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Abstract

Inertia of motor and its load.

Zero-speed operation can greatly increase the competitive
value of the drive and expand its range of applications to
include cranes, hoists, and draglines. The performance of
vector controlled Sensorless induction motor drives is
generally poor at very low speeds, especially at zero speed
due to stator resistance variations. The speed estimation is
adversely affected by stator resistance variations due to
temperature and frequency changes. This is particularly
significant at very low speeds where the calculated flux and
torque deviates from its set values. Therefore, it is necessary
to compensate for the parameter variation in Sensorless
induction motor drives, particularly at very low speeds. The
performance and efficiency of an induction motor drive
system can be enhanced by online estimation of the critical
parameters, such as the stator resistance. In This paper
proposed a new model reference adaptive system
(MRAS)-based algorithm for simultaneous stator resistance
(Rs) and rotor speed (𝝎r) identification for position Sensorless
closed-loop Field oriented vector controlled CSI fed induction
motor. The Rs has to be estimated concurrently with the 𝝎
estimation to compensate for the fluctuation in Rs. The
reference model and adjustable model are interchangeable for
concurrent 𝝎 and Rs estimation in the low-speed operating
region are investigated and simulation results are shown. The
simulation results reveal that the proposed method is able to
obtain precise flux and torque control, even for very low
operating frequencies.
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Inverter firing angle.

Motor-side filter capacitance.

Angle of inverter reference current.

Motor-side capacitor current in the dq
reference frame.
DC-link current and its reference.

INTRODUCTION

Stator current in the αβ reference frame.

Simple converter structure, motor-friendly waveforms,
inherent four-quadrant operation capability, and reliable
short-circuit protection are features that make current-source
inverter (CSI) well suited for medium-voltage drives
applications [1]-[7]. Vector control strategies are widely
employed in the high-power current-source drives to improve
the system dynamics and reliability [8].

Stator reference current in the dq reference
frame.
Capacitor compensation current in the dq
reference frame.
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The concept of vector control for CSI fed
high-performance induction motor drive systems has become
very popular during the last decades. The induction motor
widely used in industries due to low cost and the structure
robustness of the machine, this has led to replacement of the
direct current machines by induction motors in many
applications the last few years [9]–[11]. Several vector control
techniques have been proposed, which can be separated into
two categories, according to the method used for the flux
vector orientation: direct and indirect control schemes. In
direct control schemes, the flux vector is calculated using the
stator terminal quantities, while indirect methods use the
machine slip frequency value to achieve field orientation.
However, both methods require the knowledge of machine
parameters, which are not precisely known in general. Indirect
control schemes require knowledge of the machine
inductances as well as the rotor time constant, while in direct
schemes only the stator resistance value has to be known for
flux estimation. Depending on the specific method, these
parameters highly affect the flux vector calculation precision.
In past work [12] it has been shown that these parameters are
vary during operation. Variations can exceed 50% of the
startup value. In particular, for the rotor-flux-oriented control
method, the stator resistance value is not dominant in the high
speed range, so a possible estimation error will not affect the
stator flux calculations. In low-speed operation, the stator
resistance value becomes critical for the calculations and a
stator resistance variation will produce a significant estimation
error. An accurate value of the stator resistance is of crucial
importance for correct operation of a sensor less drive in the
low speed region, since any mismatch between the actual
value and the value used within the speed estimator may lead
not only to a substantial speed estimation error but to
instability as well. As a consequence, numerous on-line
schemes for stator resistance estimation have been proposed in
recent past [13-18].

flux estimates, was not utilized. This difference is used in this
paper as the basis for stator resistance identification. A
detailed derivation of the parallel rotor speed and stator
resistance estimation algorithms is provided in the paper and
the proposed scheme is verified by MATLAB/SIMULINK
software. Accurate stator resistance estimation is achieved
below 0.5 Hz frequency of rotation.

CURRENT SOURCE DRIVE SYSTEM AND ITS
CONTROL SCHEME
Fig.1 illustrates the block diagram of a current source drive
system and its FOC control scheme. The current source drive
consists of an input LC filter, a PWM CSR, a dc link choke, a
PWM CSI and an output filter capacitor. A high power
induction motor is connected at the output of the drive. A
single-bridge configuration is usually used for both the
rectifier and the inverter, with which the drive system can be
used for medium voltage applications by connecting switching
devices in series in each converter phase leg. The drive’s input
and output filter capacitors are required to assist the
commutation of switching devices, while they can also
attenuate unwanted harmonics. The dc choke between the
CSR and CSI is used to smooth the dc current. It also prevents
the dc current from sudden increase in case of short-circuit
fault and thus provides sufficient time for the protection
circuit to function. The FOC scheme for the current source
drive system is based on the rotor flux orientation and the
decoupled control of the motor flux and torque provides
improved dynamics and stability. For the rotor flux estimation,
voltage model rotor flux identification method (using the
motor stator voltage and current) combined with current
model method (using the stator current and the rotor speed) is
implemented for an optimal system performance. The current
model method can estimate the rotor flux precisely at low
rotor speeds with the stator frequency of a few Hertz.

In this paper proposes a MRAS based on-line identification of
stator resistance and speed estimation for a sensor less
rotor-flux-oriented (FOC) vector-controlled CSI fed induction
motor drive is presented. The scheme is combines ideas of
[17- 19] to propose a simple method for stator on-line
resistance identification. Stator resistance estimation is
developed in conjunction with the rotor flux based MRAS
speed estimator and it operates in the stationary reference
frame (in contrast to the schemes of [17, 18]). It does however
utilize the idea of [17, 18] related to the creation of the error
quantity for adaptive stator resistance identification. The error
quantity is formed on the basis of differences in rotor flux
component values, obtained at the output of the reference and
the adjustable model. The observation of [19], that the role of
the reference and the adjustable model is interchangeable for
the purposes of speed and stator resistance estimation, is
utilized as well. However, in contrast to [19], the operation of
the speed and stator resistance estimators is in parallel rather
than sequential. This difference is made possible by the
observation that the MRAS speed estimator utilizes an error
quantity related to instantaneous phase difference between the
two estimates of the rotor flux. The same error quantity was
used in [19] for stator resistance estimation, while the second
degree of freedom, the difference in amplitudes of two rotor
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Figure 1. Field oriented control Current source inverter drive
system
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In this paper to analyze the speed estimator is originally
proposed in [20] and illustrated in Fig. 2, where the two
left-hand side blocks perform integration of equations (1) and
(2). The reference (voltage) model and adjustable (current)
models are derived by the stator voltage and currents. The
estimator operates in the stationary reference frame (𝜶,) and it
is described with the following equations [20]:
(1)
Figure 2. Basic configuration of the rotor flux based MRAS
speed estimator

(2)

(3)

(4)
A symbol ^ denotes in (1) - (4) estimated quantities, symbol
‘p’ stands for d/dt, Tr is the rotor time constant and
. All the parameters in the motor and the
estimator are assumed to be of the same value, except for the
stator resistance (hence a hat above the symbol in (1)).
Underlined variables are space vectors, and sub-scripts V and I
stand for the outputs of the voltage (reference) and current
(adjustable) models, respectively. Voltage, current and flux
are denoted with u, i and ψ, respectively, and subscripts s and
r stand for stator and rotor, respectively. Superscript s in space
vector symbols denotes the stationary reference frame.
As is evident from (1)-(4) and Fig. 2, the adaptive mechanism
(PI controller) relies on an error quantity that represents the
difference between the instantaneous positions of the two
rotor flux estimates. The second degree of freedom, the
difference in amplitudes of the two rotor flux estimates, is not
utilized. The parallel rotor speed and stator resistance MRAS
estimation scheme, which will be developed in the next
section, will make use of this second degree of freedom to
achieve simultaneous estimation of the two quantities. The
role of the reference and the adjustable model will be
interchanged for this purpose, since the rotor flux estimate of
(2) is independent of stator resistance.
The rotor flux oriented control scheme for an induction motor,
utilized in the paper in simulation is illustrated in Fig. 3. It
includes, apart from a speed controller, rotor flux and torque
controllers as well. The required feedback quantities for the
torque and rotor flux closed loop control are obtained from the
reference model (1). Induction motor data are given in the
Appendix.

The induction motor control scheme is shown in Fig. 3, where
rotor flux orientation is employed [20]. The flux and speed
controllers are utilized to generate the motor d-axis current
( ) and q-axis current ( ), respectively. The sum of stator d,
q-axis currents and the compensated capacitor currents is used
to produce the inverter reference d, q-axis currents
( and
). In order to minimize the dc-link current, the
amplitude (

) of the synthesized inverter reference current is

served as the reference for dc-link current control of the
current source rectifier, while the corresponding phase θw is
added to the rotor flux angle θf for the modulation of the CSI.
The current model is utilized for the flux estimation

IMPACT OF FILTER CAPACITOR ON SYSTEM
CONTROL
CSI-fed motor drives have filter capacitors connected at the
output of the inverter. This means that a portion of the inverter
currents go through the capacitors. The influence of the filter
capacitors on the system control is investigated in this section.
The inverter reference currents can be expressed as follows
[20]:
=
=
where

+
+

and

(5)
are the estimated capacitor d, q-axis

currents. To reduce the sensitivity and noise caused by the
derivative terms, the estimated capacitor currents are usually
simplified as follows:
=
=

(5a)

Where Cf , ωe , vds, and vqs are the inverter-side filter
capacitance, motor electrical angular frequency, and stator
d-axis and q-axis voltages, respectively.
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Let RS and 𝝎r denote the true values of the stator resistance in
the motor and rotor speed, respectively. These are in general
different from the estimated values. Consequently, a mismatch
between the estimated and true rotor flux space vectors
appears as well. The error equations for the voltage and the
current model outputs can then be written as

(6a)

(6b)

(6c)

(6d)

Symbols
Figure 3. Structure of the speed sensor less current-fed rotor
flux oriented induction motor drive

in (6b), (6b) stand for true values of the

two rotors flux space vectors. Equations (6a)-(6d) can be
rewritten in matrix notation as

PARALLEL STATOR RESISTANCE AND ROTOR
SPEED ESTIMATION
Proposed parallel rotor speed and stator resistance estimation
scheme is designed based on the concept of hyper stability
[20] in order to make the system asymptotically stable. For the
purpose of deriving an adaptation mechanism it is valid to
initially treat rotor speed as a constant parameter, since it
changes slowly compared to the change in rotor flux. The
stator resistance of the motor varies with temperature, but
variations are slow so that it can be treated as a constant
parameter, too. The configuration of the proposed parallel
rotor speed and stator resistance is shown in Fig. 4 and is
discussed in detail next.

(7)

Where W is the nonlinear block, defined as follows:

(8)

Here

The system is hyper stable if the input and output of the
nonlinear block W satisfy Popov’s criterion [20]:
Figure 4. Structure of the MRAS system for parallel rotor
speed and stator resistance estimation.

(9)
Where, using (8)
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(10)

One further has

Substitution of (10) into (9) yields

(17)

(11)

The error quantity for stator resistance estimation is therefore
The validity of (11) can be verified by means of inequalities
(12) and (13) with adaptive mechanisms given in (14), (15)
for rotor speed estimation and stator resistance identification,
respectively:
(12)
(13)
(14)
(15)

Where

,

,

,

, are PI controller parameters of

rotor speed and stator resistance adaptation mechanisms,
respectively. The value of
in (12), (14) is
evaluated by taking into account that, for speed estimation, the
output of the reference model (1) is taken as equal to the true
rotor flux space vector. Hence
,
since

(18)
It follows from these considerations that the role of the
reference and the adjustable models is interchangeable in the
parallel system of rotor speed and stator resistance estimation.
The speed and stator resistance can be estimated in parallel
using (14), (15) at any speed. The rotor speed adaptation
mechanism (14) is the same as in the customary MRAS speed
estimator reviewed in Section II. Stator resistance adaptation
mechanism (15) is, at the first sight, similar to the one of [17,
18]. However, stator resistance is here estimated in the
stationary reference frame (rather than in the rotor flux
oriented reference frame), and error quantity is obtained using
two rotor flux space vector estimates (rather than the reference
and a single estimated value, as in [18]). Further, stator
resistance and rotor speed estimation operate in parallel, rather
than sequentially as in [19]. This is enabled by utilizing the
second available degree of freedom (the difference in rotor
flux amplitudes) in the process of stator resistance estimation.

VERIFICATION OF THE PARALLEL ESTIMATION
SCHEME
A.

,Thus

(16)
The error quantity for speed estimation is therefore the one of
(4). The value of
in (13), (15) needs to be evaluated
next. In order to do this, it is necessary to take into account
that, for stator resistance estimation, reference and adjustable
model (1), (2) change the roles. The true value of the rotor
flux space vector is now taken to be the output of (2). Hence
, since
.

Simulation Results

A sample of simulation results is presented here. The
presented simulation results in Figs.5 and 6 were made using
MATLAB and Simulink software package to show the
influence of MRAS controller with and without stator
resistance tuning respectively. The sensor less FOC controlled
CSI fed with MRAS controller induction motor drive, shown
in Fig. 3, is started under load conditions, with the stator
resistance estimator turned off. The actual stator resistance in
the motor is taken as nominal motor resistance Rs, while the
value in the estimator in Fig. 2 is set to the nominal value. The
simulation results of the presented control system MRAS with
and without stator resistance tuning is shown in fig (5) and (6)
respectively. The low speed performance evaluated at zero
speed operation with fast load changes. The actual and
reference speed, torque stator current and rotor flux are
presented in fig 5 and 6. The estimation error is very small in
steady state and becomes higher at point of load changes.
From the fig 6 the results prove that the performance of
simultaneously speed estimation and stator resistance tuning
are improved
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(a)

(a)

(b)

(b)

(c)

(c)

(d)
(d)
Figure 5. Simulation results for MRAS without Rs Tuning.
(a) Stator Current, (b) Rotor Flux, (c) Rotor Speed in RPM,
(d) Electromagnetic Torque in NM

Figure 6. Simulation results for MRAS with Rs Tuning.
(a) Stator Current, (b) Rotor Flux, (c) Rotor Speed in RPM,
(d) Electromagnetic Torque in NM
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A.

Experimental Results:

A experimental system is constructed for experimental
verification with key parameters listed in Appendix. A dc
motor is coupled to the shaft of the induction machine. It is
supplied by a brushless dc motor drive to generate the step
load torque. Experiments were obtained using a DSP
TMS320C32 from Texas Instruments Incorporated.
Connection to the peripherals and signal unit is made with an
FPGA. All measured and controller internal variables are
accessible through the serial link to the PC, where graphical
data-analysis software can be run. The sampling time of the
measurements and computation of control algorithm are both
200 μs. A brushless ac servomotor mechanically connected to
the IM under test was used as the load machine. The control
of both speed and applied torque is possible, thus, a
hardware-in-the-loop operation can also be performed (Fig. 7).
The performance of the presented control system with
Sensorless speed with paralleling stator resistance tuning by
MRAS controlled drives is shown with zero-speed operation
with fast load changes (Fig. 8).

(b)

(c)
Figure 8. Zero Speed operation
(a) Stator Current, (b) Reference and actual rotor speed
(c) Reference and actual load torque

Figure 7. Experimental system

Figure 9. Estimated Stator Resistance

(a)

The low-speed performance can be evaluated at zeros peed
operation with fast load changes. The stator current, actual
and estimated speeds are presented in Fig. 8(b). Load changes
are presented in Fig. 8(c). Estimation error is very small in
steady state and becomes higher at points of load changes,
which occur very fast. Otherwise, zero speed is holding
satisfactorily. The applied torque of the load machine is
measured, and thus, the value of the torque applied by the
drive machine is obtained. Actual values of load torque as
well as reference values of torque obtained by the speed
controller are presented in Fig. 8. It can be seen that the
desired torque matches the load torque in steady state. Figure
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9 shows the actual and estimated stator resistance of machine
with MRAS. The MRAS estimator is able to estimate the
resistance value during the low speed operation.
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APPENTIX
Induction motor parameters
Rated Power
Rated Voltage
Stator Resistance
Rotor Resistance
Stator Inductance
Rotor Inductance
Mutual Inductance
Moment of inertia
Friction co efficient
Number of poles
Line side Capacitor
Inverter side Capacitor
DC inductance

50 hp
460 V
0.087 Ω
0.228 Ω
35.5 mH
35.5 mH
34.7 mH
1.662 kg.m2
0.1 N.m.s/rad
4
500 μF
500 μF
35mH
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