging task of SynRM
parameter identification has been taken up by some researchers
[8]–[11]. One may notice that uncertainties and variations
of the parameters seriously affect the motor performance, in
particular, its closed-loop control stability. In offline parameter-
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identification methods described in [8] and [9], the SynRM
electrical parameters are obtained for some operating points by
practical test and inserted in lookup tables or mathematically
approximated by some curves. An alternative solution is the
online estimation of the machine parameters. In [10] and [11],
d- and q-axis inductances and stator resistance (Ld, Lq, Rs)
are estimated using a recursive least squares (RLS) estimator
(RLSE). It is not necessary to say that the RLSE, at each step
of time, needs to reset a so-called positive definite covariance
matrix which results in a high computation storage and time
[12]. Betz et al. [10] have also described in their paper that,
although it 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 assumption
of constant Rs and Lq.

In [11], three parallel nonlinear observers are used to es-
timate the SynRM rotor speed, rotor position, and the motor
electrical parameters (Ld, Lq, Rs). In this method, a so-called
extended electromotive force (EEMF) vector is introduced in
a two-axis stationary reference frame with components of (êDs,
êQs). These quantities can be online estimated if the rotor speed
and machine parameters (Ld, Lq, Rs) are estimated simultane-
ously. RLSE estimates the motor electrical parameters which
are used by the EEMF observer as well as the motor controller.
In this approach, the RLSE needs to know the motor estimated
speed and measured currents and voltages. One may note that,
in the method of [11], the rotor speed is estimated by derivation
of an estimated angle of the rotor position which is the output
of the EEMF observer. The overall stability of such a very
complicated system is dubious and really cannot be analytically
proved. As mentioned in [11], this method is incapable of pa-
rameter estimation in low speed; although Ichikawa et al. [11]
have claimed that motor-speed estimation is possible above
50 r/min, however, there exists no practical results that can
support this claim. The results given in [11] show the motor-
speed estimation only from 500 to 1000 r/min. In [13], a pre-
dictive direct torque control has been presented for encoderless
SynRM, which is able to operate at low speed. At 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. In addition, the method in
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[13] is complicated, and for each chosen motor, it is required to
obtain the motor inductances by offline parameter identification
methods.

The main contribution of this paper is to use the well-
known adaptive input–output feedback-linearization (AIOFL)
technique for SynRM torque control without using mechanical
position and voltage sensors. The proposed controller is capable
of simultaneous estimating of d- and q-axis inductances (Ld,
Lq). The overall stability of this controller is analytically
proved based on Lyapunov theory. In the proposed control tech-
nique, we need to know the motor d- and q-axis reference cur-
rents. These reference currents can be generated based on any
chosen torque-control strategy for SynRM, such as maximum
torque control, maximum power-factor control, maximum rate
of change of torque control (MRCTC), or id constant strategy
[7]–[10]. Based on [10], MRCTC is very sensitive to variations
and uncertainties that usually exist in parameters (Ld, Lq).
Therefore, in this paper, we chose an MRCTC strategy that
requires the actual values of motor electrical parameters. Our
control approach enables estimation of the motor speed. One
may note that in the rotor low-speed estimation, we encounter
problems such as voltage and current sensors’ dc offsets, as well
as the slow variation of stator resistance with temperature. We
solve these problems by using a simple method for eliminating
the voltage sensors and a simple method for an online estima-
tion of the stator resistance by using a proportional–integral
(PI) estimator and also modeling the voltage drop of the in-
verter power switches. It is worthwhile mentioning that the
current sensors’ dc offset seen on the measured currents is
negligible.

II. SYNRM MODEL

The SynRM d–q axis equations in the rotor reference frame,
taking into account the cage winding, is given by [14]

vds = Rsids +
dλds

dt
− ωeλqs (1)

vqs = Rsiqs +
dλqs

dt
+ ωeλds (2)

0 = Rdridr +
dλdr

dt
(3)

0 = Rqriqr +
dλqr

dt
(4)

with

λqs =Lmq(iqs + iqr) + Llsiqs

λqr =Lmq(iqs + iqr) + Llqriqr

λds =Lmd(ids + idr) + Llsids

λdr =Lmd(ids + idr) + Lldridr

Ld =Lmd + Lls

Lq =Lmq + Lls (5)

where λds and λqs are stator linkage fluxes, vds and vqs are
stator voltages, ids and iqs are stator currents, idr and iqr are

Fig. 1. Equivalent d–q axis circuits of the SynRM with cage. (a) d-axis
equivalent circuit. (b) q-axis equivalent circuit.

rotor currents, Lmd and Lmq denote mutual inductances, Lls

is a stator leakage, Lldr and Llqr are rotor leakages, Ld and
Lq are stator inductances, Rdr and Rqr are rotor resistances,
which are all in d- and q-axis rotor reference frame. Rs is stator
resistance, and ωe is the rotor electrical angular velocity. From
(1)–(5), the equivalent circuits of SynRM can be represented by
Fig. 1. Also, the motor-generated torque is

Te =
3
2

P

2
(λdsiqs − λqsids)

=
3
2

P

2
(Ld − Lq)idsiqs +

3
2

P

2
(Lmdidriqr − Lmqiqrids)

(6)

where P is the number of poles. In addition, the motor mechan-
ical equations are

Jm
dωm

dt
+ Bmωm = Te − Tl,

dθm

dt
= ωm (7)

where Jm is the rotor moment of inertia, Bm is the friction
coefficient, θm is the rotor displacement angle in mechanical
degrees, ωm is the rotor mechanical angular velocity, and Tl

denotes the motor load torque.

III. AIOFL

Assuming the reference direct and quadrature axis fluxes
defined by λ∗

ds and λ∗
qs, the main aim is to apply the IOFL

for SynRM drive system in order to obtain the reference
space-voltage vector for space vector-pulsewidth modulation
(SV-PWM) inverter which feeds the motor. For this purpose,
ignoring the cage rotor of SynRM in Fig. 1 and choosing λds,
λqs, and ωe as state variables and assuming vds = u1 and vqs =
u2 as the system control efforts, the nonlinear model is de-
scribed by

Ẋ = f(X) + g(X)U (8)

where

X = [x1 x2 x3 ]T = [λds λqs ωe ]T

U = [u1 u2 ]T (9)

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 28,2010 at 06:07:53 EST from IEEE Xplore.  Restrictions apply. 



ABOOTORABI ZARCHI et al.: ADAPTIVE INPUT–OUTPUT FEEDBACK CONTROL OF SYNCHRONOUS MOTOR 377

f(X) =

⎡
⎣ f1

f2

f3

⎤
⎦

=

⎡
⎢⎣

−Rsids + Lqiqsωe

−Rsiqs − Ldidsωe(
3P
4Jm

(
1

Lq
− 1

Ld

)
λdsλqs − Tl

Jm

) /
P
2 − Bmωe

Jm

⎤
⎥⎦

(10)

g(X) = [ g1 g2 ] =

⎡
⎣ 1 0

0 1
0 0

⎤
⎦ . (11)

By introducing the following output variables:

y1 = λds y2 = λqs (12)

from (1), the system output dynamics can be obtained as[
ẏ1

ẏ2

]
=

[
f1

f2

]
+

[
1 0
0 1

] [
u1

u2

]
=

[
f1

f2

]
+ E(X)U. (13)

From (8)–(13), an internal dynamics is recognized that its
stability can be easily proved [12]. Based on the IOFL, the
control effort is

U = E−1

[
v1 − f1

v2 − f2

]
. (14)

Assuming the new state variables as

ẏ1 = v1 ẏ2 = v2. (15)

The system control efforts are defined by

v1 =
dλ∗

ds

dt
− α1ed = −Rsids + ωeLqiqs + vds (16)

v2 =
dλ∗

qs

dt
− α2eq = −Rsiqs − ωeLdids + vqs (17)

where α1 and α2 are positive constants, and ed = λds − λ∗
ds,

eq = λqs − λ∗
qs. Using (16) and (17), the motor estimated

model is

v1 =
dλ∗

ds

dt
− α1ed = −Rsids + ωeâ2iqs + vds (18)

v2 =
dλ∗

qs

dt
− α2eq = −Rsiqs − ωeâ1ids + vqs (19)

where â1 = L̂d and â2 = L̂q are estimated values of Ld and Lq,
respectively.

Linking (15), (18), and (19), the motor error dynamics are

ded

dt
= −α1ed

deq

dt
= −α2eq. (20)

This equation shows that for positive α1 and α2, ed and eq

exponentially converge to zero.

IV. ADAPTATION LAWS

Assume that

ã1 = a1 − â1 ã2 = a2 − â2 (21)

where ã1 and ã2 are error values between actual and estimated
parameters. From (13), (18), and (19), one can have

λ̇ds = (−Rsids + ωeLqiqs + vds) − v1 + v1

=ωeiqsã2 + λ̇∗
ds − α1ed

⇒ ėd =ωeiqsã2 − α1ed (22)

λ̇qs = (−Rsiqs − ωeLdids + vqs) − v2 + v2

= − ωeidsã1 + λ̇∗
qs − α2eq

⇒ ėq = − ωeidsã1 − α2eq. (23)

Equations (22) and (23), in matrix compact form, become

ẋ = Ax + WT θ̃ (24)

where x = [ed eq]T , θ̃ = [ã1 ã2]T , and A =[
−α1 0

0 −α2

]
with WT =

(
0 ωeiqs

−ωeids 0

)
.

The following Lyapunov function is used:

V =
1
2
xT x +

1
2
θ̃ T Γ−1θ̃ (25)

where Γ = diag[γ1, γ2].
γ1 and γ2 are positive adaptation gains.
Derivation of V with respect to time t yields

V̇ = xT Ax + θ̃ T Wx + θ̃ T Γ−1 ˙̃
θ. (26)

Assume the following adaptation law:

˙̃
θ = −ΓWx. (27)

Then, (26) is changed into

V̇ = xT Ax. (28)

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

V̇ ≤ 0. (29)

Ld and Lq are assumed to be unknown constant parameters,
hence,

˙̃a1 = − ˙̂a1
˙̃a2 = − ˙̂a2. (30)

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

˙̂a1 = − γ1ωeidseq (31)

˙̂a2 = γ2ωeiqsed. (32)

One may note that V is a radially unbounded function;
therefore, (25) and (29) guarantee that ed and eq are bounded.
As a result, from (24), WT and ẋ are bounded, too. From
Barbalat’s lemma [12], we obtain

lim ed = 0 lim eq = 0 for t → ∞. (33)
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Moreover, if there exist two positive real constants T and C
such that the persistency of excitation (PE) condition

t+T∫
t

W (τ)WT (τ)dτ ≥ CI2, for all t ≥ 0 (34)

is satisfied; then, from [12], it follows that the estimation error
vector θ̃ exponentially converges to zero. It means that L̂d and
L̂q finally reach their actual values.

For ωe = 0, we get

t+T∫
t

W (τ)WT (τ)dτ =

t+T∫
t

(
0 0
0 0

)
dτ.

Hence, the matrix in (34) is positive semidefinite, and the PE
condition fails. For ωe �= 0, the following result is obtained:

t+T∫
t

W (τ)WT (τ)dτ =

t+T∫
t

(
ω2

e i2ds 0
0 ω2

e i2qs

)
dτ

=

t+T∫
t

M(τ)dτ.

Since M is positive definite, the matrix in (34) is also positive
definite. Hence, the PE condition is satisfied, and consequently,
θ̃ asymptotically converges to zero.

V. SYNRM MRCTC STRATEGY

In order to use the adaptive nonlinear controller described
in the previous part, it is required to obtain the desired d- and
q-axis reference currents. These reference currents are obtained
in sinusoidal steady-state operating condition, considering the
different control strategies relating to this motor as described
in [17]–[20]. One may note that, in a sinusoidal steady-state
condition, no currents are induced in the rotor cage, and hence,
there is no need to take the cage windings into account in order
to obtain the reference currents. Under this condition, the motor
torque is given by [20]

Te =
3
4

P

2
(Ld − Lq)i2s sin(2ε) = Kti

2
s sin(2ε) (35)

where ε is the angle of the stator current vector is with respect
to the rotor d-axis.

In [19], a novel method was presented by Chiba and Fukao
for MRCTC of SynRM drive systems. It was found out that,
to achieve the MRCTC, the machine should operate with the
current vector at a constant angle of εψ = tan−1(Ld/Lq) or
λds = λqs. In [19], it is also proved that, for a given rotor speed
and motor torque, the control method of MRCTC, compared
with other torque-control strategies corresponding to SynRM,
needs the minimum terminal voltage, and, as a result, a min-
imum rated voltage of the PWM inverter. This leads to the
conclusion that, for the MRCTC strategy, a limitation may exist
for motor terminal voltage from a viewpoint of PWM inverter
dc-link voltage. In our proposed control scheme, we consider a

Fig. 2. Coordinates of SynRMs.

limitation level for the magnitude of the stator reference flux up
to a nominal value, i.e.,

λ∗
s,Max =

√
λ∗2

ds,Max + λ∗2
qs,Max

λ∗
s,Max

MRCTC=
√

2λ∗
ds,Max =

√
2λ∗

qs,Max

=λs,nominal

⇒ λ∗
ds,Max =λ∗

qs,Max = λs,nominal/
√

2
=λs,nominal, rms. (36)

Incorporating the aforementioned limitation ensures that the
SV-PWM inverter always operates in its linear operating region
determined by the corresponding SV-PWM scheme.

According to Betz et al. [10], MRCTC is very sensitive to
the value of ξ = Ld/Lq so that this parameter needs to be
approximately determined with an accuracy of ±10%.

VI. SYNRM ROTOR-SPEED ESTIMATION

Referring to Fig. 2, the rotor position angle is

θr = γs − ε (37)

where γs is the angle of the stator current vector, with respect
to the direct axis of stationary reference frame, and ε is the
angle of the stator current vector with respect to the rotor
d-axis, which can be obtained from (35) by calculating the
motor torque

Te =
3P

4
(λ̂DsiQs − λ̂QsiDs) (38)

where λ̂Ds and λ̂Qs are the estimated stator-flux components
in stationary reference frame (Ds,Qs) which are obtained by
integrating the following equations:

dλ̂Ds

dt
= − R̂siDs + vDs (39)

dλ̂Qs

dt
= − R̂siQs + vQs (40)

where R̂s is the estimated stator resistance, and (iDs, iQs)
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 the
angle of the rotor position θ̂r, the rotor speed is calculated as
follows:

ω̂r = dθ̂r/dt. (41)
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Fig. 3. PI resistance estimator of SynRM drive system.

One may note that, in the rotor low-speed estimation, we
have some problems such as sensor dc offsets, the slow varia-
tion of stator resistance with temperature, and the voltage drop
of the inverter power switches. We solve these problems in the
next sections.

VII. STATOR-RESISTANCE ESTIMATION

Among the machine variables, the estimated stator-flux vec-
tor 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
the operation of the machine. In this paper, a PI estimator is
employed based on comparing the actual and the reference
currents to predict the stator resistance [15], [16]. As shown
in Fig. 3, the error in the stator current is used as an input to
the PI 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 [15]. The
PI resistance estimator is described by

ΔRs =
(

KP +
KI

s

)
ΔIs (42)

where s is the Laplace operator and KP and KI are the
proportional and integral gains of the PI estimator, respectively.
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 ΔRs due to the change in
temperature or frequency. The change of the stator resistance
ΔRs is continuously added to the previously estimated stator
resistance Rs(k−1). This updated stator resistance can be used
directly in the controller.

VIII. ELIMINATION OF VOLTAGE SENSORS

In order to eliminate the dc offset of the voltage sensors, a
simple method is introduced for estimating the phase voltages
from the dc-link voltage and the inverter switching state (Sa,
Sb, Sc) [21]. However, the switching patterns in our practical
setup are available in the complex programmable logic devices
(CPLDs) that are applied to the PWM inverter with 1-μs resolu-
tion (as will be explained in Section XI). To solve this problem,
the average voltages of each phase in each sampling interval
(5 kHz) are computed using the sector number of the reference
voltage space vector and 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 the upper switch of each leg is shown in Table I.
Sa, Sb, and Sc refer to upper switch status of phases a, b, and

TABLE I
UPPER SWITCH STATUS OF EACH INVERTER LEG

BASED ON SECTOR NUMBER

Fig. 4. Forward characteristics of the IGBT and diode of the power model.

c, respectively. Considering Table I, the average of the inverter
phase voltages during sampling of Ts is obtained as⎛
⎝ vaN

vbN

vcN

⎞
⎠ =

Vdc

Ts
∗ Seci

∗
(

t1
t2

)
,

i = 1, . . . , 6; Ts = t0 + t1 + t2 (43)

where Vdc is the inverter dc-link voltage and “N” indicates
the negative polarity of the dc link. t1 and t2 are the timing
assignments, and Seci

is the ith sector matrix which is obtained
from Table I. As an example, Sec1 is the first sector matrix

Sec1 =

⎛
⎝ 1 1

0 1
0 0

⎞
⎠ . (44)

Now, the components of space voltage in a two-axis station-
ary reference frame can be obtained as [22]

vDs = 2/3 ∗ (vaN − 0.5 ∗ vbN − 0.5 ∗ vcN ) (45)

vQs = 2/3 ∗ (
√

3/2 ∗ vbN −
√

3/2 ∗ vcN ). (46)

One may note that zero time t0 does not affect the com-
ponents of the stator voltage space vector (vDs, vQs), and
therefore, the status of the upper switch of each inverter leg
during time t0 is not shown in Table I and sector matrix.

IX. EFFECTS OF THE FVD AND ITS COMPENSATION

At very low speed, the voltage drop in the PWM inverter can
be higher than the induced voltage and hence constitutes a se-
vere disturbance [23]. Fig. 4 shows the forward characteristics
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Fig. 5. Analysis of the output voltage of an inverter leg.

of the insulated-gate bipolar transistor (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
characteristics shown in Fig. 4 and in the datasheet, both can be
represented by a dc voltage source and a resistance, as shown
in (47)

vCE = vCE0 + irCE. (47)

In order to simplify the analysis, it is assumed that the forward
voltage drops (FVDs) of the diode and the IGBT are the same.
The resistance term in (47) can be assumed as an extra stator
resistance and, therefore, could be estimated by the stator-
resistance estimator mentioned in Section VII. In this section,
the focus is on compensating the error caused by vCE0.

The actual voltages with positive and negative currents are
shown in Fig. 5. The left part of the figure is the inverter
leg, the output voltage of which is either zero or Vdc, ideally.
The letter “s” in Fig. 5 shows the switching function of the
inverter leg. The output voltages 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 shown
that, when the current is positive, the actual voltage is shifted
down by vCE; when the current is negative, the waveform of
the actual output voltage of the inverter leg will be shifted up
by vCE. After circuit analysis of the inverter, the error caused
by the FVD of the switches of the inverter can be found. The
error caused by the FVD in one inverter leg can be shown in
(48). Equation (49) shows the error vector of the inverter in the
stationary frame

ΔvR = s ∗ vDC − vR = vCE0 ∗ sign(iR) (48)

Δv =
2
3
vCE0 ∗

[
sign(iR) + α ∗ sign(iS) + α2 ∗ sign(iT )

]
(49)

where sign(.) is signum function and α = ej2π/3.

Using (49), an estimated value V̂s of the stator voltage vector
can be obtained from the SV-PWM reference voltage vector v∗

described as V̂s = v∗ − Δv. Therefore, λ̂s is corrected as

λ̂s =
∫

(v∗ − Δv − R̂si) dt + λ0. (50)

X. EXPERIMENTAL SETUP AND RESULTS

The overall block diagram of the proposed drive system is
shown in Fig. 6. In order to evaluate the performance of the ac-
tual system, a PC-based prototype system was built and tested.
The experimental setup is shown in Figs. 7 and 8 and consists
of the following sections: A 0.37-kW three-phase SynRM and
a 1.1-kW dc generator as its load, a three-phase voltage source
inverter and its isolation board, voltage and current sensors
board, a 96-b Advantech digital input–output card, a 32-channel
Advantech A/D converter card, a complex programmable logic
device (CPLD) board, and a PC for calculating the required
signals and viewing the registered waveforms. The 0.37-kW
SynRM parameters are reported in Table II. The SynRM is
supplied by a three-phase inverter with a symmetrical two-
level space-vector modulation. A Xilinx XC95288xl CPLD
has been selected for real-time implementation of switching
patterns using a switching frequency of 5 kHz. The CPLD
board communicates with the PC via the digital Advantech PCI-
1753 I/O board. The CPLD in the experimental setup realizes
the following tasks: switching pattern generation of the IGBT
switches based on the SVM technique, providing a useful dead
time in the so-called switching patterns of power switches,
generation of the synchronizing signal for data transmission
between the PC and the hardware, and shutting down the
inverter in the case of emergency conditions such as overcurrent
or PC hanging states. The inverter has been designed and
implemented specifically for this experiment using an SKM75
GD 124 D SEMIKRON module. The required drive board has
been designed by HCPL 316J, which is a fast and intelligent
IGBT driver, and guarantees a reliable isolation between the
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Fig. 6. Block diagram of SynRM drive system control.

Fig. 7. Laboratory implementation block diagram.

Fig. 8. Experimental setup.

high voltage and control boards. The dc-link voltage and the
stator phase currents are measured by Hall-type LEM sensors.
All measured electrical signals are filtered using the separate
analog second-order low-pass filters with 1.5-kHz bandwidth
and then converted to digital signals using an A/D card with
10-μs 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.

TABLE II
MOTOR NOMINAL CHARACTERISTICS

In our proposed control approach, the system-controller
gains are obtained by trial-and-error method, which are given
by KP = 0.3, KI = 0.05, γ1 = 0.5, γ2 = 3, and α1 = α2 =
225. Assuming an exponential speed reference from 0 to
1000 r/min with rise time τ = 0.2 s, the experimental results
are obtained for the MRCTC strategy corresponding to a three-
phase SynRM. The obtained results are shown in Figs. 9 and
11. As shown in Fig. 9, the desired torque is stepped up and
stepped down in a time duration of 2.5 s. It is shown that, for
a chosen id and iq reference currents, the estimated values of
Ld and Lq approximately converge to those that are obtained
from Fig. 10, which shows the curves of Ld versus id and
Lq versus iq obtained by practical test. The performance of
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Fig. 9. SynRM MRCTC experimental results.

the proposed rotor-speed and position-estimation method at
very low speed is shown in Fig. 11. The speed reference is
reversed from +10 to −10 r/min at t = 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 almost a circle.

XI. CONCLUSION

In this paper, an AIOFL controller has been designed for
MRCTC of an encoderless three-phase SynRM drive. The
controller is capable of simultaneous estimation of direct- and
quadrature-axis inductances. It has been shown that, under PE
condition, the estimation errors in the motor d- and q-axis
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Fig. 10. Variation of d-axis inductance Ld versus d-axis current id and q-axis
inductance Lq versus q-axis current iq .

Fig. 11. Rotor low-speed and position estimation.

inductances asymptotically converge to zero. Based on this con-
trol approach, the rotor low-speed estimation has been achieved
by using a simple method for eliminating the voltage sensors, a
simple technique for online estimation of the stator resistance,
and taking into account the FVD of the inverter power switches.
Close agreement was observed between the results of the sim-
ulation and the experiment; any discrepancy between them is
attributed to the limitations of the data acquisition system, and
also to the motor iron loss that was not taken into account in the
SynRM system model.
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