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ABSTRACT In the modern high-performance drive applications, a high-precision and efficient control of the
induction motor depends on the accuracy of parameter values. However, the motor parameters may change
due to the winding temperature fluctuations, flux saturation and skin effect. Any discrepancy between the
values of the motor’s actual parameters and the ones used for the design of the controllers may result in
degradation of the drive performance. In this work, a new identificationmethod of hardly measurable internal
quantities of the inductionmotor, such as components of themagnetic flux vector and electromagnetic torque,
is outlined. Commonly, the measurable quantities of the induction motor like stator currents, stator voltage
frequency andmechanical angular speed are used to determine a feedback effect of the rotor flux vector on the
vector of the stator currents of inductionmotor. Based on this feedback, it is also possible to identify the actual
value of the rotor resistance, which may alter during the induction motor operation. This has a significant
impact on the precision of the identified quantities as well as on the master control of the induction motor.
Stability of the identification structure is guaranteed by the position of roots of characteristic equation of its
linear transfer function. Simulation and experimental results are given to highlight the quality, effectivity,
feasibility, and robustness of the proposed identification method, which is working reliably within the whole
range of the motor angular speed.

INDEX TERMS AC motors, magnetic flux, motion control, motor torque, system identification, variable
speed drives.

I. INTRODUCTION
The use of the induction motor (IM) in the electric drives
introduces indisputable advantages consisting of their simple
design, maintenance, operational reliability and efficiency.
In the industrial practice, IM is used for both conventional
and high-performance applications [1]–[4]. From the control
point of view, the control of IM brings difficulties, because
it requires more complicated actuators and generally more
complex control algorithms, for example the field-oriented
control (FOC) [5], direct torque control (DTC) [6], [7], model
predictive control (MPC) [8], [9] and model reference adap-
tive control (MRAC) [10]. Nowadays, frequency converters
with advanced control features present excellent actuators
for the IM drives. For the high-quality control algorithms,
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it is necessary to identify respective motor parameters and
internal quantities that are changed during the operation of
the electric drive system, for example due to the temperature
fluctuations or the magnetic flux saturation.

In the literature, there are many approaches to determine
the basic stationary parameters of IM, such as winding resis-
tances, main and leakage inductances and moment of inertia
on the motor shaft, where their exact determination can sig-
nificantly affect precision of the IM control. In [11], [12],
a finite element method is used to identify the parameters
of the IM and its dynamic behavior. The literature [13]
compares two methods determining the parameters of IM in
a steady state, while the saturation of the magnetic circuit
is also considered. In [14], the identification of the steady-
state motor parameters are based on integration (at standstill,
using integral calculations). An overview of the methods
for identification of the stator and rotor resistances in a
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sensorless control of IM together with the design of an
observer is outlined in [15]. In [16], there is a review article
of the methods of an on-line and off-line identification of
IM parameters.

For the high-quality dynamic control of IM, it is necessary
to know the motor basic static parameters during its opera-
tion. Additionally, it is important to identify the basic internal
quantities of the machine, such as the rotor magnetic fluxes
and motor internal electrical torque on the rotor shaft. As the
direct measurement of these quantities is rather difficult and
often impossible, the instantaneous values of these quantities
can be obtained indirectly, using variousmore or less complex
identification methods.

The traditional identification methods include methods
based on a certain type of IM model (so-called model-based
methods). These methods are generally very sensitive to the
accuracy of the model parameters and the accuracy of the
measurement of machine quantities. Such methods of iden-
tifying IM magnetic fluxes include a method based on the
so-called reduced voltage model [17], [18]. The advantage of
this method is, that it does not need any speed sensing, but
on the other hand, it is very sensitive to any offset error of
the sensors used (of voltages and/or currents), because a pure
integrator is used to observe the stator flux. The disadvantage
of this method is, that it can only be used to identify the
motor magnetic fluxes at higher IM speeds. This shortcoming
is eliminated by the flux identification method based on
the reduced current model of IM [19], [20], which is also
suitable in range of low speeds of IM. This method is however
sensitive to accurate knowledge of the rotor resistance (i.e. its
rotor time constant). Combining these two methods has led
to the use of the well-known Gopinath-type observer [21],
which allows a smooth transition between the current and
voltage models, but disturbances caused by sensor noise can
lead to significant observation errors.

In order to eliminate the influence of the sensor noise and
the inaccurate knowledge of the parameters for identification
of IM magnetic fluxes, closed-loop identification methods
using observers used. The two most promising approaches
are the Luenberger observer [22] and the Kalman filter [23].
On the basis of the measurements of the rotor speed, stator
currents, and voltages a nonlinear adaptive on-line observer
with exponential convergence properties is designed to iden-
tify magnetic flux, as shown in [24]. It utilizes reduction of
variations of the three critical parameters (load torque and
motor resistances). It results in a complex dynamic nonlinear
adaptive observer of the eighth-order. Generally, the problem
of using observers in IM flux identification methods is, that
the stability analysis of the methods is often difficult and
in addition, it requires extended calculation and an estima-
tion of the IM state. This may be negatively influenced by
the uncertainty of the parameters that vary during operation
(e.g. winding temperature rise, skin effect, and flux satura-
tion [16], [25]).

The methods based on the artificial intelligence in a
combination with observers may also be used to improve

the identification of the internal IM quantities. An adaptive
robust fuzzy observer according to [26] ensures asymptotic
convergence of the magnetic flux and the load torque error.
The magnetic fluxes and the IM torque are identified in
parallel here. Two online methods of the identification of
the load torque and the flux of IM combining the adaptive
Luenberger observer theory and Takagi-Sugeno fuzzy logic
method are outlined in [27]. There are presented sufficient
conditions in order to ensure the asymptotic convergence of
the flux, which are derived in a complex way according to 2nd

Lyapunov’s theory.
The identification of the parameters, magnetic fluxes and

torque of IM is often applied to a specific type of motor
control in order to improve drive dynamics, or to eliminate
the angular speed sensor. Improving the identification of IM
magnetic fluxes based on a neural network, and thus improv-
ing the control at DTC (direct torque control), is described
in [28], [29]. The difficulty of the implementation of these
methods consists mainly in the computational complexity and
the execution time of the neural architecture. Accurate iden-
tification of the IM parameters and magnetic fluxes for sub-
sequent control by genetic algorithms using a reduced-order
robust observer can be found in the [30]. The method requires
a complex state-space model and high computational costs
linked to the implementation of a discrete observer. It is
suitable for high speeds and it is sensitive to an exact value of
machine magnetization inductance.

This article proposes a new high-quality dynamic identifi-
cation structure for IM based on its mathematical model and
allowing to identify rotor magnetic fluxes and IM electro-
magnetic torque simultaneously with an on-line adaptation of
the rotor resistance. There is an identification method based
on determining a feedback effect of the rotor flux vector on
the vector of stator currents. The method requires only the
knowledge of measurable quantities of IM, such as its stator
currents and mechanical angular speed. The identification
structure for identifying the rotor feedback influence on the
stator of IM is simple and linear. Its stability is guaran-
teed by position of roots of the characteristic equation of
its transfer function. It preserves the same properties within
the whole range of angular of IM speeds. It also withstands
any changes of rotor resistance. Achieved results confirming
the efficiency and the quality of the proposed identification
method were verified by the simulation and experimental
measurements.

The proposed identification procedure can be divided into
the following steps:

1) Identification of the influence of the rotor feedback on
the stator (more specifically: a feedback of the rotor
flux on the stator current)

2) Calculation of the rotor flux components based on the
rotor mechanical angular speed and identified values of
the rotor feedback influence on the stator

3) Calculation of the motor electromagnetic torque based
on the measured stator currents and the identified rotor
flux vector components
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4) Real-time adaptation of the rotor resistance, using a
parameter representing the inverse value of the rotor
time constant, by comparing one component of the
identified rotor flux using two different estimation
methods, which may be reused for all calculations in
relations depending on this parameter.

The article is organized as follows: Introduction of the
mathematical model of IM is presented in Section 2. Next,
Section 3 describes the design of the identification structure
of determining of the rotor feedback effects on the stator,
which are further used in the Section 4 to identify the rotor
fluxes and IM torque. Section 5 describes a method of adap-
tation of a designed identification structure to changing rotor
resistance. The proposed identification method is verified by
simulation of various IM operating states and by experimental
measurements using a laboratory model in the Section 5 and
Section 6. Finally, a comparison of the results with existing
methods and conclusions are presented in the Section 7.

II. MATHEMATICAL MODEL OF INDUCTION MOTOR
Many different types of the IM mathematical model are
described in the literature, depending on selection of the
motor quantities as state variables. In this model, the par-
ticular motor quantities (the stator current vector i1 and the
rotor flux vector ψ2) are expressed by their components in
the reference frame x-y rotating synchronously with the stator
field vector by the angular frequency ω1.

After selecting the stator current and rotor flux for the
model state variables, the induction motor is described by the
following set of equations, [20]:



di1x
dt
di1y
dt

dψ2x

dt
dψ2y

dt



=


−ω0 ω1 −K 12ωg −K 12ωmnp
−ω1 ω0 K12ωmnp −K 12ωg
Mωg 0 −ωg ω2
0 Mωg −ω2 ωg



i1x
i1y
ψ2x
ψ2y



+


K11 0
0 K11
0 0
0

[ u1xu1y
]

(1)

np
M
L2

(
ψ2x i1y − ψ2yi1x

)
− Tload = J

dωm
dt

(2)

The notation of the IM parameters motor and their values
used for simulation and experimentation are given in the
Table 1 in the Appendix. The parameters in (1) and (2)
can be determined from the motor parameters by simple

FIGURE 1. Block diagram of IM in the x-y reference frame rotating
synchronously with stator field vector.

recalculation according to the following formulas:

K11 =
3
2

(
Ls1 +

Ls2Lm
Ls2 + Lm

)−1
(3)

K12 = −
3
2

(
Ls1 + Ls2 +

Ls1Ls2
Lm

)−1
(4)

ω0 = K11

[
R1 +

(
M
L2

)2

R2

]
(5)

The block diagram of the IM corresponding to equations (1)
and (2) with the parameters adjusted according to the above
equations (3) – (8) is shown in Fig. 1.

M =
2
3
Lm (6)

ωg =
R2
L2

(7)

L2 =
2
3
(Ls2 + Lm) (8)

The dynamics of motor quantities (components of stator
currents and rotor fluxes, and angular speed) after motor
connection to the stator voltage U1 = 40 V with the angular
frequency ω1 = 28.03 rad/s., obtained by digital simulation
in MATLAB/Simulink program is shown in Fig. 2.

The values of the motor parameters used for the simulation
are listed in the Table 1 in the Appendix. At verification of the
motor properties by numerical simulation it is assumed, that
the IMoperates under the scalar control, i.e. the ratioU1/ω1 =

const. In this case, the x-component of the voltage u1x can be
considered identical to themagnitude of the stator voltageU1,
i.e. U1 = u1x.

III. DESIGN OF IDENTIFICATION STRUCTURE OF ROTOR
FEEDBACK INFLUENCE ON STATOR CURRENTS
The purpose of the identification of the IM quantities is to
determine their exact instantaneous values. The presented
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FIGURE 2. Dynamic responses of the induction motor: a) stator currents;
b) rotor fluxes; c) mechanical angular speed and torque of the induction
motor to step of input voltage and frequency.

idea of the identification of hardly measurable internal quan-
tities of the IM (the rotor flux vector components and elec-
tromagnetic torque) is based on the identification of the
feedback effect of the rotor flux vector on the stator current
vector. The identification of the feedback effect of the rotor
flux is commonly completed based on the induced voltage,
which is either equal to zero at zero speed or is insignificant
at low speeds [17], [18]. However, the considered feedback
effect of the rotor flux also reflects itself on the stator current
components equally within the entire speed range of IM. This
fact was used in the design of the presented identification
method. This influence upon the variable ax is shown in the
block diagram (Fig. 1), indicated by a thicker line starting
from the quantities ψ2x , ψ2y and ωm.
A similar path can be found for the variable ay. For a

clarity, the corresponding partial block diagrams are shown
separately in Fig. 3.

Let’s suppose, that for the induction motor with known
instantaneous values of the stator input quantities U1 a ω1,
the stator current components i1x, i1y and the mechanical
angular speed ωm can be measured. The instantaneous feed-
back value of the stator current component i1x from the first

FIGURE 3. Block diagrams for determining variables ax and ay .

line of equation (1) is:

ax = K12(ωgψ2x + ωmnpψ2y) (9)

and similarly, for the stator current component i1y it is:

ay = K12(ωgψ2y − ωmnpψ2x) (10)

For a high-quality dynamic identification of the variables
ax and ay, the following identification structures have been
designed (Fig. 4).

FIGURE 4. The structures of identification of the rotor feedback influence
on stator, for the variables: a) a∗x ; b)a∗y .

Fig. 4a shows the identification structure of identification
of the component ax (where its identified value is denoted
by an asterisk: a∗x ). It presents a structure with the reference
model for the stator current RL circuit having the first order
transfer function. The same input signals ex and ey, like the
one affecting the stator current component i1x (Fig. 1), are fed
into this reference model. The feedback effect of the rotor
flux on this stator current component is identified from the
deviation of the measured current i1x and its predicted value
i1xM obtained from the reference model. This deviation is
processed by a PI (proportional-integral) controller, whose
output ax∗ presents the identified value of ax. The Laplace
transfer function of the linear circuit is:

F (s) =
a∗x (s)
i1x (s)

=

Kpx s+Kix
s

1+ Kpx s+Kix
s

1
s+ω0

=
Kpxs2 +

(
Kpxω0 + Kix

)
s+ Kixω0

s2 +
(
Kpx + ω0

)
s+ Kix

(11)
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The circuit stability and its dynamics can be easily adjusted
by a suitable choice of the proportional component gain and
the integration component gain based on required position of
poles of the transfer function (11). The identification structure
in Fig. 4a is linear, and therefore its stability is guaranteed
by negative real parts of the transfer function poles in the
equation (11). This is obviously ensured, because all terms
of the characteristic polynomial are positive.

Since the rotor time constant 1/ωg (for the considered IM
it is about 35 ms) has the major influence on the dynamics
of the feedback influence, the dynamics of the identification
loop with the transfer function according to (11) was chosen.
In this case, the two poles of the denominator are negative
real and they are equal to -100. The substitute time constant
according to the Shanon-Kotelnik theory will be approxi-
mately 5 times of the time constants corresponding to the
poles, i.e, approx. 10 ms. Based on this, the calculated values
of PI controllers in Fig. 4 are: Kpx = Kpy = 10 and Kix =
Kiy = 11870.

Analogically, according to the similar considerations and
results like in the previous case, the identification structure
of the identification of the component ay (i.e., a∗y) has also
been designed (Fig. 4b). The properties of the designed iden-
tification structures have been verified by digital simulation
(Fig. 5).

FIGURE 5. Quality of identification of the variables: a) a∗x ; b)a∗y .

Fig. 5 shows the time-waveforms of the actual internal
variables ax and ay obtained from the IM model, as well as
their identified time courses ax∗ and ay∗. From them, it is
clear that the proposed identification structures have excellent
dynamic properties while being principally stable. Due to
accuracy of the sensed currents and voltages, which usually
are sized within a range of a few percent, the deviations

between the real and the identified values can be considered
to be negligible, especially in dynamic states, because in the
steady state these deviations (ax − a∗x and ay − a

∗
y) are zero.

IV. IDENTIFICATION OF ROTOR FLUXES AND TORQUE OF
THE INDUCTION MOTOR ON BASIS OF THE VARIABLES
a∗

x AND a∗
y

If the signals a∗x and a∗y on the output of the identification
scheme in Fig. 4 are already known, then the rotor flux
components can be estimated using the following equations:

ψ∗2x =
1
K12

(
ωga∗x − ωma

∗
y

ω2
g + ω

2
m

) (12)

ψ∗2y =
1
K12

(
ωga∗y + ωma

∗
x

ω2
g + ω

2
m

) (13)

The quality of the rotor flux components identification in
comparison with their actual values obtained by the simula-
tion follows up from the time courses shown in Fig. 6.

FIGURE 6. Comparison of the identified and the actual components of
the IM rotor fluxes a)92x;b)92y.

From the figure, it can be derived, that the courses of the
measured rotor flux vector components almost coincide with
their identified time courses. The largest deviation in the
dynamic state occurs approximately at the time t = 0.15 s,
and its value is less than 4 %. This precision is fully satisfac-
tory for the use in any practical control application. In the
steady state, the deviation between the measured and the
identified components of the flux vector is zero, which cor-
responds to the zero identification deviation of the variables
(ax − a∗x) and (ay − a∗y) in Fig. 5.
If the individual components of the rotor flux are identified,

the motor electromagnetic torque can be determined on the
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FIGURE 7. Comparison of the identified electromagnetic torque T ∗ and
the actual torqueTof the induction motor.

FIGURE 8. Influence of the uncertainty of the parameter ωg
(corresponding to the rotor resistance) on the quality of identification of
the rotor flux components: a) 92x ;b)92y ; and c) motor torque T .

basis of the equation (2) as follows:

T ∗ =
Mnp
L2

(ψ∗2x i1y − ψ
∗

2yi1x) (14)

The identified electromagnetic torque waveform obtained
by the numerical simulation based on the equation (14) is
shown in the Fig. 7. The time course confirms the quality of
the identification both in steady and dynamic states. In the

FIGURE 9. Block diagram of a continuous identification of the
parameter ωg.

FIGURE 10. Identification of the rotor time constant ωg.

FIGURE 11. Waveforms of the motor input quantities: voltage U1, and
load torque Tload together with the course of parameter ωg adaptation.

steady state, the identification deviation of the torque (T−T ∗)
is equal to zero again. The largest identification error in the
dynamic state occurs at time t = 0.15 s and it represents
approximately 3 % of the maximum waveform range of the
IM electromagnetic torque. The maximum value of the motor
torque presents three times of the nominal torque here (in the
analyzed case it reaches 60 Nm).

V. ADAPTATION OF IDENTIFICATION STRUCTURE TO
CHANGE OF ROTOR RESISTANCE
Quality of the identification according to the proposed identi-
fication structure in Chapter 2 (Fig. 3) depends on the quality
of the identification of the variables ax and ay, representing
the feedback effect of the rotor flux on the stator current.
Identification of these variables depends substantially on the
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FIGURE 12. Identification of the rotor flux vector components a)92x;b)92y and c) motor
torque T taking into account adaptation of the parameter ωg (presenting the inverse value
of the rotor resistance R2).

exact value of the stator current circuit parameter ω0:

ω0 = K11(R1 +
M2

L2
ωg) (15)

In addition to the known parameters (Table 1) in
equation (15), the parameter ωg (representing a reciprocal
value of the rotor time constant) is directly proportional
to a non-measurable value of the rotor resistance R2 and
inductance L2 according to (7). Furthermore, we assume,
that the temperature change of the rotor resistance R2 in
different operating states of the motor has a fundamental
influence on the change of the parameter ωg. On the other

side, the influence of the change of the inductance L2 is not
as significant as the change of the resistance R2. The effect of
the change of the parameter ωg on the quality of the rotor flux
identification and IM torque obtained by digital simulation is
shown in Fig. 8, where the original value ωg = 17.18 s−1

was reduced by 30 % to ωg0 = 13.18 s−1. At the time t =
3 s, an additive load torque Tload = 5 Nm acts on the motor
shaft representing a 25 % of the nominal torque.

Comparing the courses in the Fig. 6 and 7 with the Fig. 8,
we can see, that the identification of the IM internal quan-
tities is inaccurate, if the exact value of the rotor resistance
(i.e. of the ωg parameter, respectively) is unknown. This
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FIGURE 13. Structure of experimental setup with VQFREM 400 004 – 4MA power converter.

FIGURE 14. Experimental setup with VQFREM 400 004 – 4MA converter.

fact can be also derived from (12), (13), and (15), in which
the parameter ωg occurs. In this case, a permanent additive
identification deviation occurs for all the identified quantities
both in dynamic and steady states.

The exact initial value of the parameter ωg can be checked
by connecting the stator of IM to a dc voltage. In this case,
the motor is at standstill, in which the cross-links between its
electrical quantities (ω1 = 0, ωm = 0, ω2 = 0) do not occur
and from the equations (1), (10) and (15) in steady state, one
can derive:

0 = K11

(
R1 +

M2

L2
ωg

)
i1ust − a∗x + K11U1x (16)

In this equation, only one parameterωg is unknown, whose
calculation for particular motor parameters represents a sim-
ple task.

During the motor operation, the rotor resistance may
change due to rise of the temperature, which results in a
change of the parameter ωg value. To identify the change of
the rotor resistance the following considerations are made.

According to (1), the relation for derivation of the identi-
fied x-component of the rotor flux ψ∗2x is:

dψ∗2x
dt
= Mωgi1x − ωgψ∗2x + ω2ψ

∗

2y (17)

For the initial value of the parameter ωg = ωg0 selected
for identification and for the already identified value of the
y-component ψ2y∗ of the rotor flux, the following equation
applies:

dψ∗∗2x
dt
= Mωg0i1x − ωg0ψ∗2x + ω2ψ

∗

2y (18)

The value of the parameter ωg is correct, if the difference
between the values of the x-components of the rotor fluxes
ψ∗2x and ψ

∗∗

2x in equations (17) and (18) is equal to zero. For
this reason, the block diagram shown in the Fig. 9 allows iden-
tification of the parameter ωg, which enables a continuous
setting up of its value in the equation (9) for identification of
variable a∗x, and similarly for a∗y in the equation (10) for the
fluxes ψ∗2x in (12) and ψ∗2y in (13).
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The value of difference between the x-components of rotor
flux according to the equation:

eψ = ψ∗∗2x − ψ
∗

2x (19)

depends on change of the x-component of the stator voltage
component u1x. In order to avoid a negative value of the
change of the u1x, the block diagram has been completed
by a switch causing switching this difference eψ to zero,
if ψ∗∗2x − ψ

∗

2x < 0. Assuming the scalar control of the IM by
the voltage U1, for the x-component of voltage u1x it is valid
U1 = u1x, as stated in the Section 1. The ideal derivative of
the voltage u1x is realized by a derivative block completed by
the first order filter, like it is depicted in the Fig. 9.

Fig. 10 shows the successive change of the parameter ωg
from the initial value ωg0 = 13.18 s−1 at the time t = 0 s
to the value of ωg = 17.18 s−1 at the time t = 20 s, that
corresponds to 30 % increase of the rotor resistance value.
Actually, in a real motor, the rotor resistance, never changes
so fast within a 20-second interval, and thus the identification
is dynamically fast enough.

At the time t = 3 s, an additive load torque fault Tload =
5Nm acts on the motor shaft causing increase of the deviation
in the equation (19), and thus a faster adaptation of the
parameter ωg to the set value (ωg = 17.18 s−1).

VI. VERIFICATION OF ROTOR FLUX AND TORQUE
IDENTIFICATION OF IM FOR VARIOUS OPERATING
STATES
Subsequently, the properties of the rotor flux and torque
identificationmethod are verified by the simulation in various
operating states.

Let’s suppose that IM operating under scalar control is
supplied by the voltage U1 (where U1 = u1x) and is loaded
gradually stepwise by the load torque Tload . For this reason
random step changes of the input voltage U1 applied to the
stator of the motor and a step change of its load torque Tload
were simulated, as illustrated in Fig. 11.

At the time t = 3 s, a torque step of Tload = 5 Nm is
applied to the motor. The stator voltage U1 and the supply
frequency jumps ω1 are generated randomly in two-second
time intervals, under maintaining the relationship U1/ω1 =

const. This operation can be considered as the worst case
for the rotor resistance identification. In the praxis, this step
change is not realistic.

In this case the rotor winding time constantωg was adapted
from the initial value ωg0 = 13.18 s−1 to the value ωg =

17.18 s−1 as shown in the Fig. 11.
Fig. 11 shows the gradual improvement of the identi-

fication of the quality of the rotor flux components and
motor electromagnetic torque identification, when taking into
account the adaptation of the parameter ωg from the initial
value ωg0 = 13.18 s−1 to ωg = 17.18 s−1.
The induction motor starts its operation from non-excited

state and at starting, during the magnetic flux genera-
tion, the identification error lies at its maximum. After the
motor has been excited, the error lies practically within the

FIGURE 15. Experimentally measured values of the induction motor:
a) input voltages, b) currents, c) stator frequency and motor angular
speed ωm.

range ± 1% of the actual value both in static and dynamic
states of the identified quantities, like it follows from the time
courses in the Fig. 12.

VII. EXPERIMENTAL VERIFICATION OF IDENTIFICATION
OF IM ELECTROMAGNETIC TORQUE OF A LABORATORY
MODEL
The laboratory model for experimental verification of the
above-described method of the identification of the electro-
magnetic torque of IM consists of a development system with
the SIMOTICS GP motor TYPE 1AV3104B (three-phase
squirrel-cage-motor, 400 V, 2.2 kW, 1465 RPM, 14.3 Nm)
and the power converter VQFREM 400 004 – 4MA (400 V,
11 A, manufactured by VONSCH Co, Slovakia).

Fig. 13 shows the structure of the experimental setup with
VQFREM 400 004 – 4MA power converter.

The power converter is controlled by two processors DSP
TMS320F2406. The first one performs the data acquisition
from the sensors ADC and IRC sensing stator currents,
dc-link voltage and rotor position. It also performs Clarke
and Park transformations and controls the stator currents in
the d-q co-ordinate system.
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FIGURE 16. Comparison of experimentally measured and identified motor quantities
(a) motor torques: T (real) and T∗ (identified) b) angular speeds: ωm (real) and ω∗m
(identified).

The second processor contains PI type current controllers
to maintain the stator current components i1x and i1y on
required values. The sample time for the current control
loops is 50µs. The second processor also implements the
speed control scheme and communicates with the higher
level controller/operator console, which is also a personal
computer.

The sample time for calculations in the second processor
is 1 ms. Control algorithms are written in the assembler
language for the first DSP and in C language for the second
processor. For programing DSPs the Texas Instruments soft-
ware development toolchain is used.

The structure of the converter itself is shown in Fig. 14.
To verify the quality of the IM torque identification, a step-

wise increase of the induction motor angular speed ω1 from
zerowas chosenwhile components of the stator current vector
weremaintained at constant setpoint values for corresponding
PI controllers. Measured values of the input voltages and
currents, the stator frequency and the angular speed of IM
in this mode are depicted in Fig. 15.

Fig. 16 shows comparison of time courses of the measured
and identified motor dynamic torque. Considering that stator
voltage and current measurements were sensed with 8-bit
accuracy and the real value of the rotor resistance was deter-

mined from static measurement of the IM at no load and
short-circuit had accuracy of about 3%, the error of identifi-
cation is larger than it was ideally assumed during the digital
simulation.

Nevertheless, during dynamic states, it does not exceed
5% of the value of the identified quantities, as shown in the
Fig. 16a and Fig. 16b. As showed in the detailed pictures, the
slight phase shift between the time courses of the identified
and measured quantities is caused by non-zero dynamics of
real identification of IM internal variables ax and ay, which
according to Fig. 3 is realized by the second order dynamic
system.

VIII. DISCUSSION AND CONCLUSION
In this article, we have proposed an original method of a
high quality identification of rotor fluxes and electromagnetic
torque of induction motor (IM).

The results of the published procedures and methods for
solving the problem of identification of the IM internal
quantities, presented in the Chapter 1, show the following
drawbacks:

1) High dependence of the identification on unknown
parameter disturbances, especially on the rotor resis-
tance [17]–[20].
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2) The use of complex non-linear observers and related
problems with demonstration of global stability (the
stability within the whole range of parameter changes)
of the identification method [16], [21]–[26].

3) Dependence of the use of identification methods on
the range of operational speeds of IM. Some meth-
ods are suitable for low speeds [19], others for high
ones [17], [18], [29].

4) High computational complexity of the identification
methods using complex observers in connection with
neural networks (demands on the sampling time of
computational resources), [27]–[29].

The identification method proposed in this article has prac-
tically none of the disadvantages mentioned. It is based on
identification of the feedback influence on stator currents
with on-line adaptation of the rotor resistance. For its oper-
ation, the method utilizes commonly available measurable
quantities of IM: stator currents and mechanical angular rotor
speed.

The quality and efficiency of the proposed identification
method was verified by digital simulation in the MATLAB/
Simulink program and then verified by experimental mea-
surements using laboratory model with IM.

The results from numerical simulation (Fig. 5 – Fig. 7)
show, that the proposed method identifies at sufficient accu-
racy the feedback effect of the rotor flux vector on the
stator current vector of the motor in steady and dynamic
states.

To determine this feedback effect a reduced model of the
IM stator is used. The resulting identification circuit of the
feedback effect of the rotor magnetic fluxes on the stator
currents presents a simple linear circuit of the 2nd order
(Fig. 4). Its stability is guaranteed by the negative real part
of the poles of its transfer function (11). It follows that in
case of the presented novel method, unlike the said methods,
it is not necessary to investigate and prove the stability of the
proposed identification method.

Based on the well-identified feedback effect of the rotor
fluxes on the stator currents, it is further possible to cal-
culate components of the internal rotor magnetic flux and
electromagnetic torque. The accuracy of the identification of
these quantities depends on value of the IM rotor resistance
expressed by the parameter ωg according to (7), which is
generally not known precisely and varies during operation
(e.g. due to the temperature change).

The article also suggests a method of an on-line identifi-
cation of the rotor resistance during IM operation and the
influence of parameter ωg adaptation on the improvement
of the identified IM quantities (Fig. 12). For this reason,
the proposed identification structure can be considered as a
robust one against changes in rotor resistance.

Experimental measurements performed using laboratory
model with IM for verification of the electromagnetic torque
identification confirm the quality of the proposed identifi-
cation structure, its stability and robustness against changes

of the rotor resistance (Fig. 15, Fig. 16). The identification
method works reliably within the whole range of IM operat-
ing speeds, practically from zero (because when the motor is
excited, the effect of rotor magnetic fluxes in the feedback to
stator currents appears even at zero speed). This fact can be
also derived from the equations (9) and (10) for the value of
the parameter ωm = 0.
The implementation of the experimental measurements

also confirmed that the proposed method of the identification
not only leads to a relatively easy-to-implement system, but
also it is applicable at sufficiently fast sampling time of
measured stator quantities of IM at a standard accuracy of
their measurement (the sampling time of the detection circuit
was 1 ms).

Due to the fact that all input and output parameters of the
proposed identification structure are sensed directly on the
IM, this identification structure is in the principle independent
of the superior control structures. For the reason mentioned
above, the identified internal quantities of the motor, such as
the individual components of its rotor flux and the internal
electromagnetic torque of the motor can be used for various
commonly used methods of a dynamic drive control like
scalar control, different types of a vector control and a direct
torque control of the induction motor.

APPENDIX
See Table 1.

TABLE 1. Induction motor parameters and variables.
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