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Annotation —Results of theoretical and experimental
research as well as outcome of simulation by means of the Il. NOMENCLATURE
established mathematical model of induction motor with X/20_ reactance of ferromagnetic rotor

ferromagnetic rotor in static and transient states are o P
presented and analyzed. X',9— reactance of rotor winding

o — constant respecting properties of ferromagnetic

Keywords — induction motor, hollow ferromagnetic rotor Materials
mathematical model, transient, simulation Uy, U, — stator resp. rotor voltage
E, — EMF (Electro-Motive Force)
l,, I', — stator resp. reduced rotor current

|. INTRODUCTION lo — current of the magnetic circuit

Induction motors with ferromagnetic rotors contirtoe r; — resistance of stator winding
be used among the traditional design machines.r Thef, — reduced resistance of rotor winding
multifunctional complex use for transportation, ifws s — slip
and drying of friable materials and also for fusiand W, — flux of the stator winding in the axa
helatlr:g of fumblefsgbsta;nces [1t, 2]]c stlaould ?e elax;pb.d. f W:, LP:;  fiux of the rofor Windinggin e axessBB

n the view of development of theoretical basis for ; i
Electro-Mechanical Transpl)‘ormers of Energy (EMTH), i Uz, Up — Instant voltages of the stator winding in the
arises the problem of acceptance of a mathematiodel axesa, B o
of induction motor with a ferromagnetic rotor putte is: i —instant currents of the stator winding in thesa
together in accordance with such machine speciatio@, B

features [3]. These features are especially: ir Irg — iNstant currents of the rotor winding in thesix

a) absence of a wire winding; a,p

) ] . Lyc— leakage inductance of the rotor ferromagnetitybo
b) presence of ferromagnetic massive rotor with

. o — electromagnetic field synchronous rotation speed
magnetic permeability dependence on the(Ab g 4 P

L ) . — mechanical speed
electromagne;tlc field penetration depth to th .. M. — active electromagnetic resp. load torque
rotor body (finally, also the dependence of rotor,

" tational q | — rotor moment of inertia
parameters on rotational speed). L, — full stator winding inductance

L, — full rotor winding inductance
In the article [4] the model of an induction motath a M — mutual inductance
ferromagnetic rotor was presented, however insemib p _ number of pole pairs
auxiliary coefficients to the model does not reflec
physical sense of changes made in a rotor cir€hiis the
obtained model became too difficult and uncomfdeab
be employed for simulation. Ill. EMTE MATHEMATICAL MODEL
In this work establishment of mathematical model of The starting point of the generalized model forming
EMTE with a ferromagnetic rotor in accordance wite  will be the mathematical description of the indanti
theory of the generalized electric machine [5pdia@reined. motor for the static mode, graphically presentedans
By solving the problem, the physically logical inpu equivalent T-circuit (Fig. 1):
elements of the model calculation matrix are most
exposed, linked up with the evolution base kind [3]
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Uy =-Ey+ il(rl + jx1);
: - i r ] 1 roan
Uz =E _lz(rz + JXZO)_S” =15 ]X50;

1)

L
ig =iy +15.

Fig. 1. Generalized induction machine equivalewrirtuit

Equations of a common induction motor ( in furtier
shall thus call an induction motor with a squircage
rotor) get out from (1) ifw = 1 andx’,= 0.

We get equations of the induction motor with a
ferromagnetic rotor from (1) ik = var (usuallyo = 0.5)
andx//20= 0.

We shall consider how to pass from the generalize
model of the static mode (1) the system of diffdied
equations of the transient mode.

Interest presents the second equation of the sy&tEm
for the rotor circuit. All equation conversions fthe
stator circuit will be analogical to known proceeuor
the generalized EMTE [5]. Let write down the dietai
expression for the rotor circuit (in the case of
ferromagnetic or squirrel cage rotos £ 0):

I
-j1p 22

Sd

0=Ey- = jIXo0. )

i 2
2o
Multiplication of both equation (2) parts by* s
corresponds to the transition from a machine with t
braked rotor to the machine with the revolving roto

3

— a0 T A L |
0=Eps™ —15r = jI'X50 —j1'X508 -

Taking into accounE, = —jx i, andi,, =i, +I,

We shall unite parameters with corresponding ctisren
and multiply both parts of equation (5) by -1:

",

0= (17 + ™ + X0 + X0l *+ K luaS”. (6)
The mathematical model of the generalized machine,
being a base for all machines of Family “cylindficia
written down in the general case as shown in (7).
We get an induction machine with a squirrel cagerro

from a base model (7) with the next specific motagi

a) inthe coordinate system [3 the rotation speed is
w = 0;

b) sinusoidal voltagesg Uy shifted in time by 90
with the frequency,fare connected on the stator
windings;

c) for the squirrel cage type rotorq i ug = 0;

d) because machine is cylindrical, then by virtue of

symmetry the resistances and reactances of the
stator and rotor of the same axes we accept
equal: o =g =TI g = Ig = I

Thus the system (7) simplifies to (8).

A model for an induction machine with a
Eerromagnetic rotor will be analogical to (8), liushould
additionally take into account absence of wire \wigd
and features of rotor realization:

1) a ferromagnetic rotor does not have the obviously
expressed winding and reactance of the wire
windingsx",o, expected for machines with squirrel
cage or phase rotors are therefore absent;

2) resistances and reactances of the ferromagnetic
rotor body are in general case functions of slip s

with the powero.

Transform the expression (6) so that to bring grawn
accordance with the type of the second line ofsirstem
(8).

In Tab. 1 (taking into accoungl= jlg) it is evidently
shown how to make transformation of the equation
written in relation to the axie.

TABLE I.
TRANSFORMATIONOFEXPRESSIONSN THE MODEL MATRIX

0=-jx mhllsa - jx m.llzsa ‘r'zi'z - J'X'zoi'z - J'X"20‘|'250- 4)

By accepted notationsig=iy; I, =% r,=r, and

writing down the equation (4) for projection in thgisa
of the two-phase coordinate system revolving witbtar

speed we get

— 1 a H 1 o n R s a
0= =X mleaS" = XS ~Miliq = iX20l g = 1X20 1S - (5)

Current Own Coercion parameters Resulting parameter
parameters
from (6)
Ira I+ X0 -XaolS" | #iXm + X20 | T + [iXm + jX20 +
+ X' X2 + (1 - $)iX'ac
I Xol§' 4 | +XodS| -Xm- Xoo | (8" - 1) + Xao +
X”zc@a - )(/20 XHZO)
Iy +Xm Xm
lsg XmlS” - Xm (s* - 1)%m
Note: in the column of own parameters in the gis

at currents with rotation EMF in the system (8)ss&d
parameters at the slifi.s
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Ul | 29 LNy M L@ s
dt dt * )
Uy, EM My +£Lru LI’V(a)K _a‘%) M(@ _a%) iru (7)
- dt dt g g %
U | ["M@-@) ~Llw-a) gl oM iy
d d
_usv_ i - Lsua;c -M W, a M Moy + a Lsu | _isv_
U [p 29 Ay 0 0 'sa
q dt dtOI
0 —M r +—»L - -M ira’
-| dt Todt T L'dc‘% ] “ (8)
0 Ma w r+—»L —M i
T Lr T r dt T dt rB
u 0 0 d M ry+ d Ly| |
LUss | [ dt dt °] |'ss]
Thus, the second line of matrix for an inductiontono It is possible to make next conclusions for theteays
with a solid ferromagnetic rotor (at the accounb(’@ﬁ = (11) comparing with (8):
0) will be as follows:
—_ H H _
0= Xnlx +a[r, et fo(i S )JI ro +, 9) 1) the full rotor resistance differs in the size bét
+Xr(5 g +Xpls” -1 leakage inductance of the ferromagnetic body
taking into account the speed approximation
where . . . s . . coefficientow;
Xr = Xm + X0 + jx’zo is a full inductive rotor ’
reactance; 2) the machine nonlinear parameter change is taken
jx, is own leakage inductance of rotor into account by including of speed approximation
ferromagnetic body. coefficient ofuw,.

Write down equation (9) for instantaneous values |t e put Ly = 0 anda = 1 for the system (11)

taking into account x = wM, X = @l X, = wlis 1 (condition, given above for a squirrel cage motben
jo=d/dt, =1 - $:

we shall getw, =s-1= [1—ﬂ] ~1=-* and thus
wy

d W

d, . . d, . .
O:aMlsa+rr|ror+a|-r|ra+al-rc|raws__ (10)

Ll p@ows ~ Mi g pass to the system (8), made for the inductioromaith

So, for an induction motor with a ferromagneticorot 2 Squirrel cage rotor.
we have a system (11).

Ua | |y 49 dp 0 0 'sa
dt dt
0 v el -Law, ~Ma, | |
—| dt dt dt d d q X (11)

My, L g, r+—L +—L_w —M i

O % S r% S r dt T dt ro=-s dt rB
! 0 0 d L+ L | |

[Yss | | dt t ] [lss]
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Me=if)

This way leads to the mathematical model (11) -
adequately reflecting the features of the motoihtfte
ferromagnetic rotor realization.

A next step is a verification of the model simuatin
a transient mode in MatLab. Rewriting of equati@0)(
executing the grouping of elements:

Torque, Nm

. d, . . d, . ~
Ozrrlm+a(|_rlm+M|w)+a|-ro|r0((l)s__ (12) i i &

_(LrirB + MiSB)(*)Oms

In (12) the expression%(Lrim+Misa) is just a

change of ampere—turnsacitwm and (L,i,B+MisB) is

ampere-turnswrﬁ .

Then it is possible to describe the system (11pin
general view as follows: ® ots

daw, .

_dtw = Ugy ~Tig + WWg; oo

daw |

B _ ; .

—= = Ug T ~ W Wy
d P TP

day d (13)
dtm =T _ai b oW ~ l"Jr[s(("“)e _(*)O('os);

d¥ . d. ]
dtl'B =Tl _a| gl s + Wig (we - 000(*%)' |

O -
where &, =1- /1 Wy (we accept. = 0.5 for the rotor Fig. 3. Transient characteristics of induction matih a ferromagnetic
rotor

material).

Simulation results presented in Fig. 2 and in Fig. 3

[V. SIMULATION AND EXPERIMENTAL RESULTS match satisfactorily the data obtained experimentalty
an analogical motor [6]. Thus, it is possible to make
a conclusion about adequacy of the considered naakl
to use it in future for research of the transient stadic
modes of machines with a ferromagnetic rotor.

Question of creation of a model in Simulink of the
machine with a ferromagnetic rotor and simulatiosubes
are in detail considered in [7].

In Simulink it is comfortable to establish a model fo
the case of coordinate system rotation speed equhéto
rotor speedwr = wy. A simulation was performed for a
four-pole induction motor with a solid ferromagnetic
rotor of power 1.1 kW [6]. Simulation results are \simo
in Fig. 2 and in Fig. 3.

V. CONCLUSIONS

e =19 1. Clarification of creation of mathematical modaxl
the induction motor with a ferromagnetic rotor bgans
of the incremental change of model of the genezdliz
electromechanical transformer of energy is presefded
the first time. Such method allows us to use the worked
out model in the development of electric machir#ds [

2. Unlike work written earlier [4], corrections inoael
in the part going near modification of variable atjons
of the generalized machine are introduced. In audit
the new model is deprived of such defects, as the

Torque, Nm

sippery ' auxiliary coefficients are difficult to perceive and
logically explainable.
Fig. 2. Mechanical characteristic of induction nratdth a 3. When comparing the design results with the
ferromagnetic rotor experimental research results, it is possible to state

satisfactory convergence.
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