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Abstract

Synchronous machines belong to the family of electrical machines characterised by a synchronous
magnetic rotating field in the air gap of the machine, the speed of which depends on the frequency
of the currents in the armature winding. The paper presents procedures and methods for the numeri-
cal determination and experimental verification of the parameters for a nonlinear two-axis model
of a synchronous motor with permanent magnets in the rotor (IPMSM) and a concentrated stator
winding. To calculate the distribution of electro-magnetic fields in the motor accurately, models with
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distributed parameters are used in motor design, for which the Finite Element Method (FEM) is
usually employed. The improvement by using the model with concentrated parameters
considerably simplifies the physical model, by describing it with a system of (non)linear
differential equations, the so-called partial differential equations, which is presented in this
paper.

Povzetek

Sinhronski stroji spadajo v druzino elektricnih strojev, za katere je znacilno sinhrono magnetno
vrtljivo polje v zracni rezi stroja, katerega hitrost je odvisna od frekvence tokov navitja armature.
V prispevku so predstavljeni postopki in metode za numeri¢no doloc¢anje in eksperimentalno
preverjanje parametrov za nelinearni dvoosni model sinhronskega motorja s trajnimi magneti v
rotorju (IPMSM) in koncentriranim statorskim navitjem. Pri nacrtovanju motorjev se za
natancnejsi izracun porazdelitve elektromagnetnih polj v motorju uporabljajo modeli s
porazdeljenimi parametri, za kar se obicajno uporablja metoda konénih elementov (MKE). V
prispevku je predstavljena izboljsava, ki z uporabo modela s koncentriranimi parametri v osnovi
znatno poenostavi fizicni model, tako da ga opise s sistemom (ne)linearnih diferencialnih enacb,
tako imenovanih delnih diferencialnih enacbh.

1 INTRODUCTION

A synchronous motor with interior permanent magnets and concentrated winding (IPMSM) has
12 stator slots and 10 magnetic poles inside the rotor. The motor has an uneven air gap. The
mathematical modelling starts with setting up the voltage equations for each winding in a three-
phase system [1, 2]:

uabc = Riﬂbc + iL[/al:u; + iTmabc

dt det

The contributions of a flux linkage from a permanent magnet are represented by ¥abcin a three-
phase system of motor supply. By converting a three-phase time system into a two-axis position
system, one obtains the voltage equation for a magnetically nonlinear dynamic model of a
synchronous motor with permanent magnets in a d-g system:

“al Rl e, S| 199 (1.2)
u, I, deji, | dt

(1.2)
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where M; and M, are the system matrices:

oy, Oy,
oi, 0i
M, = o o 4 (1.3)
Ve Yy
di, di,
oy, O
M| 90 {—t//q} 20 {—wmq} (1.4)
) .
al//q l//d a(//mq u/md
00 00

The partial derivatives within the matrices, as well as the flux linkage of the stator ( ¥, ¥;) and
the flux linkage of the permanent magnets ( %nq, ¥ma), represent the parameters of the model
which must be determined experimentally due to their nonlinearity. The magnetic fluxes of the
stator depend on the currents and position of the rotor, while the magnetic fluxes of the
permanent magnet depend only on the position of the rotor.

2 DETERMENING NONLINEAR PARAMETERS BY THE FINITE
ELEMENT METHOD

The magnetic nonlinear parameters required for the flux linkages and their partial derivatives can
be determined with the Finite Element Method (FEM) (or the distributed parameter model), or
experimentally. The input variables are the stator current parameters ig, i and the rotor position
6. Flux linkages are obtained by solving the Poisson’s equation via the vector of magnetic
potential [2, 3]:

0’A 0°A
Tt =
ox= Oy

—ud (2.1)

The relation between the magnetic flux and the vector of the magnetic potential according to
Stokes' theorem is:

& = A°dl° (2.2)

C

The magnetic flux @, for one winding is equal to the difference between the magnetic potential
of the left and right sides of the winding and the product of the winding length:

=4 -4l (23)

Multiplying the magnetic flux by a total number of windings gives a flux linkage ¥:

Y=N-.o& (2.4)
After the FEM calculation on the IPMSM is completed, obtained three-phase values are
transformed back into a two-axis coordinate system, by the inverse transformation matrix. The

result of numerical and experimental determination are flux linkages ¥ and ¥; as functions of
currents ig, iq and rotor position 6.
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The current and position dependent flux linkages, which represent the parameters of the dynamic
model, can be solved by a model with distributed parameters using FEM. Numerical calculation
with FEM is carried out in a real coordinate system for IPMSM, i.e. in a three-phase system. In the
calculation of FEM, the values of three-phase currents must be inserted, which, in turn, are solved
by the currents of the two-axis model with two-phase to three-phase transformation. To calculate
the three-phase input alternating currents for the numerical algorithm, transformation matrices
must be used, with which it is possible to change from a two-axis position system to a three-phase
time system, and vice versa.

{mm)

Figure 1: Discretisation of space on finite elements

The condition for the correct use of transformation matrices is that the magnetic conditions do

not change during the transformation [2,4,5].
1 =4[A)
¢

Figure 2: Graphic representation of the magnetic flux linkage
distribution %, for current io =4 A
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The results of FEM calculation are flux linkages: W, (ia, ib, ic, 0), Wb (ia, ib, ic, 8) and ¥ (ia, ib, ic, 0).
Furthermore, using a three-phase to two-axis transformation, it is necessary to convert the linked
magnetic fluxes into a two-axis model ¥y (ig, iq, 6) and ¥q (ig, i, 6) used in a magnetically
nonlinear dynamic model. The magnetic nonlinear properties to be determined can be divided
into two groups. The first group includes flux linkages that result from the excitation of
permanent magnets. These flux linkages are current independent. The second group are flux
linkages resulting from stator currents.

i =4A
d

ay fai IWbIA]

Figure 3: Graphic representation of the distribution of partial derivation O ‘Pq / Oiy forcurrentid=4A

The numerical calculations of FEM for the flux linkages were done by discretisation of the motor
through 38 616 derivations in the form of a three-dimensional graph.

3 EXPERIMENTAL DETERMINATION OF FLUX LINKAGES
CAUSED BY STATOR CURRENTS

The parameters of a dynamic model of a synchronous motor can be determined experimentally,
because the flux linkages in the d-axis ¥q (ig, i, 8) and in the g-axis ¥y (i, i, ©) depend on the
currents and the rotor position, while the flux linkages of permanent magnets ¥mqq (6) depend
only on the rotor position. The flux linkages (¥4 and ¥4 ) in d and g-axes are determined by an
experiment with a locked rotor, whereby the position of the rotor must be known [ 5,6].
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Figure 4: Measuring system for determining current and position dependent flux linkages

The procedure is carried out by applying a rectangular variable voltage in one axis and a constant
current in the other axis. The measuring system for determining current and position-dependent

JET 15



Zeljko Hederi¢, Venco Corluka, Toni Varga JET Vol. 14 (2021)
Issue 4

flux linkages flows is shown in Figure 4. The elements of the measuring system are: The tested
IPMSM motor, a three-phase converter, a module with a signal processor with input and output
units, a module for pulse-width modulation, a rotor position meter (MP), two measuring
converters for current measurement. Current control is performed via Pl regulators. [7,8]

The voltage converter applies the constant current iq in the g-axis, and the variable rectangular
voltage uq of a certain period in the d-axis. The duration of this period is determined as the time
during which the current assumes a constant value in the greater part of the half-period.

In further examples, flux linkages are determined with given current values. As the rotor is locked,
all members in the voltage equation with change in the angle dO are dropped, so the equation
takes the form [9]:

u, = iR, + d(;/;d (3.1

For the calculation of the flux linkage 14 numerical integration must be applied:

W, (t)=.(i;(ud(z')—Rid (z))dz (3.2)

According to this expression, flux linkages % and ¥ are calculated for iq=7 A, i4=0, at time period
T = 0.4 s with numerical integration to be compared with the experimentally obtained values.
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Figure 5: Comparison of the measured ¥,m and numerically calculated %em as a function of current ig

A comparison of the measured results with the values obtained by the FEM calculation can be
seen in Fig. 5, and only small deviations are observed. The deviations can be explained with the
error of the numerical calculation, as well as the non-uniform voltages and currents applied to
the stator winding from the frequency converter. Given the curve dependencies of flux linkages
are about current values (in this case the values are currents from -8 A to 8 A, with a step of 0.5A)
they can provide the uniform (i) characteristic at characteristic current values. From the uniform
characteristics thus obtained, two two-dimensional matrices can be formed: Current and
position-dependent magnetic fluxes ¥y (iq, ig, 8) and ¥y (iq, iq, 6)-
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4 EXPERIMENTAL DETERMINATION OF THE PERMANENT
MAGNET FLUX LINKAGES

The measurement of the induced voltage on the stator windings is carried out at a constant rotor
speed. The measuring system for determining the flux linkage of permanent magnets, shown in
Figure 6, consists of a DM drive machine controlled by a measuring transducer. The DM drive
machine is connected mechanically to the tested IPMSM motor by an axle on which the MP rotor
position transducer is also installed. The induced voltages in all three phases of the tested motor
are measured by a voltage converter VC and stored in a PC via the A/D card as a rotor position
data. In this case, the stator currents in d-axis and g-axis are equal to zero, and only the flux
linkages of the permanent magnets in d-axis and g-axis and the angular velocity remain [5].

CONVERTER

A

Figure 6: Measurement system for determining the flux linkages of permanent magnets

For the open terminals on the stator, the voltage equations have the form:

€ =Yg (;—9+ —a(;//é“d (;—9 (4.1)
t t
do Oy, do
“TVerg o0 ar 42
After sorting, a second-order partial differential equations for ¥neand ¥nq are obtained:
0’ o (e e
Wind +—%§d =— | =4 |+ (4.3)
00 00\w) o
0’ o (e
00 00\ o w

The numerical solution of these equations for the measured values of induced voltages and the
given frequency, gives the values of the flux linkages of the permanent magnets, depending on
the position of the rotor. An example of the calculation of the flux linkage of permanent magnets
is carried out in such a way that the rotor rotates at a constant rated speed, and the three-phase
induced voltages e, ey, and e. are recorded on open stator terminals which are transformed into
a two-axis d-q system eq and eq. [10-12]
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Figure 7: Flux linkages in the d-q axis obtained by the measurement
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Figure 8: Flux linkages in d-q axis obtained by the FEM calculation

Solution of the system of equations (Eq. 4.1 - Eq. 4.4) for the flux linkages of the permanent

magnet g and ¥hnq is shown in Fig. 7, while solution using the FEM calculation is shown in
Fig. 8.

3 CONCLUSION

The problem of creating a magnetic nonlinear model and incorporating the results of the FEM
calculations (distributed parameters) was solved by analysing all the subsystems (electrical and
mechanical) that are connected nonlinearly.

The paper explains an algorithm for the correct definition of the model using partial differential
equations, i.e. the calculation of the partial derivatives of the flux linkages. The magnetically
nonlinear dynamic model of IPMSM is useless as long as the magnetically nonlinear properties
and their partial derivatives are undetermined.

These magnetically nonlinear characteristics represent the variable parameters of the derived
model and are determined by the Finite Element Method (FEM). To verify the model, i.e. the
numerical calculations of the FEM, a measuring system was prepared and experimental testing
was performed on the sample IPMSM.
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