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Abstrat: With the introduction of the adjustable speed drives, induction motor designers are concerned with the issue of the increase in temperature rise from harmonic losses. A linear lumped parameter thermal model is used to investigate the temperature rise of an inverter fed induction motor. To predict temperature rise accurately, one requires knowledge of the loss distribution in the machine. This is obtained using at first a lumped electrical circuit and then using the temperature-time method. The computed results for a 4 KW, 3 phase, 4-pole, 415 V TEFC induction motor subjected to both a sinusoidal and inverter supply are presented and the effect of the additional losses discussed. 
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1. Introduction 


Due to their low cost, simplicity and high reliability squirrel cage induction motors are by far the most common motors used in industry. The substantial cost advantages of induction machines over other machines have led to extensive research effort to develop improved a.c. variable drives. However, when induction motors are connected to inverters for variable speed rive applications, the current and voltage output waveforms are non-sinusoidal and contain significant high order harmonics which give rise to additional losses. To limit the detrimental effects the motor is generally derated to ensure that it operates in the most efficient mode consistent with the load demand. In addition, the properties of the insulation materials deteriorate rapidly at excessive winding temperatures therefore care must be exercised to match derating to applications. 

This paper addresses the effects of the additional losses on the temperature rise using a linear lumped thermal model. In the approach adopted, the different materials, complicated geometries within the machine and the different heat transfer properties are taken into account. The problem associated with the distributed power loss is accommodated using at first a conventional electrical network and then the temperature-time method. Simulated results are obtained for a 4 KW induction motor inverter fed are compared to those under sinusoidal supply from which the effect of additional loss on temperature rises is assessed.
2. Allocation of losses   
Accurate prediction of temperature rise in electrical machines hinges on both the correct equivalent thermal network and the correct allocation of losses. The inverter used in this investigation is a 15 Kw six step inverter whose waveforms are given in Figure 1. the inverter was deliberately chosen to give an output waveform which is rich in harmonic losses. The harmonic analysis for the voltage is given in Table 1. 
To compute the different loss components the model developed by Chalmers and Sarkar [1] and subsequently considered in reference [2] was used. In this treatment the standard equivalent circuit shown in Figure 2 is modified for harmonic frequencies. Assuming that the equivalent circuit model for each harmonic is linear and no coupling exists between them, the superposition principle is applied to compute the total losses. A computer program for this model was written and the results for a 4 KW induction motor are given in Table 2. Stator copper losses can easily be calculated and apportioned between the slotted and end winding regions on the basis of the length of the conductors. Friction losses are included as a component of heat generated in the shaft. Stray load losses are apportioned to the stator teeth and rotor teeth, 25 % and 75% respectively, according to [3]. Iron losses from a large component of the motor losses, but no reliable information exists to indicate precisely what the percentage split may be. To answer this question the temperature-time method is adopted.   This technique is described in detail in reference [4]. 

	Harmonic number
	Harmonic voltage / fund. voltage %

	1
5

7

11

13

17

19

23

25

29
	100
21.68

15.66

14.69

6.81

11.23

7.43

7.43

0.65

5.66


Table 1. Voltage waveform analysis 
Reference [4] showed that accurate results are obtaind only for the stator since temperature measurements were difficult to obtain via slip rings. Therefore this investigation was limited to no load conditions. Table 3 compares the losses obtained using the time-temperature method with those obtained using an electrical equivalent circuit model (EECM). From Table 3, it can be seen that 58 % of the total iron losses is attributed to the stator back iron and the remaining 42 % is attributed to the teeth. 
	
	Losses (W)

	
	Fundamental
	R.M.S

	Copper

End winding

Skew

Fric.& win.

Iron
	67.6

3.7

2.5

88.9

116.4
	141.5

32.3

27.8

88.9

116.4

	Total losses
	271.9
	406.9


Table 2.  Computed loss component using EECM
	
	Losses (W)
	%

	
	Time-temp.
	EECM
	

	
	Sin. Supply
	Inv. Supply
	Sin. Supply
	Inv. Supply
	

	Teeth
	50.2
	67.4
	-
	-
	41.6

	Back iron 
	70.3
	94.5
	-
	-
	58.4

	Total
	120.5
	161.9
	122.6
	176.5
	-


Table 3. Iron loss distribution 
3. The thermal model formulation


The heat generated within a machine is transferred to the surrounding regions by a combination of conduction, convection and radiation processes. The dominant processes in heat transfer within the motor rand to the environment are conduction and convection, whereas, radiation is important only on the outer surfaces. Conduction is the first stage in the process of heat flow from the generation sites to the outer surfaces after which convection takes over. The conduction process is described by a second order differential equation of the diffusion type whereas the convection mode is developed via Newton's law of cooling. The equivalent thermal circuit must therefore encompass at least these modes of heat transfer. For the purpose of modeling, the machine is divided into basic elements, eg. Winding, back iron, teeth, etc., Figure 3, each of which is identified by a node in the equivalent circuit. Each node has an associated thermal capacitance which depends on the material used, and can possibly be a heat source due to either copper or iron losses. The nodes are coupled to their neighbours by thermal impedances which are derived from a consideration of the machine geometry. In developing an approximate model for heat transfer in a machine, it is usual to assume that heat flows only in the axial and radial directions.
The thermal model developed is based on the formulation given by Mellor et al. [5] and reconsidered in reference [6].

The complete thermal network is represented by seventeen nodes in total, Figure 4, nine of which represent the mean temperature of the elements, while the remaining eight, five are secondaries of the cylindrical conduction mode, and the others are links between the elements. For the steady state thermal networks, iron losses contributed by the teeth and back iron are imposed at nodes 2 and 3 respectively. Stator copper losses due to the embedded and end windings are imposed at nodes 4 and 5. Rotor copper losses are injected at node 8. Stray load losses are injected at nodes 3 and 8. Table 4 gives the break-down of losses used in the model. 

The simulation equations describing the steady state thermal network satisfy the conservation of heat flow balance, therefore 
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where θi and θj  are nodale temperatures, Gij is the thermal admitance joining nodes i and j and Qi is the power loss at node i. This system is solved using the Gauss method to give the temperatures at each node. 

	
	Losses (W)

	
	Sinu. Supp.
	Inv. Supp.

	Stator back iron 
Stator teeth

Stator embedded wind.

Stator end winding

Rotor bars

Rotor teeth 

Shaft   
	33.87
30.78

14.60

12.44

6.76
18.75

44.45

	51.16
43.32

24.58

20.94

25.24

18.75

44.45


   Table 4. Loss components used in simulation  
4.  Results and discussions 

The results from the thermal model for a 4 KW induction motor under no load conditions are shown
Table 5. It can be seen that the increased losses for the inverter fed case results in a temperature increase of 9 % and 26 % depending on the element being considered. For this particular application, the end winding has the highest increase, 12.52 °C, followed by the embedded winding with 10.16 °C. This reflects the large increase in copper losses under inverter fed conditions. The iron loss increase results in an overall temperature rise of 8°C.This increase in temperature may lead to accelerated degradation of the insulation material within the machine. 
	
	Predicted temp. (°C)
	Predicted temp. (°C)
	Difference 

	Frame
Stator iron

Stator teeth

Emb. Wind.

End wind.

Air-gap
Rotor bars

Rotor iron 

Shaft

Endcap air

	39.04
42.66

44.04

46.58

48.87

54.51

63.13

63.35

77.24

43.84


	44.73
50.17

52.18

56.74

61.39

63.14

71.33

71.53

84.02

51.14
	5.69
7.51

8.14

10.16

12.52

8.63

8.20

8.18

6.78

7.30


Table 5. Comparaison between the predicted temperatures with sinusoidal and inverter supplies.
5. Conclusion

A lumped thermal model for a totallly enclosed fan cooled induction motor has been developed and used to investigate the effects of additional losses on the motor temperature rise under inverter fed conditions. The model is based on dimensional data, thermal constants determinations etc. 

The results show that there is a significant increase in temperature particularly in the stator windings and rotor bars, therefore care must be taken while dealing with these types of drive system. The use of special design motors with features adapted to dampen the effects of the harmonic inverter may be a solution. This is under investigation in our laboratory and will be a subject to other contributions in the future. 
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Figure1: Voltage and current waveforms 

Figure 2: The standard equivalent circuit  (Fundamental k=1)

Figure 3 : Subdivision of the machine into lumped elements.
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1) Back iron 
 2) Teeth      3) embedded winding

4) End winding     5) Rotor bars 

6) Rotor iron          7) Frame     8) Shaft     
Figure 4: The resultant equivalent thermal circuit
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