A Novel Numerical Method for Accelerating the Computation of the
Steady-State in Induction Machines

A. Bermidez®*, D. Gémez?, M. Pineiro®, P. Salgado®

@Dpto. de Matemdtica Aplicada & Instituto de Matemdticas (IMAT) & Instituto Tecnoldgico de Matemdtica Industrial
(ITMATI), Universidade de Santiago de Compostela, ES-15782 Santiago de Compostela, Spain
bDpto. de Matemdtica Aplicada, Unwversidade de Santiago de Compostela, ES-15782 Santiago de Compostela, Spain

Abstract

This paper presents a novel and efficient methodology to reduce the time needed to reach the steady-state in
the finite element simulation of induction machines. More precisely, the work focuses on induction motors
with squirrel cage rotor, where sources in the stator coil sides are given in terms of periodic currents.
Essentially, the procedure consists in computing suitable initial conditions for the currents in the rotor
bars, thus allowing to obtain the steady-state fields of the machine by solving a transient magnetic model
in just a few revolutions. Firstly, the mathematical model that simulates the behavior of the machine
is introduced. Then, an approximation of this model is developed, from which suitable initial currents
are derived by computing the solution in the least-square sense to an overdetermined problem with only
two unknowns. Finally, the method is applied to a particular induction machine working under different
operating conditions. The results show important computational savings to reach the motor steady-state in
comparison with assuming zero initial conditions, which validate the efficiency of the procedure.

Keywords: Steady-state solution; Induction motor; Transient magnetic; Nonlinear partial differential
equations; Finite element methods; Periodic solution

1. Introduction

This work deals with the finite element approximation of the steady-state behavior of squirrel cage
induction machines by using a fast numerical procedure. For this purpose, a numerical method to compute
periodic solutions by determining suitable initial currents in the rotor bars is developed, shortening the
transient part of the solution considerably, so that the steady-state is reached in a reduced number of cycles.

Numerical simulation is an essential tool in the design and analysis of electric machines, as it avoids
building unnecessary prototypes and significantly reduces both cost and time to obtain new configurations.
In particular, the numerical simulation of electric machines by using finite element methods generally re-
quires the solution of a nonlinear system of partial differential equations derived from Maxwell’s equations,
eventually coupled with thermal, mechanical and/or electric circuit equations (see [1] and references therein).

The electromagnetic model of electric machines is often based on describing the active zone of the motor
as a 2D distributed nonlinear eddy current or transient magnetic problem. Indeed, in order to reduce
electromagnetic losses, the magnetic cores of electric machines are laminated media consisting of a large
number of stacked steel sheets, which are orthogonal to the direction of the currents traversing the stator
coil sides. Considering the high number of sheets and their small thickness (usually less than one millimeter),
solving a three-dimensional model would require to consider homogenization techniques (see [2]) or a very
fine mesh, the latter leading to extremely high computational costs. As a consequence, the usual simulation
model consists in an electromagnetic problem defined on a cross-section of the machine, while the end regions
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of the stator windings and some other elements (for instance, the squirrel cage end-rings) are modeled by
circuit elements; in this way, the distributed 2D model will be coupled with a lumped one (see, for instance,
[3]). On the other hand, the interplay between the magnetic fields in stator and rotor gives raise to a force
that causes the latter to rotate around the machine axis. Therefore, the result is a transient eddy current
or transient magnetic problem defined in a moving geometry with prescribed speed.

Frequently, the resulting mathematical model needs to be provided with initial conditions which are
neither known a priori, nor easy to obtain. Notice that, due to the fact that the rotor currents are caused
by the rotating field from the stator, “pure” stationary finite element simulations are not possible, because
the stationary rotor bar currents are unknown when the simulations start. When unappropriate values are
prescribed for these conditions (for instance, when they are simply set to zero), a very long CPU time is
needed to reach the steady-state solution. In fact, the computation of the steady currents can take several
days although the engineer is only interested in the final attained state, whose computation would need only
a few minutes of computer time if appropriate initial conditions were known. Thus, techniques allowing us
to compute the steady solution in the shortest possible time are in high demand and, in particular, those
based on determining suitable initial conditions. Notice that the steady solution is independent of these
initial conditions. They only affect the time required to achieve the steady-state.

In the literature, we can find several approaches to the problem of reducing the computational cost to
reach the steady-state in the numerical simulation of induction motors. The worst case scenario would be
what is known as brute-force method, which consists in starting with zero initial conditions and letting the
simulation advance in time until the steady-state is reached. In this case, long time simulations may be
needed, even with the performance of modern computers. In recent years, different techniques have been
developed to address the problem we are considering. For example, the so-called Time Periodic Finite
Element Methods (TPFEM) are based on writing the discretized problem in a time-interval in which its
solution is periodic, and solving all time steps simultaneously (see [4]). Even though this method avoids
the step-by-step simulation, it requires solving nonlinear systems, which involves dealing with very large
non-symmetric matrices. Therefore, parallelization techniques, which can be applied in space or time, are
almost unavoidable (see [5]). Alternatively, in the Time Periodic - Explicit Error Correction Methods (TP-
EEC), (see [6]), and the Time Differential Correction (TDC), (see [7]), convergence of the transient model is
accelerated by incorporating error correction techniques already present in more general iterative methods,
along with some properties of TPFEM. Another strategy is based on using a time-decomposition of the
solution in terms of sinusoidal basis functions and obtaining a large system of algebraic equations; this
technique is known as harmonic balance method and has also been applied in [8] to induction machines.
Recently, an approach framed in the so-called parareal or parallel-in-time integration methods has been
introduced in [9]. In that work, the authors try to speed up integration in time by splitting the time-domain
and solving several time steps in parallel, thus taking advantage of the parallel architecture of modern
computers. Finally, we highlight the methodology which consists in prescribing as initial conditions the ones
obtained as the solution to a nonlinear eddy current problem in the frequency domain. In such a case, the
harmonic approximation is based on the hypothesis that the time variation of the fields can be written in
terms of a complex exponential function. Then the nonlinear effects are taken into account by means of
an effective magnetization curve and the rotor motion by an adjustment in the electric conductivity of the
rotor bars (see [10]).

A common obstacle for TPFEM, TP-EEC and TDC methods is choosing a suitable time interval in which
the solution is assumed to be periodic. This is due to the fact that the magnetic fields in rotor and stator
oscillate at different frequencies, and the common time at which both are periodic (the so-called effective
period) is generally quite large. However, at the same time, the periodicity condition has to be defined in
a small enough time interval for the method to be useful. In TPFEM methods, there are several strategies
to deal with this restriction, most of them based on the spatio-temporal symmetries of the problem ([5]).
On the other hand, TP-EEC and TDC methods handle it by accelerating the convergence in both domains
separately, or even only in one of them ([6]). A definition of a fundamental frequency common to rotor and
stator is also needed in the harmonic balance method. In this regard, our methodology has the advantage
of making use of the periodicity condition only in the rotor bars, so that the cited limitations do not apply.
Moreover, the computational cost of our approach does not depend on the size of this period, and the number

2



of unknowns is very small in comparison with the previous methods.

As already said, the main objective of this article is to reduce the simulation time, so that the steady
regime is reached in the shortest possible time. For this purpose, we develop a methodology that seeks good
approximations of the initial currents in the rotor bars of a squirrel cage induction motor, which allows us
to avoid the otherwise long transient state in its simulation. The proposed methodology is inspired in the
techniques introduced in [11] for a 2D transient magnetic model with sources given in terms of currents
and voltage drops. In the present paper, we will extend some of the ideas proposed in that reference to a
case including motion of some parts of the domain and conductors in which neither currents nor voltage
drops are known. Moreover, initial currents are sought in these conductors, what represents an additional
difficulty.

The outline of the paper is the following. In Section 2 we state the problem to be solved, that consists
of a transient 2D nonlinear distributed model coupled with a lumped one for the electrical circuit of the
squirrel cage. Then, in Section 3, we will rewrite the problem formally as an implicit system of ODE in
terms of the current in the rotor bars of the squirrel cage. Section 4 is devoted to the approximation of the
initial condition corresponding to a periodic steady solution. For this purpose, we perform twice a time-
integration of the reduced problem, neglect some terms and approximate the currents in the rotor bars by
their respective main harmonics. Finally, in Section 5 we validate the method with some numerical results
that illustrate its performance.

2. Mathematical Modeling

In this section we present a 2D transient magnetic model that describes the electromagnetic behavior
of induction machines. As detailed in the introduction, we follow the strategy of studying a bidimensional
distributed problem defined on a cross-section of the induction motor, integrating the end-rings of the squirrel
cage by means of a lumped model built with circuit equations. In particular, we assume that the magnetic
flux lies on the plane of this section and neglect the effects of eddy currents in the z space direction except
along the rotor bars, as the ferromagnetic core is laminated in this direction. Thus, the laminated core can
be considered as a homogeneous non-conducting medium.

Eddy currents are usually modelled by the low-frequency Maxwell system of equations:

curlH = J, (1)
aa—? +curl E =0, (2)
divB =0, (3)
along with Ohm’s law in stationary conductors
J=0F, (4)
and the constitutive magnetic law
H =vB, (5)

where H is the magnetic field, B is the magnetic flux density, E is the electric field, J is the current
density (which is null in dielectrics), o > 0 is the electric conductivity in conductors and v is the magnetic
reluctivity, which will be specified later.

Let us assume that the current density J has non-null component only in the z spatial direction and
that this component does not depend on z, i.e., J = J,(z,y,t)e,. We also assume that the geometry and
the magnetic field H are invariant along the z spatial direction, and that all materials are magnetically
isotropic. In this case, under an appropriate decay of fields at infinity (see [12]), the magnetic field H, and
then the magnetic induction B, have only components on the xy—plane and both are independent of z, i.e.,

H = Hz(xvyvt)eﬂ? + Hy(xayvt)ew
B = Bx(z7y7t)e$ + By(xay»t)ey'
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Figure 1: Main parts integrating an induction motor. From Wikimedia Commons by Mtodorov 69 under license CC-BY-SA-3.0.

Since we are interested in using a finite element method for the numerical solution, we will restrict
ourselves to a bounded domain. Let us consider the 2D bounded domain 2, corresponding to the cross-
section of the initial configuration of a squirrel cage induction motor (see Figure 1). Hence, domain ) consists
of n. connected conductors (stator coil sides and rotor bars), the ferromagnetic core (in rotor and stator),
the air between rotor and stator (air-gap), and the rotor shaft which will be modeled as air. Moreover, we
have considered the outer boundary of the stator as domain boundary, but the same methodology applies
with no change to the case in which the motor is surrounded by an artificial box filled with air. In Figure 2
a quarter of domain 2 is shown (the whole domain is sketched in Figure 6). In the sequel, the following
notations will be used:

e g: domain occupied by air (white color in Figure 2).

e ,;, i =1,...,n. linear conductors representing the cross-sections of the rotor bars (i = 1,...,np;
grey color in Figure 2) and of the stator coil sides (¢ = np + 1,...,n.; blue, yellow and red colors in
Figure 2). Furthermore, 2. := U}, Q;.

e Qnc: non-conducting nonlinear magnetic cores (brown color in Figure 2).

Conductors

Magnetic

Figure 2: A quarter of domain Q at time ¢ = 0 (left) and ¢ > 0 (right). Modification of a picture provided by Robert Bosch
GmbH.



Finally, we consider a global magnetic reluctivity function v :  x [0,00) — (0, 00) defined by

Vo if (z,y) € Qo,
v(z,y;s) = Ve if (z,y) € Q,
Vmc(s) (%y) S Qmm

where vy is the reluctivity of the vacuum, v, is a constant and vy(s) is a nonlinear function of the magnetic
flux, vme(|B|). Notice that the value of v, could be different in each conductor §; but we will assume, for
the sake of simplicity, that it is the same for all of them.

The eddy current problem (1)—(5) is completed with the boundary condition B - n = 0 on 912, which
means there is no magnetic flux through the boundary.

2.1. The Transient Magnetic Model

Now, we are going to obtain the transient magnetic formulation that models the electromagnetic behavior
of the induction motor. In particular, we will see how the rotation of the motor can be included in the
formulation.

In the method proposed in this paper, we will make a simplification based on assuming that the bars
are stranded conductors, that is, conductors where the induced currents are uniformly distributed on their
respective cross-sections. In a similar way, we will also treat the stator coil sides as stranded conductors.
These assumptions amount to say that the current density field is uniformly distributed in all conducting
subdomains €2; and is given by

16
vy,
meas();)
Jz,i(t) =

& 1=n + 1 n

meaS(Qi)’ b 3oy lley
where we have denoted y;(¢t), i = 1,...,np, the currents through the cross-section of each rotor bar at time
t, and I;(t), i = ny + 1,...,n., the currents through the cross-section of each stator coil side at time t. We

notice that, in the simulation of an induction machine, the bars of the squirrel cage are usually modeled
as solid conductors, where, in opposition to stranded conductors, the induced currents are not uniformly
distributed (see, for instance, the classical model presented in [3]). Nevertheless, assuming the rotor bars as
stranded conductors is not a limitation to the applicability of the method (see Remark 11 in Section 5.2.1).

In order to solve the described two-dimensional model, it is convenient to introduce a magnetic vector
potential because it leads to solve a scalar problem instead of a vector one. Since B is divergence-free, there
exists a so-called magnetic vector potential A such that B = curl A. Under the assumptions above, we can
choose a magnetic vector potential that is independent of z and does not have either x or y components,
ie, A= A,(z,y,t)e, (see, for instance, [13]).

We notice that the currents in the rotor bars are not known but we will show how to include in the
formulation some additional equations to link currents with potential drops per unit length. However, we
advance that these potential drops are not a problem data either, and therefore we will need to couple the
PDE problem with a lumped model for the squirrel cage circuit.

For the sake of simplicity, we will assume that the electric conductivity o is constant for all conductors,
but otherwise the development below can be applied with no significant change (see [11]). Taking into
account Faraday’s law in the rotor bars (2), and the assumptions of invariance under translation in the

z-direction and axial direction of currents, we deduce that there exist ny, scalar potentials V;, i =1,...,np,
unique up to a constant, such that

0A

E—&—E— —gradV; in; xR, i=1,...,ny.

From the assumptions on J and Ohm'’s law (4), we deduce that E in the rotor bars has non-null component
only in the z spatial direction which is, furthermore, spatially constant in each €2;, i = 1,...,n,. Moreover,
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since A = A, (x,y,t)e., we have

aV;
—gradV; = ———e,
0z
in each Q;,7=1,...,n,. As a consequence, the above equation reduces to
0A . .
8; +E,=-Ci(t) inQy, i=1,...,mp, (6)

where C;(t) := (0V;/92)(t) is the potential drop per unit length along direction z in conductor €;, i =
1,...,np. Multiplying (6) by the electric conductivity, integrating on each Q;, i = 1,...,np, and taking
Ohm’s law into account we deduce
% oA, (x,y,t)dedy + y;(t) = —Ci(t)omeas(Q;), i=1,...,np. (7)
Q;

Now, in order to take into account the motion of the machine, we split the domain 2 into two parts,
Qr°t and Ot separated by a circumference I' strictly contained in the air-gap. Therefore, domains Q,,. and
Qg are split into two parts as well, one of them included in the rotor (¢ and Qf°*) and the other one in
the stator (2552 and Q5'*). Notice that each of the two parts in which the airgap is also divided has been
included in the corresponding adjacent subdomain Q°* or Q5. Thus, for the initial position of the motor,
we can write

np "o —_
Qrot _ lnt ((260‘? @] (U Sll) U Q;‘gé) 5 QSta = lnt <Q%ta U ( U gz’b) ) Qf‘lﬁ%) .
i=1 i=np+1

In the case of moving bodies, Ohm’s law (4) changes (see [14] for a short presentation). However, we
consider a reference frame moving with the rotor so that, in this particular frame, Q™! is fixed and Qst?
is moving. As a consequence, equations (7) remain valid. We notice that, in the framework of induction
machines, a usual solution is working with Lagrangian coordinates in both rotor and stator (see, for instance,
[15, 3, 16]). However, in our case, it is enough to consider a unique reference system moving with the rotor
as the conductors present in the stator are stranded conductors and their respective currents are known.
Therefore, neither Ohm’s law (4) nor Faraday’s law (2) are needed to state the problem in the domain
corresponding to the stator.

If we call r; the rotation whose angular velocity is the opposite to the one of the rotor the stator has a
different position with respect to the initial time, given by r; (25'2).

It is important to notice that both the rotor and stator geometric sets, 27°% and 52, are always the
same, but the physical parameters at each point may change along the time as they are not invariant with
respect to rotation r;.

In what follows, we will denote by [|r the jump across interface I'. Thus, in terms of A,, the transient
magnetic model reads:

n,
. i(t . ro
—div(v(z,y;|grad A,|)grad A,) = Z meyas((gl»)xm in QY (8)
. .- Il(t) : sta
—div(v(z,y;|grad A.|)grad A,) = Z m)ﬁﬂt(ﬂi) in 7y (%), (9)
i=np+1 v
[A.lr =0, (10)
[vograd A, - njr =0, (11)
% oA, (x,y,t)dedy + y;(t) = —Ci(t)o meas(Q;), i=1,...,mp, (12)
Q;

where xp is the characteristic function of subset D. Notice that the interface conditions (10)-(11) guarantee
the continuity of B-n and H x n through the interface separating rotor and stator. Moreover, on boundary
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Figure 3: Example of graph topology and associated incidence matrix.

Jf) we consider the homogeneous Dirichlet boundary condition A, = 0, which ensures B - = 0 on 9f).

As we mentioned before, the magnetic field in the squirrel cage is induced by the one in the stator.
Therefore, neither currents y;(t) nor potential drops per unit length C;(¢), ¢ = 1,...,np, are known in
advance. To be able to compute them, we have to take into account that all bars are connected to each
other through the end-rings. Since we cannot include these end-rings in the 2D model of the cross-section
of the motor, we will write a lumped model for the squirrel cage electrical circuit to be coupled with the
distributed one. The topology of this circuit is modelled as a directed graph. Let us recall that the incidence
matrix of a directed graph is the npoq X Neag (nodes by edges) matrix A = (a;;) defined by

-1 if i = m(1,7),
Q5 = 1 le:m(Q,j),
0 otherwise,

fori e {1,...,nnoa}, j € {1,...,Nedg }, where m(1,7), m(2, ) denote the first and second nodes of the j-th
edge, respectively. A simple example is shown in Figure 3 where the number of nodes is n,,q = 6 and
the number of edges neqg = 9. We notice that for a symmetric squirrel cage like the one schematized in
Figure 3, we have, nnoa = 2np and neqg = 3np,. We also notice that, in order for the lumped model to
be coherent with the distributed one, the edges corresponding to the rotor bars have to be oriented in the
positive z-direction. Moreover, in order to fix the notation, we advance that we are going to number the
edges of the graph corresponding to the rotor bars in the first place. Besides, the nodes of the graph will be
numbered in such a way that all nodes corresponding to one of the rings go first, followed by those of the
other ring.
By using the incidence matrix, the first Kirchhoff’s law can be written as follows:

—

Ay(t) =0, (13)

where ¢(t) € R™d= denotes the vector of currents along the edges of the graph. Let us introduce the vector
of nodal electric potentials at time ¢, denoted by ¥(t) € R4 and the resistance of the i-th bar per unit
length in the z spatial direction denoted by

1
= o meas(£2;)’
t=1,...,np. Then, the constitutive equations for the circuit elements can be written as (see, for instance,
7] Dy(t) + AT o(t) = 0, (14)
where D denotes the diagonal operator given by (Dy(t)), = D; (yi(t)), with
Rii/ CAL() + Rust)  i=1,....m,
Di (yi(t)) = dt Jo,

Rzyi(t) i:nb'i_]-,-",ncdgv
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R;,i=np+1,...,Neqg, being the resistance of the i-th edge of the graph, and R; = f;a4, % =1,...,ny, the
resistance of the i-th rotor bar with ¢; its length. We notice that expressions for D; (y;(t)), i = 1,...,np,
are obtained similarly to (7).

Thus, the problem to be solved is the following:

Problem 1. Given currents along the coil sides, I;(t), i = n, + 1,...,nc, and a vector of initial currents
along the bars, 7% = (49,...,45 ), find, for every t € [0,T], a field A.(x,y,t), currents along the edges of
the graph, y;(t), i =1,...,Neag, and voltages at the nodes of the graph, v;(t), i =1,...,Nnoa, Such that

b

. yl(t) . t
—d Jgrad A, grad A.) = S 2o qret, 1
lvle s grad Ad ) grad 40 = 3 BT va, (15)
—di . dA dA.) = S Il(t) : Qsta
IV(V(l'v Y3 |gra Z|) gra Z) = Z meas(Q‘) Xre() M Ty ( ) ) (16)
i=np+1 v
[A.]r =0, 17

[vograd A, - n]r =0,
A, =0 on 09,

(17)
(18)
(19)
(20)
(21)
(22)

yi(O):yz,izl,...,nb.

To the authors’ knowledge, the analysis of the field-circuit problem stated in Problem 1 has not been
done in the literature. Regarding this question, we can cite the recent work [18] where the authors analyze
a simplified coupled problem without motion, imposing the voltage drops in all conducting domains. We
must also highlight reference [15] which deals with an eddy current problem including the motion of the
machine, but restricted to the linear magnetic case and without circuit coupling.

3. A Reduced Problem

The goal of this section is to obtain an equivalent formulation to Problem 1 having the currents along
the rotor bars as the only unknowns. For this purpose, let us first introduce some notations that will allow
us to write Problem 1 in a more compact form. Let F : [0,7] x R"™ — R™ be the nonlinear mapping

defined as
f(t,w) = / oA, (z,y,t) dxdy,...,/
o Q

with A, (z,y,t) the solution to the following nonlinear magnetostatic problem:

.
oA, (z,y,t) dx dy) € R™,

ny,

Problem 2. Given a fized t € [0,T], currents along the coil sides I;(t), i = np + 1,...,nc, and @ € R™,



find a field A, (x,y,t) such that

b

—div(v(z,y; |grad A,|) grad A,) = ; ﬁzgi)x& in Q°°, (23)
—div(v(z,y;|grad A,|)grad A,) = ”Z Iii“)x in ry () (24)
PR z z ‘ X meas(Qi) 7 (£2;) t ’
i=np
[A.]r =0, (25)
[vograd A, - n]p = 0, (26)
A, =0 on0Q. (27)

This is a nonlinear magnetostatic problem for each time ¢ > 0. We refer the reader to [19] for the analysis
of nonlinear magnetostatic problems defined on fixed domains.

Notice that two blocks can be distinguished in equation (20), one corresponding to the rotor bars and
another one corresponding to the remaining edges of the squirrel cage, namely, those of the end-rings. Let us
denote the incidence matrices of their respective subgraphs by A® (nu0q X 11,) and A" (npeq X (Medg — Mb));
notice that, in terms of ny,, the dimensions of A® and A" are 2ny, x ny, and 2ny, x 2ny, respectively. Thus,
we have A = (A" | A"), and, accordingly, the vector of currents ¢ is decomposed as

=(7 )
Q‘T

Then, equation (20) can be rewritten as

T

Rb%f (t,7°(t)) + RV5°(t) + (A°)  ¥(t) =0, (28)
RUG(8) + (A7) " 6(t) =0, (29)
where R? and R" are the diagonal matrices defined by
(Rb)ij = R;bij, ihj=1,...,np,
(R")i; = Ritn,0i5, 4,5 =1,... ,ncag — n,

with 6;; the Kronecker delta, that is,
P 0 if 7 # 7,
Y11 ifi=7j.

Notice that (28) involves operator F which is defined in terms of I;(t), i = np + 1,...,n., through the
solution of Problem 2. Thus, equations (15)—(21) can be rewritten in the more compact manner,

RYSF (1,5(1)) + RY(0) + (4) T ) = 0 (30)
RYG"(8) + (A7) 6(t) = 0, (31)
AP () + AT (t) = 0. (32)

Moreover, since R" is a non-singular matrix, from (31) we get
—r r\— T =
gr(t) =—(R")7H(AT) T(),

and thus " can be eliminated from the above system. Therefore, Problem 1 can be written in the following
way:



Problem 3. Given currents along the coil sides I;(t), i = n, +1,...,n¢, and initial currents along the bars

g*0 = (yf,...,90,), find, for every t € [0,T], currents y;°(t), i = 1,...,np, along the bars and voltages
vi(t), i =1,...,nnod, at the nodes of the graph such that

7@%f@g%»+Rw%w+meaw=@ (33)

AP () = AT(RT) T (A) T d(t) = 0, (34)

7 (0) = 7", (35)

where mapping F depends on the given currents in the coils, I;(t), i = ny, + 1,...,n¢, through the solution

of Problem 2.

Remark 4. Problem 1 and Problem 3 are equivalent in the following sense: given currents along the coil
sides I;(t), i = np, +1,...,n, and initial currents along the bars 7*° = (y9,. .. ,ygb), for every t € [0,T] we
have:

i) If A.(x,y,t), §(t) € R and §(t) € R™od are solutions of Problem 1, then ij°(t) defined as yb(t) =
yi(t) fori=1,...,ny and U(t) are solutions of Problem 3.

ii) Reciprocally, for t € [0,T] let §°(t) € R™ and (t) € R™ed be solutions of Problem 3. Let us define
() == —(R")"HA)TG(®), 9¢t) == (F°lg")" and let us also consider A,(z,y,t) the solution of
Problem 2 with data i = §°(t). Then, A,(z,y,t), §(t) and ¥(t) are solutions of Problem 1.

Statement i) is a direct consequence of the construction of Problem 3. Let us see the proof of ii).
Multiplying i7" (t) == —(R") " (A") T4(t) by R" we have

RIG"(t) + (A") " 5(t) = 0. (36)

From (36), (33) and the definition of D we obtain (20).
On the other hand, by replacing the definition of ¥ in (34) we clearly obtain

AV () + AT (1) = 0.

Consequently, (t) = (5°|y") " satisfies (21). Finally, equations (15)-(19) are an immediate consequence of
the definition of A,(x,y,t) and the initial condition (22) is derived from (35).

Next, we show that #(t) can be eliminated from system (33)-(34) although matrix A™(R")~! (A")"
in (34) is not invertible.

Lemma 5. If the currents along the bars, y°(t), i = 1,...,ny,, are such that

—

a- (L) =o, (37)

with €= (1,...,1)T € R™, then there exist an invertible matriz B and a scalar function \(t) such that

(&

mo—BlAW%@+Mw<q>.

Proof. Let us start by analyzing the nullspace of matrix (.AT)T. Firstly, since the graph corresponding to
the whole squirrel cage is connected, we have

N ((A)T) =< ( g) >, (38)



where the notation < iy, s, ..., 4, > stands for the span of {u;,ds, ..., u,}. Similarly, since the subgraph
obtained by removing the bars has two connected components (the two end-rings), each of them having ny
nodes, the rank of matrix A" is 2n, —2 (see Theorem 7.2 in [20]). Therefore, we conclude that the dimension
of the nullspace of (.AT)T is two. If we number the nodes of one of the rings first and then the nodes of the

other ring, this nullspace is given by

N((A’”)T)=<(g),< g) >
Moreover, it is easy to prove that
N (AT'(R")‘l (A”)T) =N ((AT)T) .
Indeed, it is obvious that N((A") ") C N(A"(R")~1(A")T). Conversely, if 7 € N(A"(R")~1(A")T), we have,
0=A"(R)TU) 7. 2= (R 2.4 7
and, since the linear transformation associated to (R")~! is bijective, we conclude that Z also belongs to

N((A)T).

Thus, from well-known results in linear algebra, the linear mapping

AT (RT)ZHAT) T R*™ /N ((A7)T) = Im (A" (R") 71 (A7) T)

is an isomorphism, where AT(Rj)—:l/(AT)T is well-defined by

Ar(R™) YA T (0 + N ((A") 1)) = A" (R")"H(A") @, Vi € R*™.

Therefore, if A4 () € Im (A"(R")"}(A") ), there exists a unique ¥/() in the quotient space R*™» /N ((A")T)
solution of (34). Firstly, let us characterize Im (A"(R")~*(A")"). We have,

(=Tl
N—
VR

o Oy
SN——

\Y
'_

Im (Ar(Rr)fl(Ar)T) =N (Ar(Rr)fl(Ar)T)J- - N ((AT)T)J- =< <
Now, let us notice that the assumption (37) is equivalent to the following conditions

gh L (A ( ) , (39)

!

o

—

—~

o~

o

S—
4{
7N\

o O Ol Oy

~
—

iy

(e
=

Indeed, taking into account (38) we have

6:(A)T<

o ®
~__
|
/N
N
o
= o
S— N

-4 A
~—
7N

® O
~

Il
™
=
S~—

4

®p ©p ®p Oy

and then ) )
i- ()" (2) =) (§) e (

Consequently, if (40) holds (39) also holds.

o Oy
N———
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Therefore, the assumption (37) guarantees that A*G°(t) belongs to Im(A"(R")"1(A")T) and we can
solve equation (34) to get

—_~—

(t) = (Ar(RT)H(AT) T A1) € RN ((A)T).

We know that #(t) € 9(¢) so there are two free parameters that have to be determined to compute ¥(t), as
two is the dimension of the nullspace N((A")"). Let w@(t) be any element in 9(¢). Then

0 = a0 +o0) (5 ) +r0( D).

for any choice of ¢(t) and A(t). Since the potential is defined up to a constant, we can arbitrarily choose
either ¢(t) or A(t). For instance, if we take ¢(t) = 0, A(¢) is an unknown of the problem that is determined

by condition
AW%»<2>:

Now, we are going to build a particular solution w(¢). To attain this goal, let us denote by & the matrix
of order 2ny, x (2n, — 2) whose columns span N((A")T)*. Since N((A")T)+ = Im(A"), matrix £ can be
obtained from matrix A" by eliminating two columns, each corresponding to an edge of each end-ring.

It is easy to see that £TA"(R™)™L (A")" & is an invertible matrix of order 2n;, —2. By using this matrix,
we define the vector w(t) as

W(t) = EETA(RY) (AN &) LET A (1),
Next, we are going to proof that w(t) € 0(t). We have
ETA (R~ (AN T ()

=ETA R VAT EETAT (R (AN &)T1ET A7 (1) = ET A1) (41)

and, since €7 is one-to-one on Im(A”(R")~1 (A™) "), (41) implies
AT(RT)THAT) () = AP ().
Finally, we conclude the lemma for
T gr ry—1 ™ T —1leT -1
B::(E(S AT RDL AT &)t ) .
O

Remark 6. Since w(t) is any element in ©(t), instead of building matriz B=1, @ could also be obtained by
blocking two particular degrees of freedom, each corresponding to one node of each ring of the squirrel cage,
when solving the otherwise singular linear system

AT(RT)H(AT) T () = AG(8).

Thanks to the above lemma, the problem to be solved can be written in terms of #°(t) and A(t) as
follows:

12



Problem 7. Given currents along the coil sides I;(t), i = n, +1,...,n¢, and initial currents along the bars
g*0 = (19,...,45,), find, for every t € [0,T], currents y;(t), i = 1,...,np, along the bars and \(t) € R
such that

RPCF (L7(0) + (R + (A7) B (A7) 7°(1)

dt B
A (AY) ( 0 ) ~0, (42)
A (t) - 2) =0, (43)
gh0) =g, (44)
where mapping F depends on the given currents in the coils, I;(t), i = ny, + 1,...,n¢, through the solution

of Problem 2

4. An Approximate Method to Compute Appropriate Initial Currents in Rotor Bars

In this section, we propose a method to compute an approximation of the initial condition of Problem 7
corresponding to a periodic steady solution, under the assumption that currents along the stator coil sides
are periodic functions of the same frequency f.. In order to compute this solution, we could take any initial
condition vector 70 = (y9, ... ,ygb), (null, for instance), and integrate the differential-algebraic system of
equations given above until convergence. However, this procedure can be very costly from the computational
point of view if the initial currents are far from the ones corresponding to the periodic solution we are looking
for. The aim is to determine these initial currents in such a way that the periodic steady solution can be
obtained by integrating the problem along a time-interval as small as possible.

Firstly, we will introduce some notation. Let us assume that the rotor is moving at a constant angular
velocity m, (in rpm). Also, let ns be the so-called synchronous speed (that is, the rotation rate of the
magnetic field in the stator), which is given by ns = (60f.)/p (in rpm), p being the number of pole-pairs
of the machine. Furthermore, let s be the slip, that is, the difference between synchronous and operating
speed, relative to the synchronous speed, s = (ns — n,.)/ns. Then, one can prove that the period of the
current in the bars, Ty, is such that T, = T../s, where T, denotes the electrical period of the stator coils (see,
for instance, [21]).

If we successively integrate (42) first in [0,¢] and then in [0,73] and we change the order of integration
in the last two terms, we obtain

R /TbJ?‘(t 7°(t)) dt — T, F (0,7%°
; ,g°(1)) bF (0,577)

Ty
(R4 ()BT ) [ - gt
0

Ty
+ (/0 (T — OA@D) dt) (AT <

Now, we first conjecture that the leftmost term in (45), namely,

o Oy
N———
I
=2

(45)

Tb 5
Rb/ F(t,5°@)) at
0

can be neglected because, in real situations, it seems to be much smaller than the other terms. This can be
seen for the particular example shown in Figure 4. From a physical point of view, this assumption means
that the flux linkages of the rotor bars have approximately zero mean over one period of the fundamental
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Figure 4: Relative value of the different terms in equation (45) versus the bar number.

frequency of currents in the rotor bars. Let us notice, however, that the term involving the resistances,
namely,

b b\T 2—1 4b o b
(R + (A" 'B~A") i (T, — t)5°(t) dt

cannot be neglected (see again Figure 4).

On the other hand, we would also like to avoid the calculation of #°(¢) because it is very expensive.
Indeed, notice that at each iteration of any iterative algorithm solving (43)—(45), the computation of i°(¢)
starting from %° would involve the solution to the full model along the interval [0,73]. In order to avoid
such a drawback, we notice that the currents along the rotor bars can be approximated by a harmonic
function of frequency fy, := 1/T} (see Figure 5). This is a key point in the proposed technique because it
allows us to approximate the original problem by means of a time-independent one. Moreover, for symmetry
reasons, we will assume the amplitudes of the approximations of the currents in the rotor bars to be the
same in all of them, which will be denoted by Y. Then, the idea is to approximate the vector of rotor bar
currents, i°(t), as follows:

—

o= | (L)) ¥ cos(2rft + 50 (46)

where f3; is the phase-shift between the current source in the coil sides and the current of the i-th bar.
Accordingly, the initial currents are given by,

y'=Y {(A”)T < g ﬂ cos ;. (47)

(3

On the other hand, from periodicity arguments one can show that the phase angles are

/822514_(7’_1)’}/7 ’izl,...7ﬂb, (48)

with v = (27p)/ny, and then only two unknowns remain: Y and /3. In order to compute them we will
construct a system of ny, nonlinear equations that will be solved in the least-square sense.
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Figure 5: Comparison between yll’(t) and the approximation given in (46).

Let us introduce the column vectors # and w, whose respective i-th components are

Ui = [(Ab)T ( g)]icosﬂi and  w; = [(Ab)T ( g)Lsmﬁi,

i=1,...,n,. Then, 7% = Y. We also observe that

ow 4 @ ou
— and W=-——.
b o

Lemma 8. If p # kN, k € N, the approzimate currents introduced in (46) satisfy constraint (43) for any
values of Y and (1.

(49)

'L_l::

Proof. Taking into account that

o (£)) -

fori=1,...,ny, depending on the orientation of the i-th edge, we have
(—)a np 6 2
—b . b\ T ~ b\ T )
7o (L) > (2 )} Y cos(2mfyt + 5,

Nnp ny
=Y Z cos(2mfyt + B;) = YRe (Z ei(27rfbt+ﬁ1+(i1)~y)>
i=1

=1
=YRe (ei(Qﬂfbt—i-ﬁl) ety — 1)

et —1
127
— YRe ei(QﬂfbH-Bl)e_L
e —1
=0, (50)

as long as + is not an integer multiple of 27 (which would mean that p is a multiple of ny,), because e 2™ = 1
for all integer p. O
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Now, let us compute the integral fOTb (T, — t)y?(t) dt by using the approximation introduced in (46). We

have
Ty = Ty
/ (T — t)yl(t) dt ~ [(Ab)T ( 0 )] / (Ty, — )Y cos (”t +5i> dt
0 € iJ0 b
- [(A")T ( ) )Lijisinm
and hence,

(51)

Finally, using the notation
Ty
w= / (T, — s)A(s) ds,
0

the problem to be solved reduces to the following:

Problem 9. Given periodic currents along the coil sides I;(t), i =np + 1,...,n¢, findY € R, 51 € [0,27)
and p € R such that,
- T2 0 -
~T,RPF (0,Y@) — ﬁy (RY + (A" "B~ A) @ + p(A”) T ( g, ) = 0.

—

We notice that 51 appears in the previous system through @ and . Similarly, F (0,Y%) is defined in
terms of I;(0), i = np + 1, ..., ne, through the solution of Problem 2.

Moreover, in the above system, it is possible to eliminate unknown g in terms of Y and §; (through @),
which is more convenient from the computational point of view. Indeed, taking into account Lemma 8, it is
easy to see that

) 0

(Rb 4 (AD)T B=1 AY) "' T,RYF(0, YD) - (

Tb2 = b\ T

o Oy

and, consequently,

=~

NG

—
7N

M:

o L o Oy

\_/\/

(RY + (AD)T B-1 .Ab)fl (ADYT ( g ) (AT <
By replacing this expression for u we get
é (RV+ (AT B! Ab)’lTbRbf(o,m) S(ADT ( g ﬂ (AT <
—TyRYF(0,Yd) — Y
where . .
a:= (Rb—i-(Ab)TB_l Ab)—l(Ab)T< g) (.Ab)T< g)
Therefore, Problem 9 can also be written as

Problem 10. Given periodic currents along the coil sides I;(t), i = n, + 1,...,n¢, find Y € R and
B1 € [0,27) such that,

T, [i(Ab)T ( g ) ® ((Rb +(AYT B! A”)J AH" ( g ))} RYF(0,Y)
— TyRYF(0, Y1) — Y;F—i(Rb + (AYTB AT =0. (53)
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This is an overdetermined system that can be solved, for instance, in the least-square sense. With this
aim, let us define the mapping

. 2

fY,81) := —Y%(Rb + (A TB AN @

oy Oy

1 0 - I
+ Ty L(Ab)T ( g ) ® ((Rb +(ANT B~ AY) TanT < ))] RVF(0,Y )

—TyRYF(0,Y@). (54)
Then,

N 2
(V. B1) = argmin{ |20+ Yinin <7 < Vinaa, 026 < 27r} :
Z,§

This minimization can be performed with different algorithms, for which, in general, the Jacobian matrix

of function f with respect to (Y, ;) should be computed. This can be done from (53) by using the chain
rule. Let us introduce the matrix

C:= [i(Ab)T ( g ) ® ((RM (AT B! Ab)’T (AYT ( g, )> I] RY,

where 7 is the identity matrix. We denote by Du;]? (0,Z) the Jacobian matrix of mapping F with respect
to W at point (0,Z). By using (49) we get

of 2 TR 1y -

87Y(Y’ B81) =T, CDgF(0,Yd)d — ﬁ (Rb + (A" B 1Ab) U,

of 2 - 17 (b T =1 b\ =

%(Yu@ﬁ)=—TbYCD13]-'(O,Yu)v—Y% (RP+ (A" "B~ A% @
1

Let us notice that the calculation of the Jacobian matrix of mapping F (0,-) involves the solution of the
magnetostatic problem (23)—(27) for time ¢ = 0. We refer the reader to [11] for further details on the
computation of this matrix in a similar case.

5. Numerical Results

In this section we present the numerical results obtained for a particular induction machine with squirrel
cage rotor, which allow us to validate the methodology proposed in this paper. Therefore, we first use the
numerical method proposed in Section 4 to estimate suitable initial currents in the bars of the induction
motor. Next, we solve a transient eddy current model using the obtained currents as initial condition and,
finally, we compare the time needed to reach the steady-state with the one needed by taking null initial
currents. In what follows, we describe some of the characteristics of the machine, which have been provided
to us by the company Robert Bosch GmbH. Then, we apply the method to different operating conditions.

5.1. Description of the Machine

A cross-section of the induction machine is sketched in Figure 6. It is composed by nj, = 36 slots in the
rotor and 48 slots in the stator.

This induction motor is a three-phase machine having 2 pole pairs with 12 slots per pole. Figure 6 also
shows the winding distribution in the stator: red, yellow and blue slots correspond to phases A, B and C,
respectively. These source currents are characterized by an electrical frequency f. and a RMS current I,
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Figure 6: Computational domain. Courtesy of Robert Bosch GmbH.

through each slot. Hence, the analytical expressions of currents corresponding to each phase of the stator
are

Ia(t) = V21, cos (2 f.t),
Ip(t) = V21, cos (2n f.t + 27/3),
Ic(t) = V21, cos (2m ft —27/3).

Finally, concerning the materials, the rings of the squirrel cage are characterized by a resistance R and
the stator coil sides are made of copper. Moreover, the laminated nonlinear material is the electrical steel
M330-35A (see [22]).

5.2. Initial Currents for Different Operating Points

We recall that if the currents along the rotor bars are approximated by harmonic functions of frequency
f», the only unknowns to be determined for computing their initial values are Y and ;. In particular, we
have interpreted (1 as the phase shift between the current through the first bar and the current corresponding
to phase A. In the example, the first bar has been chosen as the one placed in the first quadrant nearest to
the horizontal axis. We have approximated these values by

. 2
(Y, 1) = argzr?in{ |70+ Ynin <7 < Vinaw, 02 € < 27r} ,

where function f is defined by (54). In order to validate this methodology, we have considered two operating
points corresponding to different electrical sources in the stator and rotational speed n,; see Table 1. In
particular, we notice that the period of the current in the rotor bars, T, = 1/ f3, is one order of magnitude
smaller in the second operating point 2 with respect to the first one. However, as we have already mentioned,
the methodology to compute the initial currents is time-independent, and therefore its computational cost
does not depend on these sizes.

We recall that for a given operating speed n, and electrical frequency f. in the stator, T} can be easily

computed as T, = 1/s/f. where the slip s is given by s = (ns; — n,)/ns and the value of the synchronous
speed ng is computed from the number of poles p (2 in this case) using the relation n, = (60f.)/p.

18



Table 1: Characteristics of the different operating points.
fe Hz) n, (rpm) I (Arms)  fo (Hz) T (s)
Op. Point 1 171.2 5000 314 4.533 0.221
Op. Point 2 632.0 18000 531 531 0.031

For each operating point, we have found the minimum value of function || fl (Y, B1)]|% by using the Matlab
function 1sqnonlin. Table 2 shows the optimal values obtained for Y and £; and the residual at each
operating point. Moreover, in order to measure the computational effort of the 1sqnonlin function, we have
included the initial values (Y(®) and 6{0)) the number of nonlinear magnetostatic solutions (NL solutions)
and the number of the iterations needed by the 1sqnonlin function (LSQ iterations). Since the 1sqnonlin
function employs a local search minimization algorithm, to select the global minimum we have provided
some starting points in order to choose a local minimum with a minor residual. To perform this task, we
have used a multi-start strategy with an average of 25 initial points (5 values for the amplitude Y and 5
values for the phase 1) for each operating point.

Table 2: Optimal values for the different operating points and computational effort.

Op. Point 1 Op. Point 2

Y (A) 477.78 942.20
B (rad) 3.34 2.87
£, 81)])2 1.12¢—08  3.80e—10
Y(© (A) 400.00 1000.00

) (rad) 2.00 2.00
LSQ iterations 5) 4
NL solutions 6 )

Next, we will analyze the consequence of using these optimal values to define the initial currents along
the bars in the transient magnetic simulation.

5.2.1. Sensitivity Analysis of Steady-State in terms of Initial Currents

In this section, we will show that the time needed to reach the steady-state in a transient simulation
strongly depends on the choice of the initial currents in the rotor bars of the machine. To attain this goal,
we will perform a transient simulation starting with initial currents defined from the values of Y and /3
found in the previous section. Then, we will compare the results with those corresponding to null initial
currents. The initial current intensities for both operating points are shown in Table 3. Due to the machine
periodicity, we only specify the values for bars 1 to 9.

To analyze if the solution of the transient eddy current model has reached the steady-state, it is usual
to study the torque in the rotor and the currents in the bars of the squirrel cage. We notice that the torque
is one of the basic specifications of a motor. In particular, the power output is expressed as its torque
multiplied by the rotational speed of the shaft. Figures 7 and 8 show the electromagnetic torque in rotor
(left) and the current through the first bar (right) versus time for the two operating points. In these figures,
7 : Rt — R denotes the scalar function that expresses the electromagnetic torque as a function of time.
The red curve corresponds to null initial values for the current along the bars, while the blue ones have been
obtained by using the values provided by the proposed methodology.

Remark 11. We emphasize that one of the hypotheses of the procedure for computing suitable initial currents
in the rotor bars consists in assuming that these currents are uniformly distributed, i.e., that the rotor
bars are stranded conductors. This assumption has allowed us to write an electromagnetic model for the
induction machine having time derivatives only in the equation linking currents and voltage drops avoiding,
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Table 3: Initial currents (in A) defined from Y and S for the different operating points.
Op. Point 1 Op. Point 2

Bar 1 —468.41 —907.66
Bar 2 —407.95 —939.37
Bar 3 —298.29 —857.78
Bar 4 —152.65 —672.73
Bar 5 11.40 —406.53
Bar 6 174.08 —91.31
Bar 7 315.76 234.94
Bar 8 419.35 532.84
Bar 9 472.37 766.48

in particular, the need of solving a parabolic partial differential equation in the bars. However, we emphasize
that the transient simulations presented in this section have been performed by considering the bars as solid
conductors (see Figure 9), and therefore solving a classical eddy current model coupled with circuit equations,
like the one presented, for instance, in [3].

40
20
= =5-20
-40

0 — 3o null -60 — o null

1 — 1jp optimal — 1jp optimal
0.05 0.1 0.15 0.2 0 01 02 03 04
t(s) t(s)

Figure 7: Op. Point 1. Torque vs. time (left). Current in bar 1 vs. time (right).

150

100

— 7o null -150 — o null

— 1jp optimal — 1jp optimal

0.1 0.2 0.3 005 01 015 0.2
t(s) t(s)

Figure 8: Op. Point 2. Torque vs. time (left). Current in bar 1 vs. time (right).

In order to assess the potential computational saving of the method, we will introduce in the next section
a mathematical criterion to achieve the steady-state, what allows us to specify the number of time steps
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Figure 9: Current density distribution in a rotor bar.

needed to reach such state.

5.2.2. Analysis of the Computational Savings
Let us introduce Tieaqy as the time of the transient FEM simulation for which the steady-state is reached.
To define this value, let us denote T, the mechanical period of the rotor motion, that is, 7. = 60/n,..

For each revolution of the machine, D; := [T}, (i + 1)T;], ¢ = 0,1,2,..., let us consider its uniform time
discretization with time step At, which is given by:

{iT, + jAt,j=1,...,N} C D;.

Then, the mean torque can be defined as:
1
T = N;T (iT, + jAt).

Thus, Tyteady Will be defined as Tieady = (m + 1)T;, with m the first natural number for which the relative
error between the mean torque in the m-th revolution and the five subsequent ones is less than 2%. In other
words, m is the first natural number for which the following property holds:

[Tm =Tl g i1 s
|Tim|

The above criterion has been employed to compute the time to the steady-state for the different operating
points under study, with the two different initial conditions. The results have been summarized in Table 4,
both in terms of Tijeaqy and the number of revolutions needed to achieve convergence.

Figures 10 to 12 show the torque versus time for the considered operating points. In all cases, the time
needed to reach the steady-state has been indicated with vertical lines; in particular, in Figure 12, the blue
line corresponds to initial condition 77°(0) = 0 and the red one to initial condition 7°(0) = Y'@. We remark
that, in comparison with the case of null initial currents, starting with the initial currents computed with
the proposed methodology leads to a very important computational saving.

6. Conclusions

This paper proposes a numerical method to accelerate the computation of the steady-state solution for
induction motors with squirrel cage rotor when the periodic currents in the stator coil sides are given. When
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Table 4: Time to reach the steady-state for different operating points.

Number of ]
revolutions m Saving (%)

Initial condition  Tyteaqy (3)

Op. Point 1 #%(0) =0 0.0840 7 %6
7°(0) =Yu 0.0120 1

Op. Point 2 7°(0) =0 0.3467 104 o6
7°(0) =Yu 0.0133 4

7 (N'm)

- Tsteady

o Tm !
0.05 0.1 0.15 0 0.01 0.02 0.03 0.04

Figure 10: Op. Point 1. Torque vs. time. 7°(0) = 0 (left) and 7°(0) = Y'@ (right).

a 2D transient magnetic nonlinear model defined in a cross-section of the machine is coupled with circuit
equations for the squirrel cage, we obtain a problem in which we also need to provide the initial currents
in the rotor bars as data. We focus on approximating these currents in such a way that time-consuming
simulations to obtain the steady-state can be shortened. The performance of the methodology is shown with
numerical experiments obtained for an induction machine for different operating conditions. In particular,
Figures 7 and 8 show that, when starting from the optimal values, the currents reach the steady-state very
quickly. On the contrary, the time to reach the steady-state electromagnetic torque can be very large starting
from null currents. Moreover, in Table 4 we describe the savings in terms of machine revolutions. These
are quite remarkable, specially for the second operating point. It is worth to emphasize that one advantage
of our method with respect to others dealing with the same problem is that we only use the periodicity
condition in the rotor bars. Thus, limitations appearing in other methodologies related with the presence
of several frequencies or the size of the effective period are avoided. Additionally, the problem to be solved
to determine the initial conditions is a minimization problem with a very low number of unknowns.
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Figure 11: Operating point 2. Torque vs. time. 7°(0) = 0 (left) and 7°(0) = Y'@ (right).

100}
g E 50! i
& & :
S &
o |

0 — ¢ null — ¢ null
1 . —gj¢ optimal 5 —4¥ optimal

0.05 0.1 0.15 0.1 0.2 0.3

t(s) t(s)

Figure 12: Time to steady-state comparison. Op. Point 1 (left). Op. Point 2 (right).
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