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Abstract—Equivalent circuit parameters are very important
for permanent magnet synchronous machines since they serve
as the basis for performance estimation and implementation of
power electronic drives controls. Specified in the newly approved
IEEE Std 1812, a short-circuit test can be employed, in combi-
nation with an open-circuit measurement, in order to determine
the back emf and the synchronous inductance. In this paper, it is
shown that for interior permanent magnet (IPM) machines this
approach can be used only to determine the d-axis inductance and
additional and separate measurements are required for the q-axis
inductance. In this respect, one method widely used in industry,
which involves locked-rotor measurements at variable voltage and
constant frequency supply, is studied in detail. Other lockedrotor
methods based on DC current supply and static torque versus
rotor position measurements are introduced for determining q-
axis inductance in combination with the standardized open-
circuit and short-circuit tests. Test results on an IPM motor
design with non-sinusoidal back emf, relatively high torque
ripple, and low leakage for the IEEE Std 1812 approach and the
newly proposed method for inductance determination are both
compared with those from finite element (FE) based simulations.

Index Terms—Permanent magnet machine, parameter estima-
tion, inductance, d-axis, q-axis, short-circuit test, IEEE Std 1812.

I. INTRODUCTION

Equivalent circuit parameters, serving as the basis for per-
formance estimation and control implementations are of ut-
most importance for permanent magnet synchronous machines
(PMSM). The IEEE Std 1812 discusses the measurement of
inductance by performing a short-circuit test [1]. While this
allows the determination of d—axis inductance, a method to
find out the g—axis inductance is not included in the standard.

Standstill test of a PMSM, which allows determination of
both d and q axes inductances is discussed in [2]-[5]. A
method commonly used in the industry involves locking the
rotor at different positions. Variable voltage at a constant
frequency is applied such that the current is constant. The
advantage of this method is minimal equipment requirements.
Estimation of the d and q axes parameters as the result of a
DC step response test is discussed in [6]. Tests at standstill
conditions neglect slot harmonics and core losses, which can
be accounted for in tests under running conditions [5], [7], [8].
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In a more recent work, the short-circuit test is used to extract
the d—axis inductance of an IPM machine. Different values
of an external reactance during short-circuit yield the d—axis
inductance as a function of d—axis current. The difference
between d and q axes inductances is obtained from tests at
standstill [9].

For interior permanent magnet (IPM) machines the ap-
proach for inductance estimation, described in the newly
approved IEEE Std 1812, can be used only to determine
the d—axis inductance. Separate methods are required to
determine the g—axis inductance. In this paper, the advantages
and limitations of the AC standstill test widely used in the
industry are discussed. An alternative locked-rotor method
based on DC current supply, which involves static torque
versus rotor position measurements is introduced for deter-
mining g—axis inductance. This method is proposed to be
used in conjunction with the standardized open-circuit and
short-circuit tests. It requires an in line torque transducer and
provides a measurement of the torque capability without a
power electronic drive.

Virtual tests, i.e. computationally equivalent models for
different tests including short-circuit, open-circuit, AC and DC
standstill, and full load are developed and compared among
each other, and with results from finite element (FE) based
simulations for a special IPM motor (Fig. 1). This machine has
non-sinusoidal back emf, with 9 stator slots (Fig. 2), 6 rotor
poles (Fig. 3), relatively high torque ripple, and low leakage.
Experimental test results for the IEEE Std 1812 approach and
AC standstill method are compared with those from the virtual
tests.

II. OPEN AND SHORT CIRCUIT TESTS ACCORDING TO THE
IEEE STD 1812

Equivalent circuit parameters required from a PM machine
are Lg, Ly, and the PM flux linkage on open-circuit. In order to
determine the PM flux linkage on open-circuit, a drive motor
is used to bring the PMSM up to the desired test speed, and
the open-circuit voltage is measured. The differences between
the measured (Fig. 4a) and simulated (Fig. 4b) are attributed
to the presence of skewing in the prototype. Following the
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Fig. 1. The cross section of a prototype three-phase IPM motor with
concentrated coils, 9 slots and 6 poles, rated for 9 Nm and 3600 rpm. The
machine was selected on purpose to have a relatively high non-sinusoidal back
emf and torque ripple, and substantial axial length in order to minimize the
influence of the leakage.

Fig. 2. The stator of the example prototype motor considered in the study.

Fig. 3. The rotor of the example prototype motor considered in the study.

Fig. 4. (a) Measured back emf, and (b) simulated back emf at 1026 rpm. The
prototype machine is skewed, while skew is not considered in the simulation
study.
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Fig. 5. Short-circuit test configuration based on IEEE Std 1812 [1].

measurement of open-circuit voltage, the machine is short-
circuited by closing the short-circuit contactor (Fig. 5) and
the short-circuit current is measured at steady state. The PM
flux linkage, ,,, and d—axis inductance, L4, are obtained
using:
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where E,. is the peak value of the open-circuit voltage; w,
the angular frequency; V., the rms value of the open-circuit
voltage; Is., the rms value of the short-circuit current; X,
the d—axis reactance; R, the phase resistance, and f, the
electrical frequency. It is observed that as V,. and X, are
directly proportional to speed, I, is independent of speed.
The phase resistance can be obtained by monitoring the short-
circuit power, or by the use of a multimeter. A virtual short-
circuit test on an IPM with 9 stator slots and 6 rotor poles
is carried out using ANSYS Maxwell® software (Fig. 6,
Fig. 7). The lower flux density during short-circuit than on
load (Fig. 8, Fig. 9) would lead to an over-estimation of Lg .
The connection of an external impedance in series with the
phases would lead to a reduction in the short-circuit current.
However, the field distribution obtained even at lower short-
circuit currents is not a correct representation of the full load
operating conditions (Fig. 10), since the short-circuit stator
flux is always demagnetizing.
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Fig. 6. The external circuit used for a virtual short-circuit test with ANSYS
Maxwell® software.
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Fig. 7. Three phase currents under a sudden short-circuit applied at t = 16.66
ms.
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Fig. 8. Flux lines at the full load operating condition. Higher values of the
flux density and the PM rotor flux lines substantially closing through the stator
core, including back iron are observed.
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Fig. 9. Flux lines under short-circuit. Very low values of the flux density and
the PM rotor flux lines substantially closing through the air-gap and tooth tips
of the stator due to the demagnetizing effect of the short cirucit current may
be noted.

Fig. 10. Flux lines under short-circuit, with an external reactance in series
with the phase winding. The flux density is much lower than on full load due
to the demagnetizing effect of current.

III. STATIC TESTS FOR TORQUE AND Q—-AXIS
INDUCTANCE

With the use of the short-circuit test to determine the d—axis
inductance, and open-circuit test to find out the PM flux
linkage, a static torque measurement can be used in order to
obtain the g—axis inductance. The phases may be connected
as shown in Fig. 11a or Fig. 11b. DC current is then supplied
to the phases. The connection of Fig. 11a with [;, = I, = _TI“,
results in an MMF parallel to the phase A axis and the rotor
rotates to align its d—axis with it. On the other hand, if the
phases are connected as shown in Fig. 11b, the currents are
I, = —1I., and I, = 0 and it results in a g—axis excitation,
with the rotor held in the same position. The static torque
is measured by locking the rotor in different intermediate
positions (Fig. 12). Rotor movement allows different values



of I; and I,;, with the same circuit connection of Fig. 11b, i.e.
the coils are excited from phase B and phase A is left open.
The values of I and I, are given by:

Iy = ;Ib |:COS (9 + 2;) — cos (9 — 2;)} , (2)
I, = %Ib {sin <9 + 2;) — sin <0 — 2;)} , 3)

where 6 is the angular separation between the g—axis of the
rotor and the axis of phase A, and I, is the current in the
circuit. The value of \,,, is obtained by holding the rotor in
the g—axis position as:

and

2o
- 3pl,
where T, is the electromagnetic torque and p is the number

of pole pairs. With the value of Ly from short circuit, L, may
be determined using,

“4)

m
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In principle, locking the rotor in two intermediate positions,
including the g—axis is enough to determine L,. The g—axis
inductance may be obtained at required operating point by
locking the rotor in the position resulting in the desired values
of I and I,. Errors may be introduced in this method due to
cogging torque, which is not included in (5). This may, to some
extent, be mitigated by conducting the test at rated conditions.
An alternative method involves holding the rotor stationary
and injecting different values of I, I; and I., which is readily
done using an inverter. Since PMSMs are generally provided
with drives, this method adds no extra cost [9]. The torque is
expressed by:
v =tan"! 1a . (6
I q
The coefficients A and B are functions of machine parameters,
and given by,

Ter, = Acos(y) + Bsin(2y) ,

2A 4B

™ 3pl, Lo=La= 3pl2
where I, is the phase current. Solving (6) for two different
values of v and T,,, yields the values of A and B. The
difference L,— L is then determined from (4) and the value of
Lg from the short-circuit test is used to obtain L,. A limitation
of this test is that in (6), A remains substantially constant with
v, while only B is a function of . However, in the model,
both A and B are determined as functions of . This limitation
may be mitigated on estimating A by maintaining v = 0 deg.
The term B is then obtained as a function of v on performing
the test at different operating conditions.

In addition to these tests, the inductance can be determined
by observing the stator current response to a voltage step,
which may be applied by using an inverter [10]. The rotor is
locked in the desired positions using, for instance, the circuit

(7

(a) (b)

Fig. 11. Circuit connections for the standstill test with a) Phase A connected
in series with the parallel combination of Phases B and C, and voltage applied
between phases A and B. The resultant MMF is oriented along the axis of
phase A, and the rotor rotates to align its d—axis along it and b) voltage
applied across phases B and C, resulting in an MMF perpendicular to the
phase A axis. If the rotor is held locked in the previous position, this is a
gq—axis excitation. The DC standstill tests use a variable DC source, while
the AC tests use a variable voltage AC supply.
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Fig. 12. DC supply standstill torque measured and simulated with a virtual
test procedure. Also shown is the cogging torque developed without any
current flowing through the stator winding. For experiments an in-line torque
transducer is required between the shaft and a mechanical locking device.

connection of Fig. 11a. The current in response to a voltage
step is:

1:%(1%*5‘*) , (8)

where V' is the applied DC voltage; I, the current response;
L, the line-line inductance at the corresponding rotor position,
and R, the resistance. The value of the phase resistance is
determined from the steady state value of the current, and
the value of L may then be subsequently determined from (8),
knowing the instantaneous values of current. The d and q axes
inductances are obtained by multiplying L at these positions
2
IV. INDUCTANCE FROM THE AC STANDSTILL TEST
In this method, the rotor is locked at different positions and
voltages are applied to force a given amount of current through

the coils. For the circuit connections of Fig. 11a, the relation
between the phase currents is I, = I. = —%‘1. The inductance
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Fig. 13. Line-line inductance at 15A, obtained from the standstill test using connection of (Fig. 11a). In the measurement, the applied voltage is substantially
constant to force an average RMS current of 15A, while in simulation, the current is held constant (a). Voltages induced in the windings in the standstill AC
test for a line current of 2A (b) and for a line current of 15A (c). The waveform is non sinusoidal, particularly at high currents leading to errors in calculation.
In the voltage driven experiment, the currents would be non-sinusoidal leading to errors.
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Fig. 14. Example of measured PWM voltage and electronically regulated
current.

with the rotor locked at different positions is then obtained
from:

v P VZ? — R?
Z:— = — = ———
7o =75, % nf 9)

where V' is the rms voltage at different positions; I, the rms
current; Z, the total impedance; P, the power absorbed; R,
an equivalent resistance that includes the winding and core
loss resistance; and L, the line inductance. To obtain the d
and q axes inductances, the line inductance at these positions
is multiplied by % The windings may also be connected as
shown in Fig. 11b. In this case, the relation between the phase
currents is: I, = —1I, I. = 0. Locking the rotor in different
positions, the line inductance seen by the supply changes. The
line inductance is obtained from (3). It is possible to prove that
Lg and L, can be calculated using:

_ Lo+ Lo Lo~ Loo _ Lo+ Lo Lo~ Lo

L
4 4 2 4 2

7Ld

)
(10)
where Lg is the line inductance when the rotor g—axis is
aligned with the magnetic axis of phase A, and Lg is the line
inductance when the rotor d—axis is aligned with the magnetic

axis of phase A. The inductances obtained by estimation from
measurement are compared with those obtained from a virtual
standstill test set up in ANSYS Maxwell® software (Fig.
13a). In contrast with the experiment wherein voltage is kept
substantially constant, the simulation is current driven. This
difference is because of the difficulty in modeling voltage
driven FEA problems, which require large simulation times
to attain steady state.

A major drawback of the AC standstill test is that the
magnetic field established within the electric machine is dif-
ferent from the rotating one, which is specific to the running
operation. Another challenge may be represented by the torque
ripple and strong vibrations, especially at very high current
loading, which may cause variations in the measurements.

V. OTHER TESTS AND DISCUSSION

In addition to the real and virtual experiments described in
the previous sections, the on-load performance of the motor
under study has been measured at rated speed using a vector
controlled power electronic drive and corresponding FE simu-
lations have been conducted. Special set-ups included those
for operation at the maximum torque per ampere (MTPA)
condition and on-load with zero d—axis current (ID0). In such
cases, using the value of L, derived from the short circuit
test, the g—axis inductance and the PM flux linkage can be
calculated as:

_ Vgsing ~ 2Tem
T orfI, - 3pl,

where V, and I, are the rms values of the fundamental
harmonic of phase voltage and current, respectively, and ¢
is the power factor angle.

Experiments and data post-processing require special care.
For example, the electromagnetic torque, T,,, is obtained by
adding to the measured shaft torque, a component correspond-
ing to all the motor power losses except the stator winding
losses. Under current regulated control, the PWM voltage sup-
ply waveform is highly distorted and has a rich high frequency
harmonic content as illustrated in Fig. 14. Therefore, caution
must be exerted in applying filtering techniques and measuring

Am

(1)



TABLE I
DQ MOTOR PARAMETERS, INDUCTANCES AND PM FLUX LINKAGE DETERMINED THROUGH REAL AND VIRTUAL TESTS AND FE SIMULATIONS. FOR ANY
OF THE TESTS LISTED, AT LEAST ONE PARAMETER CANNOT BE DIRECTLY DETERMINED AS DENOTED BY N/A.

AC Standstill ~ AC Standstill ~ Open/Short- Load MTPA Load IDO Load IDO DC step DC step
Rated Rated Circuit (Ig =21A) (I4 =21A) Rated g—axis Rated d—axis
Virtual Experimental Virtual FE Simulation Virtual Experimental Virtual Virtual
Ly [mH] 5.3 6.1 7.2 6.7 N/A N/A N/A 7.3
Lg [mH] 8.2 8.3 N/A 7.6 7.2 9.5 74 N/A
Am  [Wb] N/A N/A 0.17 0.17 0.14 0.16 N/A N/A
TABLE II Parameter values derived based on on-load measurements

INDUCTANCES DETERMINED THROUGH FE SIMULATIONS AT SPECIFIED
VALUES FOR THE DQ CURRENT COMPONENTS AND FROM
CORRESPONDING DC STANDSTILL VIRTUAL TESTS, WHICH EMPLOY FOR
CALCULATIONS THE d—AXIS INDUCTANCE ESTABLISHED THROUGH A
SHORT CIRCUIT EXPERIMENT.

DC Standstill FE DC Standstill FE
Vir.  Sim. Vir. Sim
I; [A] -7.2 1.2 -199 -199
1y [A] 19.9 199 7.2 7.2
Ly [mH] N/A 8.0 N/A 7.2
Ly [mH] 10.9 7.9 8.6 9.0
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Fig. 15. The variation of the PM flux linkage, A\,,, with the g—axis
current component, I4, derived through FE simulations for a motor model
that considers the effect of self and cross-coupling saturation. The reported
on-load experimental results were obtained using a power electronic drive,
which incorporates a control compensation for saturation. The PM flux linkage
calculated based on the experimental open-circuit test data for the back emf
is 0.16Wb.

only the rms values and the power factor corresponding to the
fundamental harmonic, in compliance with the principles of
the d-q theory.

Based on the FE simulations, which are considering on-load
operation with specified values for the dq current components,
the inductances are estimated as:

A=A

L
d Id )

(12)
where the PM flux linkage is calculated from an open circuit
simulation:

Am = Ag , with Iy, Iy =0 . (13)

and FE simulations are listed in Table I together with figures
calculated from open and short circuit, AC standstill, DC
step real and virtual tests. Additional data from DC standstill
procedures is included in Table II.

Before drawing any comparisons, it should be acknowl-
edged that magnetic saturation in IPM motors affects the
values of dq parameters, which are, in principle, non-linear
functions of the dq current components. Not only that there is
a self-axis saturation that will cause the d and the g—axis
inductances to be a function of the d and g—axis current,
respectively, but there is also a cross-coupling saturation, that
will cause for example the d—axis inductance and the on-load
PM flux linkage to be a function of the g—axis current, as
explained for example in [11].

Yet, in the current version of the IEEE Std 1812, the
emphasis is placed on single parameter values for the d—axis
parameters, which are calculated based on open-circuit and
short-circuit tests. While this may be a simple and pragmatic
approach, in order to enable the practical focus to be on the
derivation of the likely most important non-linearity of the
g—axis inductance with the the g—axis current, for example
through experiments and simulations at the same torque angle
and different current, it is maybe open to criticism in terms
of capturing the non-linearity of the d—axis parameters with
respect to the d and g—axis currents, respectively, which
is illustrated in Fig. 15. When adding such considerations
the challenges previously mentioned for the various testing
procedures, the spread of parameter values from Tables I and
II should come as no surprise.

A special note is due for the standstill experiments, as these
have a distinct advantages in terms of simplified requirements,
which do not include the use of a drive. The motor magnetic
field pattern in the AC standstill test is largely different to the
rotating electromagnetic field during on-load vector controlled
operation.

During a DC standstill test the fixed distribution of the
stator currents and locked rotor position correspond to one
“snap-shot” of the running on-load operation and rotating
magnetic field pattern. A major challenge in this case, apart
from the relatively large ripple torque and possibly cogging
torque pulsations, is represented by the fact that the PM
flux linkage and g—axis inductance are calculated based on
torque measurements, which have to be precise, and d—axis
inductance is calculated from short-circuit test data. The



expectations therefore may be that best correlations for the
g—axis inductance values would be obtained for operation
with relatively large values of d—axis current similar to the
short-circuit current, as exemplified in Table II, which may not
be necessarily representative of the typical on-load operating
conditions.

VI. CONCLUSION

The equivalent circuit parameters for the PM synchronous
machines are required for the development of control algo-
rithms, application of power electronic drives, and perfor-
mance estimation. The current IEEE Std 1812 Testing Guide,
which has been approved in 2015, fills in a much needed gap
in industry by formalizing procedures, including one for an
open-circuit and another one for a short-circuit test, which may
be employed in order to derive single values for the PM flux
linkage and d—axis inductance. More work is required though
in terms of expanding the scope with standard procedures for
determining the g—axis inductance and, possibly, quantifying
the non-linear saturation effects on all the parameters, both
matters being of great interest especially for IPM machines.

In this respect, this paper makes a critical review of methods
popular in industry, including AC and DC standstill locked
rotor tests and on-load tests with vector controlled drives. An
experimental and a two-dimensional FE computational study
is conducted on an example IPM motor with relatively high
torque ripple and low end effects. A spread of the parameter
values resulting from different testing methods is noted and
the main relative merits and demerits of each procedure are
discussed, supporting a conclusion that more studies, technical
information sharing, and professional discussions should take
place before reaching recommendations suitable for wide
industry acceptance and possible formal standardization.
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