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Abstract

This study aims to show an approach for the dynamic simulation of a synchro-
nous machine. The magnetic forces in the air gap are calculated efficiently using
simplified approaches without neglecting important effects. For the modeling of
the magnetic forces, an equivalent magnetic circuit is constructed in which the
magnetic saturation and the leakage flux are taken into account and coupled with
the electrical circuit at the end. The calculated magnetic forces are then passed
to a mechanical model of the motor. Together with a predefinable load torque,
the resulting motor rotation and the forces in the bearings are identified. The
presented model is then investigated in a small example. This novel approach is
intended to provide a method of calculating dynamically the forces transmitted
from the shaft to the motor housing and to create the basis for evaluating
electric motors for vibrations, noise, and harshness under varying loads and input

voltages.
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emission-free mobility without rare earth materials) aims to design a

variable-flux magnet-assisted SynRM to combine the high maximum

While the permanent magnet-assisted synchronous machine
(PMS) can achieve high efficiencies, it is very expensive due to
the rare earth magnets used in the rotor, which also limits the
high-speed capabilities of these machines.>? Synchronous re-
luctance machines (SynRM), however, can achieve high maximum
speeds and are cheaply manufactured thanks to their simple yet
robust rotor design. Due to the lack of rotor excitation in
SynRMs, they suffer from poor power factors and low power
densities.®

The ReMoS project (“Effiziente Reluktanzmaschine fiir emis-
sionsfreie Mobilitdt ohne seltene Erden”—reluctance machine for

speeds of SynRMs and the high base speed torque of PMSs. The flux
barriers are filled with fiber-reinforced polymers to ensure the max-
imum sturdiness of the rotor and the stator is cooled with internal
slot cooling to enable high current densities.*>

AINiCo magnets are applied to the rotor. They combine high
remnant flux densities with small coercive forces, which allow for a
change of the magnetization state during operation.® Together
with the operation in the higher speed range, it is necessary to
analyze the vibrations, which the rotor passes on to the housing
via the rotor bearings. These investigations are usually carried out

with finite element analysis (FEA) focusing on the static force
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characteristics and flux distributions, which is time-consuming and
offers limited flexibility for design modifications. Other modeling
approaches like the equivalent magnetic circuit (EMC)® provide
information on static working points only and neglect effects re-
sulting from magnetic saturation, which become significant for
higher loads and speeds. The identification of parameters in sim-
plified magnet models based on surrogate parameters is usually a
challenging task and these models are often only valid in a small
frequency range.

This article discusses the possibilities to model the magnetic forces
transiently while taking into consideration the magnetic saturation and
leakage flux and transfer the calculated forces into a mechanic model to
investigate the forces that occur in the bearings and the housing. In
Section 2, the simulation framework is described with the inputs and
outputs for each subsystem. In Section 2.1 the modeling of the magne-
tomotive forces is depicted in detail. The used detailed EMC surrogate
model, including magnetic reluctance, leakage flux, magnetic saturation,
and fringing is described and the challenging part of transforming the
implicit differential equations (IDEs) into a differential algebraic system is
explained. Beginning with a flux-based model, taking the mentioned ef-
fects into account, the EMC is coupled with the electric circuit which
results in a semi-implicit differential equation. The calculated magneto-
motive forces are then transferred to the mechanical model, which is
described in Section 2.2. Using Neweul-M2” the system containing the
rotor and the shaft is formulated as a rigid multibody system,*° with force
application points as input and with the mechanical states as output.
Afterward, in Section 3, a small example simulation is presented with a
user-defined load torque and input voltage. In Section 4, a short con-
clusion is drawn with respect to the current capabilities of the model and

an outlook on how the presented system can be used and improved.

2 | MODELING

The motor considered in this study is a three-phase synchronous
motor with eight poles, so the stator consists of 48 teeth. The
number of slots per pole and phase is g = 2. In synchronous ma-
chines, the spatially distributed windings in the stator are fed by
sinusoidally alternating voltages with a phase shift of 2/3 m re-
lative to each other. These input voltages cause currents in the
winding thus creating a rotating magnetic field. The rotor speed is
synchronous to the magnetic field in the stator granting the
machine its name. As depicted in Figure 1, the simulation model is
divided into two parts. The system input is a voltage Uinpyt, which
is used to calculate the magnetomotive forces in the air gap in the

magnetic model. The calculated magnetic forces Fpagradtan are

Uinpu = _F, :
.. ag rad,t a,a
L simplified e R e
mechanical
magnet model (——»
model " .
load torque bearing forces

FIGURE 1 Structure of the simulation model

then transferred to the mechanical model, together with user-
defined load torque. As a result, the bearing forces, the generated
motor torque, and the mechanical states a and its derivative are
calculated. This modular and generic structure allows quick ad-
justments in the implementation if the motor geometry, number
of pole pairs, or inputs are changed.

In Figure 2, the stator with the three-phase windings around
the teeth and the rotor are shown. In Ref. 11 a detailed approach of
modeling the magnets in a long stator motor is described. The
modeling approach of the synchronous motor in this study is
quite similar regarding the mathematical formulation and trans-
formation of the differential equation, so details can be found
there. In the following, it is only briefly described to convey the
underlying idea. Important for the behavior of the magnets are
the air gap s between rotor and stator, the length of the flux lines
in the iron Ig., the permeability of the iron u, with its variation by
the current I, and the movement of the flux lines along the stator
and rotor. Also, the magnetic hysteresis, the occurring coupling
capacities in high frequencies, and the change of the air gap due
to an elastic shaft or an eccentricity of the rotor have an influence
on the magnetomotive force but are neglected in this simplified
approach. The calculated forces of the electromagnetic model are
the inputs for the mechanical model. This can be used to calcu-
late, for example, the bearing forces. Note that here a transient
dynamic simulation must be done and so methods like the finite
element method (FEM) are not feasible due to their enormous

computation times.

2.1 | Modeling of the magnetic circuit

The idea is to replace the magnetic currents and effects with
equivalent electrical currents and components. An extract of the
EMC is shown in Figure 2 and is described in the following.

The reluctances Reesti and Reer,i describe the flux per pole
along the stator back and the iron rotor. The reluctance Ry;
characterizes the loss across the stator teeth to the next winding
and R; the reluctance in the air gap.'’ The magnetic voltage
sources O =[Oy, 0,,..,0x4]" describe the magnetic voltages
through the air gap. With q = 2 each complete mesh in the circuit
shown in Figure 2 describes a single pole of one phase. The
magnetic currents shown can be summarized to

¢ = [b1, Po,1, D2, Bo,2, -.r D24, Bo,24]T. (1)

Using Kirchhoff's first circuit law, the magnetic fluxes per pole can be

defined as

bpole = [P1 + o1 + G2a + Bo 24, b1 + Go1 + G2 + Do 2, .. P23

+ (g 23 + boa + P24l
(2)

or rearranged in matrix form with a matrix T e R12x24
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FIGURE 2 Electric motor with three-phase windings

11 1 1] ¥
1111 b0,

b pole = - =To. (3)
1111 boa
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Note that the entries in the upper right corner of the matrix are
connecting the last loop between the last and first stator teeth. The
reluctance in the iron components depends on the cross-sectional

area and the relative magnetic permeability p,. This can be calcu-

lated as™?
B B
Ur(d)stator,rotor,x‘) - HOH(B) = Ho(OqB + ClzBa3)
- 1 (4)
Aaz-1Y)’
Lo (al + CQ(d’statz;;otor,l) ]

here Ag. is the cross-sectional area of the iron component, B is the
magnetic flux density, H is the magnetic field strength, and oy, ap, and a3
are positive constants. The BH curve gives a correlation between the
magnetic field H and the flux density B. This curve is material-specific and,
therefore, known for the iron used. In the applied model, the parameters
a4, &y, and a3 are optimized so that the function for p, (¢) matches the
material properties. While the hysteresis is neglected in this case due to a
lack of data, the model is nonetheless able to consider magnetic
hysteresis.

Applying Kirchhoff's second circuit law and Ohm's law for the

stator and rotor yields

Q) + ©j:1=RLj(5)PF;j + Rre rj(Pr)) PR
+RLj+1(5 + 1)dEje1 + Reestj(Pstj) st j

(5)

and

O; + Oj41 = Ry jdsj + Ree stj(st ) Pst j- (6)

Using the earlier imposed definitions, Equations (5) and (6) can be

given in matrix form

Amag(sy bl = e (7)

with the matrix Amsgl(s, ¢) € R*%*48 containing the magnetic

reluctances

Amag (s, ) =
Amag11  Rrest1 Riz2 0 0 - Ru1
Reest1 Ro1+ Rpest1 O 0 o - 0
Ri2 0 Amag,3,3 REe st 2 Rz =+ 0|
0

0 0 Rrest,2 Ro2* Rrest2 O

where Amag11 =Rt + Ri2 + Rrest1 + Rrer1 and Apagss = Rz +
Ri3 + Reest2 + Rrer2, and so forth. Applying Ampere's law © = nl,
where n is the number of windings per slot and | is the input current,

the matrix for the system under consideration is of form

<+ O3> OO0
3 OO S O
O 0O0O>S OO0

—
pe—
&S
N

O
Kl

00n

——
=:NeR24x3

In the analyzed standard motor, the number of windings per slot is
n = 20. Combining Equations (7) and (%) leads to

h
Amag(sv d’)d’ =T'|N I |. (10)
I3

The equations set up to this point are surrogate modeling of the
electromagnetic effects. In the following, the equations for the
electrical input voltage of the motor are set up and then coupled with
the equation from the EMC modeling. Taking into account the

equivalent Ohmic resistances of the stator Ry e R3*!, Kirchhoff's
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second circuit law for the electric circuit, and Faraday's law of induc-
tion, the currents in Equation (10) can be replaced, which then

leads to

U] |nf
Amag(sv bl = T NR;I1 Ua| - ng d’pole , (11)
Uz n;

with [n1, N2, N3]T representing the three columns of N. After re-

ordering, this results in an IDE in semi-implicit form

n{ U
TTINRZH |n] [T |d = TINRG! Uz | = Amag (s, D). (12)
nd Us

Handling IDEs is not an easy task. Therefore, using a transformation
presented in Schmid et al.** this IDE is transformed into a differential

algebraic equation (DAE)

N1 Us m

. _ p-1 ~=1

Na2| =R |Uz]| - ReIAmag (s, d’){nZ],

UE Us s (13)

-1 m
0=¢- A_mlag (S, ¢)TTNAmag (sv d))l’l {nZ]
N3

The vector 1 is the time derivative of the introduced auxiliary variable

n representing the sum of the pole fluxes per pole pair

m= 2 ®poeiki=1{1,47,..,22}

iekKy
n2= ;§<2 G polei K2 = {2, 5,8, ..., 23}, (14)
ns = z ¢pole,i7(3 ={3,6,9,..,24}

ieKs

and the invertible matrix is given by /N\r;ig (s, 0) = N'TA L, (s, ®)T'N.
Coming back to the structure of the simulation model, the output of
the magnet model i.e. the radial magnetomotive force is approxi-

mated by

_ HrFe — 1 2
Fmagrad,i = m(bFe,x,i’ (15)

where the index variable x describes the different paths of the flux
lines.

Using this approach, only the radial magnetomotive forces acting on
the rotor are calculated. However, the tangential forces are responsible
for the rotation. In a synchronous motor, there is a relationship between
the tangential and radial forces. To investigate this relationship, a
magnetic FEM simulation of the motor under investigation is made with
the aim of applying this relationship to the calculated radial forces. To

calculate the magnetic forces in the air gap using FEA, the flux densities

FIGURE 3 Simulated section in the finite element analysis

in the air gap are the starting point. They are calculated in the middle of
the air gap. Owing to the symmetry of the motor, it is sufficient to
model one pole, which is equal to a section of 360°/(2p) of the machine,
with the number of pole pairs p. This reduced cross-section is shown in
Figure 3.

To take further advantage of the symmetry, it is only necessary
to simulate the electric period T, over one pole pair, which is equal to
Te/p. Once the simulation is complete, the radial and tangential

tensile stress along the air gap can be calculated according to

Brad(X, t) - Beanlx, t Baalx, t) = B (x, t
rad (X, t) tan (X ),O'rad(x) t) = rad(x ) tan(x )

Otan(X, t) =
e Ko 2uo

(16)

with the radial B;aq and tangential Bia, parts of the flux density.’® By
multiplication with the active length I of the machine the stress

components are transformed to line loads
ftan = Otan * Ire, frad = Orad - Ire- (17)

The time-dependent forces for a certain area element followed by
multiplying the increment of the discretized air gap circumference Ax

with respective to line load component is given as

Fmag,rad/tan = frad/tan © OX. (18)

The primary effort in computing the air gap forces using this
approach is the computational time consumed by the FEA
simulation.

Figure 4 shows the result of an FEA simulation containing the
tangential and radial forces. As mentioned above, there is a re-
lationship between these forces. On the right side of Figure 4, the
tangential force is linearly scaled to fit the peaks of the radial forces.
The decay behavior can be approximated by a PT1 element but is
neglected in this study. As a first approximation, the relationship is
thus assumed to be linear and the scaling factor determined in this
way is used to estimate the tangential forces from the calculated

radial forces.
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FIGURE 4 Relationship between radial and -10° 103
tangential forces from magnetic finite element F
. ; | mag,rad || Fma rad
method simulation (left) and the reasonable 2 F 21 r grad ||
scaling for the tangential forces (right) magtan mag,tan
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The calculated magnetomotive forces Fpagtan and Fragrad are
now fed forward to the mechanical model of the motor. Fmag,rﬂd-l

2.2 | Mechanical modeling of the rotor
The rotor is defined as a rigid body including the shaft. At first, all
degrees of freedom, except the rotation around the z-coordinate, are
locked. The input of the mechanical system is the tangential force
vector Frnagtan € RZ#*1, the radial force vector Fragrad € R24*, and
the load torque My,q. The frames where the forces act are equally
distributed around the rotor's outer radius, depending on the number
of stator teeth. In addition to the inputs mentioned, the outputs of
the system are the bearing forces occurring at the body's inertial
coordinate system and the kinematic states a and its derivative a.
Later, additional mechanical degrees of freedom for rotation around
the other axes will be considered for a detailed analysis of bearing
forces.

Given the geometry and mass of the rotor and shaft the mo-
ments of inertia are calculated. Using this, the equation of motion for
this simple system is defined by

Jai=f-B-u, (19)

with J as the moment of inertia about the center of mass, the ac-
celeration &, that is the second derivative of the generalized co-
ordinate, and f the generalized forces. The input vector u € R49*1
consists of the stacked load torque, and radial and tangential forces.
The vector B transforms the input forces to the defined application
frames of the forces. The mechanical rigid body model is derived and
simulated using the software Neweul-M2.? In Figure 5, the mechan-
ical model is illustrated. The discretely positioned force application
frames per stator pole are shown on the sketched cross-section
through the rotor as an example. A tangential and radial force
Fnag,rad/tan,i acts on each frame around the motor. Also, the body-fixed
coordinate system and the acting load torque can be seen.

Since the objective is to study the vibrations that the motor
transmits to the housing, the forces that occur in the rotor bearing
are calculated in the simulation.

FIGURE 5 Sketch of the mechanical model with the defined
force application points, the body-fixed coordinate system, and the
acting load moment

In further investigation, the next step is to replace the rigid
body with elastic elements, such as an elastic shaft. An elastic
shaft would in turn have an effect on the size of the air gap, which
affects the magnetic forces in the gap. Feedback to the magnetic
model would then be necessary, but the magnetic model, as de-
scribed, already uses an air gap that can vary over time, although
is assumed to be constant in this first investigation. In addition, it
must be considered how the housing is coupled to the motor
via the bearings, but this is not a major obstacle using the de-
scribed force elements. This is close to the goal of dynamically
investigating the noise vibration harshness behavior of the

engine.

3 | EXAMPLE SIMULATION

For the simulations, a CPU with 12 cores and 3.20 GHz is used.
For 10 s simulation time, the computational time is approximately
20-30 min. In this example, a constant three-phase alternating
current Uiy, is the input of the system, with a peak of 400V and a
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frequency of 1000 rad/s. Figure 6 shows on the left the absolute
values of the tangential magnet forces calculated by the simpli-
fied magnet model. The magnetomotive force at each magnet is
dependent on the material properties and the defined leakage
flux through the pole backs. In this first approach, those para-
meter values are chosen reasonably but will be investigated and
adapted in detail later. The magnetic forces always occur in pairs,
which means the first 12 are similar to the last 12. Because of the
better representability, only the first four are shown, but all 24
forces are in that range. The generated motor torque Mpotor,
without the acting load torque, can be seen on the right side of
Figure 6. This figure also shows that torque ripples occur, which is
a characteristic effect in many electric machines.

The user-defined load torque is varying over time. As shown in
Figure 7 on the left, the motor is first operated with a constant
load torque of 400 Nm, which then increases after 0.5s. After
3.5s, the load torque remains constant again until it decreases at
6. Note that the input voltage Uj,, is constant over the whole
simulation. On the right of Figure 7, the resulting angle a and its
derivative @ are depicted, which describes the rotation of the
motor around the z-axis.

The resulting forces on the bearings are calculated afterward. As
mentioned, the magnetic forces always occur in pairs on the winding
on the opposite sides. Without considering the eccentricity of the
120N in the
y-direction left, which is the weight force of the rotor and the shaft.

rotor or the shaft, there is only one force F, =

-10*

froce (N)

time 7 (s)

FIGURE 8 Bearing force in the x-direction that occurs due to the
modeled eccentricity

All other forces on the rotor cancel each other out. To show a
nonconstant force curve in the bearing, a static eccentricity is now
modeled in the rotor. Therefore, the center of gravity of the rotor is
shifted by 0.1 mm from the axis of rotation. Since the axis of rotation
remains the same, the air gap between rotor and stator also remains
constant. Figure 8 shows the resulting force in x-direction on the
bearing. As expected, the resulting force is highest when the angular
velocity of the rotor is also highest and oscillates at the speed of
rotation.
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4 | CONCLUSION AND OUTLOOK

In this paper, a method was presented to model in a simplified way the
electromagnets of a synchronous motor. Starting with an EMC model of
the magnets, it is possible to couple the calculated forces that arise in the
air gap to a mechanical model. Important effects, such as the magnetic
saturation and leakage flux, are not neglected in the process. As result,
the magnetomotive forces in the air gap of the motor are the input for a
mechanical model. The coupled model allows a very efficient transient
simulation and makes an evaluation of the acting forces possible over
long times. This type of modeling will by no means replace the detailed
magnetic finite element simulation, but for the application of vibration
analysis at load changes or changes of the input voltage during operation,
this approach could be suitable.

To improve the accuracy of the model, parameter identification is
mandatory to validate the model for the specific motor. Therefore, an
experiment with the presented motor or a detailed magnetic FEM
simulation could be used. The simulation model is modular, which
makes it possible to add mechanical or magnetic effects or change
the motor design quickly. For example, the magnetic hysteresis,
which causes a weakening of the magnetic field during the pole re-
versal processes, should be implemented during the next steps. In
addition, the influence of coupling capacities that occur in the high-
frequency range on the magnetic field'* should be investigated.

On the mechanical side, the next steps are the connection to the
housing via force elements representing the bearings and the replace-
ment of the rigid shaft by an elastic shaft. For this step, it is then ne-
cessary to implement the feedback to the magnetic model to account for
the change in the air gap. Also, other mechanical effects causing vibra-
tions, for example, eccentricity and bearing stiffness can be implemented

to investigate and improve the emerging vibrations on the motor.
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