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Offline Recursive Identification of Electrical
Parameters of VSI-Fed Induction Motor Drives
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Abstract—Accurate estimation of electrical parameters of
voltage-source-inverter-fed induction machine (IM) drives is very
important while employing high-dynamic-performance control
schemes, such as vector control. Parameter estimation schemes
reported in the literature can estimate only four parameters (Rs,
Lss, σ, and τr) independently out of five electrical parameters
(Rs, Rr , Lσs, Lσr , and Lm), when the core loss resistance is
neglected. All the five parameters are not independently identified.
This article proposes a parameter estimation method that inde-
pendently identifies all the six electrical parameters (Rs, Rr , Rc,
Lσs, Lσr , and Lm) of the IM, including the core loss resistance.
Besides, the variation of core loss resistance with frequency is
also discussed in this article. The Kalman filter algorithm is used
to estimate machine parameters in the proposed method. In the
proposed method, a sine-triangle pulsewidth modulation signal is
used as input excitation, instead of pseudorandom binary sequence
signals. The proposed estimation method is validated using both
simulation and experimental results.

Index Terms—Induction machine (IM), Kalman filter,
parameter estimation, recursive least squares (RLS) method.

NOMENCLATURE

Rs Stator resistance.
Rr Rotor resistance.
Rc Core loss resistance.
Lσs Stator leakage inductance.
Lm Mutual inductance.
Lss Stator self-inductance (Lσs + Lm).
Lσr Rotor leakage inductance.
Lrr Rotor self-inductance (Lσr + Lm).
τr Rotor time constant (Lrr/Rr).
σ Leakage factor (1 − L2

m/LssLrr).
isα α-axis component of stator current.
vsα α-axis component of stator voltage.
ψrα α-axis component of rotor flux linkage.
imα α-axis component of magnetizing current.
ωr Electrical rotor speed.
ωs Speed of synchronously rotating (dq) frame.
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I. INTRODUCTION

E STIMATION of machine parameters has become an in-
tegral part of induction motor (IM) drives in many appli-

cations, including electric vehicles and servomechanisms [1].
Precise knowledge of these parameters becomes very important
in high-dynamic-performance control of IMs. If the machine
parameters are not accurately estimated, it can lead to detuning
effects and thus resulting in the deterioration of vector-controlled
IM drives [2].

Various parameter estimation techniques are reported in [3]–
[8]. Lee et al. [3] propose a standstill identification method
using integral calculations to identify the rotor time constant and
the magnetizing inductance of the IM. A self-commissioning
procedure to identify only four electrical parameters of the IM
is presented in [4]. Here, it is assumed that the stator and rotor
leakage inductances are equal. Khambadkone and Holtz [5]
present a self-commissioning scheme suitable for the vector
control operation of IM drives. Parameter identification using
a prediction-error-based method for the sensorless operation of
IM drives is proposed in [6]. Excitation signal design for pseudo-
random binary sequence (PRBS) signals based on the responses
of the step voltage test is presented in this article. Carraro and
Zigliotto [7] present a self-commissioning method to identify
the parameters of the equivalent circuit of the inverter-fed IM
at standstill, compensating for nonlinearities in the inverter.
A self-commissioning scheme to identify the magnetization
characteristic of the IM for rotor field-oriented control of the
IM is discussed in [8].

Recursive least squares (RLS)-based parameter estimation
methods have also been reported in [9]–[12]. A parameter iden-
tification scheme to estimate four electrical parameters (Rs,Lss,
σ, and τr) of the IM drive using the least squares principle is
proposed in [9]. Stator and rotor field-oriented models of the IM
obtained using an extended Kalman filter are presented in [10].
A parameter identification scheme using a vector construction
method based on the RLS algorithm is proposed in [11] to
estimate four parameters of the IM. An online rotor time constant
identification scheme using a linear least squares estimator is
discussed in [12].

Estimation of stator and rotor resistances for a speed sensor-
less operation of IM drives is reviewed in [13]. In this article,
the dynamics of the IM are represented in adaptive observer
(AO) form to estimate the resistances. The proposed AO form
in [13] is further improved in [14], eliminating the need for
differentiation of stator currents. In [15], Foti et al. present a
parameter estimation scheme to identify the stator resistance
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and the rotor time constant, by injecting the sinusoidal signal of
low frequency to the reference current. A unified model based
on a model reference adaptive system to estimate the rotor time
constant for indirect field-oriented control of the IM drive is
presented in [16].

In all the aforementioned methods, core loss resistance is
neglected during the estimation process. Neglecting the iron loss
affects the estimation of resistive parameters [17] and also results
in the detuning of vector-controlled schemes [18]. Besides, all
the five electrical parameters are not obtained individually, when
Rc is neglected.

The standstill (ωr = 0) model of the IM in the stationary
reference frame (ωs = 0) in the continuous domain, when Rc is
neglected, is given as follows [6]:

isα(s)

vsα(s)
=

τrs+ 1

στrLsss2 + (Lss + τrRs)s+Rs
. (1)

The corresponding discrete domain transfer function of (1),
obtained using Euler’s forward rule, is given as

isα(z)

vsα(z)
=

b1z
−1 + b2z

−2

1 + a1z−1 + a2z−2
. (2)

It can be inferred from (2) that only four coefficients can
be identified from the IM model, when Rc is neglected. The
coefficients b1, b2, a1, and a2 that can be identified using the
RLS algorithm are given as follows [6]:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

b1

b2

a1

a2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ts
σLss

− Ts
σLss

+
T 2
s

σLssτr

−2 +
(τrRs + Lss)Ts

σLssτr

1− (τrRs + Lss)Ts
σLssτr

+
RsT

2
s

σLssτr

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3)

where Ts is the sampling time. Thus, it can be inferred from
(3) that there are four equations and five unknowns. It can
be further inferred that the four independent parameters that
can be identified are Rs, Lss, σ, and τr. Hence, independent
identification of all the five electrical parameters is not possible,
when the IM is modeled neglecting the effect of Rc.

Input excitation used in the recursive identification process is
yet another crucial aspect. The supply voltage (input excitation
signal) used in the parameter estimation process has to satisfy the
conditions of persistency of excitation to ensure the convergence
of parameters [6]. PRBS signals are commonly used as input
excitation signals [6], [19]–[21], as these very well meet the
conditions of persistency of excitation. In the proposed method,
the sine-triangle pulsewidth modulation (SPWM) signal is used
as input excitation signal. The advantage is that SPWM pulses
are very easy to generate using a voltage-source inverter (VSI)
when compared to that of PRBS signals. The persistency of
excitation conditions for SPWM pulses is proved in Section III.

Thus, a standstill parameter estimation method is proposed in
this article, which can identify all the six electrical parameters
simultaneously. The Kalman filter algorithm is used in the

proposed method to estimate machine parameters. The main
contributions of this article include the following.

1) All the six electrical parameters of the IM can be obtained
individually with the proposed method.

2) For input excitation in the proposed method, SPWM
pulses, which are much easier to implement than PRBS
signals, are used. The order of persistency of excitation is
more for SPWM pulses, when compared to PRBS signals,
resulting in faster convergence of parameters.

3) While estimating machine parameters, no assumption is
made on any of the parameters.

4) As core loss resistance is a function of frequency, a gener-
alized expression is obtained to evaluate Rc at any given
frequency.

The rest of this article is organized as follows. Section II
discusses about the proposed identification method. The gener-
alized expression forRc at any given frequency is also obtained
in this section. The persistency of excitation conditions for
SPWM pulses is proved in Section III. The simulation results
for the estimation of machine parameters using the Kalman
filter algorithm are presented in Section IV. The experimental
results for the proposed method of identification are presented
in Section V. Finally, Section VI concludes this article.

II. PROPOSED IDENTIFICATION METHOD

It is inferred from the previous section that the standstill
model of the IM in the z-domain, given by (2), contains only
four coefficients. Thus, only four independent parameters can
be identified out of the five parameters, when Rc is neglected.

This section presents the identification of all the six electrical
parameters independently, considering the impact ofRc. It may
be noted that the core loss is modeled as resistance in parallel
with the mutual inductance. Moreover, asRc varies with funda-
mental frequency, the evaluation of Rc at different fundamental
frequencies is also presented in this section.

A. Standstill Model of the IM Including Rc

Since the estimation of machine parameters is done at stand-
still (ωr = 0), the equations of the IM in the stationary reference
frame (ωs = 0) at standstill, corresponding to the α-axis, are
given as follows [22]:

disα
dt

= − (Rs +Rc)isα
Lσs

− Rcψrα

LσsLσr
+
RcLrrimα

LσsLσr
+
vsα
Lσs

dψrα

dt
= −Rrψrα

Lσr
+
LmRrimα

Lσr

dimα

dt
=
Rcisα
Lm

+
Rcψrα

LmLσr
− RcLrrimα

LmLσr
. (4)

It may be noted that the effect of magnetic saturation is not
considered in the model. The standstill equivalent circuit of the
IM is shown in Fig. 1.

By applying the Laplace transform to the equations in (4), the
s-domain transfer function of isα(s) to vsα(s) can be obtained
as

isα(s)

vsα(s)
=

N2s
2 +N1s+N0

D3s3 +D2s2 +D1s+D0
(5)
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Fig. 1. Equivalent circuit of the IM at standstill.

where the coefficients of the above transfer function are given
as

N2 =
LmLσr

Rr

N1 = Lm +
RcLrr

Rr

N0 = Rc

D3 =
LmLσrLσs

Rr

D2 =
LmLσr(Rs +Rc)

Rr
+

(
Lm +

RcLrr

Rr

)
Lσs

D1 =

(
Lm +

RcLrr

Rr

)
Rs +RcLσs + LmRc

D0 = RcRs. (6)

Thus, the corresponding discrete-time transfer function of
isα(z) to vsα(z) obtained using Euler’s forward rule with a
sampling time of Ts is obtained as

y(z)

u(z)
=
isα(z)

vsα(z)
=

n1z
−1 + n2z

−2 + n3z
−3

1 + d1z−1 + d2z−2 + d3z−3
(7)

where the coefficients of the z-domain transfer function are
related to the coefficients of the s-domain transfer function, as
follows:

n1 =
N2

D3
Ts

n2 = −2
N2

D3
Ts +

N1

D3
T 2
s

n3 =
N2

D3
Ts − N1

D3
T 2
s +

N0

D3
T 3
s

d1 = −3 +
D2

D3
Ts

d2 = 3− 2
D2

D3
Ts +

D1

D3
T 2
s

d3 = −1 +
D2

D3
Ts − D1

D3
T 2
s +

D0

D3
T 3
s . (8)

Thus, it can be observed that (7) is a third-order transfer
function (contains six coefficients), unlike (2), which is only a
second-order transfer function (contains four coefficients). This
is due to the fact that when the IM model is considered, including

Fig. 2. Block diagram showing the inverter-fed IM drive system.

Rc, the order of the system increases from 2 to 3. All these six
coefficients present in (7) can be estimated using the Kalman
filter algorithm.

The process of estimating the z-domain transfer function’s
coefficients using the Kalman filter algorithm is discussed in the
following subsection.

B. Parameter Estimation

The standstill operation for the parameter estimation process
is achieved by shorting B and C terminals and applying single
phase excitation to theA andB terminals of the IM, as shown in
Fig. 2. SPWM pulses are generated by comparing a sinusoidal
modulating signal of particular frequency (say 50 Hz) with
triangular carrier and is given as input excitation (VAB) to the IM.

The input voltage (VAB) and the observed current (iA) are
sampled with a sampling time ofTs. Let y(k) and u(k) represent
the actual values of iA and VAB at the kth sampling instant,
respectively.

The method of parameter estimation is addressed as an op-
timization problem, in which the response of the system (IM)
to a given input is used to estimate the unknown parameters of
the IM. Thus, the estimated value of output at the kth sampling
instant (yest(k)), which depends on the previous samples of input
and output is given by the following expression:

yest(k) = CT (k)θ (9)

where θ is the parameter estimate vector andCT (k) denotes the
transpose of vector C(k), which contains the previous samples
of u(k) and y(k).

The z-domain transfer function given in (7) is converted into
a difference equation, which is given as

yest(k) = n1u(k − 1) + n2u(k − 2) + n3u(k − 3)

−d1y(k − 1)− d2y(k − 2)− d3y(k − 3). (10)

Comparing (10) with (9), the above equation is rewritten as
follows:

yest(k) = CT (k)θ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

u(k − 1)

u(k − 2)

u(k − 3)

−y(k − 1)

−y(k − 2)

−y(k − 3)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T ⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

n1

n2

n3

d1

d2

d3

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (11)

It can be seen from (11) that the parameter estimate vector θ
contains the six coefficients of the z-domain transfer function.
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Thus, using the Kalman filter algorithm, the parameter estimate
vector θ can be obtained such that the error between the actual
output and the estimated output is minimized. The implementa-
tion of the Kalman filter algorithm is discussed in the following.

The Kalman filter algorithm is a recursive algorithm, which
estimates the optimal values of parameters, such that the objec-
tive function given by the following equation is minimized:

J(θ) =

N∑
k=1

(y(k)− yest(k))
2 . (12)

The following set of equations summarizes the implementa-
tion of the Kalman filter algorithm:

θ(k) = θ(k − 1) +G(k) (y(k)− yest(k))

yest(k) = CT (k)θ(k − 1)

G(k) = Q(k)C(k)

Q(k) =
P (k − 1)

R+ CT (k)P (k − 1)C(k)

P (k) = P (k − 1)− P (k − 1)C(k)CT (k)P (k − 1)

R+ CT (k)P (k − 1)C(k)
(13)

whereP represents the parameter covariance matrix andR (>0)
represents process noise covariance, respectively.

The six electrical parameters (Re
s,Re

r,Re
c ,Le

σs,Le
σr, andLe

m)
of the IM to be estimated can be expressed as function of the
elements of the parameter estimate vector θ, as discussed in the
following subsection.

C. Estimation of Machine Parameters

From (6) and (8), the electrical parameters of the IM can be
expressed in terms of elements of the parameter vector θ as
follows:

Re
s =

1 + d1 + d2 + d3
n1 + n2 + n3

Le
σs =

Ts
n1

Le
m =

Ts(d2 + 2d1 + 3)

(n1 + n2 + n3)
− (n2 + 2n1)TsR

e
s

(n1 + n2 + n3)
− Le

σs

Re
c =

(d1 + 3)

n1
−Re

s −
Le
σs(n2 + 2n1)

n1Ts

Le
σr

Re
r

=
T 3
sR

e
c

Le
mL

e
σs(n1 + n2 + n3)

Re
r =

Le
m

Ts(n2+2n1)
(n1+n2+n3)

− Le
m

Re
c
− Le

σr

Re
r

Le
σr =

Le
σr

Re
r

∗Re
r. (14)

Thus, all the parameters of the IM can be obtained using the
Kalman filter algorithm, corresponding to the input excitation
of 50-Hz fundamental frequency.

D. Estimation of Rc at Different Frequencies

The variation of core loss (Pc) in the IM with frequency,
keeping flux constant, is given as [23]

Pc =
V 2
c,f

Rc,f
= Af +Bf2 (15)

where Rc,f and Vc,f represent the core loss resistance and
the rms value of voltage across core loss resistance at a given
frequency fundamental “f .”

Thus, it is inferred from (15) that, to estimate the value of
Rc at any given frequency, it is required to obtain the values
of two constants, namely A and B. These constants can be
evaluated by exciting the IM with another sinusoidal voltage
of different amplitude and frequency, keeping the ratio V/f
constant. The voltage across the core loss resistance can be
obtained by subtracting the drop across stator resistance and
leakage inductance from the stator voltage. Thus, the following
relation is inferred:

Vc,f
f

= K (16)

where K denotes the V/f ratio.
Using (15) and (16), the expression for core loss resistance is

obtained as

Rc,f =
f

A′ +B′f
(17)

with

A′ =
A

K2
, B′ =

B

K2
. (18)

Thus, the constantsA′ andB′ can be obtained by running the
Kalman filter algorithm and evaluating core loss resistance at
two different frequencies (say f1 and f2). The values of A′ and
B′ are obtained from (17) as follows:

A′ =
(Rc,f1 −Rc,f2)f1f2
(f1 − f2)Rc,f1Rc,f2

B′ =
(Rc,f2f1 −Rc,f1f2)

(f1 − f2)Rc,f1Rc,f2

(19)

whereRc,f1 is the core loss resistance evaluated at frequency f1
and Rc,f2 is the core loss resistance evaluated at frequency f2.

Thus, once the values of A′ and B′ are obtained, the value
of core loss resistance at any given frequency can be found
out using (17). It may be noted that (17) cannot be used to
determine core loss resistance at zero frequency, as this results
in an indeterminate value ( 00 form) for K, as can be inferred
from (16).

III. PERSISTENCY OF EXCITATION

The selection of excitation input is very important for the
process of parameter estimation. The input should be persis-
tently exciting in order to ensure the correct convergence of
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parameters [24]. The order of persistency of excitation required
for a given input signal is discussed in the following.

Consider the following transfer function:

y(z)

u(z)
=

p1z
−1 + p2z

−2 + · · ·+ pmz
−m

1 + q1z−1 + q2z−2 + · · · ·+qnz−n
(n > m). (20)

For the transfer function given in (20), in order to ensure
the convergence of parameters, the excitation input should be
persistently exciting of order at least (m+ n). Thus, for the
proposed identification scheme, the input u(t) should be persis-
tently exciting of order at least 6. This is because the transfer
function in the proposed identification scheme has m = 3 and
n = 3.

PRBS signals are popular signals for the identification of
system dynamics. In this article, the SPWM signal is used as
input excitation. The advantage of using SPWM signals is that
these can be very easily generated using the VSI, when compared
to that of PRBS signals.

Now, we prove that the SPWM signals can easily meet the per-
sistency of excitation conditions for the proposed identification
scheme (i.e., we have to prove that the order of persistency of
excitation for SPWM signals is at least 6). A signal u(t) is said
to be persistently exciting of order “N” if it has at least “N”
nonzero points in φu(ω), where φu(ω) represents the Fourier
transform of the autocorrelation function of u(t). Thus, the
expression for φu(ω) is given by

φu(ω) =

∞∑
τ=−∞

R(τ)e−jωτ (21)

where R(τ) is called the autocorrelation function, and the ex-
pression for R(τ) is given by

R(τ) = lim
T→∞

1

T

∫ T

t=0

f(t+ τ)f(t)dt (22)

with T being the time period of f(t).
The expression for the SPWM waveform, u(t) =VAB(t), can

be obtained from double Fourier integral analysis [25], as given
in (23). Let the sinusoidal modulating wave be represented by
m(t) =Msin(ωmt), withM (0≤M ≤ 1) being the modulation
index. Let the amplitude of triangular carrier be ±1.

u(t) = VAB(t) =
MVDC

2
sin(ωmt) +

∞∑
m=1

amsin(mωct)

+

∞∑
m=1

∞∑
n=−∞
(n�=0)

bmsin(mωct+ nωmt)

where am =
2VDC

mπ
J0

(
mπM

2

)
sin

(mπ
2

)

bm =
2VDC

mπ
Jn

(
mπM

2

)
sin

(
(m+ n)π

2

)
. (23)

J0(
mπM

2 ) and Jn(
mπM

2 ) represent the Bessel’s functions of
order 0 and n, respectively. ωm (=2πfm) and ωc (=2πfc)
represent the frequencies of sinusoidal modulating wave and
triangular carrier, respectively. VDC represents the dc-link
voltage.

The expression of R(τ) for vRY (t), evaluated using (22), is
given as

R(τ) =
k2

2
cos(ωmτ) +

∞∑
m=1

a2m
2

cos(mωcτ)

+

∞∑
m=1

∞∑
n=−∞
(n�=0)

b2m
2

cos(mωcτ + nωmτ). (24)

Similarly, the expression for φu(ω), evaluated using (21), is
obtained as

φu(ω) =
k2

2
[δ(ω − ωm) + δ(ω + ωm)]

+

∞∑
m=1

a2m
2

[δ(mω −mωc) + δ(mω +mωc)]

+

∞∑
m=1

∞∑
n=−∞
(n�=0)

b2m
2

[δ(m(ω − ωc) + n(ω − ωm))

+ δ(m(ω + ωc) + n(ω + ωm))] . (25)

It can be inferred from (25) that φu(ω) is nonzero for the fol-
lowing points: 1) ω = ±ωm; 2) ω = ±mωc(m = 1, 3, 5, . . .);
and 3) ω = ±mωc ± nωm(m+ n = 1, 3, 5, . . .and n �= 0).
Thus, φu(ω) is seen to be nonzero for at least six points,
and hence, the SPWM signal used is proved to be persistently
exciting for the proposed identification scheme.

IV. SIMULATION RESULTS

Simulations are carried out using MATLAB Simulink to
validate the proposed identification scheme. The model of the IM
used for simulation verification is based on (4). The parameters
of the machine model used are as follows: Rs = 2.9 Ω, Rr =
12.5 Ω,Rc = 1000 Ω at 50 Hz, Lσs = 16.1 mH, Lσr = 6.6 mH,
and Lm = 369 mH.

A. Estimation of Machine Parameters Using the
Proposed Method

Fig. 3 shows the simulation results for the proposed identifica-
tion scheme. A sinusoidal modulating wave of frequency 50 Hz
is compared with triangular carrier wave of frequency 1 kHz to
generate SPWM pulses, as shown in Fig. 3(a). The modulation
index (M ) used is 0.8. Thus, the SPWM pulses generated are
given as input excitation VAB [shown in Fig. 3(b)] during the
parameter identification process. The Kalman filter algorithm is
used for estimation. The Kalman filter algorithm routine is given
as follows.

1) Start with the initial values for the parameter estimate
vector θ0 and the parameter covariance matrix P0. The
initial values θ0 and P0 used are given as

θ0 = [0 0 0 0 0 0]T , P0 = 10−6.I6 (26)

where I6 is an identity matrix of order 6 × 6. The process
noise covariance R is set as 0.001.
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Fig. 3. Simulation results showing On the x-axis: time (seconds). On the
y-axis: From top to bottom: (a) Sine wave (50 Hz) compared with triangular
carrier of 1 kHz, (b) input excitation voltage in Volts (VAB), (c) actual output
in Amperes (yact), and (d) estimated output in Amperes (yest).

TABLE I
ACTUAL AND ESTIMATED PARAMETERS OF THE IM (SIMULATION RESULTS)

2) As the vector C(k), given by (11), contains u(k − 3) and
y(k − 3) terms, the Kalman filter algorithm, given by (13),
is executed from the fourth sampling instant (k = 4).

3) The above step (step 2) is repeated till all the elements in
the parameter estimate vector reach steady state.
The actual (yact) and estimated (yest) values of output dur-
ing the parameter estimation process are shown in Fig. 3(c)
and (d), respectively. It can be inferred that the estimated
output (yest) of the Kalman filter algorithm differs from
the actual output (yact) in the beginning, and finally, both
become the same in the steady state.

The simulation results showing the estimation of all the six
electrical parameters of the IM are shown in Fig. 4. The estimated
and actual values of machine parameters are also listed in Table I.

B. Addition of External Resistance to the Stator Terminals

The proposed method is also verified by adding external
resistance to the stator terminals of the IM and measuring the
increment in the value of Rs. An external resistance of 1 Ω

Fig. 4. Simulation results showing the estimation of electrical parameters of
the IM. On the x-axis: Iteration number. On the y-axis: (a) Stator resistance (Ω),
(b) rotor resistance (Ω), (c) core loss resistance at 50 Hz (kΩ), (d) stator leakage
inductance (mH), (e) rotor leakage inductance (mH), and (f) mutual inductance
(mH).

Fig. 5. Simulation results showing the estimation of stator resistance when
it is increased from its nominal value of 2.9 to 3.9 Ω. On the x-axis: Iteration
number. On the y-axis: Stator resistance (Ω).

is added to the stator after some time, and it can be validated
from Fig. 5 that the proposed method can track the changes in
the value of the stator resistance made. It is observed that the
stator resistance has changed from its value of 2.893–3.931 Ω,
as shown in Fig. 5.

V. EXPERIMENTAL RESULTS

A. Hardware Platform

The proposed identification scheme is also experimentally
verified on two different machines. The details of both the
machines are as follows: Machine 1: 400-V, 1-kW, 2.2-A, three-
phase IM; Machine 2: 415-V, 3.7-kW, 7.5-A, three-phase IM.
The TMS320F28334 digital signal processor (DSP) is used to
implement the control algorithm. The complete experimental
setup showing the various parts is shown in Fig. 6. The schematic
showing the block diagram of hardware and software platforms
is also shown in Fig. 7.
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Fig. 6. Hardware setup showing various parts: 1) IM, 2) inverter, 3) sensor
board, and 4) DSP board.

Fig. 7. Block diagram showing the hardware and software platforms for the
estimation of machine parameters.

A three-phase two-level inverter using half-bridge insulated-
gate bipolar transistor modules (SKM100GB128D) is used to
drive the IM. The current (iA) is sensed using the LA 55-P
current transducer, and the input voltage (VAB) is sensed using
the LV 20-P voltage transducer. Both the sensed values are taken
to an analog-to-digital converter (ADC) of the DSP, and thus,
current and voltage samples are obtained.

A sampling time (Ts) of 100 μs is used for parameter es-
timation. An enhanced pulsewidth modulation module is used
to generate SPWM pulses, required for input excitation. The
following parameters are considered during the experiment:
modulation indexM = 0.8, modulating frequency fm = 50 Hz,
and carrier frequency fc = 1 kHz. The initial values θ0 are set
to zero. P0 and R used in the experiment are given as

P0 = 10−3.I6, R = 0.0001. (27)

Fig. 8. Experimental results showing the input excitation voltage and actual
and estimated outputs using the Kalman filter algorithm. On the x-axis: time
(5 ms/div). On the y-axis: 1) Input excitation voltage, VAB (20 V/div), 2) actual
output, yact (1 A/div), and 3) estimated output, yest (1 A/div).

TABLE II
ESTIMATED PARAMETERS OF THE IM (EXPERIMENTAL RESULTS)

B. Experimental Results

1) Estimation of Machine Parameters: The input excitation
voltage given and the actual and the estimated outputs (currents)
of the Kalman filter algorithm are shown in Fig. 8. These results
are shown for machine 1. It can be seen that the estimated output
(yest) differs from the actual output (yact) in the beginning, and
finally, both become the same in the steady state.

The experimental results showing the estimation of all the six
electrical parameters of the IM for machines 1 and 2 are shown in
Figs. 9 and 10, respectively. The estimated values of the electrical
parameters for both the machines using the proposed method are
also tabulated in Table II.

Note that the core loss resistance is estimated at a frequency
of 50 Hz. Thus, to get the expression for Rc at any given
frequency, the Kalman filter algorithm is executed again, by
using modulating wave of different frequency, as discussed in
Section II-D. The expression forRc is obtained in the following
subsection.

2) Addition of External Resistance to Stator Terminals: The
proposed method is also verified by conducting two more exper-
iments, by adding external resistances (Rext) of 1 and 2 Ω to the
stator terminals. This verification will be more convincing, as the
real parameters of the machine are difficult to define. Table III
summarizes the experiments done on both the machines.
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Fig. 9. Experimental results showing the estimation of all the six electrical parameters of machine 1. On the x-axis: Iteration number. On the y-axis: (a) 1. stator
resistance (Ω) and 2. rotor resistance (Ω), (b) 1. core loss resistance at 50 Hz (Ω) and 2. mutual inductance (H), (c) 1. stator leakage inductance (mH) and 2. rotor
leakage inductance (mH).

Fig. 10. Experimental results showing the estimation of all the six electrical parameters of machine 2. On the x-axis: Iteration number. On the y-axis: (a) 1. stator
resistance (Ω) and 2. rotor resistance (Ω), (b) 1. core loss resistance at 50 Hz (Ω) and 2. mutual inductance (H), (c) 1. stator leakage inductance (mH) and 2. rotor
leakage inductance (mH).

TABLE III
ADDITION OF EXTERNAL RESISTANCE (EXPERIMENTAL RESULTS)

C. Expression for Core Loss Resistance

The core loss resistances evaluated for machine 1 at two
different frequencies of 50 and 20 Hz are obtained as 1102.6 and
572.25 Ω, respectively. Thus, the values of A′ and B′, obtained
from (19), are given as

A′ = 0.028 B′ = 3.466× 10−4. (28)

Substituting the values of A′ and B′, the expression for core
loss resistance at any given frequency can be evaluated as

Rc (for machine 1) =
100f

2.8 + 0.03466f
. (29)

The same experiment is performed on machine 2 as well,
and the expression for core loss resistance for machine 2 is

Fig. 11. Result showing the variation of core loss resistance with frequency.
Red and blue traces indicate core loss resistance for machines 1 and 2, respec-
tively. On the x-axis: Fundamental frequency (Hz). On the y-axis: core loss
resistance (Ω).

obtained as

Rc (for machine 2) =
100f

1.94 + 0.032656f
. (30)

The plot showing the variation of core loss resistance with
frequency for both the machines is given in Fig. 11. The curves
plotted in Fig. 11 are validated by obtaining experimental values
ofRc in the frequency range of 5–50 Hz, in discrete intervals of
5 Hz. The values thus obtained are also plotted (as dotted points)
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in Fig. 11. It can be inferred that the dotted points closely match
with the curves plotted. It may be noted that the equations given
in (29) and (30) cannot be used to determine the value of Rc

at zero frequency, as this results in an indeterminate value for
the value of K. Thus, the curve will be discontinuous at zero
frequency.

D. Comparison With the IEEE 112-2017 Standard

The proposed method of parameter estimation is com-
pared with the 112-2017—IEEE Standard Test Procedure for
Polyphase Induction Motors and Generators [26]. Table II shows
the comparison of estimated electrical parameters for both the
machines using the proposed method as well as IEEE 112-
2017 methods. It can be inferred that the IEEE 112-2017 stan-
dard assumes that the stator and rotor leakage inductances are
equal. However, both these leakage inductances can be obtained
separately using the proposed estimation method.

VI. CONCLUSION

A parameter estimation method using the Kalman filter al-
gorithm is presented in this article. The salient feature of the
proposed method is that all the six electrical parameters of the
IM are identified individually, without making any assumptions.
The persistency of excitation conditions for the SPWM signal
used is also proved in this article. A generalized expression for
core loss resistance at any given frequency is also obtained in this
article. The proposed method is validated using both simulation
and experimental results.
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