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Abstract

LED diode performance is a function of the device thermal conditions. The forward voltage and light emission of the LED vary with temperature and current. This paper discusses how to choose the desired operating temperature, by examining the effect of varying the thermal boundary conditions on the light emission. The relationships are important to making design decisions about the LED thermal packaging. A generalized calculation process is given for implementation. An example compares different thermal design constraints.
Introduction

LED diode performance is a strong function of its temperature. In a typical use situation, a forward voltage or current is applied to the diode producing a luminous flux. This light intensity varies with the current. However, the forward voltage-current relationship is a function of the heat sink or board temperature, and the luminous flux also varies with the diode temperature. This data is usually found in the LED vendor datasheet in chart form. By fitting curves to the data in these charts, functional relations can be programmed for calculation and design purposes. An analytical investigation of the design saves many physical design iterations, and gives guidance during the design process. This type of investigation also requires nearly zero investment in the design; it is carried out at a conceptual level, and indeed can and should be used to formulate the features of a feasible product.
Typical design tasks include deciding on the overall heat sink outline – the maximum space it may occupy; the fin structure and how it is made; cosmetic or radiant coatings on the heat sink; and the air side conditions. The air side conditions are most often natural convection for illumination applications, both because of reliability and ambient noise concerns. For projection applications, the diode light sources are in a unit along with other electronics, making a forced convection solution, either gas or liquid, acceptable.
Design goals for the analysis include not only accomplishing the mechanical design, but also determining suitable electrical operating conditions for the product. This might include the drive current level to use, as well as the temperature at which the device should operate. This temperature “limit” differs from the typical electrical component limits, in that the light output is maximized at a temperature lower than the allowable maximum temperature. YY shows an example of this relationship, the solid line showing the junction temperature as a function of the operating current, and the dashed line showing the light output (right-hand axis). For this product, the allowable maximum junction temperature is 125 °C; however, the light output in that condition is the same as at only 98 °C. The heat dissipation, on the other hand, is 30% higher. An advantage of LED lighting over other types of illumination is supposed to be energy savings, but this savings would be negated if the device were to be operated at the maximum temperature. 
Other considerations for the temperature limit include reliability of thermally cycled connections and interfaces, and especially lumens maintenance (light output) over time. In fact, lifetime for a light source is often determined on the basis of relative brightness [XX].
Analysis

The starting point for the analysis is a set of functional relations for the diode electrical and light emission behavior. Since these relations are not given by the vendor except in chart form, mathematical relations are needed for design calculations. These are described more fully below.  In addition to the functional relations, device data such as junction-to-board thermal resistance, temperature coefficients, and temperature limits should be identified from the data sheet.
Also needed to begin the analysis is some idea of available space for heat dissipation, general heat sink design parameters, and thermal interface material performance. These will vary with the application conditions.

The goal of the analysis is to identify a range of suitable operating currents, taking into account thermal conditions and heat sink performance.

Generalized Procedure

The generalized procedure is best implemented in an automated algorithm, for example a spreadsheet. This makes comparing design options easy and quick. A one-dimensional analysis is usually sufficient, using a thermal network approach as per ZZ. In cases where there may be heat dissipation surface not included in the heat sink performance metric, a matrix analysis including these surfaces can be integrated with the iterative procedure below.

a. Establish mathematical relations for electrical and light output characteristics of the LEDs.
b. Construct thermal network describing heat dissipation paths to ambient.
c. Quantify or implement mathematical relations for thermal conditions, including ambient temperature, heat sink performance, thermal interface, and packaging thermal paths.
d. Assume an electrical operating point to begin the iteration, forward current or forward voltage.
e. Obtain power dissipation (forward voltage times forward current).
f. Calculate operating junction and board temperatures.
g. Re-obtain power dissipation and temperatures; iterate until converged. If heat flow is one-dimensional and heat sink performance is constant, iteration is not necessary.
h. Obtain light output.
i. Compare junction and board temperatures to limits and targets, and light output to target.
j. Adjust thermal conditions as needed for design trends and limits.
Mathematical Relations
For an automated calculation procedure work most efficiently, it is helpful to have mathematical relations to describe the device’s functions, as opposed to a table or chart lookup. Though the datasheets ([‎1], [‎0

 REF _Ref183855811 \r  \* MERGEFORMAT ‎2], [‎3]) technically provide all the information needed, it is worth the time investment to fit curves to these parameters for the design calculations.

Forward current and voltage

Forward current If multiplied by forward voltage Vf gives the dissipated power needed for thermal calculations [‎1]. For the example shown in YY, the forward voltage can be fitted over the range 400 – 1000 milliamps to less than 1% error (or at least, within the error of reading the values from the chart) with a linear function, e.g. 
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with a0=16.267 V and a1=.0064 V/ma when If is measured in milliamps and Vf is measured in volts. There is a choice of independent variable; the datasheet shows the voltage as the independent variable, but in practice, it may be the current that is regulated by the driver ICs. Thus, it might be more convenient for design calculations to have the forward current as the independent variable.
Forward voltage and temperature

The forward voltage Vf varies with the junction or heat sink temperature. This is often a linear relationship with the coefficient given in the LED datasheet [‎0

 REF _Ref183855811 \r  \* MERGEFORMAT ‎2]. For example, this coefficient might be b1= -4.5 mV/K over the range -10°C to 100°C, from a board reference temperature of Tb, ref=25°C. The mathematical relation would then be
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Note, not all vendors use the board temperature as the reference for this relationship; some use the junction temperature Tj ‎3]. In addition, this type of reference requires that the board temperature be available within the system calculation; it is not sufficient to calculate only the junction temperature. For the one-dimensional heat flow case,
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where Rjb is the package junction-to-board thermal resistance., and the dissipation is the current times the voltage ‎1,‎4]. For cases where significant power is converted into light output, the conversion efficiency should be accounted for. However, it is possible that the total power has been used to determine the “resistance” values – the application note may or may not indicate this. In the future, to aid thermal design, LED manufacturers ought to provide the actual power to dissipate in the heat sink path.
Relative luminous flux and junction temperature
The light output ΦV varies with the device temperature as shown for example in YY. The y-axis is the relative light output, with the reference value ΦV,ref being the light output at reference conditions, for example when the device is operated at a reference forward current If,0=700 ma ?? and has a junction temperature of 25°C (specified on the datasheet). In practice, it is prohibitively expensive to maintain the junction temperature at this level; more practical design choice will run warmer, with a resulting loss of light output. For the example in YY, the mathematical relation might be linear, e.g. 
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with c0=1 and c1=0.003236 K-1. This fit represents the chart data to within 1%. As shown in the Figure, this curve fit extends only to a junction temperature of 85°C; caution should be used when evaluating the light output beyond this range. 
Relative luminous flux versus forward current 
The light output increases with the forward current applied to the LED. A common way to represent this effect is to show the ratio of the light output ΦV to the light output at reference conditions ΦV,ref,. Following a similar procedure to that described above, a suitable second-order polynomial e.g.
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would have coefficients d0=-0.0481, d1=1.451, d2=-.404 with If0 = 700 ma. Of course, other convenient functions may be used. The maximum current for this example is 1000 ma, so caution should be used in estimating performance beyond this range. YY is an example of the light output variation with forward current. Note that this curve is specific to a single model of LED device and is not generally applicable to other devices, even from the same manufacturer.
Light Output

Since the light output is a function of two variables, and no information is given in the data sheet about the complete function, for a first order calculation we can assume that it is separable, i.e. the product of the output at reference conditions and the two ratios above. (XX??)
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Combined, it might look something like this:
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Thus, by examining the light output dependence of junction temperature and forward current, suitable operating parameters can be selected. The maximum light output, or perhaps values close to the maximum, may occur at temperatures below the maximum specified in the component data sheet. 

Thermal Conditions
Thermal conditions include the design ambient temperature, the junction to board thermal path from the diode datasheet, thermal interface material performance, and heat sink thermal performance (natural convection for illumination, forced convection for projection light sources). These performance measures are obtained in the usual manner, either by curve fitting vendor data sheets or by ordinary heat sink thermal calculations. Note that especially for natural convection, the heat sink performance may be a function of the dissipated power. A typical heat sink design for LED cooling in natural convection might look like YY. YY shows an example case of the heat sink performance, not the one pictured, improving with increases in power dissipation. This performance could be captured ahead of time using a mathematical curve fit to a data sheet or separate spreadsheet, or it could be integrated directly with the system calculation.
Some assumptions considerably simplify the analytical treatment. First, that the heat flow path is steady state and one-dimensional, such that 

	
[image: image8.wmf]ba

jb

ja

R

R

R

+

=


	( 8 )


The second assumption is that Rba is constant with both temperature and dissipation. Of course, more complex functions may be assumed.
Forward Voltage Operating Point

For the case of one-dimensional heat flow and the LED characteristics described above, the thermal path junction to ambient, Rja, is a linear superposition of the one-dimensional resistances in the path. Assuming that it is independent of the power dissipation, the operating voltage for a given junction temperature and forward current setting can be obtained by combining equations ( 1 ), ( 2 ) and ( 3 ):
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By including the junction temperature dependence on the entire dissipation path Rja and realizing that Rja = Rjb+Rba, where Rba is the board-to-ambient performance parameter, we arrive at the following expression for the forward voltage: 
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where Ta is the ambient temperature.
Design Decisions and Goals

The goals for the overall design usually include a certain minimum luminous flux, a maximum LED junction or board temperature, an overall product envelope and geometry, and other factors. These other factors might include light quality (white point), cost, acoustic noise of the unit, and aesthetic appearance. The decisions about heat sink design, overall heat sink outline, and local heat sink air speed all govern the ability to meet the design goals. But some of these goals are contradictory. The maximum light output requires maximum current but also minimum temperature. Achieving minimum temperature at maximum current requires a high performance cooling system, e.g. large heat sink with high air speed. The smallest, quietest, and least costly heat sink results in the maximum temperature – the usual scenario for many other electronics applications – but also produces lower light output and lower efficiency for a given operating current. For a successful design, it is important that the entire design team understand the effects of the design variables on the goals they have in mind for the project. These design variables can be bounded by considering the dependence of light output on the system thermal characteristic Rba and the forward current, and also by the maximum permissible Rba to achieve a desired junction temperature.
Thermal requirements for maximum junction temperature

The maximum allowable value of Rba for given If and Tj limit can be determined by first obtaining the heat dissipation (conservatively assuming 100% of input power)
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Then the junction temperature can be obtained as a function of the thermal conditions and forward current.
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Solving this equation for Rba, we obtain
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Figure YY shows an example of this functional dependence; the dashed vertical line indicates Tj=85°C. The junction temperature, as for most electronics applications, has no particular value in itself; it is used as a convenient measure to predict either performance or failure of the device by some mechanism. For LEDs, equation (7) led us to a choice of junction temperature based on light output level.
Range of thermal requirements for target light output

The light output depends on both Rba and If. By combining equations ZZ above, a functional dependence of light output on these parameters is as follows:
It is left as an exercise to the reader – or an automated numerical algorithm – to insert the equation for the junction temperature with its dependence on Rba. The resulting relative light output function is shown in the graph Figure YY.

Design Example

Using these functional relationships, it is possible to explore the design space for feasible options. 
Design variables

From the theoretical treatment we have seen that several variables affect the luminous output of the design. The choice of LED vendor, diode configuration, heat sinks, and interface materials may be driven by factors other than thermal or light output performance; for example, a buying decision or availability issue may govern the range of this variable. The forward voltage may vary, for example with a dimmer function, and can be requested of the electrical circuit design within a certain range. The forward current may be limited also. Both the voltage and current can vary with the temperature, so if one is set by the electrical design, the other will vary in response. Package thermal parameters may also vary when operated in pulsed mode.
The heat sink design and thermal conditions – ambient temperature, overall physical envelope, and available air speed – are the task of the product design team; limits for these and their light-output implications should discussed between the design team and those who specify the product requirements. Of particular relevance to the design is an illustration of the light output versus product size tradeoffs; one way to do this is to calculate the product volume needed to maintain a certain junction temperature while maximizing light output. 
Design

For a luminaire design, a reasonable heat sink profile with fixed number of fins is varied in diameter and length. The current is adjusted to maintain 85°C junction temperature in the LED assembly.

Conclusions

Thermal conditions strongly affect the light output and electrical operating conditions for light-emitting diodes, and thus should be considered carefully in a product design. In particular, the diode temperature affects the optical and electrical characteristics, and by extension its power dissipation. Analytical expressions are given to determine the minimum allowable cooling capacity to achieve a certain junction temperature under fixed-current operation. This junction temperature may be selected based on near-maximum light output if this occurs below the datasheet maximum rating. The light output dependence on thermal solution is shown graphically for a design example. 
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