1 METHOD AND ARRANGEMENT FOR DETERMINING INDUCTANCES OF SYNCHRONOUS
RELUCTANCE MACHINE FIELD OF THE INVENTION The present invention relates to
reluctance machines and more par-5 ticularly to determining the inductance properties of reluctance
machines. BACKGROUND OF THE INVENTION 1 Attempts are often made to control electric
motor drives as efficiently 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 10 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 parts of the machine makes the search for an ideal operation point a
demanding proce MeDHO DD ARRAGEMENT FOR-DETERMINISSG ONDIEOTRDER QFSNOE constant, but
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of torque a difficult task, because in alternating current machines the induct-
ances have an influence on the magnitude of torque.

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

20 as a function of current or flux. The inductance behaviour is also important for
the operation of control of synchronous reluctance 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
model of the machine. In connection with synchronous reluctance machines,

26  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 to 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

30 the methods in which the rotor is rotated, the time for carrying out the identifi-
cation is long. In some inductance identification procedures the synchronous
reluctance motor has to be ioaded. The application of load torque to the ma-
chine to be identified can be cumbersome, especially if the machine is already
at the facilities of the end user.



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 tran- 10 sient inductances of the synchronous reluctance machine can be determined
using a series of pulse tests. Synchronous and ansient 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 15 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. This is a well-known
relation: Flux = currenrinductance. Transient inductance is the derivative of the flux as a function of
current at a given BRERtIDE ORI THONDOFE THIIMNENE®Med by a tangent line drawn at a selected
point of the g‘;g@tlraﬂg’!‘nat”tplﬂ%%%?8?tﬂ@ﬁﬁ%@@ﬁttﬁﬂ@e%%ﬁhé\(@kllﬁdﬁéét%GH&ﬁBB'Qﬁ&‘%ﬂ?@h?OUthOd
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obtained with the #HSYECEN HEEHMALIPNEATARERMATEMBIF LRI ATE TFRARY ¥R ctance
machine. The imetbiatedfiththinirelep2bdent deissndtredemae dnebastiaventobitbeniamitien|aran
embodiment, the rgiqyids&dightheraéassiéon aligmigg the rotor. In case the direction of the rotor is

known, the method can be cgriigd ariwithoutanydeiatiBRaLENASIEN ORIk 91ess Sipcg/ihe rotor of
the machine is not rotated, the method is fast. Dug to the ngturﬁ%gjﬁﬁeléﬁaa?zl%e%m%hmes stator

currents have a 3CRBNAUR FEMEAMTLRREWIFHE SRIEMINS Y _ 2 RURSY provides
accurate informatiSYeRetheosaerietole J8R AVRRITN®NBath 8 MItiiPaRvS A UHBRISSNBNLLRR adapted
to use in a mator needeliefubmmcesrtdrtbe fsgochonoy o rrladEncentiatinioetitamize kieteransecbntrol of
the synchronous magnesisrasipifsanestgliable. 35In the method of this invention, the saturation

behavior of induct- ances of & SYRGLFANICU INGIaRRE MAGIIAES RASHIGTLING FigRle pulse 3

tests. In known methods pulse tests are used to measure only the transient vior of the
inductances of an ﬂ@%ﬁ%ﬂ”ﬁﬁ@?%é’g@ﬁ Bﬁ%ﬂd‘r‘?%}{ﬁ?%mwengrﬁ“’fﬁ%ﬁéoﬁﬁfiowing, the

invention will be descriferriivneimeagetan bByremiedvachf prets iadustapedihEmsrg fEfBRnce to the
attached drawingsiine taicis drawnfrgurent shigindasbejpitfied stintbfrthetanetdreota syoottronous

reluctance maching, SiQuigne BN HRGARVGE ShiBridetaniessia Inaidastiesier®ihritRtarcur-
rent*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
iine drawn at a selected point of the curve. Transient inductance describes the
20 behaviour of the current in the neighbourhood of a certain operating point.

The method of the invention does not require any additional equip-
ment since it can be carried out using an inverter controlling the machine. The
inductance vaiues obtained with the method can be directly ioaded to the in-
verter controlling the measured reluctance machine. The method of the inven-

25  tion 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

30 considerable influence on the saturation of the inductances. The method pro-
vides accurate information on the saturation behaviour. Once the accurate
saturation behaviour is adapted to use in a motor model of the inverter or fre-
quency converter controfling the machine, the control of the synchronous ma-
chine is accurate and reliable.

35 in the method of this invention, the saturation behavior of induct-
ances of a synchronous reluctance machine is measured using simple puise



loFigure 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 inductance in the d-axis direction, 15Figure 6 shows an example of rotor position in
measuring induc- tance in the g-axis direction, and 3 Figure 7 illustrates determination of
synchronous and transient inductances. DETAILED DESCRIPTION OF THE INVENTION 20In 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- 25 axis andepiadiatirevaxioetopdaapides instviamriyerficie MeasHy b teEree8 direct-axis
inductance is marlketfsdrdfand mdadaives-ekenindugistace as Lg. The direction of the d-axis in a
reluctance motor is selected to be the direction of the highest inductance. Figure 1 schematically

shows orclje possiblerpemtcRiereh N ERTIRRGEERARGN @S WIth the directions of the d- and g-axes.
30In an ideal situation, the torque - chj
T e T B B T R s B TSR e
windings 5 means of preferred embodiments with reference to the attached drawings, in
which
Figure 1 shows a simpilified structure of a rotor of a synchronous re-
luctance machine,
Figure 2 shows measured inductances in the d-direction of the rotor,
10 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,
15 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 transient in-
ductances.

DETAILED DESCRIPTION OF THE INVENTION

20 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-

25 axis and quadrature-axis inductances are clearly different in magnitude. Here
the direct-axis inductance is marked as Ld and quadrature-axis inductance as
Lq. 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 reiuctance machine with the directions of the d- and g-axes.

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

T = ey + (L + L Vil (1)



and id, iq and Ld, Lq 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
torque is simplified to the form The above equation (2) may seem simple, but actually the
inductances in the d- and g-direction are dependent org currents in both the direct 10 and the
guadrature directions, which makes the optimization of currents difficult. 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 iq and id are equal in magnitude, the current angle is 45. In practice, the current angle
is greater than 45. When the current vector increases, the d-direction of 15 the rotor saturates more

than the g-directio§18 theoirld GE%%QTHFH%‘T’Q:QHRE&WHFH%’P@ PARnSISE RALSPRS. When the
torque grows, the gHF@Ntiqaake ag tpdre maderéaigeidhpragiee ieecampatshis dficianasisasdturate at a
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saturates the iron t HEEEAX %i?%(?ﬁo%"a‘n% ?q)-( e oS e 53')'(? I I lon, 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 viﬁ@{/éJé‘@,iJ)hiiqr{veap)s}ixhat the d- and g- 25 directions cannétbe
considered separately as in most equivalent circuit representations. The effect of quadrature-axis
current on the direct-axis inductance and direct-axis current on the quadrature-axis inductance is here
referred to as cross saturatidMeTRROYSIGRASIODIA) ST HBRBLSIFINRtAYE@FRNiBe dNfiyStrated in 30
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and id are equal in magnitude, the current angie is 45°. in practice, the current
angie is greater than 45°. When the current vector increases, the d-direction of

15  the rotor saturates more than the g-direction and the inductance difference Ld-
Lg diminishes if the angle is fixed to 45°. When the torque grows, the current
angle has to be made larger hecause 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-

20 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 a-

25  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 quadrature-axis inductance is here referred to as
cross saturation.

The saturation of a synchronous reluctance machine is illustrated in

30 Figures 2 and 3. Figures 2 and 3 show direct-axis inductance Ld and quadra-
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

35 cross saturation has a noticeable influence on the d-direction. With small id



5 values, the value of Ld can decrease as much as tens of percents when iq increases from zero to 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 5 Figure 4 in a stator reference
frame with axes x and y, in which x denotes the real axs and y denotes the imaginary axis. The
inverter and the available voltage 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 10 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 directiaiuet othe sbihe afdlhgervdetessm Fguusts athtenstof peatemtedvbgohaliat its d-axis
is aligned with the lggsiioroh aateltagecmgigedbldigpkgnment is simply obtained by 15using the
voltage vector 1. After the ragay is fyinedyihe vastord isaPRlishageinioabyaliadedeguer the
d-direction and current id starts t(f)ng%/v. While 'I[_pe vxl)ﬁ[a e isl?ap Iigdathre %Lrjér(seﬁt \Ensiampled ata
substantially high Pé{%r%{ﬂ‘b?l%?{ e @Hfﬁ?\%lfé’@é’% asiCy y doné ?nt %na F('nown, 18 advisable to
also sample tHe vdiigge NREhstRIoEiRfaifaiREen Yith 3xes- 0ok ehd) WijEh X denatesvbRage pulse

is stopped. After thegalsis,ahe yroeashes dreu mergnanycavis tadesinvertey ik ke adadiariedydttr example,
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the inductance in tfee dectkis statectisfrihgitinauhmeysaohr dtithih d-eiisotiothe T o s @lignaths @stimation

of the inductance Q@AM WifBHNTBE Wi RroARaBEoMeALHSSRERY W MiRishioheinsheiange in the
g-axis direction Is gg@%'@@&ors. in Figure 5, the rotor is aligned such that its d-axis is aligned
with the direction of a voltage vector 1. This alignment is simply obtained by
15  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 applied, the current 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-
20 ciently high value, the voltage pulse is stopped. After the puise, the measured
currents and voltages are available and stored, for example, to an easily ac-
cessible table. If the stator resistance is known, the fiux can be calculated as

¥ (k)= ‘P(k—i)+i5‘1§’355»((u(k)—Ri(k))+(u(k—l)—Rz’(k—l))) (3)

25
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 calcuiated flux values are divided by the corresponding
30  sampled current values, the upper piot 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.
35 Before the measurement voltage pulse, the rotor is again aligned with a DC



35 Before the measurement voltage pulse, the rotor is again aligned with a DC 6 current such that the
d-axis of the rotor is in an angle of 90 degrees to a known 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 calculatiog of the inductance is carried out as 5above 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 to be
controlled, since 10 the idea is to keep the cross saturating current at a fixed level and apply the
voltage pulse as irctivenreviduthaé ths. d-axithef theastoeim émtofahgidmf @fi aiegeeesttealkarisrdirection,
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iq Is now at its set Miglre, ind the measurement can be started. In the measurement only voltage

vectors 2 and 3 of Figure 4 aretigethird/hesatirargsitrsrdsndalunatiorsedicdte wageda darestant in the
d-direction. Currery iz Rl B AR ERRlIBOR AN RGUERREMite JBECUaRALIDR o-axis s
kept constant by balan qp %the voltga%e vectors 2 > an ?% ﬁ ir nt ? neerl dr keedolng the
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the magnitud&®of tm,eqd&ﬁé%tﬂﬂ@ﬁpmmw%smaéemvaﬂe%a@%@méaﬁﬁ é‘?)fﬁ'ré!ﬂﬁg’aﬂi’éycfh.?xls current.
Data is gathered suuitiaghy gdsa Hseipiboipteviost sesjachor the/oieasOragesiaefdiveirshigianake direction
of the y-axis of theystabeiey Ameeticanaaretoreaseaigha fiomsinse eatridated usingdhe gathered

data (i, uy) by USIBGBNHO R FXam i lsh el i akloxin drerlduoreegponding

currents, the lower In uPc!tance curveo r%ure \b obtaifned. In the next measurement phase,
inductance in the §XfRERBIFISEENINPHIHNERFith cross saturation. The procedure is similar to that
of the above. The rotor is noMedr prigtdRHEe A iAtHTe e direntierne dagdister the 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 control.

20 Current ig is now at its set vaiue, 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 control-

25 leris needed for keeping the g-axis current constant. This controller selects the
swifching 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-

30 ages and currents in the direction of the y-axis of the stator reference frame
are measured. The fiuxes 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-

35 {ermined 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



7 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 pulse is fed in the q direction. With respect to the stator, the
pulses are similar as in the previous test. The voltages and currents are sampled in the direction of the
y-axis 5 of the stator reference frame and inductance ig calculated from the flux calculated 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 turned to a known angle, or the angle of
the rotor is determined prior to the test se- 10 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 tektrésclignedanibhshen aajae onthrstatar eiarrpmBameaciivE ighghdy Rlere
complicated. In thewafemtasprosrdiiee ehindinettiones tre debdsnaimbthaveltbgecpdiSetisrfea Turrent. It is
also possible to dgferpinftiBANUBARSEE ATAHIGHRS Ofllixuithe siiRnee 4Q tharrbene is that

during the cross saturation tests, instead of d- -axis currents, d- -axj Hﬁ g ept
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currents and voltagesvatasitrasones e dnniragase of current-based determination. In the

above-described method the\whqlasauEaNaRN DoV et beuRYNERIQBRYS FridaiABGE fweaine can be

determined. Since, the I(()btained in- 25 chctanc‘es ag pre ented as a funé:tlon o{ cH{rent %hroughout the
: to a natwn a%gﬂe or the a ﬁF of the rcfor is egrr{'nne r(i]or 0, e tea ste-
applicable current range, the indauctances of the machine can be determined and stored at any current.

The inductant®s tAHBESS: HetR fotRTiREAtRSSIKRIMB I SRR PIRERAIFRIFER_PIScFRETRAISYhductances
and transient industmhctiairthhoatatiiedtidrivingdia glidiredhiahdssth thienvalidgritenieisressedaturation.

Further, 30 the amfuHgOfs GesisattratipmiHatsns Hlaaieastt earats, caakieyseleaasteatindethere can
be more than one ﬂgﬁﬁﬁ%{@@&%ﬁ&éﬂéﬁ?%h direction with a differing saturation. Iron losses,

i.e. eddy currents and hysteresjs losses, of the synchronous reluctance motor.distort the measured
results. For instance, iron 3§I'?)£SS§BBE%I8F3?SQH£G§ES &%Hg%ﬁ??én?r&u#r?aqﬂ@?é}s?spﬁggﬁﬁowever, in

modern AC mdtordieRedciiaris his plapPrsikls tedetermingihe iAYRSARCESREIRRERTEE from a
pulse test, in whiclidkuxXTrel ubifepbianéal thermoptiteinthattdndegrtbastimsn eatwadigiogsts aka function

of measured curregiAdoyy theapYnEaseNeURdREIdaBae (e Flarssafrthrdinadnatdatdramwndrom the
origin to ?Se'eCtean’PP%%%r{a %‘%Veje&t%dt o R Er G RN AL RNGH Y GRS AL QIGLRRL The
transient mdu_ctance can be gbtaine dfrorg ¥ e rineaggriertn%’ltss%s thua lg\:{%\/edgf'iﬁuﬁﬁés a Sf%mctlon of
current at a given SPEFHRY PolfRtProduced tlux is calculated using eq g
20 and on the basis of the comparison, voltage vectors are changed like in the
case of current references. In this modification, currents and voltages are
measured like in the case of current-based determination.
In the above-described method the whole saturation behaviour of a
synchronous reluctance machine can be determined. Since the obtained in-
25 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-
ments include the synchronous inductances and transient inductances in the d-
direction and the g-direction both with and without cross saturation. Futther,
30 the amount of cross saturation used in the measurements can be selected,
and there can be more than one cross saturation test in each direction with a
differing saturation.
fron losses, i.e. eddy cumrents and hysteresis losses, of the syn-
chronous reluctance motor distort the measured results. For instance, iron
35 losses accelerate the rise of the current during the test puise. However, in
modern AC motors these losses are rather small.



As illustrated in Figure 7, synchronous inductance with a certain current is calculated by dividing the
obtained flux by current. Fluxes and currents 10 were determined in the test procedures of the
invention. The obtained synchronous inductance and current values can be stored in the memory for
later use, or a mathematical inductance model can beguilt based on measurements of the method. If
inductance and current data are stored, the control system can determine the inductances in a certain
operating point by using look-up 15 tables, for instance. If a mathematical inductance model is
constructed for Ld(id,ig) and Lq(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 obigsiette Shesis @ St sitaINgsiHieMomrHeléestnimedirhxii- 20 ues.
The most straightfesvasdopinisdtadiingthe indiepmetrditierasthy areipdotiedcassifardditan points and
_thgn tto calculate th?rﬁl%%‘Tc‘u‘t@‘og&ﬁﬁélH}{%ﬂ\Dﬁﬁ@ yﬁkeﬁﬁoﬁa%?bﬁl&@{_efsﬁc@ i@e}{gt&_w@mﬁef%@nsient
inductances can alcylated analytically by using,a mathemati odel built.fo rQanous
inductances. ZSTHE%S'SegrﬁrVﬁB g?é?)metﬁé@etgs%rsegﬁ%ﬁgo 8{?r€8ﬁ_ﬁ'seg%ll&/%lt'éllégég é%ﬁ?gﬂe‘gsmall, as

the accuracy &f thE'euramsaoR! MRSy SsAliteRRll e dfRNsgRLANGReANTE AT BE QRIRMSDidly, it is
also advantageou§rtmube sneatuiepantspesthehdetivetivsital§puke T ienboni@d sedranigabd time
before the current g¥sregeatmibealt/e, which makes the inverter or the frequency con- 30verter to
trip. The arrangement of the JQyRNUiAACOMPIRS MRIASHAIRSIRBEBMEIRIFaEY A Bg-method of
the invention. Specifically, ‘hei ﬁrl}m%gﬁs are tlorngﬁéj qgtor are a Q%rt (():fu a g{ytstﬁ@xtgag ri}s %tealr(? etn Scontrol the
rotation of the syn&?‘ﬂ Kot Feftictande Pﬁ'gc ine. SU&' S SysS emyis, or example, a frequency 35

converter, wHigh cWaiprieis g iafen e PSR LU IR iBURIRR. aHpCRbtained cidle,
processor capacitytiosrearsyimipcianteeard sirgdrdalsiiesicas be stafeictetisoremendey latewhich the
measured and calgglatgdiaramatieapisiaan irsasrbishsbe diatbazed drenesdeulaiedntelues can

be read. Typically. §hg, progeiie Pl HEXRBNA S SAIEG G INPBANETIALCORAINS/sidhe operator
of the frequency converter mﬂmte@rr]]q%ﬁ*r% cedure, and onc 5 |£neasurements are CaI’(I;ISd out, the

th
inductance values @2 SEPER It PR hROEE E R%f%@gtﬁ@ B &Yat8 595 Merence
values for the!rosigbleguriefointianseor| & mathamaticyrirdurirterdagsiRldieisortiEsiteidnce

values. Ld(id,iq) and Lq(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 vai-

20 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 siope 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.

25 The used time step in the measurement of currents and voltages
should be small, as the accuracy of the calculation improves with smailer
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-

30 verter to trip.

The arrangement of the invention comprises means which are
adapted fo 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

35 converter, which comprises measurement circuits for measuring currents and
DC-iink voltage, processor capacity for carrying out the required calculations,



It will be obvious to a person skilled in the art that, as the technology 10 advances, the inventive
concept can be implemented in various ways. The invention and its embodiments are not limited to the
examples described above but may vary within the scope of the claims. 15 CLAIMS 1. A method
of determining inductances of a synchronous reluctange machine, characterized by supplying
a voltage pulse in the quadrature-axis or direct-axis direc5tion of rotor, sampling currents generated by
the supplied voltage pulse, 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,

10calculating synchronous inductance of the machine by dividing the calculated flux values by the
corresponding sadpfedceaneblie neemay cilcuhig dheansRsYiRd RRAfaicsialrd frtenhRY e

derivative of the flstomdharesfreat twrdciréne, datal atarithg tbelcditethieduesives &e adamciippi-of current.

152. A method aCEQﬂQ'WﬁéOp?&“éHJreCGﬁfﬁ@tﬁﬂéﬁﬂBb{ ibegatwd RomprSHigiomaten aianagnetizing the
rotor in a directionperpendigiiag E%W?eﬂslﬁ%%i Ion&ﬁ%‘?ﬁ&% Wlse &%EH&FQPM%&BQW@'WQG

pulse in the quadrature-axis or direct-axi e rotor or o ta|n|n jﬁce values with

cross saturatidn. JDRPSHVIHRRINS arGRiNRS BUidiR ?W&?Q&%H?E‘&?nﬁrﬁ &t2&05n
comprises the stepyoFb@IQtQ@@uf@Lm@hﬂ%f@}%ﬁé@@%f@éﬁ’ﬁlé%fﬁ@l’f@ubﬁues for the cross
saturation tests, or, as default the procedure uses predetermined reference

values.
it will be obvious to a person skilled in the art that, as the technology
10 advances, the inventive concept can be implemented in various ways. The in-
vention and its embodiments are not limited to the exampies described above
but may vary within the scope of the claims.

15



supplying voltage in a selected direction, measuring current produced by the voltage, and 25controlling
the current to the current reference for the duration of the pulse test. 4. A method according to
claim 2, characterizedin that the magnetization comprises the steps of selecting a flux reference for the
cross magnetization, 30supplying voltage in a selecteghdirection, 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 35controlling the flux to the flux
reference for the duration of the pulse test. 5. A method according to any one of the previous
claims 1 to 4, characterizedin that the calculated synchronous inductances are fitted to a function,
which gives the values of the synchronous inductances as a 5function of current. 6. A method
according to clain%pémacterized in that the transient inductance is calculated as a derivative of the
function, which gives the valies afiétieosy bt lueeauming untintascas afuncyosleboonemneluc- 7.A
method accordingo, any,906Rf B¢ B'EYIeYS ¢p¥Rs4lEp 6, to characterized in that the method
comprises a step of turning the rotor of the machine to itiop. befo e ement
sequence. 8. A metho%‘gg%(')nr%iﬁd’ 0% gi%ug’e (:'Ha{?'a%c@;%?er @?}gtk?’gf%ﬁi éﬁ%@vﬁ%%gﬁg%is the
direction of thé x dﬁ?é’)‘(i@ﬁthe stator. 9. A method according to any one of the previous
claims 1 to 6, 15 characterizeahmplthgictientegrgcbeiins&ethepsigs optass g the rotor position
before the measurement se@ufilfting vaiues 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,

10 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.

15 2. A method according to claim 1, characterizedby the
method comprising a step of magnetizing the rotor in a direction perpendicular
to the direction of the voltage pulse before supplying the voitage puise in the
quadrature-axis or direct-axis direction of the rotor for obtaining inductance
values with cross saturation.

20 3. A method according to claim 2, characterizedin that the
magnetization comprises the steps of

selecting a current reference for cross magnetization,
supplying voltage in a selected direction,
measuring current produced by the voltage, and

25 controlling the current to the current reference for the duration of the
puise test.

4. A method according to claim 2, characterizedin that the
magnetization comprises the steps of

selecting a flux reference for the cross magnetization,

30 supplying voltage in a selected direction,

measuring current produced by the voltage,

calculating the flux caused by the voitage from the value of the sup-
plied voltage pulse, the sampied current values and the vaiue of the stator re-
sistance, and

35 controlling the flux to the flux reference for the duration of the puise



10. An arrangement of determining inductances of a synchronous reluctance machine, characterized
in that the arrangement comprises means for supplying a voltage pulse in the quadrature-axis or
direct- 20axis direction of a rotor, means for sampling currents 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 25value 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 de-30rivative of the flux with respect to current, and means for storing the calculated
values as a functioesbf current.

5. A method according to any one of the previous claims 1 {o 4,
characterizedin that the calculated synchronous inductances are fitted
to a function, which gives the values of the synchronous inductances as a

5  function of current.

6. A method according to claim 5, characterizedin that the
transient inductance is caiculated as a derivative of the function, which gives
the values of the synchronous inductances as a function of current.

7. A method according to any one of the previous claims 1 to 6,

10 characterizedin that the method comprises a step of turning the rotor
of the machine to a known position before the measurement sequence,

8. A method according to ¢claim 7, characterizedin that the
known position is the direction of the x or y axis of the stator.

9. A method according to any one of the previous claims 1 to 6,

15 characterized in that the method comprises the step of determining the
rotor position before the measurement sequence.

10. An arrangement of determining inductances of a synchronous
reluctance machine,characterized inthatthe arrangement comprises

means for supplying a voltage puise in the quadrature-axis or direct-

20  axis direction of a rotor,

means for sampling currents generated by the supplied voltage
puise,

means for calculating values of flux at the sampliing instants from
the value of the supplied voltage pulse, the sampled current values and the

25  value of the stator resistance,

means for calculating synchronous inductance of the machine by di-
viding the calculated flux values by the corresponding sampied currents,
and/or

means for calculating transient inductance of the machine as a de-

30 rivative of the flux with respect to current, and
means for storing the calculated vaiues as a function of current.



