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Abstract—This paper proposes an improved method for es-
timating the magnet temperature in permanent-magnet syn-
chronous machines without using any temperature sensors.
Originally, the method implies an intermittent injection of a volt-
age pulse in the positive d-axis of the motor while keeping the load
current zero. Thus, the resulting d-current response depends on
both the initial value of the d-current itself and the actual magne-
tization level of the permanent magnets. Since the magnetization
of the magnets depends on the temperature, different d-current
slopes are associated with given temperature levels of the magnets.
At higher speeds, the current response is additionally affected
by induced voltages of various sources which lead to erroneous
estimation of the magnet temperature. By applying a voltage pulse
in the positive and negative d-axis of the motor, symmetry of the
induced voltages can be achieved in a manner that the difference
of the current responses from the positive and negative pulses is no
longer affected by the induced voltages.

Index Terms—Condition monitoring, magnet temperature esti-
mation, permanent-magnet machines, rotor temperature, satura-
tion effects.

I. INTRODUCTION

NOWADAYS, one of the most widely used type of rare-
earth magnet in permanent-magnet synchronous ma-

chines (PMSMs) is neodymium–iron–boron (NdFeB). The
good acceptance of the magnet is justified by its high intrinsic
coercivity (Hci) and big maximum energy product (BHmax).
PMSMs manufactured with NdFeB magnets are characterized
with very high power density. The motor size is significantly
reduced by maintaining an excellent torque capability. How-
ever, the resistivity of these magnets is relatively low, giving
rise to considerable eddy-current losses particularly when the
motor is driven by a pulsewidth-modulated (PWM) inverter.
In high-torque and high-speed operation, eddy-current and
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hysteresis losses are responsible for an abundant temperature
rise in the magnets [1]–[8]. When the temperature increases,
a partial demagnetization occurs in the magnet. This process
is reversible as long as the demagnetizing force, to which the
magnet is exposed, does not reach the magnet specific knee
value. Reversibility means that the flux density will grow to
its original value when the temperature is reduced again. A de-
crease of the rotor flux linkage in the motor due to temperature-
dependent demagnetization effects will lead directly to lower
electromagnetic torque output [9]. In torque control, this can be
compensated either by a flux observer or indirectly when the
temperature of the magnets is known.

The knowledge of the magnet temperature is not only a
control issue but also a safety issue. The magnet intrinsic
coercivity is a function of the temperature itself, as its abso-
lute value decreases while the temperature rises. Therefore,
at higher temperatures, excessive currents in the machine can
lead to irreversible demagnetization of the magnets [10]. In
general, the machine design should ensure that no irreversible
demagnetization will occur in the machine under the expected
operating conditions [11]. However, machine overdimensioning
can be avoided, if online magnet temperature estimation is
available to assure continuous safe operation mode.

Due to rotation, measuring directly the temperature of the
permanent magnets is very cumbersome. The most common
techniques include battery-powered devices [12]–[20], infrared
sensors [21]–[24], and slip rings [25], [26]. Carrying out such
measurements is rather expensive, and their application is lim-
ited to laboratory and experimental setups since specific instru-
mentation is normally required. Therefore, significant efforts
have been performed recently to develop techniques which do
not require any temperature sensors to obtain the rotor temper-
ature in PMSMs. Such techniques have been already reported
in various papers. The most common approach is a thermal
model of the machine. Thermal models imply good knowledge
of the geometry, the cooling system, and, particularly, the
material specific parameters. Their application is rather limited
to industrial usage with known environmental and operating
conditions. Various issues of PMSM thermal modeling are dis-
cussed in [27]–[39]. An algorithm to estimate rotor temperature
by using a flux observer is successfully presented in [40]. This
method requires an accurate modeling of the nonlinearities of
the inverter. The nonlinear relation between current and flux
is defined by a lookup table (LUT). Furthermore, a precise
acquisition of machine and inverter parameters is required. An
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active parameter estimation method by using high-frequency
signal injection is demonstrated in [23] and [24]. This approach
is based on changes in the high-frequency stator and rotor re-
sistances due to temperature variation and concludes indirectly
the temperature level in the permanent magnets. The robustness
and accuracy of the method are strongly influenced by the
nonideal behavior of the inverter (dead time, dc bus voltage
variation, etc.). A subject of patent [41] is a method comprising
the estimation of the permanent-magnet temperature based on
the permanent-magnet flux linkage, the q-axis voltage, and the
electrical angular speed.

In this context, this paper focuses on a novel technique for
estimating the temperature of the permanent magnets of PMSM
without using any temperature sensors. The main idea of the
method is to detect changes in the degree of saturation in
the d-axis of the machine which is caused by variation in the
magnetization level of the permanent magnets. These changes
are distinctively reflected in the slope of the d-current response
upon a voltage pulse applied in the d-axis of the machine.
However, the d-current response along the voltage pulse is
slightly dependent on the speed. At higher speeds, this would
lead to erroneous magnet temperature estimation. Although the
error is proportional to the speed, in many cases, it cannot be
compensated, as the proportionality is not known or hard to
obtain. This paper presents a new approach to reduce the speed
influence in the d-current response and make it predominantly
dependent on the actual magnetization level of the permanent
magnets. The experimental results are validated on an interior
PMSM (IPMSM).

II. BASIC PRINCIPLES

The saturation level of the machine is mostly affected by the
permanent-magnet magnetization in its d-axis. Therefore, the
presented method proposes that, in a rotating machine, a voltage
pulse is applied in the d-axis while d-current is measured. As
long as the initial q-current is set to zero (iq = 0), the resulting
d-current response reflects predominantly saturation effects due
to stator flux linkage produced by the d-current excitation itself
and the permanent-magnet flux [42]. Assuming that the magnet
magnetization level depends on the magnet temperature Tm, the
following relationship can be derived:

did
dt

= fiq=0(id, Tm). (1)

Since this is a strongly nonlinear relationship, identification of
(1) has to be done by measurements. The degree of nonlinearity
depends strongly on the construction type and, particularly, on
the size of the effective air gap of the machine.

Using a common three-phase two-level bridge inverter, a
corresponding switching pattern can generate a voltage pulse
in the pure d-axis of the machine when the angle between the
stator and rotor reference frames θel equals one of the six basic
space vector angles (θel = 0◦, 60◦, 120◦, 180◦, 240◦, 300◦). The
proposed method requires the knowledge of the rotor position,
either using a rotor position sensor or a sensorless approach,
so that the motor d-axis can be continuously traced. For the
sake of clarity, for the definition and implementation of the

Fig. 1. Voltage pulse injection in the d-axis of the machine at θel = 0◦.

Fig. 2. Voltage pulse injection in a rotating machine; relative displacement of
the d-axis along the voltage pulse duration.

method, θel = 0◦ is considered, as shown in Fig. 1. In a rotating
machine, the voltage pulse is applied in phase a of the machine
such that the electrical rotor position gets zero (θel = 0◦) in the
middle of the pulse, as depicted in Fig. 2. The angles (θel0 and
θel1) between the rotor and stator reference frames at the time
instant of the beginning t0 and the end t1 of the pulse for a
given machine with p pole pairs depend on the speed n and the
voltage pulsewidth tpw, as follows:

θel0 = θel1 =
1

2
360◦pntpw. (2)

As long as the θel0 and θel1 are kept small, the following
relationships for the stator voltage and current components are
fulfilled during the voltage pulse:

ud ≈ ua uq ≈ uβ id ≈ ia iq ≈ iβ . (3)

III. SPEED COMPENSATION APPROACH

For further machine analyses upon a voltage pulse genera-
tion, the motor voltage equations in the rotor reference frame
have to be given first

ud=Rsid+L∗
dd

did
dt

+L∗
dq

diq
dt

−ωLqqiq−ωLqdid (4)

uq=Rsiq+L∗
qq

diq
dt

+L∗
qd

did
dt

+ωLddid+ωLdqiq+ωψm (5)

where Rs is the stator resistance, ψm is the flux linkage
produced by the permanent magnets, ω is the speed of the rotor
reference frame with respect to the stator reference frame, and
Ldd and Lqq are the inductances in the d- and q-directions of the
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machine, respectively. The inductances L∗ are the differential
inductances with respect to the currents

L∗
dd =Ldd +

dLdd

did
id (6)

L∗
dq =Ldq +

dLdq

diq
iq (7)

L∗
qq =Lqq +

dLqq

diq
iq (8)

L∗
qd =Lqd +

dLqd

did
id. (9)

Assuming star connection of the motor, the voltage applied to
the motor terminals upon a voltage pulse generation in the d-
axis has the following components:

ud ≈ ua =
2

3
Vdc (10)

uq ≈ uβ =0 (11)

where Vdc is the inverter dc voltage. Thus, from (4), the
following relationship for the d-current slope did/dt can be
obtained:

L∗
dd

did
dt

=
2

3
Vdc−Rsid−

Term 1︷ ︸︸ ︷
L∗
dq

diq
dt

+

Term 2︷ ︸︸ ︷
ωLqqiq +

Term 3︷ ︸︸ ︷
ωLqdid . (12)

The differential inductance Ldd depends strongly on the d-axis
saturation level of the machine which is, in turn, influenced by
the magnetization level of the permanent magnets. Thus, did/dt
will change upon changes in the magnetization level of the mag-
nets and can be used as indicator for the magnet temperature
Tm. Since did/dt as a function of L∗

dd has a nonlinear character,
a distinctive relationship between did/dt and Tm for a given
machine can be established by a LUT. This is identified during
a commissioning phase either by direct measurements of Tm

and did/dt or by setting reference temperature value levels in
the rotor (e.g., in an environmental chamber).

In the theoretical approach of the method, it is a subject
to the condition that, at the beginning of the voltage pulse,
the q-current is zero (iq = 0), which means that Term 1 and
Term 2 from (12) will be negligible at the beginning of the
pulse. However, according to (5), at higher speeds, the absolute
value of the q-current will change along the voltage pulse. This
change is produced predominantly by the velocity-dependent
induced inner voltage of the permanent-magnet flux linkage
(ωψm) in combination with an outer voltage of zero (uq = 0).
Thus, at higher motor speeds, Term 1 and Term 2 from (12) will
change along the voltage pulse duration, affecting the d-current
response did/dt.

The dependence of did/dt on the motor speed is seen as a
disturbing factor in the proposed method. It introduces a speed-
dependent error in the estimation of the magnet temperature.
This can be compensated by establishing a LUT at standstill
and at nominal speed. In many cases, identifying a LUT for a
given motor at nominal speed is difficult, or in the worst case,
it cannot be realized at all. For example, if the identification is
carried out in an environmental chamber, operating the machine
at high speeds can be undesirable.

TABLE I
PARAMETERS OF THE IPMSM UNDER TEST

By considering a positive and a negative pulse in the d-axis
of the machine, symmetry in (12) can be achieved which elim-
inates to a great extent the disturbing terms in (12) (Terms 1, 2,
and 3) and makes obsolete a LUT at higher speed. Thus, the dif-
ference of the resulting d-current responses of the positive and
negative voltage pulses (didP /dt− didN/dt) is less affected
by the motor speed. For the IPMSM under test, the highest
influence on did/dt among all speed-dependent terms in (12) is
recognized in Term 2, since Lqq � Lqd. Therefore, symmetry
is desirable that Term 2 for this particular machine is predom-
inantly eliminated in the difference of the d-current responses
(didP /dt− didN/dt). This will be the case when the q-current
has the same values along the positive and negative pulses

iqP = iqN . (13)

Therefore, the negative pulse should be chosen such that (13) is
fulfilled. A positive consequence of this symmetry is that Term
1 in (12) is eliminated too. Under the assumption that the in-
ductances are not changing for the positive and negative voltage
pulses, the current responses can be subtracted as follows:

L∗
dd

(
didP
dt

− didN
dt

)
=

4

3
Vdc −Rs(idP − idN )

+ ωLqd(idP − idN ). (14)

The stator resistance voltage drop, together with the speed-
dependent term in (14), is neglected in the current investigation.

IV. EXPERIMENTAL VALIDATION OF THE

PROPOSED SPEED COMPENSATION

In this section, the experimental setup and validation of the
proposed method are presented. Results obtained for magnet
temperature estimation with and without speed compensation
are compared.

The motor under test is an IPMSM with parameters listed
in Table I. The stator of the motor is depicted in Fig. 3. The
stator winding is a single-layer fractional slot distributed with
36 slots and eight poles. The rotor is specially manufactured
to accommodate thermal sensors. Before the magnets were
assembled, holes through the rotor lamination with a diameter
of 2 mm were laser drilled in different locations. There are
sensors directly fixated to the permanent magnets (Fig. 4). The
used sensors are thermocouples of type K wired to a specially
designed battery-powered instrumentation fixated to the hollow
motor shaft, as shown in Fig. 5. The device measures, ampli-
fies, and digitalizes the thermocouple voltages. The data are
transmitted to a stationary receiver via infrared optical data
link. With a single battery charge, the temperature of up to 12
locations in the rotor of the machine can be measured continu-
ously for over 9 h. A detailed description of the instrumentation
design, implementation, and validation is given in [12].
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Fig. 3. Stator of the IPMSM under test; single-layer fractional-slot distributed
stator winding with 36 stator slots and eight poles.

Fig. 4. Rotor of the IPMSM under test equipped with thermocouples of
type K.

Fig. 5. Rotor temperature monitoring instrumentation. (a) Block diagram of
the assembly parts. (b) Instrumentation enclosure fixated on the hollow shaft of
the IPMSM under test.

The field-oriented space vector control, together with the
proposed voltage pulse generation, is implemented on C6747,
a floating-point digital signal processor [43]. The inverter op-
erating PWM frequency is set to 20 kHz. The injected voltage

Fig. 6. Current slope difference between two reference temperature values
upon temperature estimation as a function of the initial d-current value id,ref ;
n = 100 r/min.

pulsewidth tpw for the magnet temperature estimation is set to
30 μs. Thus, according to (2), the angle between the rotor and
stator reference frames upon the beginning of the voltage pulse
at nominal speed is θel0 = 1.7◦, which assumes that ia ≈ id for
the time duration of the voltage pulse. Therefore, in order to de-
termine the d-current slope, the phase current ia is oversampled
synchronously to the voltage pulse at a sample rate of 500 ns.

For the validation of a d-current slope did/dt when esti-
mating the magnet temperature, the measured phase current ia
curve is linearized by polynomial interpolation

y(t) = Sat+ P (15)

where the weighting factor Sa represents the estimated slope
of the curve upon voltage pulse generation and the offset P
represents iat0 , which is approximately equal to the initial
d-current id,ref set by the current controller. Additionally, the
following denomination is used here: SaP is the estimated slope
of a d-current response upon a positive voltage pulse, while
SaN is the estimated slope of a d-current response upon a
negative voltage pulse.

A. Temperature Estimation Without Speed Compensation

In the following, temperature estimation without speed com-
pensation is carried out. This setup implies measurements of
the d-current response based on a positive voltage pulse in
the d-axis of the motor. The initial d-current id,ref set by the
current controller is an important parameter for the proposed
method since, by varying id,ref , different initial saturation levels
in the d-axis of the motor can be set before the voltage pulse is
generated. An initial d-current id,ref for a given pulsewidth pro-
vides the most sensitivity when the deviation of the estimated
d-current slopes SaP is the highest upon the positive volt-
age pulse at two different temperatures. To obtain the initial
d-current id,ref for a voltage pulsewidth of 30 μs, the d-current
responses are evaluated for two reference temperatures (Tm =
20 ◦C and Tm = 60 ◦C). The difference of the estimated current
slopes ΔSaP (Tm2−Tm1) is then presented as a function of id,ref .
The results are depicted in Fig. 6 which shows that L∗

dd will
reveal the best sensitivity with respect to the magnet magne-
tization level when id,ref = 0.4 p.u. This is the point around
which the machine stator core starts to saturate in the d-axis.
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Fig. 7. d-current id response upon positive voltage pulse of 30 μs with
id,ref = 0.4 p.u. (a) Measured current response at various magnet temperatures
and n = 100 r/min. (b) Linearization of the measured current response by
polynomial interpolation with eliminated offset. (c) Linearized current response
for n = 100 r/min and n = 4800 r/min at Tm = 60 ◦C.

During a heat-up test, temperature estimation with id,ref =
0.4 p.u. and a positive voltage pulse (tpw = 30 μs) is carried
out at low speed n = 100 r/min and at nominal speed n =
4800 r/min. The measured current response upon a positive
voltage pulse at n = 100 r/min is shown in Fig. 7(a) for various
magnet temperatures. Fig. 7(b) demonstrates the same current
responses linearized according to (15); however, the offset P
is eliminated as it is the same for all curves. The difference
between the d-current responses at n = 100 r/min and n =
4800 r/min is visualized at a constant magnet temperature
(Tm = 60 ◦C) in Fig. 7(c). As expected, the slope of the current

Fig. 8. Current slopes SaP upon temperature estimation as a function of the
magnet temperature; not compensated setup implying a single positive voltage
pulse in the d-axis of the motor.

response at lower speed is smaller compared to the one at higher
speed (SaP,n=100 r/min < SaP,n=4800 r/min). This can easily
be explained with (12), where, at higher speeds, due to the
q-current change, Terms 2 and 3 produce additional voltage
to the applied voltage pulse. This results in an increase of
did/dt. The influence of the magnet magnetization on Term 2
and Term 3 from (12) is assumed here to be negligible, so their
effect on did/dt is considered to be independent of the magnet
temperature. This can be seen in Fig. 8 where the estimated
current slopes SaP at n = 100 r/min and n = 4800 r/min are
depicted as a function of the magnet temperature. As expected,
the curves reveal a speed-dependent offset (SaP,n=4800 r/min −
SaP,n=100 r/min > 0), which can be considered, to a great
extent, constant along the magnet temperature. As stated before,
this offset is undesirable since it will lead to erroneous temper-
ature estimation when considering a LUT solely identified at
standstill.

B. Temperature Estimation With Speed Compensation

The main idea of the proposed speed compensation is to
eliminate the q-current influence on the d-current response,
as seen in (12). This is realized by applying a positive and a
negative voltage pulse in the d-axis of the motor whereby the
q-current is kept at the same value along the pulses. The
d-current response evaluation is carried out upon the slope
difference between the current responses from the positive and
negative pulses, respectively,

SaPN = SaP − SaN . (16)

It should be noted here that the voltage pulse durations for the
positive and negative pulses are the same (tpw = 30 μs). The
initial d-current for the positive pulse is kept id,ref,P = 0.4 p.u.,
while the initial d-current for the negative pulse id,ref,N varies
under the condition that the q-current has the same values
along the positive and negative pulses (13). The compensation
principle is demonstrated in Fig. 9, where the q-current iq is
plotted upon positive and negative voltage pulses at low speed
(n = 100 r/min) and at high speed (n = 4800 r/min). For a
good compensation, the deviation between the q-current iq
responses along the positive and negative voltage pulses should
be as small as possible.
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Fig. 9. q-current iq response upon positive and negative voltage pulses of
30 μs for n = 100 r/min and n = 4800 r/min at Tm = 60 ◦C.

Fig. 10. Current differences idP − idN upon positive and negative voltage
pulses of 30 μs with id,ref,P = 0.4 p.u. (a) Linearized current response
with eliminated offset at various magnet temperatures and n = 100 r/min.
(b) Linearized current response for n = 100 r/min and n = 4800 r/min at
Tm = 60 ◦C.

The difference from the positive and negative voltage cur-
rent responses idP − idN for various magnet temperatures
at speed n = 100 r/min is depicted in linearized form in
Fig. 10(a). In an analogical manner, the current response dif-
ference at n = 100 r/min and n = 4800 r/min is demonstrated
in Fig. 10(b) for a constant magnet temperature (Tm = 60 ◦C).
As it can be observed, the slope of the current response dif-
ference at n = 100 r/min is almost the same as that at n =
4800 r/min (SaPN,n=100 r/min ≈ SaPN,n=4800 r/min). The es-
timated slope differences SaPN of the current responses are

Fig. 11. Current slope differences SaPN as a function of the magnet temper-
ature; compensated setup implying a positive and a negative voltage pulse in
the d-axis of the motor.

Fig. 12. Distribution of 25 measurements for SaPN for each reference
magnet temperature; n = 100 r/min.

depicted in Fig. 11 as a function of the magnet temperature for
n = 100 r/min and n = 4800 r/min.

Regarding the initial d-current id,ref , the demonstrated setup
is not optimal as it implies only maximum sensitivity for SaP

but not maximum sensitivity for SaN upon magnet temperature
variation. This is because, for comparison, the same initial
d-current for the positive voltage pulse is used, as estimated
from Fig. 6 (id,ref = 0.4 p.u.). However, the overall maximum
sensitivity can be estimated by measuring the deviation of
SaPN at two different reference temperatures and drawing the
difference ΔSaPN as a function of id,ref,P , as in Fig. 6.

C. General Measuring Conditions

The demonstrated temperature estimation is conducted for
reference temperatures from 20 ◦C to 120 ◦C with steps of
10 ◦C. A set of 25 measurements is carried out for every refer-
ence temperature. Thus, the estimated current slope for a given
reference temperature and speed is the mean value over 25
measurements. The time interval between two sequential mea-
surements for the same reference temperature is set to 100 ms.
In the case of speed compensation, the distribution of the 25
measurements of SaPN for each rotor reference temperature
at n = 100 r/min is shown as a histogram in Fig. 12, where a
single SaPN,1 measurement consists of a measurement of SaP,1

and a consequent measurement of SaN,1. The time interval be-
tween the two measurements SaP,1 and SaN,1 is set to 100 ms.
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Fig. 13. Temperature sensor locations in the rotor of the IPMSM under test.

TABLE II
ROTOR TEMPERATURE SENSORS (SEE FIG. 13)

TABLE III
ROTOR TEMPERATURE SENSOR OUTPUTS FOR 60 ◦C

REFERENCE TEMPERATURE IN DEGREE CELSIUS

The gray lines in Fig. 12 indicate the mean values of SaPN over
25 measurements.

The current sensors used in the presented setup are factory
integrated in the inverter. According to the data sheets, the
sensors have a temperature coefficient of 0.003%/◦C and an
accuracy of ±0.65%.

The thermocouples are of tolerance class 1, which implies a
relative tolerance of ±0.36 ◦C for the investigated temperature
range. The calibration of the temperature sensors, together with
circuitry of the rotor temperature measuring device (see Fig. 5),
is carried out using a high-precision environmental chamber.
The overall tolerance of the measured temperature signals is
tested to be around 1 ◦C [12]. For a given reference temperature,
the average output of six temperature sensors is considered. The
location of the sensors is depicted in Fig. 13 and summarized
in Table II. The winding currents are controlled in a way
that a constant reference temperature is established across the
magnets. This is interrupted for short-period test measurements
only. The outputs of the sensors for measurements carried out
at a reference temperature of 60 ◦C are listed in Table III.

V. DISCUSSION

Temperature estimation based solely on evaluation of the
d-current response of a positive voltage pulse is influenced
by the speed. The estimated d-current slope reveals a speed-
dependent offset which is predominantly attributed to the volt-

Fig. 14. Magnet temperature estimation error at n = 4800 r/min with and
without speed compensation.

age in the d-axis generated by the q-current component (Fig. 8).
To identify this offset, the relationship between the d-current
response and the magnet temperature (did/dt ∼ Tm) should
be known at standstill and at the maximum expected operating
speed. In case the offset cannot be identified, an additional
negative pulse can be considered, which creates symmetry in
(12) and reduces speed-dependent terms in (12). Depending
on the type of symmetry, the resulting temperature estimated
values can be considered, to a great extent, speed independent
(see Fig. 11). The errors in the estimated magnet temperature
values at n = 4800 r/min derived from the presented exper-
imental results are depicted in Fig. 14. In the case of speed
compensation, the absolute error could be reduced to less than
4 ◦C. Although this is a relatively good value, in practice, the
overall accuracy and sensitivity of the proposed method depend
strongly on the topology of the motor, the temperature coef-
ficient of the permanent magnets, the accuracy of the current
sensors, the number of measurements that can be carried out
for the estimation of a single magnet temperature level, and the
available current oversampling capability of the control system
[44]. Furthermore, not uniform temperature distribution across
the magnet is not considered in the current investigation. All
measurements are carried out at uniform magnet temperature
distribution (see Table III).

VI. CONCLUSION

A method to estimate the permanent-magnet temperature
in IPMSM has been proposed. The method is characterized
with relatively high accuracy along a wide motor speed range.
While at low-speed or constant-speed applications, a single
voltage pulse in the d-axis of the motor can be considered;
in applications with a larger speed range, the accuracy of the
method can be clearly improved by applying an additional
negative voltage pulse. The method can be adopted and tuned to
almost every type of PMSM and easily integrated in a common
field-oriented control scheme. As presented, the method can be
currently applied only in applications where the load current
can be set to zero for a time duration bigger or equal to three to
five times the electrical motor constant. The subject of ongoing
research is to define method applicability under load conditions
by investigating the inherent influence of the q-current iq on the
d-current response due to cross-saturation effects.
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