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METHOD AND ARRANGEMENT FOR DETERMINING INDUCTANCES OF SYN-
CHRONOUS RELUCTANCE MACHINE

FIELD OF THE INVENTION

The present invention relates {o reiuctance machines and more par-
ticularly to determining the inductance properties of reluctance machines.

BACKGROUND OF THE INVENTION

Attempts are often made to control electric motor drives as effi-
ciently as possible. This means at its simplest that at a given load torque the
current drawn by the motor is minimized. This minimizes the resistive losses in
the motor. The minimization of current would be an easy task if the machine
were ideal. In practice, however, the magnetic saturation of the iron paris of
the machine makes the search for an ideal operation point a demanding proc-
ess. Due to the saturation effect, the inductances of the machine are not con-
stant, but change as a function of stator current. The fact that inductances
change as a function of stator current makes the optimization of the production
of torque a difficult task, because in alternating current machines the induct-
ances have an influence on the magnitude of forque.

in order to maximize the torque with a given stator current during
the operation of the drive, the behaviour of the inductances should be known
as a function of current or flux. The inductance behaviour is also important for
the operation of control of synchronous retuctance machines, especially if the
machine is controlled without a measured rotor speed and position. Such
open-loop control methods estimate the rotor position by using a mathematical
mode! of the machine, In connection with synchronous reluctance machines,
the open-loop control does not operate correctly if the saturation of the induct-
ances is not properly taken into account.

in known inductance identification procedures the rotor has {o be ro-
tated. Due to this requirement, at least in some processes, the identification
must be carried out before the machine is coupled to the process. Further, in
the methods in which the rofor is rotated, the time for carrying out the identifi-
cation is long. In some inductance identification procedures the synchronous
reluctance motor has to be loaded. The application of load torque fo the ma-
chine to be identified can be cumbersome, especially if the machine is already
at the facilities of the end user.



10

15

20

25

30

35

BRIEF DESCRIPTION OF THE INVENTION

An object of the present invention is to provide a method and an
arrangement so as fo solve the above problem. The object of the invention is
achieved by a method and an arrangement which are characterized by what is stated
in the independent claims. Preferred embodiments of the invention are disclosed in
the dependent claims.

According to a first aspect of the present invention, there is provided a
method of determining inductances of a synchronous reluctance machine, the
method comprising supplying a voltage pulse in the quadrature-axis (q) or direct-axis
(d) direction of rotor, sampling currents (i_d, i_q) generated by the supplied voltage
pulse, calculating values of flux at the sampling instants from the vaiue of the
supplied voltage pulse, the sampled current values and the value of the stator
resistance, calculating synchronous inductance of the machine by dividing the
calculated flux values by the corresponding sampled currents, and/or calculating
transient inductance of the machine as a derivative of the flux with respect to current,
and storing the calculated values as a function of current, characterized in that the
method is carried out using a frequency converter connected to the synchronous
reluctance machine and the method comprises a step of magnetizing the rotor in a
direction perpendicular to the direction of the voitage pulse before supplying the
voltage pulse in the quadrature-axis or direct-axis direction of the rotor for obtaining
inductance values with cross saturation.

According to a second aspect of the present invention, there is provided
an arrangement of determining inductances of a synchronous reluctance machine,
the arrangement comprising means for supplying a voltage pulse in the quadrature-
axis (q) or direct-axis (d) direction of a rotor, means for sampling currents (i_d, i_q)
generated by the supplied voltage pulse, means for calculating values of flux at the
sampling instants from the value of the supplied voltage pulse, the sampled current
values and the value of the stator resistance, means for calculating synchronous
inductance of the machine by dividing the calculated flux values by the corresponding
sampled currents, and/or means for calculating transient inductance of the machine
as a derivative of the flux with respect to current, and means for storing the
calculated values as a function of current, characterized in that the arrangement is
implemented in a frequency converter connected to the synchronous reluctance
machine, and the arrangement comprises further means for magnetizing the rotor in
a direction perpendicular to the direction of the voltage pulse before supplying the
voltage pulse in the quadrature-axis or direct-axis direction of the rotor for obtaining
inductance values with cross saturation.
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In the invention, the saturation behaviour of inductances of synchronous
reluctance machines is determined with different pulse tests using an inverter
connected to the machine. Both synchronous inductances and transient inductances
of the synchronous reluctance machine can be determined using a series of pulse
tests.

Synchronous and fransient inductances are illustrated in Figure 7, which
shows a graph obtained during inductance measurement. Flux is plotted as a
function of measured current. Synchronous inductance is the slope of the line that is
drawn from the origin o a selected point of the curve, i.e. to a point, the inductance of
which is of interest. This is a well-known relation: Flux = current*inductance.
Transient inductance is the derivative of the flux as a function of current at a given
operating point. In Figure 7 this is illustrated by a tangent line drawn at a selected
point of the curve. Transient inductance describes the behaviour of the current in the
neighbourhood of a certain operating point.

The method of the invention does not require any additional equipment
since it can be carried out using an inverter controlling the machine. The inductance
values obtained with the method can be directly loaded fo the inverter controlling the
measured reluctance machine. The method of the invention does not require the
rotation of the machine. in an embodiment, the rotor is slightly rotated for aligning the
rotor. In case the direction of the rotor is known, the method can be carried out
without any rotational movement of the rotor. Since the rotor of the machine is not
rotated, the method is fast.

Due to the nature of reluctance machines, stator currents have a
considerable influence on the saturation of the inductances. The method provides
accurate information on the saturation behaviour. Once the accurate saturation
behaviour is adapted to use in a motor model of the inverter or frequency converter
controlling the machine, the control of the synchronous machine is accurate and
reliable.

in the method of this invention, the saturation behavior of inductances of
a synchronous reluctance machine is measured using simple pulse
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tests. In known methods pulse tesis are used to measure only the transient
behavior of the inductances of an AC motor.

BRIEF DESCRIPTION OF THE DRAWINGS

in the following, the invention will be described in greater detail by
means of preferred embodiments with reference to the attached drawings, in
which

Figure 1 shows a simpliified structure of a rotor of a synchronous re-
luctance machine,

Figure 2 shows measured inductances in the d-direction of the rotor,

Figure 3 shows measured inductances in the g-direction of the rotor,

Figure 4 shows a voltage vector diagram and a stator reference
frame,

Figure 5 shows an example of a rotor position in measuring induc-
tance in the d-axis direction,

Figure 6 shows an example of rotor position in measuring induc-
tance in the g-axis direction, and

Figure 7 illustrates determination of synchronous and fransient in-
ductances.

DETAILED DESCRIPTION OF THE INVENTION

in the following, the synchronous reluctance machine is referred to
as synchronous reluctance motor or simply a reluctance motor. It is, however,
apparent that a similar synchronous machine can be operated as a motor or as
a generator.

A synchronous motor is said to be a salient pole motor if the direct-
axis and quadrature-axis inductances are clearly different in magnitude. Here
the direct-axis inductance is marked as L.d and quadrature-axis inductance as
Lg. The direction of the d-axis in a reluctance motor is selected to be the direc-
tion of the highest inductance, Figure 1 schematically shows one possible rotor
structure of a reluctance machine with the directions of the d- and g-axes.

in an ideal situation, the torque produced by a synchronous ma-
chine can be expressed as

T = gioet + (L + L, (1)
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where v, is the flux produced by rotor permanent magnets or rotor windings

and id, ig and Ld, Lg are the direct and quadrature components of current and
inductance. As known, reluctance motors do not have permanent magnets or
windings in the rotor, so the expression for torgue is simplified to the form

T =( Ly (igoiy )+ L (st ) i, - (2)

The above equation (2) may seem simple, but actually the induct-
ances in the d- and g-direction are dependent on currents in both the direct
and the quadrature directions, which makes the optimization of currents diffi-
cult. if Ld and Lg were constants, it would be easy to show that the torque is at
the maximum with a given current vector length when iq equals id. When ig
and id are equal in magnitude, the current angle is 45°. In practice, the current
angle is greater than 45°. When the current vecior increases, the d-direction of
the rofor saturates more than the g-direction and the inductance difference Ld-
Lg diminishes if the angle is fixed 1o 45°. When the torque grows, the current
angle has to be made larger because the g- and d-inductances saturate at a
different pace. The increase of the current angle means in other words that the
current in the direction of the g-axis is made greater than the current in the d-
direction.

D-axis current naturally saturates the iron in the d-axis direction and
g-axis current in the g-axis direction, respectively. Since the fluxes in the d-
and g-direction flow in the same iron parts, the flux of the d-direction saturates
the iron of the g-direction, and vice versa. This means that the d- and g-
directions cannot be considered separately as in most equivalent circuit repre-
sentations. The effect of quadrature-axis current on the direct-axis inductance
and direct-axis current on the guadrature-axis inductance is here referred to as
cross saturation.

The saturation of a synchronous reluctance machine is illustrated in
Figures 2 and 3. Figures 2 and 3 show direct-axis inductance Ld and gquadra-
ture-axis inductance Lq as a function of direct-axis and quadrature-axis cur-
rents id, ig. The measurements of the inductances are carried out by a real
machine with the method that will be explained below. it can be seen from Fig-
ures 2 and 3 that the inductances vary greatly depending on the current. The
cross saturation has a noticeable influence on the d-direction. With small id
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values, the value of Ld can decrease as much as tens of percents when iq in-
creases from zero {o a considerable value.

Six active voltage vectors are available from a two-level voltage
source inverter or a frequency converter. These voltage vectors are shown in
Figure 4 in a stator reference frame with axes x and y, in which x denotes the
real axis and y denotes the imaginary axis. The inverter and the available volt-
age vectors are employed in the method of determining the inductances of the
reluctance motor.

First the inductance in the d-axis direction is measured without
cross saturation, i.e. ig = 0. In the measurement sequence, a DC current is first
fed to the stator of the machine such that the d-axis of the rotor is aligned in a
known direction. This known direction is preferably a direction of one of the
voltage vectors. in Figure 5, the rotor is aligned such that its d-axis is alighed
with the direction of a voltage vector 1. This alignment is simply obtained by
using the voltage vector 1. After the rotor is turned, the vector 1 is applied
again. Now all voltage is over the d-direction and current id starts to grow.

While the voltage is apoplied, the curent is sampled at a substan-
tially high rate. Although the DC-link voltage is basically constant and known, it
is advisable to also sample the voltage. When the current has risen to a suffi-
ciently high value, the voltage pulse is stopped. After the pulse, the measured
currents and voltages are available and stored, for example, to an easily ac-
cessible table. If the stator resistance is known, the flux can be calculated as

Pk)="P(k —-1)+i’1‘-‘12’5~”~’f~((u(k} ~ Ri(k))+{u(k ~1) - Ri(k —1)}) (3)

Equation (3) is the integral of (u,—Ri)) in discrete form using the

Tustin approximation. Equation (3) produces a value for flux at each time step
k which corresponds to the time instants in which the currents were measured.

When the calculated flux values are divided by the corresponding
sampled current values, the upper plot of Figure 2 is obtained, which shows
the inductance in the d-axis direction without any current in the direction of the
g-axis.

The estimation of the inductance behaviour continues with a second
measurement, in which the inductance in the g-axis direction is determined.
Before the measurement voltage pulse, the rofor is again aligned with a DC
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current such that the d-axis of the rotor is in an angle of 90 degrees {0 a khown
direction, such as the x-axis in the stator reference frame, as shown in Figure
6. Now the voltage vector 1 can be used again and the current only grows in
the direction of the g-axis. The calculation of the inductance is carried out as
above with the d-axis inductance, and the result is plotted in the upper plot of
Figure 3.

in the third measurement cross saturation effects are taken into
consideration. For the measurement of the inductance with cross saturation,
the direct or quadrature component of the current has {o be controlied, since
the idea is to keep the cross saturating current at a fixed level and apply the
voltage pulse as in the previous tests. For the measurement of the inductance
in the d-axis direction, the rotor is first aligned as in the second test, i.e. the d-
axis of the rotor is in an angle of 90 degrees to the x-axis of the stator refer-
ence frame, as shown in Figure 6.

Next the current in the quadrature axis direction of the rotor (i.e. in
the direction of the x-axis) is increased to a desired value, which can be, for
example, the highest value used in practice. The current grows fast with a
puise-like voltage (using only the vector 1) or in a more controlled manner us-
ing some simple current conirol.

Current ig is now at its set value, and the measurement can be
started. In the measurement only voltage vectors 2 and 3 of Figure 4 are used.
When the vectors 2 and 3 are used, the voltage is constant in the d-direction.
Current rises rapidly in the d-axis direction and the current in the direction of
the g-axis is kept constant by balancing the voltage vectors 2 and 3. A controi-
ler is needed for keeping the g-axis current constant. This controller selects the
switching times of the vectors 2 and 3 depending on the magnitude of the g-
axis current. A simple P! controller can be used in controlling the g-axis cur-
rent.

Data is gathered similarly as in the previous test sequences. Volt-
ages and currents in the direction of the y-axis of the stator reference frame
are measured. The fluxes are caiculated using the gathered data (iy, uy) by
using equation 3, for example. When the calculated flux is divided by corre-
sponding currents, the lower inductance curve of Figure 2 is obtained.

in the next measurement phase, inductance in the g-direction is de-
termined with cross saturation. The procedure is similar to that of the above.
The rotor is now turned prior to the measurement such that the d-axis of the
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rotor is aligned with the x-axis of the stator reference frame as in Figure 5. DC
current is controlled in the direction of the d-axis and the voltage puise is fed in
the g direction. With respect to the stator, the pulses are similar as in the pre-
vious test. The voltages and currents are sampled in the direction of the y-axis
of the stator reference frame and inductance is calculated from the flux calcu-
lated from the stored voltages and currents. The obtained inductance curve is
shown as the lower curve in Figure 3.

As mentioned above, the rotor of the reluctance machine is turmed
to a known angle, or the angle of the rotor is determined prior to the test se-
quence. If the rotor position is known, the above procedure can be carried out
such that the rotor is not turned at all. In that case, the voltage vectors used
during the test are combinations of adjacent vectors, making the procedure
slightly more complicated.

in the above procedure the induciances are determined as a func-
tion of current. it is also possible o determine the inductances as a function of
flux. The difference {o the above is that during the cross safuration tests, in-
stead of d- and g-axis currents, d- and g-axis fluxes are kept constant. First a
flux reference is selected and the produced fiux is compared with the selected
reference. The produced flux is caiculated using equation (3) during the test
and on the basis of the comparison, voltage vectors are changed like in the
case of current references. In this modification, currents and voliages are
measured like in the case of curreni-based determination.

in the above-described method the whole saturation behaviour of a
synchronous reluctance machine can be determined. Since the obtained in-
ductances are presented as a function of current throughout the applicable
current range, the inductances of the machine can be determined and stored
at any current. The inductances that can be determined from the measure-
menis include the synchronous inductances and fransient inductances in the d-
direction and the g-direction both with and without cross saturation. Further,
the amount of cross saturation used in the measurements can be selected,
and there can be more than one cross safuration fest in each direction with a
differing saturation.

fron losses, i.e. eddy currents and hysteresis losses, of the syn-
chronous reluctance motor distort the measured results. For instance, iron
losses accelerate the rise of the current during the test pulse. However, in
modern AC motors these losses are rather small.
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Figure 7 shows a graph obtained from a pulse test, in which flux
values obtained during the Inductance measurement are plotied as a function
of measured current. Now the synchronous inductance is the slope of the line
that is drawn from the origin to a selected point of the curve, i.e. to a point, the
inductance of which is of interest. The transient inductance can be obtained
from the measurements as the derivative of flux as a function of current at a
given operating point.

As Blustrated in Figure 7, synchronous inductance with a certain cur-
rent is calculated by dividing the obtained flux by current. Fluxes and currents
were determined in the test procedures of the invention. The obtained syn-
chronous inductance and current values can be stored in the memory for later
use, or a mathematical inductance mode! can be built based on measurements
of the method. If inductance and current data are siored, the contro! system
can determine the inductances in a certain operating point by using look-up
tables, for instance. If a mathematical induciance mode! is constructed for
Ld(id,ig) and Lg(id,iq), parameters of the selected modelling functions are
tuned by using some appropriate curve fitting method.

The calculation of a derivative giving the transient inductance can
be carried out on the basis of successive points from the determined flux val-
ues. The most straightforward way is to fit a line to the point of interest by us-
ing successive data points and then to calculate the slope of the curve. These
values can be stored to look-up tables, or transient inductances can be calcu-
lated analytically by using a mathematical model built for synchronous induct-
ances.

The used time step in the measurement of currents and voltages
should be small, as the accuracy of the calculation improves with smaller
steps. Since the current rises quite rapidly, it is also advantageous to use small
time steps so that the voltage pulse can be stopped in good time before the
current exceeds a limit value, which makes the inverter or the frequency con-
vetter to trip.

The arrangement of the invention comprises means which are
adapted o carry out the method of the invention. Specifically, the means are
formed of or are a part of a system that is able to control the rotation of the
synchronous reluctance machine. Such a system is, for example, a frequency
converter, which comprises measurement circuits for measuring currents and
DC-link voltage, processor capacity for carrying out the required calculations,
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and accessible memory, in which the measured and calcuilated data may be
stored and from which the data and the calculated values can be read. Typi-
cally, the procedure of the invention is cartied out in an automated manner.
The operator of the frequency converter initiates the procedure, and once the
measurements are carried out, the inductance values are stored in the mem-
ory. The procedure may ask the operator for the reference values for the cross
saturation tests, or, as default the procedure uses predetermined reference
values.

it will be cbvious to a person skilled in the art that, as the technology
advances, the inventive concept can be implemenied in various ways. The in-
vention and its embodiments are not limited o the examples described above
but may vary within the scope of the claims.
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Claims

1. A method of determining inductances of a synchronous reluctance maching, the method comprising
supplying a voltage pulse in the quadrature-axis (g) or direct-axis (d) direction of rotor,
sampling currents (i_d, |_g) generaied by the supplied voltage puise,
calculaling values of flux at the sampling instants from the value of the supplied voltage pulse, the sampled current
values and the value of the stator resistance,
calculating synchronous inductance of the machine by dividing the calculated flux values by the corresponding
samptled currents, and/or
calcuiating transient inductance of the machine as a derivative of the flux with respect fo current, and
storing the calculated values as a function of current, characterized in that the method is carried out using a
frequency converter connected {o the synchronous reluctance machine and the method comprises a step of mag-
netizing the rotor in a direction perpendicular to the direction of the voltage pulse before supplying the voltage putse
in the quadrature-axis or direct-axis direction of the rotor for obtaining inductance values with cross saturation.

2. A method according o claim 1, characterized in that the magnefization comprises the steps of
selecting a current reference for cross magnetization,
supplying voltage in a2 selected direction,
measuring current produced by the voliage, and
confrolling the current to the current reference for the duration of the pulse test.

3. A methed according to claim 1, characterized in that the magnetization comprises the steps of
sefecting a flux reference for {he cross magnetization,
supplying voltage in a selected direction,
measuring current produced by the voltage,
calculating the flux caused by the voltage from the value of the supplied voltage pulse, the sampled current values
and the value of the stator resistance, and
controlling the fiux to the fiux reference for the duration of the puiss fest.

4. A method according to any one of the previous claims 1 to 3, characterized in that the calculated synchronous
inductances are fitted fo a function, which gives the values of the synchronous inductances as a function of currani.

5, A method according to claim 4, characterized in that the transient inductance is calculated as a derivative of the
function, which gives the vaiues of the synchronous induciances as a function of current.

8. A method according to any one of the previous claims 1 to 5, characterized in that the method comprises & siep
of turning the rotor of the machine to a known position before the measurement sequence,

7. Amethod according to claim 8, characterized in that the known position is the direction of the x ar y axis of the stator.

8. A method according fo any one of the previous claims 1 to §, characterized in that the methad comprises the step
of determining the rotor position before the measurement sequence.

9,  An arsngement of determining inductances of a synchronous reluctance machine, the arrangement comprising
means for supplying a voltage pulse in the quadrature-axis (q) or direct-axis (d} direction of a rofor,
means for sampling currents (i_d, i_g) generated by the supplied voltage pulse,
reans far calcufaling values of flux at the sampling instants from the vaiue of the supplied voltage puise, the sampled
current values and the value of the stator resistance,
means for calculating synchronous inductance of the machine by dividing the calculated fiux values by the corrs-
sponding sampled currents, and/or
means for calculating transient inductance of the machine as a derivative of the flux with respect fo current, and
means for storing the calculated values as a function of current, characterized in that the arrangement is imple-
mented in a frequency converter connected fo the synchroneus refuctance machine, and the arrangement comprises
further
means for magnetizing the roter in a direction perpendicular 1o the direction of the voltage pulse before supplying
the voltage pulse in the quadrature-axis or direct-axis direction of the rotor for obtaining inductance values with cross
saturation.



