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ABSTRACT: 

In design of high slarring torque squirrel cage induction motor, a proper 
I!srimmion of the C;:lge winding thennal beh::rviour under different operatillg 
conditions must be carried out. This estimation is an essential step of motor 
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.. 
design. According to its results the design scheme can be approved or 

modified to ensure the building cf a reliable moto~. ... 
This peper presents a mathematical model tha~ calculetes the therma~ 

behaviour of wedge-type rotors under different operating conditions. 

The model is based on the concept of building an equivalent thermal 

network of the bar. The number of lumped ther~al meshes, and in turn 

the number of required differential equations, depcnds on ~he number of 

fictitious sub-sections into which the bar cross-sectional area is 

divided. The Dodel considers skin ~ffect during the starting period as 

well as the temperature effec~ on the current density distribution and 

the bar resistance. Further more, the prcposed ~odel has the ability of 

applying the topological net~ork analysis. 

Therefore, and regardless of the number of subsections. the process of 

building the required equation system can be carried out by a relevant 

ccmputer rou~ine. 

The written computer programme, siJIllllating the mathe!!latic:al !!lodel ., 

can be integrated with any design routine of high-start:~g tor~~ 

squirrel cage induction motors. It calculates the ;:emperatl1re behavioll_!' 

at a group of successive locations on the bar-depth in additicn to the 

temperature distribution along the bar-depth at different instants 

du~ing starting tc~ards steady-state. Effect of ~edge 

attained maximum and operating temperatures had 

snapi:1g' on 

been studied 

the 

especially 

lead -rat ios. 

a~ter 

The 

frequent 

analysis 

restarts 

of the 

Ic.no~ledge-base which supports the 

under rated or 

computed results 

choice decision 

differf.mt 

for:ns a 

about the 

~edge-shape> operational limits and thermal infornation required for 

protection systems. 

1. INTRODUCTION: 

High starting torque squirrel-cage induction motors are the nost .. 
~idely used industrial machines due to their ~ell known benefits .. 
compared with other drives. One important design aspect of these notal'S 

is the rotor cage thermal behaviour. It must be properly estimated in 
order to i~prove the motor reliability. Also. rotor-cage temperature 

information has become useful in adjusting the protection systens of 

large motors. and in the design of inverter driven variable speed small 
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and medium sized motors. 

Mathematical efforts have been done to oompute the time variation of 

temperature at several locations on the rotor circuit [1-3]. Part of 

these efforts is based on the thermal network concept. The other part 

makes use of the Finite Element (FE) analysis method. 

According to the designer point of view. the FE-method is 

with some difficulties suoh as the level of discretization 

coupled 

and the 

conditions to be examined (2]. Actually the thermal network concept is 

more convenient for electrical engineer where the oorresponding 

analysis is very easy tQ be integrated with the machine design 

routines. The only drawback of the method based on this concept is the 

need tc build the thermal equation system by hand [4]. Therefore, it is 

a tedious work; especially when different operating conditions are to 

be studied. 

In this paper the mentioned drawback of the thermal network method 

is remOVed by applying the Network Topological analysis. A relevant 

computer routine has been written to take over the ~hole building 

process of the thermal equations, which are built in form of a state 

equation ; 

8 (t) = A . 8(t) + 9(t) 

The order of this equation depends on the numb~ of observation points 

that is equal to the number of. sub-secticns (N) into which the 

rotor-bar cross-sectional area is divided. Fig.(l) T~e matrix A is 

function of the reduced thermal conductance matrix G of 

thermal network. The vector B(t) includes the heat sources 

the proposed 

applied to 

the nodes. These sources are mainly the copper losses produced within 

the subsections. where iron losses can be neglected as discussed later. 

Solving the constructed equation system, the .temperature behaviour at 

the different locations of observation and the temperature distribution 

at a given instant along the bar-depth can be calculated under the 

follo~ing types of operation 

1. Con~inuous operation: the motor may start and accelerate to steady 

speed under a given load. 

2. Succesive restart operation: the motor may restart and accelerate 

each time to steady-speed in successive manner without stop 

under rated or cyclic load. 



£.4 M. M. I. EL -$HA)40TY 

1 ,.2 ,3 , .•...•••• , N • N+1 = notation of Nooe-order 

.. _ ,!c~n_.~.I!~l._._._' 
core 

(1),(2),(3), ......... , (2N),(2N+1) : = notation of link-order 

Fig. (1) : C ross-SectioD ~l Subdivisions of the Bar 
and the Equivalent Thermal Network. 

2. MATHEMATICAL FORMUL.ATION : 

As mentioned above, the proposed mathematical model is based on the 

thermal net~o~k concept. Therefore, a the~nal patte~n of the Lotor-bar 

~ust be suggested in order to build the corresponding ther~al ~etwork.· 

The matheoatical formulat~on passes through t~o phases. In the firs~ ~ 

phase, the thermal network is constructed to simulate the heat transfer 

within t~e thernal pettern of the bar. ~n the second phase, the 

topologically built first order differential equation system is solved 

under the requested operating condition to get the corresponding 

temperature behaviour. 

2.1. Th~rmal Pattern and Equivalent Therw~l NeLwork : 

Although the proposed mathematical model can handle with any 

conductor shape; the wedge type is chosen for sake or explanation. A 

repetitive ther~al pattern around the air-gap has been chosen ~ith the 

follo~ing borders : 

Circumference wise 

Axial !.Wise 

one slot pitch about centre-line. 

one iron packet. 

In this pattern the cross-sectional area of the bar can be divided­

into N fictitious subsections. Each sub~ection will be represented by~ 

one node in the equivalent thermal network, Fig.(l). DinensionallY, a 

node representing a subsection is assumed to be located at its centre 

of gravity. It is also assumed that the qopper loss consumed in each 
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. 
subsection is the source of heat produced in this section, and is 

located attached to the corresponding node. Further, the the~~al 

net~ork has t~o additional nodes; the iron and the coolant nodes. 

The coolant node (N+l) si~ulates the surrOUnding coolant in the 

air-gap and the internal ventilating ducts. The iron node (N+2) 

simul~tes the laminated iron core portion belonging to the thermal 

pattern. In the presented analysis the eddy current and hysteresis 

losses (iron losses) are assumed to be negligible. This assumption is 

taken due to 

The rotor frequency during the run-up period is decreasing. 

- The thermal resistances between the slot and ba= are too large. 

Therefore, the main contributor to the heating of the rotor is the bar 

copper losses (IzR), either ~nder starting or running conditions. 

According to the above assumption about the iron losses, it is expected 

(hat the iron temperature ~ill be approximately constant. 

~imensionally, th~ iron node is caken as the plane going through the 

axes of the t~o neighboring teeth and the ~evel located at one third 

the core depth ~nder the slot botto~ as ~ell as the iron surfaces 

facing the coolant ducts. The heat transfer paths ~ichin the thermal 

pattern, and in turn bet~een the sugge~ted nodes of the equivalent 

thermal 0et~ork) can be describad as follo~s 

Conductlve transfer from subsection node to the other, i.e., 

within the bar itself. Each of the serial branches (1), (2), 

(N-l), incl~des the thermal conductance of the corresponding path. 

- Conductive transfer from each SUbsection node to the iron node . 

Each of the shunt branches (N+l) ,(N+2) ,(2N) includes the 

equivalent thermal conductance of two or three parallel paths. 

- Convective transfer from the last subsections node to the coolant 

node. The serial branch (N) includes the corresponding thermal 

conductance. 

- Convective transfer from iron node to the coolant node. The shunt 

branch (2N+l) includes the corresponding thermal conductance. 

The number of nodes and branches of the completed thermal network 

• depends on the number of subsections : 

number of nodes N = ~ + 2 
n 

number of branches Nb = 2N + 1 
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The thermal conductance included in each branch is calculated according~ 

to the relevant rules in the heat transfer theory. .. 
2.2. Heal Balance and Thermal Equations : 

Thermal equations of the conf1,ured equivalent thermal net~ork can be 

~ritten on the basis of the instantaneous heat balance at each node. 

Each of these equations has the follo~ini form 

(1, 

where •. 

v .- node order 1,2.3, ... ,N+2 

I:qi.V . - sum of !'ate of change of heat transferred towards the node. 

~ · - sum of rate of change of heat transferred outwards the node. 
·oV 

d · - rate of change of v heat produced at the node equal to 

either the copper loss or iron loss. 

C · - specific heat. 

~ = !:lass related to a node. 

8 · - temperature rate ot change at the node = d8/dt 

The sum of heat transferred touards and outwards of the vth node. 

depends on the temperatures of the neighbouring nodes and the 

temperature level of that node. It depends also on the thermal 

conductances of the attached branches. 

Assuming that qv = I:q~ 

ql. = gt.,2 • C8
1. 

e 2) + g .. ,N. Z 
. (8 8 s ... 2 ) I. 

qz = gi.Z · (e I. 8 2) + gZ,3 . (8 z 8 3 ) + g2.N+ Z 
. (8z 8 N+ z) 

q3 = - gz,31 · (9z 
8

3
) + g3.~ . (e~ 8 ",) + g3,N. Z 

. (8
3 

e N .. Z) 

( 2) 

= - g 
N-I.,N 

'8 
. \ N- i , N 

+ S:-h I. • N+ Z . (8 N+ I. - 8 N+ Z ) 

- g I, N+ Z . (e I. - aN + 2) - g Z. N. Z . ( 8 % - $ N'" Z ) 

- if N,N. Z .(8N - 81'1+2) - ... -gN+J..N+Z·(8N + i - 8 N +%) 
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Where d 
""v,p 

is the equivalent thermal conductance of the paths forming 

the branch linking between the node v and the node P. 

, The above notation can be rewritten in matrix forn as 

Where 

q = G G(t) 

G . - :educ ib le t herma 1 conductanee mat r ix , [N+2, N+2 J 

-9 . - reducible vector of node temperatures, [N+2J 

(3) 

By duality. tha G m~trix has the same structure as that of the 

-educible electric conduccance matrix, known in the -Nodal Analysis N of 

electric networks. With ~help of notation (3) , the reducibfe's'yste2l of 

first order differential equations describing the temperature behaviour 

can be written as ; 

~(t) = A ~(t) + ~(t) 

.- constant matrix, (U+2,N+2] = K-
i 

G 

~(t) ._ ~-1. • Q(t) 

O(t) .- reducible colcumn matrix of produced heat attacned 

to nodes , (N+2J 

(4) 

(5-1) 

(5-2) 

(5-3) 

The lOa tl" ix K is e. diagonal ma tr ix, [N+2 J N+ 2]. in '..1hich each diagonal 

element is '-

(5-4) 

and 

(5-5) 

The equation s7stem (4) is a dependent one and must be ~educed by an 

equation. As discussed before, the temperature of iron node can be 

assumed constant. Acco:L'dingly, the iron node is taken a.s rererence node 

havi~s ~ reference temperature ~rec The corresponding equation is 

eliminated fro~ the equation systen (4) to become: 

o(t) = A.a(t) + B(t) ( 6) 

This ~qua.tion gives the reduced independent equation system. Its 
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solut~n yields the behaviour of the temperatur.-rise at the differeat. 

nodes ; except the ixon node : 

[ll.S] = e(t) 

Thus, the vector of the temperature behaviour at the different nodes 

'ilill be : 

(7) 

The equa~ion system (6) has the form of a state equation 'ilith the 

solution : 

e ( t) = eAT. (} ( 0) + A -i . B ( t ) 

This solution is composed of t~o solutions: 

(a) The homogeneous or transient solution 

At :: e e(o) 

(b) The particular integral or steady-state solution 

;Jhere 

_ -{ -'1 -'1 
l(}]9l:: A .B(t) :: A .K .O(t) 

eAT ._ the transition matrix 

=. I + A ~ 
T 
-- + 

l! 

T .- time interval 

2 
T 

2 ~ 

3 

+A3. T + 3T ... 

e(o):= initial vector of temperatures for next interval 

(8) 

(9-1) 

(9-2) 

(9-3) 

(9-4) 

In addition to the above solution, numerical methods can be applied. 

Whatever is the ~ethod of solution, the calculation of OCt) is required 

from interval to interval ;Jith t = t + T . This reduced vector has 
V+l v 

mainly the copper losses consuned in to the subsection nodes. 

2.3. Copper-Loss Calculation: 

A deep-bar cage is designed to have large resistance at stator-

frequency , instant of starting employing the influence of skin 

effect. Due to large rotor resistance, high starting torque can be 
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.. .. 
exerted. Beginning at this instant, the bar-current is forced to flo~ 

~ithin the upper portion of the bar. Accordingly. it can be assumed that 

the oar-resistance and the slot leakage reactance are dependable during 

the period of the penetration depths h and 
pr 

h . 
pI. 

run-up on 

respectively [8.9] . 

h O,OlD/) f geC $) 
= ---so ~ pr-

III (10-1) 

j f gc:: C$) 
h. = 0.015/ls . 50 ----so pI. 

III 

Where 

s .- slip f := supply frequency and 

gc::($) .- copper temperature dependent conductivity. 

As the rotor accelerates, the rotor frequency decreases (f2= sf) and 

both hand h become greater. Finally. each will be 
pr p~ 

oar-depth and the bar current ~ill be distributed over 

equal to 

the whole 

the 

bar 

cross-section. Under running condition the rotor resistance has its 

nominal value reducing thereby the rotor copper loss. 

It is seen that the bar current density jet) ~ill be time 

varying from point to peint along the bar-depth [7]. 

j (t) = 
I (t) 

m --,,-
b 

[ r 
n=1. 

2 (n . rr . k ) 2 • we -1 )"1 

h3
.(Ul

2 +(nrrk/h)"") 

'2 
.e-<nnJ,.:/h) .l.cos(2rrY/hH 

-/ (c~sh(Y/AA).cos(Y/AA))2 + (sinh(y/AA).sin(Y/Ai»)2 

(sinhCh/AA).cos(h/AA))2 + (coshCh/AA).sinCh/AA»)2 

~here ; 

ImCt) .- maximum ~inusoidal time varying bar current, 

(11) 



. a 

" 
hand b .- eq~ivalent height and width of ~e bar; reapectively [9J 

y .- depth of the subsection node; neasured fro~ the upper 
conductor surface. 

a .- ratio of bar width to slot width at any depth = 1.0 

(12-1) 

p and ~ .- resistivity and per~eability of conductor naterial 
respectively. 

Ctz := r + tan-~r tanh(Y/AA). tan(y/A!)J 

- tan-
i

[ cotanh(h/AA) .tan(h/AA)] 
(12-2) 

AA = Pc. • Y2/w 
(12-3) 

ijith help of the above relation, Eq.(11) over the time int~~val T , the 

r.m.S. value of the oar current density. J(t) , is calculat;:d to get 
the copper loss occur~ing in each subsection : 

-;.;here ; 

~ = 1.2,3 ....... ,N 

Pc(8) .- specific copper loss 

= 1000 
v(-:s I EJ') , °c' j 1.> 

Y .- COpper density 

255 
235 + 

2.4. Calculat.ion of I Ct..) 
m 

= 8950 

(13) 

W/Kg ( 14 -1 ) 

( 14 -2 ) 

The maximum sinusoidal tine varying rotor-ber current is calculated 

assuming a conventional equivalent-circuit per phase; but ~ith slip 

varying rotor paramete~s r z and x
z

' The bar resistance, and 

calculeted each time interval taking into consideration the 
then r:r is 

resistance 
penetra.tion depth, h • and the effect of the average bar-temperature. pr 

5i~ilarly, the rotor specific permeance, and then x~ is calculated esch 

• 
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time interval taking .... in to 

~ consideration the inductance 

.. " 

penet~ation de~th, h. Thereby 
p~ 

the rotor resistance and leakage 

inductance are renewed each time 

intarval ; until skin-effect loses 

its influences. Here, h = h. = 
pr p~ 

the bar depth. 

3. COMPUTER ,SIMULATION : 

An essential feature of jhe 

suggested mathematical model is the 

ability of a.pplying the tOPolo·j."ical 

analysis (5,6]. The main comptiter 

programme includes two adequate 

subroutines GRAPH and I NCMAT to 

dail ~ith the topological 

formulation of a pro~osed thermal 

network. According to the given 

number of subsections ~ the 

GRAPH follows the subroutine 

p:-edescribed 

configuration 

thermal 

Fig. ( 1 ) 

netwol'k 

to 

construct the list cf branches 

LIN K S [ 4 N+ 2 , 3]. I nth i s 1 i s t j each 

branch is represented twice in the 

forward and oackward directions of 

heat-flow. Each time, the branch is 

defined by its order, start-node, 

and ~nd-node, With help of LINKS 
the subroutine INCMAT builds 

reducible incident matrix 

the 

INC 
(N+2,2N+1J _ This matrix reflects 

the nodal co~flguration of network. 

The rows and columns are denoted 

by the node and branch orders : 

. I 
rnl!ut Data: 

• ~1()lIIr Spccifiutinns 
-DaiqnD:lI:l .. 
-;'{,:.I e I ... 
- ,'iunlper "I" Rat:lrB : :'\RST 
• u.;!d R:lrio~ UJc: LRlf:.jRSTI 

I 
Tl!I!nlol:iral Formulatinn ofT..he 

Trnn~ifi{)n ~I"tti:t E;<P: 

• C-\I..L GIt~Pll ::::> L:'I'KS 1"~+2. 31 
• C-\I.!.: I.\,PI,\T ::::::> I~C IN"': ,2:'\+11 
• CALL n'A~G ::::::> nlAG 12.'1+ II . 

·\ISYK I~+ I I 

• C.-\LL \LUL TIP ~ GI~·.,.I.:'i ... q , 
--'IN .. t. ~+ll 

when: 

IG!=[INq ID[AGI(I~'CI' 

(A)ll."" (AI~"\'''-i.(G)L.> 

• C.-\LL TRA~'S ::::::> r.XPI~"L~·+1I 

"'here: ~ 

I 
E)''P-= l' 

! .: , .1 

= [ ... '\-IT +A E"'~"fr + ..... 

• C.-\L~ I~\'R ::::::> --,STaA' 
'I 

\ 

: LR= ( LRL)m 

r--~---4 
I " C'.-\LL !:'LJP => s;'1(I) I 

I
" C.\I.I. LOSS::::::> - ~_I"Xi.JIIUII.1 R"llIr Curn'.nr I 

• \ ('CI"r "I .:urr~1l1 Dtn~lt\· 
. I 

I 
-\' .:.:tlOr H" ( 'u(I(lC"r LII~s"s : i 

1)1\·11 ') 
- Il{l); (Il) = \.·\1:\\1..) 101 

I " '. 
i 
; 

.. 

! 
II"U"'l!eni"u~ ~ .. IUfl()1I r A! H = I L\!'I! ~) 10 I 
P:uricul'lr Inte!!ral I t7 I~. ~ [.\:-''''' R I 
CUl1Ipleld"lurinn I AI "II:JI,~ 1 or-:; 181~.r i 
!nti:llin' .\'~~( IlIte" .,1 It) I" ., It~ !,~ I~) I ~I i 

I 

! 
Il'l'illt: T.IUII 

I Yes 

C§> 
Fig, (2): Flow Charr 
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(1,2.3 •... ,N+2) and (1),(2),(3), .... (2H+1)) respectively. 

.A.ny element (INC) mAy be (+1) • (-1) ar(O). As .each brand;a, 
n.m 

links 

betgeen t~o nodes, the su~ of elements in each coloumn of INC must be~ 

zero : only (+1) and (-1) in correspondence with the start and end· 

nodes ; ~espectivelY. Rest of the coloumn elements are zeroes. The 

reduced INC-~atrix [N+1,2N+1J is obtained by eliminating the last ro~ 

corresponding to the iron node H+2. 

The subroutine OIAGG is concerned ~ith the calculations of the matrices 

DIAG and AINVK Each is a constant diagonal natrix stored in for~ of 

o~~ coloumn list. The mat~ix AINVK [N+IJ is built according to the 

relation (5-5). The matrix DrAG [2N+1J contains the equivalent thermal 

cond~ctances of the network branches; 

Seri~l branches (1), (2),(3), ... , ':N) 

and Shunt branches (N+l),(N+2), ... )(2N .... l). 

A serial-branch conductance simulates one ther~el path between tgO 

successive nodes in the node group 1 , 2,3, ... ,N+l. A shunt branch 

conductance s:mulates two or three ther~al paths:n parallel existing k 

betQeen each of the successive nodes and the reference node N+2. With 

th~ above topologically formulated ~atrices, the conductance ~atrix G , 

and the constant matrix A and its inverse can be built! 

[G] = [INC][DIAG][INC)l 

[A) = [AINVK)[GJ 

Each is r~duc~d and h~s the dimension (N+l,N+l]. 

(15) 

(5-1) 

No~, the transition matrix [EXP] = feAT] can b~ calculated for the 

?re-chosen time interval T according to the expansion given in Eq. 

(9-3). The above calculations are p~~for~~d just one ~ime to begin 

thereafter the repetitive procedure. 

The flo~chart given in Fig.(2) illustrates the calculation process. 

Relevant suoroutines are ~ritten to get the system ~olution; interval 

by interval. Thereby, the te~perature behaviour at N locations of 

observat:on along the bar-depth can be calculated 

operating conditions. 
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4~ RESULTS ANt DISCUSSIONS 
.. .. 

The figures (3) through (12) demon~trate the ~capabilities of the 

suggested mathematical model and the corresponding co~puter programme 

as a helpful tool for calculating the expected temp~rature behaviour 

"ithin a cage deep-bar. The specifications of the tested machine are 

500 K~ , 8000 V , 50 Hz J 125 (synch. ) r.p.m ; 

ratio of starting torque 0.5 ; 
ratio of starting current 3.5 j and 
rotor bar wedge-type with BETA b ,/b z = 0.5 

designer c~oss-gectional dimensions 
upper bar-"Iltdth' b = 3.9 !!l.l!l . .s 
lo~er bar:width b

2 
= 7.8 mm 

bar height (or depth) H = 24.0 mn 

It follo~s no~ some brief discussions about the ~alculated results. 

4.1. Simulation Criterion; Effect. of" N : 

In order to criticize the simulation degree· of heat transfer, t.he 

nu~ber of subsections N is taken as criterion. D~ring this criterion, 

the ratio of the upper bar-~idth to lo~er bar ~idth is held constant at 

the designer value; i.e., BETA = 0.5 . Figure (3) sho~s the temperature 

behaviours during the run-up period towards t~e rated full load speed; 

for N = 1,3,5,7, and 9 . Odd numbers are taken; to have the node 

corresponding to the niddl~ section at the same location for all N. 

It is also seen that each node location (or subsection) has an 

individual temperature behaviour. During the run-up period, about 20 

sec. , increases each behaviour to reach a maximum value ~ithin 5 

seconds. It is seen that the upper section has the highest behaviour. 

As steady speed is reached, begin the different locations to attain the 

same steady state temperature. The comparison bet~een the temperature 

behaviours at the middle sections, Fig.(4) , dic~ates that ~he number 

of subsections must be taken not less than seven CN.NLT.?) . Figure (4) 

gives also a comparison of the corresponding behavicurs of cur~ent 

densities. The evident identity is expected ~here the current density 

does not depend on the number of subsectio~s. 

4.2. Effecl of The Ra~io BETA 

One of the design aspects that nust be carefully studied is the 

effect of the ratio BETA on the temperature behaviour and temperature 



• 

E.14 M. M. I. EL-SHAMOTY 

distribution along the bar-depth j Fig. (5) to (9). This ratio has also 

its effects on starting and maximum tor~ues ;i.e., the torque/slip 

characteristic. Therefore, design modifications have been done to get 

for each value of BETA the prope~ bar di~ensions Hand bz Fig.(13). 

These dimensions ensure that the eotor ~ill follo~ .to great extent, 

the same Torque/Slip characteristic irrespective of BETA. The 

temperature behaviour during run-~p ~eriod toward the rated full load 

speed has been calculated for different values of BETA ha~ing the 

same nu~ber of subsections (N=7). Figure (7) snoys ~hese behaviours. It 

i3 2vid~nt ~het ~~~ retio BETA hes a re~arkable effect on ooth the 

attai~ed naxi~u~ and steady-state temperatures. Although geta = 1.0 

r~sults in lowest temperature behaviour 

~~commended to ~eke BETA ~ithin 0.3 to 0.7 

torque and te~peratu~e behaviours a~e 

Figures (5,6,7) it is 

In this range, optimum 

ensured. Regarding the 

temperature distribution along the jar depth, Flgures (8.9) it is 

seen thet the u~pe~ section has ~he highest t~mperatu~e for all values 

of BETA ; ~xcept BETA = 0.1 

4.3. Effect of Operating Conditions 

The effect of ope~ation conditions on the te~pe~ature behaviour ~s 

seen in ~isures (10 ,11 J and 12). Here, proper BETA and nu~be: of 

suoseccions are taken, BETA = 0.5 and N = 7 . To start the ~otor under 

a giv~n load and run continuously und9r this ~oaa ; it is seer. in Fig. 

(10) that the temperature ~ehaviour is t~e sa~e during the run-up 

pe~iod. Only st~ady state temperature is affect~d to become smal~e~ 

~ith smaller loads. This behaviour is e~pected as lor.g as :he notor is 

not locked by lead during the run-up period. 

Successive :estarts, ~ithout stop under ra~ed load or dif:erent load 

cycles, have ~ g~eat effect on the attained t=ansienL and steady stat~ 

cempe~atures Figs. (11) (12). Therefore, loading cycles uithout 

pa~ses ~ust be c~refully configured in order to prevent faulty r~to~s. 

5. CONCLUSIONS 

In this paper a special com~u~er p~ogram~e has been uritten to 

analyse thermally the deep bar squirrel cage rotors under di:ferent 

operating conditions. The 9~esented mathematical nodel is based on the 

~quivalent thernal ~etwork conce?t ~hich is more convenient for 
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e~ectric machine designers. An essential feature of this ~odel is its 

ability of applying the topological network analysis. Furt~er more, the 

model takes into consideration both the influence of skin effect on the 

rotor current , as well as the effect of temperature on the bar 

res istance and current ,densi ty. 

Accordingly, the programme is able to be integrated ~ith design 

rout:nes concerned ~ith the design of high startin~ torque squirrel 

cage induction notors. Thereby the temperature behaviou! at defi~ed 

locations of observation along the bar-depth can be esti~atad to a 

reasonable degree of aocuracy. Actually, the number of these locations 

~ust be reasonable , not less tpan seven 

numbe= of equations. 

in order to reduce the 

Th~ demonstra~ed results show the capability of the programme to 

study the effects of design , thermal , and operating aspects on the 

bar temperature behaviour. 
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