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Abstract— Induction motor (IM) drives, specifically the three-phase IMs, are a nonlinear system that is difficult to explain
theoretically due to their sudden changes in speed or load conditions. Thus, advanced controllers are required to boost the IM
performance. In many IM applications, vector-control is the most widely used technique owing to its high rendering for controlling
IMs. However, there are some issues with this technique when applied in IM drives. This paper introduces a sensorless direct
field-oriented control (DFOC) IM drive via adaptive full-order observer (AFOQ) taking core-loss in to account. The AFOOQ is
designed to simultaneous estimate of stator and rotor resistance, and rotor speed. Given that there is a noticeable influence of IM
core-loss on the sensorless system of IM drives, an approach has been proposed that compensates for the effect of these losses in
such a way that it does not affect the estimation of both rotor velocity and motor parameter. Via MATLAB® and Simulink® from
Math Works® (2018a, Natick, MA, 01760-2098 USA) simulation results, the proposed sensorless system can operate at low-speed.
Furthermore, a comparison among the conventional FOO (without core-loss compensation) and the suggested one (with core-loss
compensation) has been carried out.
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1. INTRODUCTION

Due to their advantage of easy and precise power and control structures for flux and torque control, electrical direct current (DC)
drive systems are quietly used in a wide variety of industrial applications. However, due to corrosion due to friction of the
commutator segments and brushes and spark, the DC machines are hard to maintain [1, 3]. The IMs are an important class of
electrical machines that are commonly used in industry as a motor and are developed in large quantities as they are widely used in
various applications and account for around 60 percent of the total consumption of industrial electricity [2]. Since they are based on
the conversion of electricity into mechanical energy (including factories, industrial sectors, air compressors, fans, railway traction
systems, pumps, blowers, cranes, textile mills, electrical home appliances, automobiles, transportation modes, and wind generation
systems) [1-3].

Control operation in low-speed region is an issue in speed-sensorless drives. The key cause for this is the lower precision of
stator voltage measurement in low-speed. Besides, unbalances and offsets in current and voltage add to this problem. A variety of
suggested works in this respect have attempted to reduce the issue.

A robust speed-sensorless method is described in [4] for estimating the IM speed throughout measured terminal currents and
voltages in vector controlled drive. Instantaneous reactive power measurement is the basis of this methodology. This method is not
based on the perception of stator resistance value, nor is it influenced by temperature variations of stator resistance. Furthermore,
sensed variables integration is not demand to reduce the computational burden at all. This technique, therefore, could realize quite
wider bandwidth speed regulation than prior tacholess drives.

In [5], the H_infinity (H,,) theory for speed estimation is suggested. The benefit of this suggested work is that the motor assessed
speed is utilized as a control signal in a sensor-free FOC mechanism for IM drives and wide speed range is gotten.

In [6], authors suggested a speed observer via ANN method. Through use of ANN for velocity assessment, it made the drive
robust and also it can be assumed that the controller does not need precise system knowledge and is thus independent of any
variations in motor parameters.

The cost of speed sensor is within the same range as motor price itself, at least for IMs with ratings below 10 kW and also sensor
mounting to a motor is a hurdle [5, 7]. Uncertainties of the IM parameter are substantial problematic in vector-control. Sensorless
algorithms in IM drives work well in medium and high-speed ranges but lacks accuracy and robustness at low-speeds particularly
around zero-excitation frequency. In fact, under low-speed operation, drives become unstable and the torque capability decreases
which cause an inaccurate speed control [7]. In addition to the previous problems, iron core-losses of IMs operating on sinusoidal
power supply are one of the major losses that represents approximately 15 — 25% of the overall losses [8]. All these defects have
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prompted the authors to investigate deeply and thoroughly the transient and steady-state performance of the IM drives taking these
limitations into account.

2. ADAPTIVE ROTOR FLUX OBSERVER BASED DIReCT FIELD-ORIENTED CONTROL IM DRIVE

The field angle is measured or calculated from an observer or estimator in the so-called DFOC scheme [2, 9]. On the other hand,
the field angle is obtained as equal to the sum of an estimated slip-angle and the rotor position angle in the so-called indirect field-
orientation control (IFOC) scheme [10]. However, all the FOC methods suffer from some specific practical problems. In the IFOC
method, the slip-angle depends generally on the rotor time-constant value that varies with saturation, temperature and load. The
DFOC method that has a minor dependency on rotor parameters, suffer from measured instability of the flux vector at low-speeds at
a time where Hall sensors are rarely used in industrial applications. Only estimation or observation of the flux vector is possible with
DFOC method and is generally done starting from the machine-terminal variables and using a machine model with related
parameters. Fundamental principles of vector-controlled IMs were derived under the assumption that all parameters are constant and
the core-loss is neglected [11, 12].

2.1 Dynamic Model of THE IM

Though the dynamic IM performance is well represented in 3-phase model of the 1M, it is very multifaceted to appreciate. We
supposing to rewrite the following (1)—(4) to describe the 1M state-space model (in stationary (a — ) reference frame) in terms of
equivalent core-loss resistance, R, that is included in R, where R, is presumed to be proportional to w [7].

Rs R L Ry Ly + Rin (L — Ly) m
s = — + ) Yyt —2 0, W, +—— 1
Plas (LSG L 2o L. 2o T g BT g Vs @
R, R,L% R, Ly + Ry (sLy — L) -

igs = — + W — —— @ W +— 2
P 1gs (LSG ) [ Lq L% Br Ls chwr ar LSGVBS ()

rLm R, —s
pq”o(r L o(s_( Lr )Lpocr_wrlpﬁr (3)

R, Ly R, —s
prBr= erlﬁs_( rL )LpBr+erpocr (4)

r r

where p is a differential operator; R, is the equivalent resistance representing the iron losses; Rg, R, are the stator and rotor
resistance, respectively; w, is the rotor speed, s is the slip and w is the excitation frequency.

The electromagnetic-torque can be represented in terms of stator and rotor flux component:

Te = K¢ (lyar iBS - lyBr ias) (5)

3PLm

where, K, = and P is the pole-pairs

2.2 Adaptive Full Order Observer with Core-loss Compensation

In the FOC schemes, the detection of rotor speed is necessary for calculating the field angle and adjustment of the speed in a
feedback-loop. However, the speed sensor spoils the ruggedness and simplicity of the IMs, so that the elimination of this sensor has
been one of the important requirements in vector-control schemes. Many investigations about speed-sensorless vector-controlled 1M
drives were reported [5, 7, 9], but little attention was paid to the effect of core-loss on motor performance. The core-loss is
considered as one of the sources of detuned operation of vector-controlled IMs. This motivated the authors to investigate how
significant is the effect of core-loss on speed-sensorless DFOC of 1Ms.

In this work, accurate state estimation is a major step towards achieving good performance of MPTFC in dynamic implementation.
Owing to its precision and insensitivity to parameter variance over a broad speed range [7, 9], AFOOQ is approved for rotor speed-
flux estimation. By compensating for the impact of core-loss, AFOO mathematical model can be revealed as [9]:

pX=Ax+Bv,+H(,—i)+D?, (6)
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where % = [iy @,]" is the estimated state for stator current and rotor flux, vgis stator voltage vector, | = [(1) 1],] =

[0 _1] B= [—I 0 ]T [ D ]is the core-loss compensating term,

Rer Lm & A

A= Ay Ap| _ st T e ) ! Lerﬂ(Lr ! wr]) =R [— Lrostm) —iI]Tand the observer
A A Rer Ry ~ ! I m (oLs Ly?) Ly
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Ly
gain matrix is given as:
hl h2 h3 h4 7"

= 7
H —h2 hl —h4 k3 ] @

For simplicity, feedback gains being given in our study as:
h1 = h3 = 0.052
—L,.(hy —hs +R
{h2= r( 1R 3 s)wr (8)
r
\ hy =0

Via applying Lyapunov's theorem in order to deriving the AFOO stability, the estimate error of the stator current, and rotor flux
(based on (1-4), (6)) is described as:

p.e=(A+ HC).e — AAX 9)

N 0 -4
where e=x—X%, 44 =A—A=[ a)r]/c]’c= (oLsL,)/L,, and Aw, = &, — w,-.
0 AwJ

The following Lyapunov function applicant can be defined as:
V=el.e+ (& —w)?/§ (10)
where & is an arbitrary positive constant, then time derivative of V becomes:
p.V =e"{(A+HC)* + (A+ HC)}.e — 24w, (e50 Ppr — €isp Por)/
+ 20w, pd,/E (11)

Where ejqs = iqs — luss €igs = igs — Igs-

2.2.1  Rotor Speed Estimation

The suggested scheme is seen in Fig. 1. The adaptive closed-loop provides the rotor velocity @,., calculated on the basis of
difference among estimated and measured currents (e;qs and e;jgs) multiplied by estimated rotor flux Q. as per as (6).

Subsequently, the rotor speed could be estimated according to Lyapunov’s theory as [9]:
Kim) (12)
s )

where Ko, , Kj, are the Pl gains of the estimated rotor speed, and (1/s) is an integral operator.

2.2.2  Stator And Rotor Resistance Estimate

The major issue arising in IM drives is the calculation of motor parameters. Via the blocked rotor test and DC-test, the motor
parameters could be determined easily. However while operation, motor parameters change with frequency, load disturbances and
rise in temperature. Motor Inductances varies with the magnetic material saturation, while resistances changes with temperature.

Rendering to the same Lyapunov’s theory, stator resistance Rg can also be estimated like rotor velocity via a Pl controller [7, 12].
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Furthermore, stator current and rotor flux error estimation can give rotor resistance estimate utilizing Lyapunov theory throughout
the suggested AFQO in (6) as:

_ {eias ((par - Lm ias) +}
eg, =

€ips (tpﬁr - Lm iBS)

~ K;
l RI‘ = <KpRr + %Rr) . eRr

where Kpr,, Kir,, Kpr,, and Kjr,_ are P1 gains of the stator and rotor resistance, respectively.

(13)
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Fig. 1. Block diagram of sensorless AFOO with core-loss compensation.

3. THE SUGGESTED SENSORLESS DIRECT FIELD-ORIENTED IM DRIVE LAYOUT

The complete block diagram of the proposed sensorless DFOC of an IM drive is presented in Fig. 2. The sensorless system
consists mainly of IM model with core-loss consideration, a hysteresis current-controlled pulse-width modulated (CR PWM)
inverter, and AFOO (with core-loss compensation). The stator voltages and currents are the measured quantities that used by
proposed sensorless AFOO to obtain the estimated values of rotor velocity (@,) and rotor flux( ®,). Estimated states are fed back
toward the outer-loops of both rotor flux and rotor velocity.
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Fig. 2. Sensorless DFOC of IM drive based on AFOO with core-loss consideration.

4, USING THE TEMPLATE

The effectiveness of the sensorless DFOC of an IM drive that suggested in this work is verified via MATLAB® and
Simulink® environment. The parameters Motor parameters are mentioned in Table 1. To validate the suggested sensorless DFOC of
an IM drive, the following cases is assumed.

4.1 Case A

Diode bridge Filter Current Sensor Voltage Sensor
converter \\ ’/
4
N ks — Induction Motor Model
— | %S C,+ CR PWM With Core Loss
-—| VSI - Consideration
A A A
Sojtware Control Hysteresis Current
. Controller ‘_
Flux Ids | * TI* II* II*
Controller| |, o
Inverse Park * Inverse Clark
Speed _|_> Transf;?matlon " Transformation
Controller i - Unit Vector Iﬂs
gs l/} (ieneration l/;
r
— \rf Clark _
Adaptive FOO I i | Transformation| ; : T
. &l
With Core Loss \75 Vﬂs L&l &lcs
Compensation | Ye:& Vs Clark g
L ) Transformation |V, g V/, . &\V. .

The load-torque is held constant at (4 Nm) during the whole test period and nominal motor parameter are assumed. The timing
sequence, as shown in Fig. 3, as following, At (t = 0.5 sec.) the motor is started, during (1 sec.) reference speed is increased linearly
up to (200 rpm), and kept constant for (2 sec.), at (t = 3.5 sec.) reference speed decreases linearly up to (0 rpm). This results show
that, the reference, estimate and actual velocities are nearly aligned. Furthermore, the actual velocity could track the reference speed
trajectory. The estimate d-axis flux-component is constant (at rated rotor flux 0.8 wb) and the estimate g-axis flux-component nearly
equal zero. The assessment values of both stator and rotor resistance have nearly the same values of its actual values.
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Fig. 3. Performance of sensorless DFOC IM drive at low-speed operation based on AFOO.

4.2 Case B

Figure 4 shows the suggested sensorless system performance throughout speed reversals (four quadrants). The reference
velocity is increased linearly up from (0 rpm ) at (t = 0.5 sec.) to (+100 rpm) in (1 sec.), and kept constant for (1 sec.), at (t = 2.5
sec.) reference speed decreases linearly up to (-100 rpm) in (1 sec.) and kept constant for (1 sec.), at (t = 3.5 sec.) the reference speed
goes to (0 rpm ) in (1 sec.). This case shows a good dynamic performance of the suggested sensorless system under speed-reversal
operation. However, the error among actual and estimate velocity is relatively high. Stator current is nearly sinusoidal and also
stable at the speed reverse peed-reversal operation. An acceptable estimate of stator and rotor resistances is obtained as shown.
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Fig. 4. Performance of sensorless DFOC IM drive under reversal-speed operation based on AFOO.
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The suggested sensorless system performance is tested (in this case) under both stator and rotor resistance variation. The load-

torque is held constant at (2 Nm) during the whole test period and reference velocity is increased linearly up from (Orpm)at (t=0

sec.) to (100 rpm) in (1.5 sec.). As stator resistance variation is a significant issue in DFOC method, stator resistance increase will

be tested twice to test the suggested system durability. Stator resistance is increased linearly up to (2 R;) in (2 sec.), and kept
constant for (1 sec.), at (t = 5 sec.) stator resistance increases suddenly up to (3R;). Also step change to rotor resistance at (t=5 sec.)

from (R)) to

At the resistance variation instant, an undesirable dip in rotor velocity, however, the restoring time of this dip occurs in a short
time as the estimate rotor flux rises to compensate the excess in voltage drop in stator windings. Figure 5 also show a robust flux
response at low-speed when stator and rotor resistance is increased. Motor torque has a large pulsation that comes from CR PWM

(2R)) is applied.

inverter and also resistance variations. Stator and rotor resistance estimation track their actual values well.
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Fig. 5. Effect of stator and rotor resistance variation on sensorless DFOC IM drive based on AFOO.
4.4 Case D

Furthermore, the suggested sensorless drive performance under step change of load-disturbance is shown in Fig. 6 at low-
speed operating range of (100 rpm) with nominal motor parameter. A load-torque of (2 Nm) is applied at starting, then load torque
is increased to (7 Nm) at (t=2 sec.) then finally back to (4 Nm) at (t=5 sec.). A good dynamic performance has been obtained.
Moreover, acceptable estimation of stator, rotor resistance and speed has been shown in Fig. 6. Actual value of rotor flux is very
robust in the suggested drive, as it is compensated by the estimated rotor flux value, as shown in Fig. 6. Moreover, the error among
actual and estimate velocity could be seen as a rather good feature, demonstrating high robustness against external load-
disturbance of the proposed DFOC IM drive. In addition to acceptable assessment of stator and rotor resistance is gotten.
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Fig. 6. Performance of sensorless DFOC IM drive at load-disturbance based on AFOO.

45 Case F

The core-loss influence on the actual and estimate quantities of both rotor velocity and motor resistance is presented in Fig. 7.
The suggested sensorless DFOC IM drive (with core-loss compensation) gives higher dynamic- performance over the traditional

one (without core-loss compensation), as shown in Fig. 7.
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Fig. 7. Performance of the suggested sensorless DFOC IM drive based on AFOO taking core-loss influence and its compensation
in to account on: (a) Actual rotor velocity. (b) Estimate rotor velocity. (c) Stator resistance. (d) Rotor resistance.

Table 1. IM Parameter.

Symbol Parameters Values
Vg Rated voltage 380V
n, No. pole pairs 2

f Rated frequency 50 Hz
P. Rated output-power 1.1 Kw
Isp Rated current 277 A
Ry Stator resistance 546 Q
R, Rotor resistance 4450
Lg Stator self-inductance 0.492 H
L, Rotor self-inductance 0.492 H
L Magnetizing inductance 0.475 H

J Moment of inertia 0.005 Kgm?
Y Nominal rotor flux 0.8 wb
T, Nominal torque 7 Nm
R, Core-resistance 2 KQ
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A sensorless DFOC of an IM drive is suggested in the present study based on AFOO taking core-loss into account. A new design
for sensorless AFOO (with core-loss compensation) has been suggested. Moreover, a comparison among the conventional AFOO
(without core-loss compensation) and the suggested one (with core-loss compensation) has been made. The presented results prove
the effectiveness of the suggested sensorless DFOC of an IM drive with respect to the estimate quantities of both motor parameters
and velocity.
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