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Abstract  

This paper demonstrates real-time (i.e. measurement based) prediction methods for the steady state 

temperature of circuit components: During thermal run-up, momentary temperature values and slope 

are analysed to calculate an approximation of the temperature that will be reached at the end of 

thermal run-up. This reduces the time consumption for optimisation and other tasks requiring 

parameter variations as a full thermal run-up only needs to be performed for the determined optimum 

or selected characteristic operating points. 

 

1 Introduction 

The necessary constructive measures to 

dissipate the heat generated by semiconductor 

switching devices (transistors, diodes) and 

magnetic components (transformers, chokes) are 

an important part of the development of power 

electronic circuits. As a thermal simulation will 

only yield proper results if the circuit and cooling 

construction are accurately modelled, extensive 

measurements are usually also required: 

To validate the sufficiency of the cooling, circuit 

component temperatures need to be measured 

for varying operating points (e.g. due to voltage 

dependent variations of losses in individual 

components caused by varying current and 

voltage time areas). It is also necessary to 

measure component temperatures for different 

ambient conditions in order to specify the worst 

case allowable conditions (e.g. ambient or water 

temperature, minimum amount of air or water 

flow). 

As most circuit components do not contain 

internal temperature sensors, the temperature at 

the surface of the components case is measured. 

For power electronic components, the thermal 

resistance between case and junction (where the 

heat is generated by the devices electrical 

losses) is specified by the component 

manufacturer. In combination with the known 

(measured) electrical losses, this allows the 

junction temperature to be calculated which can 

then be compared with the specified limits. 

 

 

However, as indicated in figure 1 the circuit 

components and the mechanical components of 

the cooling construction constitute heat 

capacitances in addition to their thermal 

resistances. Thus, a measurement of the 

temperature gives a time dependent result 

(thermal run-up) that converges asymptotically to 

a steady state value. Due to the time duration 

before the steady state value is reached (to a 

certain approximation), temperature 

measurements e.g. for optimisation (e.g. of the 

air flow guidance) and parameter specification 

(e.g. maximum ambient or water temperature, 

minimum air or water flow) are a time consuming 

part of circuit testing. 

 

Fig. 1 Thermal equivalent circuit diagram 
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The time duration before the steady state value is 

reached (to a certain approximation) is 

connected to the time constant of the thermal 

resistance-capacitance combination which is 

affected by the selected method of cooling: 
 

• Due to the low effectiveness of natural 

convection, a relatively large surface area is 

required to dissipate heat. The combination 

of a large surface area and the necessary 

cross-section (to provide a low-resistance i.e. 

low temperature drop path to the surface) 

leads to a large volume of the heatsink. In 

combination with its specific heat capacity 

which is usually relatively high for materials 

with good thermal conductivity (metals e.g. 

aluminium/copper), this leads to a relatively 

large overall thermal capacitance. 
 

• With forced convection, a surface area 

exhibits a considerably higher effectivity. 

Thus, a smaller heatsink – with a smaller 

thermal capacitance – is necessary to 

dissipate the same amount of heat with the 

same increase of temperature. 
 

• While water cooling is different both in its 

way of construction and in the medium to 

which the heat is dispensed to, it will 

generally exhibit a time constant that is 

relatively small in comparison to air cooling. 
 

This means that cooling by natural convection 

can be considered to be the worst-case 

regarding the time required for temperature 

measurements. Thus, it will be primarily 

addressed in this paper. 
 
A prediction of the steady state temperature can 
be employed to decrease the time consumption 
of temperature measurements as it provides a 
considerably faster reaction to variations of 
electrical parameters (operating point, switching 
frequency), mechanical parameters (heatsink 
construction, air flow guidance) as well as to 
changes of the environmental conditions (air 
temperature, fan speed if applicable). 
With the decreased time delay before the steady 
state temperature for a certain set of parameters 
is obtained, parameters can be varied in a finer 
scale. During optimisation, this allows results to 
be obtained which are closer to the actual 
optimum; it can also be utilized to determine 
more detailed characteristic curves (e.g. for 
parametrisation or dimensioning purposes). 
As the temperature prediction constitutes an 

approximative solution based on certain 

assumptions about the slope of the thermal run-

up, a verification of its results is necessary. If 

temperature prediction is used during 

optimisation, the predicted steady state 

temperature can be validated by performing a full 

thermal run-up in the determined optimum. When 

recording characteristic curves, a full thermal 

run-up can be performed for selected 

characteristic points. 

2 Functional Description 

For a real-time prediction of the steady state 

temperature, a set of momentary temperature 

values aquired within a time interval is analysed 

according to a mathematical model of the 

temperature slope during thermal run-up. This 

model is derived from Newton’s Law of Cooling. 

Newton’s Law of Cooling is based on the 

observation  that the amount of heat ∆Q 

transferred from an object cooling in forced 

convection is approximately directly proportional 

to the difference ∆T between its temperature and 

the ambient temperature. The proportionality 

constant K is based on the objects mass m and 

its materials specific heat capacity CP. Figure 2 

shows the solution of the differential equation 

leading to an exponential function describing the 

time-dependent temperature T(t) converging 

asymptotically to a final value TEnd (equal to the 

ambient temperature) starting from an initial 

temperature T0. 

Fig. 2 Solution of Newton’s Law of Cooling 
diff. equation 

 

Originally, Newton’s Law of Cooling refers to a 

heat capacitance that is ‘discharged’ into an 

ambient medium of constant temperature. In 

consideration of the fact that it is based on the 

assumption of a heat transfer through a constant 
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thermal resistance, it is proposed that Newton’s 

Law of Cooling can also be applied if a heat 

source is present. 

In this case, the exponential function describes 

the asymptotic convergence to an (initially 

unknown) final temperature TEnd above the 

ambient temperature which is dependent on the 

amount of dissipated heat, ambient temperature 

and the ratio of the thermal resistances ‘charging’ 

the heat capacitance from the heat source and 

‘discharging’ it to the ambient medium. The 

proportionality constant K is also affected by the 

amount of heat capacity. 

The final temperature TEnd (and the time constant 

K) can be identified though the functions 

derivations. Based on the first derivation 
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The time constant τ = 
1
/K denotes the point of 

time when the distance of the current 

temperature T(t) to its final value TEnd has 

reached an amount of 
1
/e of its initial value. 

To determine the remaining time until the thermal 

run-up is completed (i.e. the temperature has 

reached its final value to a close approximation), 

the point of time where the deviation from the 

final temperature falls below a certain value can 

be calculated based on 
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For a time-discrete computational analysis of the 

temperature slope, the values of the functions 

first derivation are calculated from the difference 

between measured temperature values in a 

defined time interval. Due to the time-discrete 

sampling, the time interval corresponds with a 

defined number of intermediate measurement 

points N. 

The time interval can not be set to an indefinitly 

small value due to the necessity to have a 

temperature difference that is sufficiently large to 

be detected; a larger value however increases 

the response time of the prediction after the start 

of the thermal run-up (or a change of 

parametrisation or environmental conditions).  

Thus, the time interval needs to be adapted to 

the time duration of the thermal run-up (e.g. one 

minute for a thermal run-up that takes one hour 

to reach its final value). 

The second derivations momentary values are 

calculated in a similar way by differentiating the 

results of the first derivation calculation. 

Due to the nonlinear slope of the run-up, there is 

a deviation between the calculated value of the 

derivation at a selected point of time from the 

actual derivation value at that point. As indicated 

in figure 3 where the resulting tangent slopes are 

shown, the deviation can be minimized if the 

calculation is based on the values of two points 

which are symmetrically placed around the 

selected point on the time axis. 

Fig. 3 Differentiation principle 

 

However, this means that the derivations value 

can only be calculated for measurement points 

which are the size of the selected time interval 

past the actual point in time. For the second 

derivation, this time interval is doubled. 

The resulting strategy to determine the first and 

second derivations values for a measurement 

point that is two times the selected interval (i.e. 

2N measurement points) past the actual point of 

time tn is depicted in figure 4. 

 



Fig. 4 Differentiation strategy 

 

As the results of the differentiation required for 

determining the derivations momentary values 

are distorted by noise superimposed on the 

measurement signal, the prediction results also 

display considerable variations. These variations 

can be minimized by averaging. 

 

Alternatively, a prediction method can be used 

that does not require the calculation of 

momentary derivation values. An iterative ‘best fit’ 

method adapts the parameters T0, TEnd and K of 

a simulated slope (modelled by Newton’s Law of 

Cooling) until a minimum deviation from (a 

section of) the measured temperature slope is 

archieved. 

The section of the measured temperature slope 

used for comparison with the simulated slope is 

defined by the most recent value corresponding 

to the measurement at the actual point of time, 

and an oldest value defining the intervals starting 

point. 

This starting point can have a constant distance 

to the most recent value, thus defining the 

response time to the start of the thermal run-up 

(or changes of parameterisation or environmental 

conditions) where the temperature slope deviates 

from the slope described by Newton’s Law of 

Cooling. 

Alternatively, the starting point and thus the 

length of the analysed section of the measured 

temperature slope can be re-set after the start of 

the thermal run-up (resp. after a change of 

parametrisation or environmental conditions). 

This ensures that only measurement points 

matching the current temperature slope are 

included in the analysis; afterwards the accuracy 

of the prediction advances with the time as the 

number of measurement points being available 

increases. 

Fig. 5 Simulation of iterative ‘best fit’ method 

 

Figure 5 gives a simulated example showing 

how the iterative ‘best fit’ method adapts its 

simulated temperature slope T,sim to fit the 

measured slope T,meas. The measurement 

points of T,meas which are analysed by the ‘best 

fit’ algorithm are highlighted. T,sim,start is the 

result of the algorithms first estimation; T,sim,end 

is the result of the last iteration; also several 

intermediate iteration steps of T,sim are given. 

The final result of the prediction method is the 

TEnd parameter obtained in the last iteration. It is 

plotted as T,end in the diagram. 

 

Both prediction methods require the temperature 

slope to conform to the exponential progession 

described by Newton’s Law of Cooling. If this 

condition is not met, the calculations of the slope 

(derivation) analysis can not provide correct 

results; the iterative ‘best fit’ method will not be 

able to find a matching simulated temperature 

slope. 

There are several reasons for deviations from the 

slope described by Newtons’s Law of Cooling: 

 

• The temperature dependent effect of natural 

convection, causing the final steady state 

temperature to be lower than the expected 

value.  

 

• Usually, there is a network of several thermal 

resistances and capacitances (as depicted in 

figure 1). While one of these capacitances 

(usually the one of the heatsink) dominates 

the temperatures slope, the other 

capacitances (e.g. of the individual circuit 

components) will influence the slope 

especially during an initial phase after start of 

the thermal run-up (or after a change of 

parametrisation or environmental conditions).  
 



Especially the second point can decrease the 

performance of the iterative ‘best fit’ method if it 

is used with a fixed starting point re-set after start 

of the thermal run-up (or after a change of 

parametrisation or environmental conditions): 

Deviations from the assumed slope occuring 

during an initial phase will prevent the 

optimisation algorithm from finding a simulated 

slope matching the measured slope. Thus, the 

starting point should only be re-set after the 

influence of the smaller heat capacitances (e.g. 

of the individual components) has receded so 

that the temperature slope is determined by the 

main heat capacitance (e.g. of the heatsink). 

3 Experimental Results 

For a demonstration of the steady state 

temperature prediction, a reference construction 

comprised of a heat source (resistor in TO-220 

case) and a naturally cooled heatsink is used. In 

difference to an actual power electronic circuit 

where the occuring losses can only be influenced 

indirectly by varying its operating parameters, this 

allows a direct control of the generated amount of 

heat. 

Fig. 6 Measured and predicted temperatures 
during thermal run-up 

 

Figure 6 shows a time domain diagram of the 

measured case temperature (T,meas) of the 

resistor during a thermal run-up and the values of 

the predicted steady state temperature calculated 

by the slope (derivation) analysis method (T,end
1
) 

and the iterative ‘best fit’ method (T,end,it). 

Additionally, a marking (deltaT<0,1°C/300s) 

indicates the point of time where the thermal run-

                                                           
1
 values within a 5°C deviation relative to the       

_actual steady state temperature are highlighted 

up is assumed to have reached its steady state 

when the measured temperatures increase is 

less than 0,1°C in 300 seconds. 

 

The delay occuring before the prediction 

methods return correct results is caused by the 

necessary time intervals for differentiation and 

averaging for the slope (derivation) analysis 

method resp. the required interval length (and the 

corresponding number of measurement points) 

for the iterative ‘best fit’ method. 

Additionally, the influence of the heat capacitance 

of the resistors case prevents the algorithms 

from finding a correct result during the initial 

phase of the thermal run-up. This influence can 

be identified by comparing the case temperature 

of the resistor and the temperature of the 

heatsink with the expected slope modelled by 

Newton’s Law of Cooling. As shown in figure 7, 

the measured heatsink temperature can be 

reproduced by Newton’s Law of Cooling; for the 

resistors case temperature there is a deviation 

during the initial phase of the thermal run-up. 

Fig. 7 Case and heatsink temperatures during 
initial phase of thermal run-up 

 

The steady state temperature prediction can be 

applied when characteristic curves are recorded. 

As an example, figure 8 shows the characteristic 

curve of the steady state temperature calculated 

by the slope (derivation) analysis method 

(T,end,calc
2
) and measured after a full thermal 

run-up (T,end,meas) in relation to the amount of 

dissipated power. Per definition, the prediction 

value for P=0W is set to be equal to the ambient 

temperature T,amb instead of being calculated. 

The characteristic curve is slightly nonlinear due 

to the temperature dependent effect of the 

natural convection; a quadratic component can 
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be identified in the calculated slope of the 

characteristic curve T(P). 

Fig. 8 Characteristic curve temperature vs.  
power with natural convection 

 

As shown in figure 9, the characteristic curve 

can be described with a linear slope if forced 

convection is employed; to archive approximately 

the same temperature raise, the amount of 

dissipated power is increased. 

Fig. 9 Characteristic curve temperature vs.  
power with forced convection 

4 Conclusion 

As demonstrated in this paper, a real-time 

analysis of the temperature slope during thermal 

run-up allows a prediction of the steady state 

temperature of circuit components. This 

significantly decreases the time consumption for 

temperature measurements during optimisation 

and other tasks requiring repeatative temperature 

measurements while varying parameters. 

 

 

In order to improve accuracy and response time 

(delay before correct results are available after a 

change of the operating point and/or environment 

conditions), there are several options available 

that will be explored during future developments: 

Evaluating the temperature rise above the 

ambient temperature (Tmeas-Tamb) instead of the 

absolute values of the measured temperature 

can decrease the effect of changes of the 

ambient temperature occuring within the time 

interval in which the measured temperature 

values are evaluated for the steady state 

temperature prediction. 

During the initial phase of a thermal run-up (or of 

a response to a change of the operating point 

and/or environment conditions), the slope of a 

heatsink-connected circuit components case 

temperature deviates from the ideal shape 

(modelled by Newton’s Law of Cooling) due to 

the components heat capacity. For temperature 

measurements during parameter variations that 

do not change the case-to-heatsink thermal 

resistance, this effect can be minimized by 

evaluating the heatsink temperature for the 

steady state temperature prediction and 

calculating the components case temperature 

based on the known thermal resistance (resp. the 

known temperature difference between case and 

heatsink as a function of the dissipated power). 

Furthermore, accuracy can be improved by 

taking a components positive or negative 

temperature coefficient (decreasing or increasing 

the temperature rise) into account. 
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