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Abstract- New speed and current estimation techniques are
pro-posed in this paper. These are used to formulate a single
current sensor-based vector controlled drive. The speed
sensorless control is formulated by developing a new model
reference adaptive system (MRAS) using the outer product of
Vs and i as the functional candidate. Contrary to the method
available that depends on sta-tor resistance, the proposed
approach is immune to the variation of stator resistance. This
is possible by using reference quantities (i.e., voltage and
currents) in reference model and actual quanti-ties (i.e.,
currents) in adjustable model. The current estimation on the
other side extracts the information of the phase currents in
two-phase stationary reference frame by using the
corresponding synchronous reference frame variables and the
vector rotator. The current estimation also does not depend on
stator resistance and hence the complete system can perform
very well at low speed. The proposed speed and current
estimation techniques are simu-lated in MATLAB/Simulink
and experimentally validated through a dSPACE-1104-based
laboratory prototype.

I. INTRODUCTION

INDUCTION motor (IM) drives are extensively used
in in-dustry due to their cost effectiveness, ruggedness and
low maintenance requirements. Field-oriented-controlled or
vector-controlled drive has become an industry standard for
high-performance applications. Speed, current, and/or volt-age
sensors are usually required in vector controlled drives. Rotor
speed information is necessary for speed-controlled sys-tem.
The fast current controller operates in the inner current loop
and a slower speed controller stays in the outer speed loop to
generate the corresponding reference currents for the current
controllers. Efforts are put to reduce the number of sensors by
signal estimation/processing. Single-sensor-based vector-
controlled drives have the unique advantage of lowest cost and
size. Only a few publications are available on this topic . This
paper deals with a single current sensor-based controller
eliminating the speed sensor and one of the two current
sensors those are required in standard drives. A brief literature
survey on the different types of speed and current estimation
strate-gies is first presented followed by a discussion on the
proposed controller in this section.
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Elimination of the speed sensor makes the drive
mechan-ically more robust. Different techniques have been
proposed to estimate speed for IM drives and . Such
approaches are broadly divided into model-based and signal-
injection-based methods. Of the model-based techniques,
model reference adaptive system (MRAS) is successfully
applied for speed estimation. Flux, back-emf, reactive power,
etc., are used to form the MRAS. Presence of pure integrator
and dependency on stator resistance are the limitations of flux-
based MRAS.

MRAS using back-emf as the functional candidate
overcomes the pure integration problem but at the cost of
introducing derivative terms. The system also involves stator
resistance . Reactive-power-based MRAS is one of the
alternatives that does not involve stator resistance and is very
suitable for low-speed operation. Also, the absence of pure
integrator makes such approach useful for practical systems
with dc offset and noise. However, such technique is found to
be unstable in regenerative mode.

Instability under regenerative mode is one of the key
issues for adaptive speed sensorless IM drives. Extensive
efforts are put to improve the stability of such systems . Full
order as well as reduced order observers are proposed and
different algo-rithms to tune the adaptive gains have been
reported. Further improvements in performance are attempted
by includ-ing current-integral and modified statically
compensated voltage model .A unique approach to ensure
complete sta-bility through determination of the gains of the
reduced order observer is also reported , Under the assumption
of fast sta-tor current dynamics, the gain selections of full
order observers are also found. Thus, a framework to compare
the performance of different full- and reduced-order observers
is achieved .

Investigations to improve the stability of MRAS-
based drive in all the four quadrants are also reported in
literature. The problem of instability in regenerative mode for
a reactive-power-based MRAS is solved with the help of
artificial neural network (ANN) . In a recent paper , an X-
based MRAS is pro-posed which is stable in all the four
quadrants of operation. Dependency on stator resistance
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restricts performance of such system at low speed. A modified
X-MRAS is proposed here to overcome the dependence on
stator resistance.

In an extreme case, the speed sensorless drive may be
de-signed to operate with only one current sensor, where the
speed and the second current sensor are replaced by the
corresponding estimated signals. In addition, adopting a single
current sen-sor is more cost effective. A few single current
sensor-based speed estimation techniques have been proposed
in the litera-ture Generally, the three-phase line currents are
re-constructed from the dc-link current and switching states of
the inverter. A review on various estimation methods based on
dc-link current measurement is presented in . The issues re-
lated to the reconstruction of phase current from dc-link
current measurement are: 1) low modulation index; 2) short
duration of active voltage vector; 3) protection against
different fault conditions; and 4) phase shift in reconstructed
current signals. The first limitation is overcome in where a
single current sensor is used to measure a phase current and a
branch current simultaneously. The second limitation can be
overcome by mea-surement vector insertion method (MVIM) .
Protection of such systems is also reported . Three individual
observers (one for each phase) are used in to estimate phase
current from voltage and flux signals. This method is
dependent on the variation of stator resistance. A sinusoidal
curve fitting ob-server is used in to estimate phase currents
from the dc-link current. This type of observer is independent
of the load pa-rameters. A jitter-like phenomenon in the
reconstructed current signal (based on dc-link current
measurement) and its reduc-tion have been addressed in . It is
noticed that all of the aforesaid methods based on dc-link
current measurement require the information of machine
model and switching states of the inverter.

In this paper, a new current estimation method is
presented which does not need the information of the
switching states of the inverter. However, this requires unit
vector, which, in turn, involves rotor time constant. Here, the
current sensor is placed in any one phase of the machine
terminals, instead of the dc-link. While this has the advantage
of very accurately sensing the phase current; however, this is
at the cost of a redundancy in inverter protection in case of
shoot-through faults. Note that the inverter devices are
primarily protected by sensing the collector-emitter voltage,
when the switch is ON (i.e., by V¢ g s ¢ protection). The
proposed current estimation method requires the information
of rotor speed, which is derived from an X-MRAS. A
specially constructed X-MRAS is used in this paper. The
reference and adjustable model of modified X-MRAS are
computed in rotat-ing reference frame. Both of the speed and
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current estimation methods are of stator
resistance variation.
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The paper is divided into seven sections. Section |
deals with literature review on various speed and current
estimation tech-niques. The proposed speed and current
estimation algorithms are discussed in Sections Il and IllI,
respectively. Simulation and experimental results are
presented in Sections 1V and VI, re-spectively. Section V
deals with the experimental setup. Finally, Section VII
concludes the work.

Il. PROPOSED SPEED ESTIMATION ALGORITHM

The speed is estimated using the concept of MRAS,
where a reference and an adjustable model compute a certain
system variable (in literature this is known as functional
candidate). The system variable computed by the reference
model does not depend on the quantity to be estimated,
whereas the adjustable model depends directly or indirectly on
the estimated quantity. Like P and Q, here a fictitious (i.e., has
no physical existence)quantity, termed as X (X = v; is ) is
considered as the func-tional candidate. The quantity X in
reference model (X, ) is computed using the reference values
of voltages and currents. The same value of X in adjustable
model (X, ) is computed with the help of reference values of
voltages and actual cur-rents. The actual values of d- and g-
axis currents are obtained by transforming two-phase currents
(i.e., iy, and iy 4 ) with the help of vector rotator (which, in
turn, depends on speed). The signal i, 4 is obtained from the
current estimation algorithm, as described in Section Ill. The
structure of the speed estimation algorithm is shown in Fig. 1.
The reference model computes X, using the controller
generated command signals and hence does not require the
information of rotor speed. On the contrary, (3) shows that the
expression of X, involves rotor speed, as p,  iS computed
using (4).
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Fig. 2. Schematic block diagram of IM drive with modified
X-MRAS and proposed current estimation technique.

Speed Estimation
Using Modified X-
MRAS

X =v i v 7 (1)
! i1 ed i £g
Xa =Vs'glsd =Vsdlsg 2)
oI,
Xa =vs'glsaedP o +vsiyls pedPor 3)
Pm r =we dt (4)

where e = W'y + Ws].

I11. PROPOSED CURRENT ESTIMATION
ALGORITHM

In the proposed controller, the speed and one of the currents
nesd to be estimated a2z the svstem nms with only one current
sensor. The spesd estimation also requires an estimate of the
current. Thiz section first deals weith several current estimation
methods meported in the literature and then present the propozed
irrent estimation technique.
Green and Williams proposad the reconstruction of phase
curents from the delink cumrent signal im 1988 Pefarence
and introduced modifications to the modulation algorithm
in order to suarantee the relisbility of the messwrements from the
delink cument zsnsors. MNotor phase coment was also estimatad
by uzing prediction—correction algorithms, thus introducing ad-
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dittonzl computational burden to the drive system .

In , aspare vector modulation pattern medification (SVM-
PM) iz proposed that produces lower cument hamonic content.
The 5WVM-PM, mouired to reconstruct the phase cuments, incme-
ments the power loszez, the audible nedze and the high-frequency
ocontent in voltames and current. The imverter out-

put voltage iz reduced by the SVM-PM in the over modulation
oparating mode. The pegative offects of SVM-PM is over-
come i with the help of a state observer working slong

with SVM-PM. In, direct tosgue control (DTC) scheme for
InI drives based on single current sensor placed m the mverts
de-link is proposed Here, the phase coment is fist predicted by
means of suitable moter model ad then adjusted with the belp
of senzed delink cument. The drawback is the additional com-
putational burden PReference proposes a method and 2 cwr

fent semsor amangement for the acquisition of tee instmtaneous
phase current from the de-lmk signal, together with the shert-
circeit and ground fault protections implemented with only one
current sensor. The de-lmk sensed current remams sensitive &
narrow-pulse problems, and forther deteriorate if the cable ca-
pacitance cases spuriouns oscillations in the delink waveform.
This problem iz solved jwhere the control zlgorithm is

bazad on calenlations of instantanzous active and reactive power
from the delink cument and pulsewidth-modulated (PWWM) pat-
tem. In all the sforementioned methods, cument smser is placed
in the delink In], single cument semsor topelogy for matnx
convetter is proposed.

The proposed current estimation scheme is shown in
Fig. 3. The current sensor is assumed to be placed in one of
the phases (say phase-A) of the machine. The a-axis (which is
oriented along the phase-A axis) current in two-phase

stationary refer-ence frame is calculated using the
transformation matrix given by
1 o B la
5a — K 2- 2’ )
= N ih
rs,f o - 3 3 .
- i
2 2

where “K ™ is a constant. The magnitude of Kis assumed to be
1 at per with the available literature [1]. Thus, we get
e ®)

Estimation of §-axis current (.155)15 carried out using the ref-
erence values of d- and g-axis currents (i.e.. i*s g and s ¢ ).
The unit vectors are also required in the current estimation.
The [-axis rotor voltage in stationarv reference frame is
expressed as follows:

vrig = Rrirg + dtqj “ Y. (6)

For a squirrel-cage induction machine, vrg  =0. Thus (6) can
be rewritten as
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G—Rfirﬁ+df rf rora (?)
The equations for rotor flux in stationary reference frame are
expressed as:

w =L +Li

(8)
=L i +Li
VorR TR (%)
Substituting the value of irg from (9) mto (7), we get
d Lm Yo
dtl‘ur.ﬁ_ Ir {s.ﬁ _rr TWrPra (10)

Also, wrg =|wrlsmPmr ad Yra = || cos pm . Substituting
the values of Wrg amd Wrg mto (10), we gat

Li Yrsin O r
Yreos Pmrie = T isf ~ Tr +wrPreos pmr (11)
or
L f Wrsitl Om ¢
Wroos PmrWsl = 1 F — Tr (12)

Substituting s | =(1/1r )iz g g™ g) m (12), the estimated value
of the B-axis stator current can be expressed as:

+ Wr g Om r (13)

kL
Equation (13) 1z m general form. It mvolves computation of
flux, unit vector along with meference o and Qraxiz cwmments. For
ficld-criented drive applying ;‘I =L 7 _(13) may further
be expressed as I r m

i

Ef =kE"qospmr + 5" dzinpmr (14)
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Fig. 3. Estimation of |5 -axiz stator comrent.

TABLE 1
MackpE FaTrs AN PARAMETERS
Stator phase 1'1'-||:i|-;:|.' i S0y
Stator phase current (A) 4.4
Shaft power (kW) 1.8
Pale pairs 1
Base speed (rpm) 1370
f‘-u'l:l;gm'l:lrin; inductance (mH) GBS
Stator and rodor leakage mductance {mH) 14.%
Stabor resistance (L1) 571
Rotos resistanceill) 4.08

Raotor inertia (Kg-m’) 0011
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The position of the rotor flux vector (pm r ) is computed
ac-cording to (4). Therefore, the estimation of current requires
rotor speed, which is obtained from the modified X-
MRAS.The schematic block diagram of the complete system
is shown in Fig. 2.

IV. SIMULATION RESULTS

The proposed single current sensor-based speed sensorless
vector-controlled IM dove iz simulated in MATLAE Simulink

This section first presents the smmulation results showmg the
rebusmess of current estunater when the current controller 13
subjacted to a disterbance. Thereafter, simulation mesults come-

sponding to other operating conditions of the drive ae presented
Parameters of the machine are given i Table L

A Performance of the Cwrrent Estimater When Subjecied fo a
Dis fur bance
The performance of sysem for a dismrhence in/~ 13 pre-

gented here. The drive iz running under stezdy state with the
cornesponding JFaxik careat (e, F :Il:lt'4.:|1".’h. At3s 5.8

disturbancea (Afz g ) in the form ofa stal::;:-:-mmand{s addadto

I {ie, g =0.405A) Fig. 4 zhows the situstion considersd.
The disturbance 1z withdrawn at 3301 5. Thus, the system 1=
subjected to 2 10%% error between reference and actual §-axis

cutrents to study the behavior of the current estimation mech-
anism. The actual and estimated speeds are found to have an

error of 0.1% and 0.4%. Fig. 3 shows the corresponding sim-
ulation results. Flux orentation can be observed m Fig. 5(c).

From Fig. 3=), item be observed that estimated walue of foaxis

o1

M9 B B0 B0
Tonr s

Fig. 4. Spe=d loop with 2 step disturbance (Aisq)inisq
B. Step Response

A step change in speed command from 20 to 30 rad/s is
applied at 20 s maintaining torque constant at 1 p.u. The actual
motor speed (w, ) under such step change is shown in Fig.
6(a). The actual (w, ) and estimated (w", ) speeds are presented
in Fig. 6(b). The motor flux in rotor flux oriented reference
frame is available in Fig. 6(c), which represents flux
orientation. The g- and d-axis stator currents are presented in
Fig. 6(d) and (e).

C. Speed Reversal in Step

www.ijsart.com



IJSART - Volume 4 Issue 8 - AUGUST 2018

The performance of the drive under speed reversal is
shown in Fig. 7. The reference speed is changed from +20 to
—20 rad/s at 17.5 s. The actual speed follows the reference
speed [see Fig. 7(a)]. The actual and estimated speeds are
illustrated in Fig. 7(b), which are found to be sufficiently
close. The d and g-axis rotor flux components are shown in
Fig. 7(c), which reflects flux orientation. The decoupling
between flux and torque can be observed in Fig. 7(d).

D. Ramp Response

The ramp response of speed estimator is shown in
Fig. 8. The reference speed (w,*) is gradually changed from 0
to 30 rad/s following a ramp. The speed is maintained constant
from 10 to 15 s. At 15 s, a negative ramp is applied. The motor
speed is held constant at —30 rad/s after 25 s. The reference
and actual rotor speeds are shown in Fig. 8(a). The actual and
estimated speeds are shown in Fig. 8(b), which shows
negligible speed estimation error. Flux orientation is well
maintained as shown in Fig. 8(c).

E. Low-Speed Response

Low-speed operation is tested through a step
command. The reference speed (w,*) is changed from 0 to 5
rad/s. The actual speed (w, ) is shown in Fig. 9(a). The actual
and estimated (", ) speeds are presented in Fig. 9(b). The
corresponding d- and g-axis rotor fluxes are shown in Fig.
9(c).

F. Performance Under the Variation of Stator Resistance
Here, the stator resistance is changed from its original

values to twice the original value following a ramp [see Fig.
10(d)].
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Fig. 6. Simulation results for step change in rotor speed (T,
= 1p.u.): (a)reference and actual rotor speed, (b) actual and
estimated rotor speed, (c) rotor flux, (d) g-axis current, and (e)
d-axis current.

Reference speed is changed from 0 to 10 rad/s as
shown in Fig. 10(a). It is observed from the figure that actual
speed follows the reference speed. The system operates very
well when subjected to such stator resistance variation [see
Fig. 10(b)]. Fig. 10(c) confirms the orientation of flux.

G. Regenerating Mode of Operation
Performance of the system under regenerative mode

of oper-ation is shown in Fig. 11. Here, the reference speed is
changed
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Fig. 7. Simulation rasults underspaad reversal (TL = 0.5 p.u. at 10 r2d/s):
(3) referance and actual rotor spaad, (D) actual and estimated rotor spead, and
{c) rotor flux.

Fig. 8. Simulation results under ramp responza(TL = 0.5 p.u. at 30 rad's):
(2) r=ferance and actual rotor spaad, (D) actual and sstimated rotor spead, and
(<) rotor flux.
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from 10 to —10 rad/s keeping the load torque positive
(T, = 5 N-m). The actual and reference speeds are shown in
Fig. 11(a). Fig. 11(b) shows the estimated and actual speeds.
Flux orien-tation can be seen in Fig. 11(c). The applied load
torque and machine torque can be seen in Fig. 11(d).

H. Current Estimation at 20 and 5 rad/s

The performance of current estimator under step
change in rotor speed command is shown in Fig. 12. Fig. 12(a)
shows the actual and estimated g-axis current when the rotor
speed is changed from 0 to 20 rad/s at 5 s. It can be observed
from Fig. 12 that estimated current follows the actual current
with good accuracy in steady state. Similar result is also
obtained for speed change from 0 to 5 rad/s.

I. Performance Under the Variation of Rotor Resistance

It is important to see the performance of the drive in
case of variation in rotor resistance. Here, the rotor resistance
is changed from its actual value to 1.5 times the actual value in
the form of step [see Fig. 13(e)]. Step change is considered
such that it can be confirmed by experimentation as presented
in Section V1. Reference speed is changed from 0 to 20 rad/s
as shown in Fig. 13(a) and the load torque is set at 0.5 p.u.
While estimated speed is again matching with the reference
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speed, the actual speed has now changed significantly.
However, the
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Fiz. 10. Sinmlation results under variation in stator resistance: (3) raferance
and actual rotor spaad, (b) actual and estimatad rotor gpaad (€) rotor flux, and
(d) variation of stator rasistancs.

current estimation [see Fig. 13(d)] and flux orientation [see
Fig. 13(c)] remained satisfactory. Here, flux is calculated
using current model with actual magnitudes of speed, currents,
rotor parameters, and w, fed to motor by the controller.

J. Performance Under Field Weakening Region

It is clear from the overall block diagram (see Fig. 2)
that neither the current estimation nor the speed estimation
algo-rithms require a direct information of rotor flux as the
flux is represented by the corresponding magnitude of is 4 .
Hence, the magnitude of the rotor flux is decreased by
reducing the d-axis stator current. A sample simulation result
is presented in Fig. 14, which shows the performance of the
drive under field weakening operation.

V. EXPERIMENTAL SETUP
This section deals with the development of laboratory

proto-type. The test setup is built with the help of a ASPACE-
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1104. The system shown in Fig. 15 has the following main
units
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Fig. 11. Simulation results under motoring and regenerative
mode of oper-ations (T, =5 N-m): (a) reference and actual
rotor speed, (b) actual and estimated rotor speed, (c) rotor flux,
and (d) electromagnetic torque and load torque.

A. Control Unit

The control unit operates through dSPACE-1104
controller board. The current is sensed and scaled before
feeding to the controller. In case of any fault, the system has
the debugging facility through a fault indication system.
Control unit has the following functional blocks:

Sensing of phase current;

PWM processing block;

Protection and fault indication block; and
dSPACE-1104 controller board. B. Power Unit

~owbdRE

This unit consists of the following modules.

1. Three-phase rectifier;
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2. Voltage source inverter.
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Fig. 12. Simulation results for stap change in rotor spaad: () actual and

sstimatad 5 -axiz currsnt at 20 rad’z (TL = 1 p.u.), (D) acteal and estimatad
B-axis cueremat S rads (TL = 0.5 p3)

The dSPACE-1104 controller board consists of a
power PC and a slave DSP. The ADC, DAC, and the
dedicated 1/0 ports are available within the power PC. The
slave DSP provides the three output channels for three-phase
PWM generation that are fed to the gate driver of the inverter
through a PWM processing card. The control algorithms (e.g.,
speed estimation and cur-rent estimation) are developed in a
real time platform, based on control-desk 5.3 software. The
motor current is sensed through Hall-effect current sensors
(LA-55P) and is given to the con-troller board with the help of
ADC. A fault indication card is placed, which indicates the
occurrence of overcurrent fault and generates signal to block
the PWM pulses. A tacho-generator is mounted on the shaft of
the motor for speed measurement. Tacho-generator gives the
voltage signal, which is proportional to the speed of motor.
Tacho-generator generates 3 V dc at 1000 r/min with a
maximum speed of 4000 r/min. The tacho-generator is only
used to check the actual speed of the motor. The speed loop is
completed with the estimated speed.

V1. EXPERIMENTAL RESULTS
The proposed single-current-sensor-based speed
sensorless algorithm is tested in hardware using the prototype,
as discussed in the previous section. Some experimental
results are presented in this section considering the current

sensor to be in one of the phases (say in phase-A).

A. Step Response
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The reference speed is changed from 0 to 20 rad/s at
9.5 s. The actual speed is shown in Fig. 16(a). The actual (o, )
and estimated (", ) speeds are shown in Fig. 16(b). The flux
orien-tation is well maintained as observed in Fig. 16(c). The
applied load torque is 0.5 p.u. at 20 rad/s.
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Fig. 13. Simulation results under step change in rotor
resistance: (a) reference and actual rotor speed, (b) actual and
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and (e) step change in rotor resistance.
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B. Speed Reversal in Step

The performance of the drive is experimentally
verified at speed reversal and the results are presented in Fig.
17. The reference versus actual and actual versus estimated
speed are shown in Fig. 17(a) and (b), respectively.
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axis current.
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C. Ramp Response

Performance of the system for a ramp speed
command is shown in Fig. 18. The actual speed tracks the
reference speed [see Fig. 18(a)]. The estimated speed is close
to the actual speed, as observed in Fig. 18(b). The flux
orientation is maintained, as shown in Fig. 18(c).
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D. Low-Speed Response
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The hardware result corresponding to the operation of
the system at 5 rad/s (reference speed) is shown in Fig. 19.
Reference and actual speeds are shown in Fig. 19(a). Fig.
19(b) shows thatthe estimated speed matches with the actual
speed satisfactorily.

The flux is oriented as seen from Fig. 19(c).
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Fig. 17. Experimental results for spaad reversal (TL = 0.5 p.u. at 10 rad/s):
(2) r=ferance and actual rotor spaad, (D) actual and estimated rotor spaad, and
(c) rotor flux.

E. Performance Under the Variation of Rotor Resistance

As a slip-ring-type IM is used for experimentation,
the perfor-mance of the drive for a variation of rotor resistance
is checked by adding external resistance in the rotor circuit by
a switch. Three equal resistances of magnitude half the value
of the ro-tor resistance are connected in star. This is then
connected to the three rotor terminals using a double pole
double through switch. Initially all the three external
resistances are shorted and at time 12.17 s, these are connected
to the rotor remov-ing the short. Thus, there is no open-circuit
condition when the external resistances are added to the rotor
circuit. Hard-ware results corresponding to step change in
rotor resistance is presented in Fig. 20. A variation similar to
that observed in simulation [see Fig. 13(a)] is noted in actual
value of speed [see Fig. 20(a)]. Estimated value of speed
follows the reference speed [see Fig. 20(b)]. g-axis current is
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presented in Fig. 20(c). From Fig. 20(d), it is confirmed that
the estimated value of S-axis current matches well with the
corresponding actual current. This proves the effectiveness of
the current estimation technique in case of variation of rotor
resistance.
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VII. CONCLUSION

A single current sensor-based vector controlled IM
drive is presented in this paper. New techniques to estimate
speed and current are utilized for the implementation. While
the current estimation is based on the reference currents in
synchronously rotating reference frame and the vector rotator,
the speed estima-tion exploits a different form of X-MRAS.
Both the techniques do not involve stator resistance. Hence,
the proposed controller works very well at low speed. The
proposed  concept is  ex-tensively  simulated in
MATLAB/Simulink. An experimental prototype is fabricated
in the laboratory and the controllers are tested using dSPACE-
1104-based controllers. The experimental results match very
well with the simulation, which confirm the usefulness of the
proposed low cost solution.
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VIII. APPENDIX
CONTROLLER GAINS

Proportional gain of the speed controller 0.05
Integral gain of the speed controller 0.5
Proportional gain of the current controller 2.82
Integral gain of the current controller 571
Proportional gain of the MRAS adaptation mechanism .1
Integral gain of the MRAS adaptation mechanism 9
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