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Abstract
This paper describes a three-dimensional thermal model of the bimetal releaser from low voltage power circuit break-
ers. The model can be used to analyse the thermal behaviour of the bimetal strip during both steady-state and transient 
conditions. The steady-state thermal simulations have been done. The maximum temperature is obtained at the extreme 
of the movable end terminal of the bimetallic strip. The steady-state conditions are reached after approximate 600 sec-
onds from the initial moment of warming. A similar time evolution can be noticed for trip and force characteristics. To 
validate the three-dimensional thermal model, some experimental tests both in steady-state and transient conditions have 
been done. It has been recorded the time evolution of the temperature rises, cooling, trip and force characteristics dur-
ing transient conditions. There is a good correlation between experimental and simulation results. Hence, the maximum 
 difference between the experimental and simulation values is less than 2.5°C.
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1. Introduction
In the case of electric motors or power transformers which 
operate at a certain rated power, it appears power loss 
because of electric phenomena (power loss of ferromag-
netic circuits and windings) and mechanical phenomena 
(ball bearings and sliding electric contacts with mechanical 
friction). These power losses lead to external heat which 
depends on the rated power of the motors or power trans-
formers. A part of this power loss is transmitted to the 
environment and another part is absorbed by the motor or 
transformer which warms up some components from the 
electric machines, especially the windings.

These heating means important thermal wear which 
may lead to:

•	 weakening	insulation	(the	decreasing	of	the	insulation	
features from the electric machines);

•	 aging	sheets	(the	decreasing	of	the	magnetic	features	of	
the ferromagnetic circuits which lead to increase of the 
power loss and therefore, more heat).

In the case of power distribution lines which supply 
electric motors or different type of loads; there are also 
power losses which transform into heat. To avoid aging 
insulation of cables and conductors, on each section of the 
power distribution lines, a certain current density, actually, 
a certain rated current is recommended.

The current increasing may be due to an overload or fail-
ure in the power system. The protection devices dedicated 
to clear different types of overloads include the bimetallic 
strip.	This	is	the	main	component	part	from	circuit	break-
ers.	Hence,	in	a	thermal-magnetic	circuit	breaker,	the	trip	
unit includes elements designed to sense the heat resulting 
from an overload condition and the high current resulting 
from a short circuit.
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Thermal-magnetic	circuit	breakers	employ	a	bimetallic	
strip to sense overload conditions. When sufficient over cur-
rent	flows	through	the	circuit	breaker’s	current	path,	heat	
builds up causes the bimetallic strip to bend. After bending 
a	predetermined	distance,	the	bimetallic	strip	makes	con-
tact with the tripper bar activating the trip mechanism.

A bimetallic strip is made of two dissimilar metals 
bonded together. The two metals have different thermal 
expansion characteristics, so the bimetallic strip bends 
when heated. As current rises, heat also rises. The hotter 
the bimetallic becomes, the more it bends. After the source 
of	 heat	 is	 removed,	 as	when	 the	 circuit	 breaker	 contacts	
open, the bimetallic strip cools and returns to its original 
condition.	This	allows	a	circuit	breaker	to	be	normally	reset	
once the overload condition has been corrected.

The warm up of the bimetallic strip can be done with or 
without the electric current. In the situation of using the elec-
tric current to warm up the bimetallic strip, there are three 
methods to provide the operating of the thermal relay:

•	 direct	electric	heating	(it	uses	the	heat	because	of	Joule	
effect, when the electric current flows through the 
bimetallic strip. This method allows a direct and simul-
taneously heating in the whole cross-section of the 
bimetallic strip, which means a real advantage to use 
this heating method);

•	 indirect	electric	heating	(it	uses	at	low	values	of	the	elec-
tric current. The bimetallic strip has heat windings made 
by materials with high electric resistivity. Between the 
bimetallic strip and the heat winding there is an electric 
insulated layer with good thermal stress);

•	 mixed	electric	heating	(it	uses	also	at	low	values	of	the	
electric current. This method is a combination between 
thermal effect because of direct electric current which 
flows through the bimetallic strip and a winding with 
high resistivity).

There is a tendency to replace the traditional thermal 
relays with electronic relays which have as core component 
a microprocessor or a microcontroller, [1–4]. 

To utilize the motor most effectively under distorted 
supply condition, a proper derating of the motor is required 
which essentially depends on an accurate determination of 
the motor winding temperature, [5–7]. The development of 
a novel overload and short circuit protection relay for three 
phase induction motors without requiring motor current 
as	its	input	parameter	is	presented	in	[8].	The	axial	leakage	
flux of the motor is used instead as the sensing parameter. In 

previous	works,	[9–11],	special	attention	was	paid	to	achieve	
models	 of	 the	 induction	motors,	 in	 order	 to	 identify	 key	
parameters and the interactions between electrical, thermal 
and mechanical specific parameters of the electric motor. The 
models are very useful to design protection devices which 
include also the thermal image of the motors, [12–15]. 

A third-order thermal model capable of giving good 
temperature rise predictions for any arbitrary variable-load, 
variable-speed, operating cycle, is presented in [16]. A new 
thermal model is proposed that not only protects the motor 
from overload under normal power supply condition, but 
also applies a proper derating factor under waveform dis-
tortion, is described in [17]. The temperature distribution 
of a thermal overload relay obtained by using finite ele-
ment	analysis	taking	into	account	the	current	distribution	
in current-carrying conductors is presented in [18, 19].  A 
detailed analysis of the trajectories of the voltage and current 
space vectors in the synchronously rotating d-q reference 
frame is presented in [20]. Based on this analysis, a robust 
and efficient rotor temperature estimator is proposed. In 
[21], standard loss of insulation life equations have been 
applied to step up transformers as part of the design of an 
intelligent relay that would calculate the time left before 
a possible trip (assuming that conditions remained con-
stant) and should allow the operators to avoid tripping the 
transformer. Revised transformer overload ratings as well 
as predictive protection can be obtained with an accurate 
thermal model of the limiting hottest spot temperatures, 
[22,	23].	The	work	presented	in	[24]	explains	the	ambiguity	
introduced in the standard and addresses thermal protec-
tion from the perspective of a thermal model that provides 
optimum protection. 

This paper deals with a three-dimensional thermal sim-
ulation	of	 a	 bimetallic	 strip	which	 is	 the	 key-component	
from	a	thermal	releaser	of	low	voltage	circuit	breakers.	The	
simulation results have been compared with the experi-
mental ones.

2. Thermal Model and Simulations
The balance equation of heat transfer for the bimetal-

lic strip of the thermal releaser has the following general 
expression,
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where:
ρ – electrical resistivity;
γ – material density;
c – specific heat;
λ – thermal conductivity;
ϑ – temperature rise;
α – coefficient of electrical resistivity variation with 

temperature;
k – convection coefficient;
S – cross-section of the bimetallic strip;
lp – perimeter length of the cross-section.

The above expression is complex, and it demands a 
numerical procedure to evaluate the temperature distri-
bution both in steady-state or transient conditions. It is 
desirable to restate the problem by considering various 
forms of discretization. The discretised form of the problem 
only requires the solution to be satisfied at a finite number 
of points in the region; and in the remainder of the region, 
appropriate interpolations may be used. Thus, this case is 
reduced to a purely algebraic form involving only the basic 
arithmetic operations, which could in turn be solved by 
numerical methods.

The progress in computer technology enables the mod-
elling and simulation of more and more complex structures 
in less time, thus, the cost-effectiveness of numerical pro-
cedures has been greatly enhanced. These methods have 
become very accurate and reliable for solving initial and 
boundary value problems. One common numerical tech-
nique in thermal analysis is the finite element method. The 
basic idea of this method is to discretise the domain V, into 
several sub domains, or finite elements. These elements can 
be irregular and possess different properties so that they 
form a basis to discretise complex structures, or structures 
with mixed material properties. More, they can accurately 
model the domain boundary regardless of its shape.

Using	 Galerkin	 method	 and	 including	 convection	
boundary condition, the discretized equations for the heat 
transfer are as follows:
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where [N] is the matrix of shape functions and [B] is the 
matrix for temperature gradients interpolation. Shape 
functions Ni are used for interpolation of temperature and 
temperature gradients inside a finite element:
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The finite element equations corresponding to the heat 
transfer have the following matrix form:
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A 3D model for the bimetallic strip from an over cur-
rent thermal releaser has been developed using a specific 
software, the Pro-ENGINEER, an integrated thermal 
design tool for all type of accurate thermal analysis on 
devices.	The	3D	thermal	model	had	taken	into	consider-
ation the real shape of the bimetallic strip, as shown in 
Figure 1.

A typical application is when this type of bimetallic strip 
is used to protect against over loads a low voltage power 
distribution system. The current which flows through the 
thermal releaser has been considered about 15A. At this 
current value, some experimental tests have been done in 
order to estimate the power losses, actually the heat load to 
be applied on the bimetallic strip. Therefore, after measure-
ments and calculations, the following power loss value has 
been obtained: 7.5W. 

For all thermal simulations 3D finite elements Pro-
MECHANICA software has been used. The heat load 
has been applied on the main component of the thermal 
releaser, the bimetallic strip. There is a uniform spatial 

Figure 1. Thermal model of the bimetallic strip.
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Figure 2. Temperature distribution of the bimetallic 
strip.
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Figure 4. Time evolution of the trip characteristic of the 
bimetallic strip under the current value of 15A. Comparison 
between simulation results (s_sim) and experimental values 
(s_exp).
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Figure 5. Time evolution of the force characteristic of the 
bimetallic strip under the current value of 15A. Comparison 
between simulation results (F_sim) and experimental values 
(F_exp).
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Figure 3. Time evolution of the heating and cooling 
characteristics of the bimetallic strip under the current value 
of 15A. Comparison between simulation results (Heating_
sim, Cooling_sim) and experimental values (Heating_exp, 
Cooling_exp).

distribution on this component. The mesh of this 3D bime-
tallic strip thermal model has been done using tetrahedron 
solids element types with the following allowable angle 
limits (degrees): maximum edge: 175; minimum edge: 
5; maximum face: 175; minimum face: 5. The maximum 
aspect ratio was 30 and the maximum edge turn (degrees): 
95. Also, the geometry tolerance had the following values: 
minimum edge length: 0.0001; minimum surface dimen-
sion: 0.0001; minimum cusp angle: 0.86; merge tolerance: 
0.0001. The single pass adaptive convergence method to 
solve the thermal steady-state simulation has been used. 
The ambient temperature was about 26ºC. From experi-
mental	tests,	it	was	computed	the	convection	coefficient	k	=	
16.5W/m2ºC, for this type of bimetallic strip. Hence, it was 
considered	the	convection	condition	like	boundary	condi-
tion for the outer boundaries and it has been applied on 
surfaces	with	a	uniform	spatial	variation	and	a	bulk	 tem-
perature of 26ºC.

Further on, some steady state thermal simulations have 
been done. The temperature distribution on the bimetallic 
strip is shown in Figure 2. 

In order to analyse the time evolution of the tempera-
ture for the bimetallic strip, a series of transient thermal 
simulations have been done. The temperature rise time 
evolution and the cooling of the bimetallic strip till to the 
ambient temperature are presented in the graphics from 
Figure 3.

Also, the trip and the force of the movable end ter-
minal of the bimetallic strip have been simulated during 
transient conditions when the thermal releaser is getting 
warm. The results are presented in the graphics from 
Figures 4 and 5.

As can be seen in the 3D thermal simulation picture 
from Figure 2, the maximum temperature (165.2°C) 
is obtained at the extreme of the movable end terminal 
of the bimetallic strip. This is explained because in that 
area the cross-section of the bimetallic strip is minimum, 
hence at the same testing current of 15A, the current 
density has the maximum value in that area. From the 
graphics presented in Figure 3, it can be observed that the 
steady-state conditions are reached after approximate 600 
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seconds from the initial moment of warming or cooling 
conditions	back	to	the	environment	temperature.	Hence,	
the time constant of this type of thermal releaser is about 
150 seconds. A similar time evolution as during heat-
ing case can be noticed for trip and force characteristics, 
Figures 4 and 5. The maximum values, when the bimetal-
lic strip is crossed by 15A, are 3.23mm for the trip and 
2.81N in the case of force at the movable end terminal of 
the bimetallic strip.

3. Experimental Tests
To validate the thermal model some experimental tests 
have been made in the same conditions as in the case of 
thermal simulations. The experimental set-up is shown in 
Figure 6.

The auto-transformer 2, adjusts the input voltage for 
the high current supply device 1. This has an adjustable 
primary voltage and on the secondary side, high value 
current can be obtained. The current value is measured by 
an ammeter 3. Using a proper thermocouple type K, the 
temperature on the movable end terminal of the bimetal-
lic strip 4, has been acquired. The small voltage signals 
provided by thermocouple, have been amplified using a 
signal conditioning board 6, type AT2F-16 with the error 
of ± 0.5%. The amplified signal was the input for a digi-
tal multimeter 7. In order to obtain a forced cooling for 

the bimetallic strip, a fan 10 has been mounted. Both the 
signal conditioning board and the fan are supplied from 
the voltage sources 5, which provides 24Vdc and respec-
tively, 12Vdc. The force of the movable end terminal of 
the bimetallic strip is measured using a digital weighing 8, 
and the trip can be measured with a digital dynamometer 
9. An electric circuit diagram used for experimental tests 
is shown in Figure 7. 

On the other hand, the differences between the tem-
perature values resulting from experimental tests and those 
obtained during simulations are due to various factors: 
measurement errors, thermal model simplifications and 
mounting test conditions. Nevertheless, the maximum dif-
ference between the experimental and simulation results is 
less than 2.5ºC.

4. Conclusions
To understand and to optimize the operating mechanisms 
of power electrical equipment, the thermal behaviour of 
the bimetallic releaser is of great interest. The obtained 
3D thermal model allows analysis of the thermal behav-
iour	 of	 bimetallic	 strip	 from	 power	 circuit	 breakers	
during both steady-state or transient conditions. The 
thermal model provides the temperature distribution in 
steady-state conditions, heating/cooling, trip and force 
characteristics of the thermal releaser under transient 
operating conditions. 

The three-dimensional thermal model of the bimetallic 
strip could be used as a tool for different types of thermal 
relays	 and	 low	 voltage	 power	 circuit	 breaker	 designing.	
Some experimental tests have been made with the aim to 
validate the proposed 3D thermal model. The maximum 
difference between the experimental and simulation results 
is less than 2.5°C. Using the proposed 3D thermal model 
the	over	current	relays	and	circuit	breaker	designing	can	be	
improved and there is the possibility to obtain new solutions 

2

1

3

45

6

7

8 9 1

Figure 6. Experimental set-up with the following main 
components: 1 – power current source; 2 – autotransformer; 3 
– ammeter; 4 – bimetal strip; 5 – voltage sources; 6 – amplifier; 
7 – digital multimeter; 8 – digital weighing; 9 – digital 
dynamometer; 10 – fan.

Figure 7. Electric circuit of the experimental set-up.
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for a better correlation between protection characteristics 
of the different types of power electrical equipment.
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