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current is measured and the motor parameters can be derived
from the equivalent circuit of the induction machine. The signal
is proposed based on the reduced-order models of induction
injection method [7, 15] can be considered as the frequency
machine. All the variables for parameter extraction are obtained
domain steady-state method. The sinusoidal voltage/current
by the inverter and converted to the dq frame using the FOe
with
DC bias is injected to the machine, and the low pass filters
software modules. The variables are De values and low-pass filter
may be used to reduce the harmonic and noise effects. The least
(LPF) [16], Fast Fourier Transform or Discrete Fourier
square and curve fitting methods are employed to remove the
Transform (FFT/DFT) [11, 15] are employed to extract the
nonlinear effects. The proposed method provides high accuracy for
desired information. The steady-state method has shown its
induction machine parameter characterization and can be used to
advantages over the transient method in terms of accuracy [12].
measure the saturated magnetizing inductance as a function of
More advanced techniques have been developed in the last
frequency and magnetizing current. It can be integrated with the
FOe software as the self-commissioning function without much
decade,including the model reference adaptive system (MRAS)
cost of additional software.
approach [17, 18] and optimization-based approach [19-21].
The MRAS methods compare the output errors between the
estimated
model and the actual system. The adaptive law is then
INTRODUCTION
I.
applied to adjust the parameters until the errors converge to
Field oriented control (FOC) has been adopted by most of the zero; therefore the estimated model converges to the actual
high performance induction machine (1M) drives [1]. The system. Proper initial parameters are usually needed for faster
knowledge of the rotor flux position is usually needed,which is and better convergence, which may require the initial ECPs
usually obtained from the induction machine model [2]. The from measurement. The optimization-based methods, consider
performance of the FOC drives highly depends on the accuracy the parameters as the optimization variables and the objectives
of machine parameters [3,4].
are defined as the functions of the output differences between
Conventional parameter measurement methods, including the the model and the actual system. When the objectives are
DC test, no-load test and locked-rotor test, are usually applied minimized, the variables converge to the actual parameters [19,
to extract the equivalent circuit parameters (ECPs) of the 20]. The optimization methods require lots of experimental data
induction machine [5]. However,they present some drawbacks; with loads,and the optimization procedure needs to be operated
for instance, the total resistance is usually calculated from the offline. In both approaches, complex functions and setups need
active power and current from the locked rotor test. However, to be developed and are rather difficult to implement.
locking the rotor is usually difficult to achieve [6], and the
In this paper, a steady-state induction machine parameter
additional power meter is usually needed. Moreover,the locked identification method is proposed based on the reduced-order
rotor test is carried out under the rated frequency, which results models. The machine shaft is not required to be fixed or loaded.
in rotor resistance measurement error due to the skin effect [7].
All the variables for parameter extraction are obtained in the
Several inverter-based self-commissioning methods have inverter and converted to the synchronous rotating dq frame
been developed and they can roughly be categorized into two using the FOC software modules. Therefore, the variables used
groups: the time domain transient approach [8-11] and the for parameter extraction are DC values, and the low-pass filter
frequency-domain steady-state approach [12-16]. The transient may be used to mitigate the harmonic and noise effects. The
methods apply step voltages to the motor as the input and the least-square or curve fitting methods are employed to remove
current response is monitored as the output. The transfer the nonlinear effects.
function of the current and voltage is derived, through which
II.
INDUCTION MACHINE MODEL
the parameters can be estimated by using the least-square error
method [8] or maximum likelihood estimation [9]. The steady
The well-known induction machine equivalent T circuit is
state methods apply sinusoidal voltage to the motor, and the
shown in Fig. 1, which comprises of the stator resistance R,;,
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rotor resistance R" stator leakage inductance Ls", rotor leakage
inductance Lr",and the magnetizing inductance Lm [1]. Us and Is
refer to the stator phase voltage and current; Ir refer to the rotor
phase current.
-

of the impedance matrix is reduced from 4 to 2. With the same
assumption,the input impedance (2) is approximated by (5).
(5)
B. 1M Reduced-order Model under Single-phase Test

I,

The single-phase excitation method can be used to replace the
conventional locked rotor test [13]. The connection diagram for
single-phase excitation is shown in Fig. 2.

Fig. I. Induction machine equivalent T circuit
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The corresponding steady-state induction machine model
under the dq frame can be represented as (1).
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where, (() is the electrical frequency in radls; s is the rotor slip,
Ls and 4 are stator and rotor inductance respectively, and
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The total impedance of the equivalent circuit in Fig. 1 can be
calculated and expressed by (2).
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Fig. 2. Induction machine single-phase excitation scheme

The forward component model of the single-phase excited
induction machine can also be represented by (1) [12]. Because
the motor is excited by single phase current,there is no rotating
magnetic field, and the electromagnetic torque is zero; therefore,
the rotor is not rotating at all,and the slip equals to unity (s 1).
The traditional locked rotor test is usually applied under rated
frequency, such that 1\ « UJ�, is usually assumed and the
=

(2)

1M Reduced-order Model under No-load Test

The induction machine is excited by 3-phase sinusoidal
voltage. When there is no reactive torque applied on the rotor,
the slip s is very small and traditionally, it is usually assumed
that s � 0, such that the rotor branch of the equivalent circuit in
Fig. 1 can be considered as open circuit [22]. In this paper, the
assumption is modified to dG« R? / S2 , which is less
restricted and much easier to achieve. The induction machine
model (1) may be solved and simplified to (3).

magnetizing inductance branch can be neglected [22]. However,
when the motor is excited under rated frequency, the skin effect
will cause error in measuring the rotor resistance,therefore, the
single-phase test needs to be operated below the rated
frequency. Therefore, in this paper, the assumption is modified
to 1\2« UJ2Gn' which is less restricted and can be easily
achieved. The induction machine model (1) may be solved and
simplified to the reduced-order model (3) as well. The elements
in the impedance matrix are represented as

Here, the subscript s in the stator voltages and currents is
removed to simplify the expression, and the elements in the
impedance matrix are

x =(()Ls
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where,X is the stator reactance.
When (3) is compared to the original model in (1), the order
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L,� is the leakage inductance coefficient; R

and X are the total resistance and leakage reactance respectively.
With the same assumption, the input impedance (2) can be
approximated by (7).
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Obviously, the real and imaginary terms in (5) and (7)
correspond to the elements of the impedance matrix in (3), and

can be derived from the d- and q-axis voltages and currents
respectively, as shown in (8) and (9).
(8)

(9)
Due to the fact that the impedance matrix of the reduced
order model (3) is not dependent on the directions of voltage
and current vector, the q-axis voltage can be pre-determined as
o to simplify the calculation. The impedances expressions can
be simplified to (lO) and (11).

(lO)

Fig. 3 (a) shows the vector diagram for the reduced-order
model (3). By defining Vq 0 , the stator voltage vector Vs
=

aligns on d-axis, as shown in Fig. 3 (b). But the angle ¢
between the voltage and current vector remains the same.
q

PROPOSED TEST METHOD

The proposed induction machine parameter identification
technique consists of the DC test, no-load test and single-phase
test. The DC test is used for stator resistance measurement and
can be considered as a specific case of single-phase excitation
test at zero frequency. The no-load test is used to measure the
stator inductance and the single-phase test is used to measure
the total resistance and leakage inductance. In each test, the
FOC software modules are used to obtain the d- and q-axis
voltage and current information.
Sections III-A and III-B will focus on the details of the no
load and single-phase excitation test, respectively. The DC test
details will be included in the single-phase excitation test
section. Section III-C explains how to extract the parameters
from the experimental results when the nonlinear effects are
taken into account.
A

(11)

q

III.

No-load test

The no-load test is employed to measure the stator inductance
L,;, and the control diagram is demonstrated in Fig. 4.
The operating speed of the no-load test is commanded by the
frequency reference OJ. The position reference e of the
synchronous rotating dq coordinate is generated by the integral
of the reference frequency OJ.
The d- and q- axis voltage references (vdPU' vqpu)' are given
as per unit value in the controller, and the voltage reference is
converted to 3-phase PWM voltage reference (va' Vb' vJ' by
inverse park transformation and space vector modulation. The
DC bus voltage Vd can be measured by the voltage sensor
c

lq

(a)

embedded in the inverter. From the knowledge of SVPWM, the
unity reference corresponds to the maximum allowable phase
voltage amplitude \jc /.J3 [23]. Therefore, the d- and q- axis

(b)

Fig. 3. Vector diagram of no-load test
a) original vector diagram b) voltage aligned with d axis aligned

voltages applied on the machine can be calculated by (12).
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Fig. 4. Control diagram of the no-load test

(12)
The 3-phase current (ia' ib,iJ' can be measured by the
embedded current sensors, and converted to the same dq
coordinate by using Clarke and Park transformation.

When the machine is excited in single-phase mode (phase B
and C are paralleled), considering the 3-phase windings are
symmetric,the voltage applied on phase A is 2/3 of the terminal
voltage UAB. From the knowledge of SPWM,the unity reference
corresponds to the maximum DC voltage Vdc for H-bridge [23].
Therefore, the forward component of the voltage applied on
phase A can be calculated by (15).

(13)
c:
. matnx
. Wit
. h respect to
where, C3/2 represents the translormatJOn
the position reference B.
Substituting speed OJ, d- and q-axis voltages (12) and currents
(13) into (9), the stator inductance Ls can be calculated.

Equation (11) can be used when q-axis voltage is zero.
The frequency reference OJ and per unit voltage reference
(vdPu' vqpJ ' can be adjusted to operate the machine at different
speed and saturation levels, such that the stator inductance can
be measured under different conditions.

B. Single-phase excitation test

(15)
The 3-phase current (ia' ib,ic)' can be measured. However,
because of ia=-2ib =-2i e ' the 0.- and fJ- axis current cannot be
derived by converting the 3-phase current using Clarke
transformation. The current of phase A can be expressed as (16).
ia= Iacos(mt+ ¢)

where,Ia and 1 are the amplitude and phase of the current.
In order to derive the 0.- and fJ- axis component of the current,
the original Clarke transformation is replaced by the phase
shifting module. The o.-axis current is ia itself and fJ-axis current
is ia with 90° phase shift [24],as represented by (17).

The single-phase excitation test is employed to measure the
total resistance � + (Gn / G)R, and total leakage inductance

i a =ia(wt) =Iacos(OJt+ ¢)
. (
I.p =la
mt-

O'Ls ' The control diagram is illustrated in Fig. 5.

In order to achieve the single-phase excitation scheme
illustrated in Fig. 2, the 3-phase SVPWM modulation is
replaced by SPWM modulation. a-axis component of the
inverse Park transformation output is chosen to be the reference
of phase A, and the reference voltages of phase B and phase C
are the negative of phase A, as described in (14).
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Substituting (17) into the Park transformation, the d- and q
axis components of the current are calculated as (18), which
confIrms that the current is successfully decoupled to d- and q
axis as illustrated in Fig. 3 (b).
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Fig. 5. Control diagram of single-phase excitation test

Substituting the d- and q-axis voltages (15) and currents (18)
The current can be calculated from (id' iq) by (20). The
into (8) and (9), the total resistance and leakage inductance can voltage Vs can be decoupled to the d'- and q'-axis using (21)
be derived. Equation (10) and (11) can be used when q-axis and (22), respectively.
voltage is zero.
The DC test is a specific situation of the single-phase test,
(20)
is = i� + i:
where the frequency is zero, and position reference e is a fixed
value. The voltage applied on phase A can still be calculated by
(12), and theoretically, the d- and q-axis currents can still be
derived using the same procedure described in (16)-(18).
However, because current ia I ia is DC value, the fJ-axis
component ip is different DC value and cannot be derived by 900
phase shift of i •.
The d '-axis component v� points to the same direction of the
Noting that when the reference position e is fixed to zero,
from (11) we know that va = va = vdpu' i.e. the voltage has no q current vector such that it is the voltage across the resistive load;
axis component. Because the machine is excited by DC current, the q'-axis component v� is orthogonal with the current vector
I

�

there is only active power injected into the motor,the current ia
will have no q-axis component, which also means ¢=O.
Therefore, the 0.- and fJ-axis current and the d- and q-axis
current can be calculated from (17) and (18),as shown in (19).
(19)
C. Parameter extraction
When the induction machine is running under either no-load
or single-phase test, the resistive impedance R and reactive
impedance X can be computed by (8), (9) or (10), (11).
However,in the realistic case, there exist nonlinear effects such
as voltage drops across the switching device, dead time effect
and sensor offset, which will influence the accuracy of the
impedance calculation [14]. One effective method to remove
these impacts is to measure the voltages and currents at multiple
points, and calculate the parameters using least square method
[10,14,25].
In order to acquire the voltage and current of the resistive and
reactive impedance respectively, a new synchronous rotating
coordinate system d' q' is defined and d'-axis aligns with the
current vector. The vector diagram under the new coordinate is
illustrated in Fig. 6, where the stator voltage Vs align on the d
axis, and ¢ is the angle between current and voltage vector.
Therefore, in the new d'q' system, ¢ will be the angle of the
voltage vector with respect to d'-axis.

such that it represents the voltage across the reactive load.
Therefore, the characteristics of is vs v� and is vs v� , which

correspond to the resistive and reactive impedances respectively,
are derived. The online least square method can be used to
calculate the resistive and reactive impedance to remove the
nonlinear effects. A simple offline approach is using the linear
curve fitting method to calculate the gradient.
In [14], it is claimed that the leakage inductance result is not
much affected by the dead time; however, from the simulation
practices and experimental experience, it was observed that the
leakage inductance value can be affected significantly by the
dead time and needs to be calibrated from the is vs lfI
characteristics, where lfI is the flux-linkage corresponding to

v�

and can be calculated from (23). The static and dynamic

inductances can be calculated from the is vs
by definition [15].
lfI

Vq

characteristics

(23)

=

OJ

For rotor resistance calculation, considering the resistive
impedance expression in (6), assuming LSCT::::; �CT ' the rotor
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(

2

resistance can be calculated by (24).
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Fig. 6. Vector diagram under d'q' coordinate
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SIMULA nON VALIDAnON

A IOhp induction machine is simulated in Matlab/Simulink.
The motor is rated at 208V/60Hz/3500rpm and the given
parameters are listed in Table I.
In the simulation,the IGBT on-state resistance is 0.001(2 and
the forward voltage drops of IGBT and diode are 0.8V. The
switching frequency is set at 10 kHz with 2 us dead time.

The DC test, no-load test and single-phase excitation test are
simulated sequentially with and without dead time. In each
simulation, the q-axis voltage reference is given as zero and the
resistance and reactance are identified by (10) and (11) directly
when the dead time effect is not considered.
For the DC test simulation, to limit the peak current, the DC
bus voltage is set at 20V. Fig. 7 shows the waveforms of the
stator current and the identified stator resistance without dead
time.
When the dead time is considered, the per unit voltage
reference sweeps from 0.2 to 0.6 such that the current varies
from 20% to 160% of the rated current. The curve fitting
technique is applied and the stator resistance derived from the
Is vs v� characteristics is 0.1335Q.
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For the single-phase excitation test, due to the very low
impedance, the DC bus is set at 100V to reduce the peak current.
Fig. 9 shows the waveforms of stator current and identified the
total resistance and leakage inductance without dead time.
When dead time is considered, the per unit voltage reference
sweeps from 0.2 to 0.7 such that the current varies from 20% to
160% of the rated current. The curve fitting technique is applied
for both resistive and reactive impedance characterization. The
identified total resistance is 0.31380 and leakage inductance is
0.00279H. With the stator resistance derived from the DC test,
the rotor resistance is calculated from (24) and it is 0.1889 n.
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For the no-load test, the DC bus is set at 300V, which
approximately corresponds to the nominal line-to-line voltage
208Vrms. The machine operating frequency is set at 18Hz;
according to the VIf control law, the line-to-line voltage needs
to be 62.4Vrms which corresponds to the per unit voltage
reference 0.3. Fig. 8 illustrates the waveforms of the 3-phase
current and the identified stator inductance without dead time.
I
The slew rate of the per unit voltage reference is set at IS- to
reduce the peak current.
When the dead time is considered in the simulation, the per
unit voltage reference varies from 0.2 to 0.6. The curve fitting
technique is applied and the stator inductance derived from the
is vs lj/ characteristics is 0.06402H.
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Fig. 9. Single-phase excitation test at
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TABLE I
REAL AND SIMULATED PARAMETERS

Real

Characterised

Error

Stator Resistance R,. (Q)

0.1325

0.1335

0.7%

Stator Inductance Ls (H)

0.064428

0.06402

0.6%

Rotor Resistance 1\ (Q)

0.189

0.1889

0.02%

total L eakage Inductance o"Ls (H)

0.002824

0.00279

1.2%

=

0.6 , f

=

36Hz

The characterized induction machine parameters with their
relative errors are listed in Table 1. As can been seen, the
relative errors of all the parameters are within 1.2%.
V.

EXPERIMENTAL RESULTS

The experiments are performed on a 10Hp induction machine
rated at 208V/3500rpm. The rotor of the tested machine is able
to rotate freely. The inverter is an IGBT based 3-phase VSI and
TI TMS320F28335 is adopted as the digital signal controller
(DSC). The switching frequency is 10 kHz with 2us dead time.
An adjustable DC power supply is used to vary the DC bus
voltage. The test bench and the inverter are shown in Fig. 10.
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Fig. 12. No-load test experimental results
a) q'-axis voltage vs current b) flux-linkage vs current

Under the DC test, the DC bus voltage is adjusted to 20V,
and the reference voltage vpu is given from 0.2 to 0.6, same as
the conditions given in the simulation. The tested currents and
voltages are plotted on Fig. 11. The curve fitting method is used
here to extract the stator resistance. The approximated stator
resistance Rs is 0.1351 n.
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Fig. II. DC resistance measurement

The DC bus voltage for the no-load test is 300V. The no-load
test is operated under different frequencies 18, 24, 30 and 36 Hz,
respectively. At each frequency, the excitation voltage
reference is varied to adjust the stator current, such that the
motor is excited by different current amplitudes and runs at
different saturation level.
The measured q' -axis voltages and the corresponding flux
linkages derived from (22) and (23) are plotted in Fig. 12 (a)
and (b) with respect to the stator current (magnetizing current).
The saturated stator inductance under different frequencies
with respect to the magnetizing current can be calculated from
Fig. 12 (b) and it is illustrated in Fig 13. When the machine is
running under the rated voltage and frequency (208V/60Hz)
without load, the magnetizing current for the tested machine is
around 7A, and the machine is slightly saturated.

Current

(A)

Fig. 13. Measured magnetizing inductance

For the single-phase excitation test, the DC bus voltage is
reduced to 100V, same as the simulation condition. The test is
carried out at 10, 15, 20, 25, 30 and 40Hz respectively. At each
frequency, the terminal voltage is adjusted such that the current
is maintained in the range of 20% to 200% of the rated current.
The d- and q' -axis voltages are plotted in Fig. 14 (a) and (b)
with respect to the stator currents. The leakage flux-linkage vs
current characteristic is derived and illustrated in Fig. 14 (c).
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Fig. 14. Total resistance measurement a) d'-axis voltage vs current b)q'-axis
voltage vs current c) flux linkage vs current

The total resistance and leakage inductance can be computed
from the Fig. 14 (a) and (c) respectively, and they are illustrated
with respect to frequency in Fig. 15. As can be seen from the
figure, when the operation frequency is above 20 Hz the
measured total resistance increases with frequency due to the
skin effect. The leakage inductance, however, doesn' t change
very much with frequency.
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Fig. 15 Measured total resistance and leakage inductance
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[7].

CONCLUSION

In this paper, a simplified method of induction machine ECPs
extraction is proposed based on the reduced-order model of the
machine. With the proposed method, it is possible to measure
the saturated stator inductance as a function of frequency and
magnetizing current. The proposed method is verified by
simulation and carried out on a 10Hp induction machine by
experiment. All the variables are obtained under the dq frame
by using the FOC control software modules. The parameter
extraction process is quite straight forward and easy to
implement. The proposed method can be integrated in the
inverter as a self-commissioning method without much cost of
additional software.
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