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INTERNATIONAL ELECTROTECHNICAL COMMISSION 
______________ 

 
MEASURING RELAYS AND PROTECTION EQUIPMENT –  

 
Part 149: Functional requirements for thermal electrical relays 

 
 

FOREWORD 
1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising 

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote 
international co-operation on all questions concerning standardization in the electrical and electronic fields. To 
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications, 
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC 
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested 
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely 
with the International Organization for Standardization (ISO) in accordance with conditions determined by 
agreement between the two organizations. 

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international 
consensus of opinion on the relevant subjects since each technical committee has representation from all 
interested IEC National Committees.  

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National 
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC 
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any 
misinterpretation by any end user. 

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity 
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any 
services carried out by independent certification bodies. 

6) All users should ensure that they have the latest edition of this publication. 

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and 
members of its technical committees and IEC National Committees for any personal injury, property damage or 
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and 
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC 
Publications.  

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is 
indispensable for the correct application of this publication. 

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of 
patent rights. IEC shall not be held responsible for identifying any or all such patent rights. 

International Standard IEC 60255-149 has been prepared by IEC technical committee 95: 
Measuring relays and protection equipment. 

This first edition cancels and replaces IEC 60255-8, published in 1990. 

The text of this standard is based on the following documents: 

FDIS Report on voting 

95/313/FDIS 95/317/RVD 

 
Full information on the voting for the approval of this standard can be found in the report on 
voting indicated in the above table. 

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2. 
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A list of all parts of IEC 60255 series, under the general title Measuring relays and protection 
equipment, can be found on the IEC website.  

Future standards in this series will carry the new general title as cited above. Titles of existing 
standards in this series will be updated at the time of the next edition. 

The committee has decided that the contents of this publication will remain unchanged until 
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data 
related to the specific publication. At this date, the publication will be 

• reconfirmed, 
• withdrawn, 
• replaced by a revised edition, or 
• amended. 

 

IMPORTANT – The 'colour inside' logo on the cover page of this publication indicates 
that it contains colours which are considered to be useful for the correct 
understanding of its contents. Users should therefore print this document using a 
colour printer. 
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MEASURING RELAYS AND PROTECTION EQUIPMENT –  
 

Part 149: Functional requirements for thermal electrical relays 
 
 
 

1 Scope  

This part of the IEC 60255 series specifies minimum requirements for thermal protection 
relays. This standard includes specification of the protection function, measurement 
characteristics and test methodologies. 

The object of this standard is to establish a common and reproducible reference for evaluating 
dependent time relays which protect equipment from thermal damage by measuring a.c. 
current flowing through the equipment. Complementary input energizing quantities such as 
ambient, coolant, top oil and winding temperature may be applicable for the thermal protection 
specification set forth in this standard. This standard covers protection relays based on a 
thermal model with memory function. 

The test methodologies for verifying performance characteristics of the thermal protection 
function and accuracy are also included in this Standard. 

This standard does not intend to cover the thermal overload protection trip classes indicated 
in IEC 60947-4-1 and IEC 60947-4-2, related to electromechanical and electronic protection 
devices for low voltage motor-starters. 

The thermal protection functions covered by this standard are as follows: 

 
Protection function IEC 61850-7-4 IEEE C37.2 

Thermal overload protection PTTR 49 

Rotor thermal overload protection PROL 49R 

Stator thermal overload protection PSOL 49S 

 

General requirements for measuring relays and protection equipment are specified in 
IEC 60255-1. 

2 Normative references 

The following documents, in whole or in part, are normatively referenced in this document and 
are indispensable for its application. For dated references, only the edition cited applies. For 
undated references, the latest edition of the referenced document (including any 
amendments) applies. 

IEC 60050 (all parts), International Electrotechnical Vocabulary (available at 
http://www.electropedia.org) 

IEC 60085, Electrical insulation – Thermal evaluation and designation 

IEC 60255-1, Measuring relays and protection equipment – Part 1: Common requirements 

IEC 61850-7-4, Communication networks and systems for power utility automation – Part 7-4: 
Basic communication structure – Compatible logical node classes and data classes 
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3 Terms and definitions 

For the purpose of this document, the terms and definitions given in IEC 60050-447, as well 
as the following apply. 

  3.1
hot curve 
for a thermal electrical relay with a total memory function, characteristic curve representing 
the relationship between specified operating time and current, taking into account thermal 
effect of a specified steady-state load current before the overload occurs 

Note 1 to entry: Hot curve is a plot of a particular time-current solution for a first-order thermal system differential 
equation, assuming a specific constant overload current and a specific preload current. 

  3.2
cold curve 
for a thermal electrical relay, characteristic curve representing the relationship between 
specified operating time and current, with the relay at reference and steady-state conditions 
with no-load current flowing before the overload occurs 

Note 1 to entry: Cold curve is a plot of a particular time-current solution for a first-order thermal system 
differential equation, assuming a specific constant overload current when there is no preload. 

  3.3
basic current 
IB 
specified limiting (nominal) value of the current for which the relay is required not to operate 
at steady-state conditions of the equipment to be thermally protected 

Note 1 to entry: The basic current serves as a reference for the definition of the operational characteristics of 
thermal electrical relays. The basic settings of a thermal electrical protection function are made in terms of this 
basic current (IB) and the thermal time constant (τ) of the protected equipment. 

  3.4
equivalent heating current 
Ieq 
current which takes into account the additional heating sources such as  imbalance currents 
and/or harmonics 

  3.5
factor k 
factor by which the basic current (IB) is multiplied to obtain the maximum permissible 
continuous operating current value of the equipment to be thermally protected, which is used 
in the thermal characteristic function 

Note 1 to entry: The factor k indicates the maximum permissible constant between phase current (full load) and 
the basic (nominal) current of the protected equipment. 

  3.6
previous load ratio 
ratio of the load current preceding the overload to basic current under specified conditions 

  3.7
reference limiting error 
limiting error determined under reference conditions 

[SOURCE: IEC 60050:2010,  447-08-07] 
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  3.8
temperature rise  
difference between the temperature of the part under consideration and a reference 
temperature  

Note 1 to entry: The reference temperature may be for example the ambient air temperature or the temperature of 
a cooling fluid. 

[SOURCE: IEC 60050:2001, 151-16-26]  

  3.9
thermal equilibrium 
thermal state reached when the temperature rise of the several parts of the machine do not 
vary by more than a gradient of 2 K per hour 

[SOURCE: IEC 60050:1996, 411-51-08] 

  3.10
thermal time constant 
Tth 
time required for the temperature rise of the protected equipment relative to its initial 
temperature, to reach 63,2 % of its final, asymptotic value following a step increase in current 

Note 1 to entry: The initial temperature for example can be ambient temperature. 

  3.11
thermal level 
H 
ratio expressed in percentage between the estimated actual temperature of the equipment 
and the temperature of the equipment when the equipment is operating at its maximum 
current (k × IB) for a long period, enough to allow equipment to reach its thermal equilibrium 

4 Specification of the function 

 General 4.1

An example of a thermal protection function with its input energizing quantities, binary input 
signals, operate (trip), alarm and other binary outputs, and functional logic which includes 
measuring element, thermal level calculation, settings, and thresholds are shown in Figure 1. 
The manufacturer shall provide the functional block diagram of the specific thermal protection 
implementation. 
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Thresholds
(trip, alarm)

Energizing
quantities

(equivalent
heating 
current)

Thermal protection functional logic

The exact and complete contents of this functional logic block diagram area 
depends upon the implementation

Input 
energizing
quantites

Settings Operate (trip) 
signal

Alarm (pre-
operate) signal

Other binary 
output signals

Thermal 
level 

calculation

Measuring 
element
(signal 

processing)

Ambient / winding 
temperature 
measuring 

(option)

To other 
protection 
functionsBinary 

input
signals

 

Figure 1 – Simplified thermal protection function block diagram 

 Input energizing quantities/energizing quantities 4.2

The input energizing quantities are the measuring signals, such as phase (or line) currents, 
and ambient/environmental or winding temperatures (if required or applicable). Their ratings 
and relevant requirements are specified in IEC 60255-1. 

Input energizing quantities can be presented to the thermal protection functional logic either 
hardwired from current transformers and any additional input quantities such as ambient or 
winding temperature, or as a data packet over a communication ports using an appropriate 
data communication protocol, such as IEC 61850-9-2. 

The input energizing quantities used by the thermal protection function need not be the 
current directly taken from the secondary side of the current transformers. Therefore the 
protection relay documentation shall state the type of energizing quantities used by the 
thermal protection function.  

Examples of input energizing quantities are: 

– single-phase current measurement; 
– three-phase current measurement; 
– positive and negative sequence current measurement; 
– winding or ambient temperature sensor.  

NOTE The ambient temperature, coolant temperature, top oil temperature or winding temperature of the 
equipment to be thermally protected can be measured by temperature sensors, such as resistance temperature 
detector (RTD), the values of which can be used for biasing the calculation of the thermal level replica specified in 
this standard. Output signals or values of these temperature sensors can be taken into account for the first-order 
thermal model algorithm, which can influence and compensate the calculated thermal level (based on the 
equivalent heating current and heating thermal time constant values). 

 Binary input signals 4.3

If any binary input signals (externally or internally driven) are used, their influence on the 
thermal protection function shall be clearly described on the functional logic diagram or in the 
protective device manufacturer documentation. Additional textual description may also be 
provided if this can further clarify the functionality of the input signals and their intended 
application or implementation. 

IEC   1846/13 
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Binary input signals to this function may emanate from a number of different sources. 
Examples include: 

• traditionally wired to physical inputs; 

• via a communications port from external devices; 

• via internal logical connections from other functional elements within the relay. 

The method of receiving the signal is largely irrelevant except to conform to operational 
requirements. 

Definitions, ratings and standards for physical binary input signals are specified in 
IEC 60255-1. 

The following are examples of binary input signal application in thermal protection.  

1) When the thermal protection function is implemented with two operating modes of the 
protected equipment, such as power transformers with natural or forced ventilation, two-
speed motors or a star/delta starting motor, a binary input can be implemented to 
discriminate the different operating modes and to select the required group of settings to 
be used for proper thermal protection application. 

2) Another example of a binary input is to implement a reset function of the thermal memory 
during testing/commissioning procedures, using a binary input either directly hardwired or 
through data communications. 

 Functional logic 4.4

 Equivalent heating current 4.4.1

The equivalent heating current Ieq takes into account the additional heating source such as 
imbalance currents and/or harmonics. The type of measurement of the equivalent heating 
current shall be stated in the protection relay documentation. 

For the rms measurement, the manufacturer shall specify the bandwidth of the rms current 
measurement and define which harmonics are included in the equivalent heating current 
calculation. 

Annex A gives an explanation of the definition of the equivalent heating current and different 
cases of implementation of thermal protection applications of electrical equipment. 

 Basic (setting) and operating current values for thermal protection 4.4.2

For the thermal electrical relay, the basic (setting) current value IB is the specified limiting 
value of the current for which the relay is required not to operate. For motor or transformer 
applications, the basic current is usually set to the nominal current of the protected 
equipment. 

To take into account the maximum continuous load current of the protected equipment, a 
factor k is applied to the basic (setting) current value, to determine the operating current for 
the thermal protection. 

Therefore the value k × IB defines the operating current of the thermal protection relays, 

where 

k may be a constant value or a user setting, as declared by the thermal relay manufacturer; 
IB is the basic (setting) current value expressed as the permissible current of the equipment 

to be thermally protected. 
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With the factor k, no operation of the thermal relay is guaranteed for phase currents equal to 
the setting value IB. If the factor k is a user setting, it should include a range of at least 1,0 to 
1,5. For motor or transformer applications, the factor k is usually set by the user, where k × IB 
is equal to or less than maximum operating (full load) current of the equipment to be thermally 
protected. For relays which do not have a k factor setting (assumed to be fixed at 1,0) the 
setting for IB should be adjusted to account for the k factor.  

In some cases a fixed value of k may be defined by the manufacturer, equal to the accuracy 
of current measurement of the thermal electrical relay. This ensures that the thermal relay 
shall not operate for an operating current of IB. In this case the ratio between the overload and 
the nominal current for the equipment being protected can be accommodated in the setting of 
the base current IB. 

 Thermal level calculation 4.4.3

The thermal level calculation of the protected equipment is based on the equivalent heating 
phase current measurement and the recursive computation of a discrete-time equation of a 
differential first-order thermal model. 

The thermal level H(t) of the protected equipment is calculated by the following equation: 

 
2

eq

B

( )
( ) . . ( )∆ τ ∆

τ ∆ τ ∆

 
 = + −
 ⋅ + + 

I t tH t H t t
k I t t

   (1) 

where 

H(t) is the thermal level at time t; 

H(t–∆t) is the thermal level at time t–∆t; 

∆t is the sample period which is the time interval between two consecutives samples of 
input currents;  

Ieq(t) is the equivalent heating phase current at time t (see 4.4.1 and Annex A); 
k·IB is the value of the maximum continuous current, including k factor; 

τ is the heating/cooling thermal time constant of the equipment to be thermally 
protected, τ is assumed to be >>∆t. 

Derivation of differential and time-current equations and dynamics for a simple first-order 
thermal system are given in detail in Annex A. 

For a particular steady-state case with a constant Ieq, the thermal level H can be calculated 
by the following particular and simplified equation: 

 
2

eq

B

 
=   ⋅ 

I
H

k I
  (2) 

The thermal electrical relay operates if the thermal level reaches 100 % of maximum thermal 
level threshold. 

According to the mechanical design of the electrical equipment to be thermally protected, the 
heating thermal time constant and cooling thermal time constant can have different values. 
For example, for electric motor protection application, the heating thermal time constant is 
lower than the cooling thermal time constant due to the rotor rotation and self-ventilation 
operation when the motor is running. In these cases, the thermal level is calculated according 
to the phase current level, with two different thermal time constants, according to the following 
equations. 
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If Ieq(t) ≥ 0 (or if Ieq(t) is greater than a fixed input current threshold, stated by the thermal 
relay manufacturer), the thermal level can be computed by the following equation: 
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   (3) 

 

If Ieq(t) ≈ 0 (or if Ieq(t) is lower than a fixed input current threshold, stated by the thermal relay 
manufacturer), the thermal level can be computed by the following equation: 
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2

( ) . ( )H t H t t
t

τ ∆
τ ∆

= −
+

  (4) 

where 

τ1 is the heating thermal time constant of the equipment to be thermally protected; 

τ2 is the cooling thermal time constant of the equipment to be thermally protected. 

NOTE 1 Generally τ1 is used when the protected equipment is energized and τ2 is used when the protected 
equipment is deenergized.  

NOTE 2 The heating thermal time constant τ1 is also used when the equipment is energized and the phase 
current is reduced  to a lower level, which causes a lowering of the equipment thermal level, causing a decrease in 
the equipment temperature. 

NOTE 3 Manufacturers can implement multiple heating and multiple cooling time constants to cover the variety of 
heating and cooling conditions. For example, during direct on-line motor starting the time constant used in the 
thermal model can be changed (decreased) to allow for reduced cooling capability of the rotor at standstill/low 
speed and then revert to a longer time constant when normal running speed is achieved. 

For most thermal protection applications, such as self-ventilated motor and generator, two-
speed motors, star/delta starting motor, the thermal time constants τ1 and τ2 are different. For 
some other applications, such as motors with separated, independent forced ventilation or 
cooling systems, power transformers with or without forced ventilation cooling systems, 
cables, and capacitors, the thermal time constants τ1 and τ2 may have the same value. Some 
specific applications, such as two-speed motors or where star/delta starting is used, 
additional heating time constants may be used. 

 Time-current limit characteristic equations and curves 4.4.4

4.4.4.1 General 

The time-current characteristics shall be published by the relay manufacturer either in the 
form of equations or by graphical methods. The time-current equations for a simple thermal 
model are given here for cold state and hot state. 

4.4.4.2 Cold curve 

The cold curve for thermal protection relays is a particular solution of the first-order 
differential Equation (1) for the following conditions. 

– Starting from a thermal level with no load current before the overload occurs. Therefore, 
the equipment temperature is considered as the ambient temperature and its thermal level 
is considered equal to zero. 

– A constant phase current during the overload. 

The cold time-current limit characteristic is given by the following time-current equation: 
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where 

t(Ieq) is the theoretical operate time with a constant phase current Ieq, with no load current 
before (prior) the overload occurs; 

Ieq is the equivalent heating current; 

τ is the heating thermal time constant of the protected equipment; 
k is a constant (fixed) value or a setting, declared by the thermal relay manufacturer; 
IB is the basic current value expressed as permissible current of the equipment to be 

thermally protected. 

A typical example of time-current characteristic curve for cold state of a first-order thermal 
system with no previous load before overload occurs is shown in Figure 2. 

IeqIB k ⋅ IB0

t

 

Figure 2 – Typical examples of characteristic curves for cold state of a first-order 
thermal system with no previous load before overload occurs 

A detailed differential equation derivation, algorithm, dynamics, and cold time-current 
characteristic solution for the first-order thermal system are developed and given in Annex A. 

4.4.4.3 Hot curve 

The hot curve for thermal protection relays is a particular solution of the first-order differential 
Equation (1) and it is given by the following time-current equation: 
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where 

t(Ieq) is the theoretical operate time with a constant phase current Ieq with a constant current 
of Ip prior to the overload; 

Ieq is the equivalent heating current; 

Ip is the steady-state load current prior to the overload for a duration which would result in 
constant thermal level (duration is greater than several heating thermal time constants 
τ); Ip = 0 results in the cold curve; 

τ is the heating thermal time constant of the equipment to be thermally protected; 
k is a constant value (fixed) value or a setting, declared by the thermal relay 

manufacturer; 
IB is the basic current value expressed as permissible current of the equipment to be 

thermally protected.  

The relay manufacturer can publish thermal tripping curves as in the example given below 
with the previous load ratio p as a parameter, described by the following equation: 

 P

B

=
Ip
I

  (7) 

Typical examples of current-time characteristic curves for hot states of a first-order thermal 
system for different values of previous load before overload occurs are shown in Figure 3. 

Ieqk ⋅ IB0

t

p = 0

p = 0,6

p = 0,8

p = 0,9

 

Figure 3 – Typical examples of characteristic curves for hot states of a first-order 
thermal system for different values of previous load before overload occurs 

A detailed differential equation derivation, algorithm, dynamics, and hot time-current 
characteristic solution for the first-order thermal system are developed and given in Annex A. 

 Thermal level alarm threshold 4.4.5

If the thermal protection relay contains an alarm threshold level it can produce an alarm 
output signal when the thermal level exceeds a predetermined setting alarm threshold. This 
threshold can be defined as a percentage of the nominal (rated) thermal limit of the equipment 
to be thermally protected.  

IEC   1848/13 
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Nominal (rated) thermal limit (H nominal = 100 %) is considered as the maximum thermal level 
to which the equipment to be thermally protected can continuously withstand to avoid over 
temperature. An over temperature above the permitted limit could damage the 
chemical/physical properties of the materials component of the insulation system, reducing its 
expected life time. 

This predictive overload alarm threshold level, if provided, shall include at least a range of 
50 % to 100 % of the nominal (rated) thermal limit. 

NOTE 1 The thermal level H can be compensated for the ambient temperature level of the equipment this is 
detailed in Equations (8) and (9). 

NOTE 2 For motor thermal protection applications, the actual thermal level, measured by the thermal protection 
device using the equations shown in this standard, can be used as a restart blocking signal, as an input reference 
for the restarting blocking protection function (function 66), for a motor in a stopped condition (at rest), at a hot 
state, after operation. For this application, the remaining time for the next allowed motor start attempt can be 
indicated in the thermal protection device display, taking into account the cooling thermal time constant for the 
stopped motor, the actual thermal level of the motor at rest and the estimated or calculated thermal level required 
for motor starting (calculated based on the motor heating thermal time constant, starting current and starting time). 

 Binary output signals 4.5

 General 4.5.1

Binary output signals from this function may be available in a number of different 
forms.  Examples include: 

• traditionally wired from physical relay output contacts, 

• via a communications port to external devices, 

• via internal logical connections to other functional elements within the relay. 

The method of providing the signal is largely irrelevant except to conform to functional 
requirements. 

Definitions, ratings and standards for physical binary output signals are specified in 
IEC 60255-1. 

 Operate (trip) output signal 4.5.2

The operate (trip) signal is the output of measuring and threshold elements, when the 
calculated thermal level H(t), defined in Equation (1), exceeds 100 % (1,0 pu) of the nominal 
(rated) thermal level of the equipment to be thermally protected. 

NOTE The trip signal could operate when the calculated thermal level of any of the three phases exceeds the 
nominal thermal level. 

 Alarm signal 4.5.3

The alarm signal is the output of measuring and threshold elements, when the calculated 
thermal level H(t), defined in Equation (1), exceeds a predetermined overload alarm threshold 
setting. 

 Other binary output signals 4.5.4

If any other binary output signals are available for use, their method of operation shall be 
clearly shown on the functional logic diagram or in the protective device manufacturer 
documentation. Additional textual description may also be provided if this can further clarify 
the functionality of the output signal and its intended usage. 
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 Additional influencing factors on thermal protection 4.6

 General 4.6.1

The manufacturer shall declare if any specific algorithms are implemented in the relay. These 
algorithms shall be described by the manufacturer in the thermal protective device 
documentation. 

For example, if the thermal protection relay is equipped with temperature measurement 
facilities the thermal protection can take into account the ambient or coolant temperature. One 
possible implementation of ambient temperature compensation is described in the following 
subclauses, but other methods could be used. 

 Influence of ambient temperature on thermal protection 4.6.2

Electrical machines, such as motors and power transformers, are designed to operate within a 
specific ambient temperature range. If the machine operates at a higher ambient temperature 
than specified, the windings may overheat and suffer insulation degradation even if it is 
operating within the permitted rated load and equivalent heating currents. In this case, it is 
beneficial to compensate or bias the calculated thermal level of the machine to maintain 
adequate thermal protection by directly measuring the ambient temperature. 

Typically, the design limits (or maximum ambient temperature) of the protected machine is in 
the region of 40 °C. When the measurement of ambient temperature is other than this design 
limit, the thermal level H(t) can be compensated by a factor Fa, defined by the following 
equation: 

 
amax

limitmax
a TT

TTF
−

−
=   (8) 

where 

Tmax  is the equipment maximum temperature (according to equipment thermal insulation 
class, as indicated in IEC 60085); 

Ta  is the actual ambient (environment) temperature of the equipment, measured by the 
thermal protection relay; 

Tlimit  is the ambient temperature design limits for operation at rated load without causing 
thermal degradation of insulation, typically 40 °C. 

In the case of a thermal protection relay which is equipped with ambient temperature sensor 
and ambient temperature correction factor, the thermal level H(t) of the equipment is 
calculated by the following equation: 
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 The derivation of the ambient temperature factor Fa is given in detail in Annex A. 

 Thermal reset facilities 4.6.3

During testing of the thermal element, it is preferable to be able to force the thermal element 
to a fully reset (zero) state, or other known value. If such a facility is available on the device, 
its method of operation, capability and any relevant settings should be clearly shown on the 
functional diagram and within the relay documentation. 
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 Behaviour of thermal protective device during auxiliary power supply failure 4.7

The thermal protection function continuously calculates and stores the thermal level in its 
thermal memory using the recursive equation.  

When energizing the thermal protective device, the state of the thermal memory shall be 
clearly defined and stated by the relay manufacturer in the protective device documentation.  

In some cases, it is a parameter setting which defines the starting level of the thermal 
memory. Depending on the setting of the thermal protective device, the stored value of the 
thermal level of the protected equipment should be either reset to zero (in the event of an 
auxiliary power supply failure) or stored in a non-volatile type memory, so that the previous 
thermal level is maintained if the power supply fails. 

The manufacturer shall declare in the thermal protective device documentation the behaviour 
of the thermal level in the event of a power system supply failure along with user settings and 
the factory (default) settings. 

5 Performance specification 

 Accuracy related to the characteristic quantity 5.1

The accuracy related to the characteristic quantity shall be declared by the manufacturer at 
operate value k × IB, in the setting value range over which it is applicable.  

The range of k shall be specified which is supported by the thermal electrical relay (e.g. 
1,0 ≤ k ≤ 1,5). The manufacturer shall prove that no operation occurs due to measurement 
inaccuracies of current and temperature as well as thermal calculation at IB.  

For functions with an ambient temperature measurement, the manufacturer shall declare the 
influence of the ambient temperature measurement on the characteristic accuracy. In order to 
avoid the combination of a varying characteristic quantity and a varying ambient temperature, 
it is sufficient to specify the accuracy with an ambient temperature measurement Ta lower 
than 40 °C and one value higher than 40 °C (e.g. Ta = 0 °C and Ta = 0,5 Tmax). 

 Accuracy related to the operate time 5.2

The effective range of the time-current characteristics shall be specified by the manufacturer 
(Imin ≤ Ieq ≤ Imax). Imin and Imax shall be stated by the manufacturer and Imin shall lie between 
k × IB and 1,2 × k × IB. This results in a maximum operating time for a value of Ieq = Imin and a 
minimum operating time of Ieq = Imax. The accuracy of the characteristic is specified within 
this effective range. In addition the manufacturer shall declare the behaviour of the function 
above the effective range, under high fault current conditions (e.g. if the function is blocked or 
Ieq is limited to Imax). 

The reference limiting error is identified by an assigned error declared by the manufacturer, 
which may be multiplied by factors corresponding to different values of the characteristic 
quantity. The value of the assigned error shall be declared at the maximum limit of the 
effective range (Imax). The reference limiting error may be declared either as: 

1) a theoretical curve of time plotted against multiples of the setting value of the 
characteristic quantity bounded by two curves representing the maximum and minimum 
limits of the limiting error over the effective range, or 

2) an assigned error claimed at the maximum limit of the effective range of the time-
current characteristic multiplied by stated factors corresponding to different values of 
the characteristic quantity within its effective range of the characteristic, as specified in 
Table 1. 
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Table 1 – Limiting error as multiples of assigned error 

Value of characteristic quantity as multiple of setting value (k × IB) 1,2 to 1,5 1,5 to 2 2 to Imax 

Limiting error as multiples of assigned error 2,5 1,5 1 

 

NOTE The characteristic quantity can be different depending on the nature of the thermal protection being 
provided. As an example it can be phase current combined or not with negative sequence current in the case of 
motor thermal protection. 

The manufacturer shall declare if compensation of the internal measurement time of the 
characteristic quantity and the output contact operation is included in the operate time and its 
stated accuracy. 

Nominal accuracy will be stated based on a sinusoidal input at nominal frequency; however 
the manufacturer shall state the effect of harmonics on the characteristic quantity and the 
operating frequency range where the nominal accuracy is met. In addition, the manufacturer 
shall state if harmonics are included in the calculation of the characteristic quantity. 

 Performance during frequency variations 5.3

The purpose of these tests is to verify the relay performance when the frequency of the 
energizing quantities deviates from the nominal value. The influence of frequency deviation 
from fmin to fmax is determined by means of testing accuracy when the frequency of the 
characteristic quantity is varied between fmin and fmax. 

6 Functional test methodology 

 General 6.1

Tests described in this clause are for type tests. These tests shall be designed in such a way 
to exercise all aspects of hardware and firmware (if applicable) of the thermal protection relay. 
This means that injection of current shall be at the interface to the relay, either directly into 
the conventional current transformer input terminals, or an equivalent signal at the 
appropriate interface.  

The manufacturer shall clearly indicate the test methodology, procedure, structure and 
architecture used in this protective device performance test. 

Whenever applicable, other influencing input quantities like inputs for ambient temperature 
measurement, reset inputs, or power supply failure functions shall be considered in the type 
tests. Similarly, operation shall be taken from output contacts wherever possible or equivalent 
signals at an appropriate interface. 

The accuracy of the relay shall be determined in steady-state conditions. The injected 
characteristic quantity shall be a sinusoid of rated frequency and its magnitude shall be varied 
according to the test requirements.  

When determining the influence of harmonics the injected characteristic quantity shall be 
superimposed sinusoidal signals with the fundamental signal of rated frequency and its 
magnitude shall be varied according to the test requirements. 

When determining the influence of abnormal frequencies the injected characteristic quantity 
shall be a sinusoidal signal at required test frequencies and its magnitude shall be varied 
according to the test requirements. 

In accordance with IEC 60255-1 each test point related to accuracy shall be repeated 5 times 
to ensure repeatability of results, with the maximum and average error values of all the tests 
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being used for the accuracy claim. Sufficient test points should be used to assess the 
performance over the entire setting range of the element, but as a minimum three settings 
shall be used. Preferred values are: minimum setting (or 0 % of the range); 50 %; maximum 
setting (or 100 % of the range). 

In the following subclauses, the test settings to be used are expressed in a percentage of the 
available range with 0 % representing the minimum available setting and 100 % representing 
the maximum available setting. Similarly 50 % would represent the mid-point of the available 
setting range. The actual setting to be used can be calculated using the following equation: 

 SAV = (SMAX – SMIN) X + SMIN (10) 

where 

SAV is the actual setting value to be used in test; 
SMAX is the maximum available setting value; 
SMIN is the minimum available setting value; 
X is the test point percentage value expressed in test methodology. 

 Determination of steady-state errors related to the operating current value  6.2

It is not easy to verify the accuracy of the operating current value k × IB directly, due to the 
very long operating time near the threshold. However, in order to check the basic current 
value IB, the specified limiting value of the current for which the thermal relay is required not 
to operate, the following test is performed. 

A current equal to IB shall be applied to the thermal relay during a period longer than 10 times 
the heating thermal constant setting. The operate output contact of the element shall be 
monitored, and no tripping shall occur.  

This test shall be done with the following settings. 

– The minimum heating thermal constant of the setting range. 
– If the factor k is a setting value, k is set to the specified accuracy level, declared by the 

manufacturer (i.e. with a specified accuracy level of 5 %, the factor k is set to 1,05). 
– If the factor k is a fixed value, it is generally defined to cover the current measuring 

accuracy to ensure no operation for a continuous current IB. In the particular case where k 
is a fixed value equal to 1, a reduced current shall be applied according to the declared 
accuracy level (i.e. with a specified accuracy level of 5 %, the injected current is equal to 
0,95 × IB). 

– The basic current IB is set to 3 test points: minimum setting (or 0 % of the range); 50 %; 
maximum setting (or 100 % of the range). 

The test can be done with or without previous thermal level. The impact of the previous 
thermal level after the duration of the current injection (10 times the heating thermal time 
constant) is not significant.  

At the end of the test and, if the relay displays the thermal level of the protected equipment, 
the thermal level shall be less than 100 %. 

 Determination of steady-state errors related to the characteristic quantity and the 6.3
operate time 

 Accuracy determination of the cold curve 6.3.1

The verification of the specified cold curve is required to indirectly verify the stated accuracies 
for the characteristic quantity and operate time. To determine the cold curve response the 
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thermal model of thermal protection relay shall be reset prior to instantly applying the 
calculated test signal.  

According to Equation (5) the cold curve is verified with sufficient test points to assess the 
performance over the entire basic current and heating thermal time constant setting range, at 
various current values throughout the effective range of the thermal characteristic. The times 
recorded for the operate output contact provides a measure of the cold curve operating time 
accuracy. The suggested test points are indicated in the Table 2. Each test point shall be 
tested one time, except for the minimum thermal time constant setting where each test point 
shall be repeated at least 5 times to ensure repeatability of results, with the maximum and 
average error values of all the tests being used for the accuracy claim. 

If the factor k is a setting, the operating current value is defined with a combination of the 
basic current IB and the factor k, in their setting ranges. For example, assuming the available 
setting range for the basic current IB is 1 A to 5 A and the setting range of the factor k is 1,0 
to 1,5, the actual operating current value to be used would be: 1 A; 3,75 A; 7,5 A. 

Table 2 – Test points of the cold curve 

Operating current value  
(k × IB) 

Heating thermal time 
constant 

(τ1) 

Initial test current 
value 

End test current 
value 

Minimum (0 %) for IB and k Minimum (0 %) Zero 1,2 × k × IB 

50 % for IB and k 50 % Zero 1,6 × k × IB 

Maximum (100 %) for IB and k Maximum (100 %) Zero 2 × k × IB 

  Zero 5 × k × IB 

  Zero 10 × k × IB 

NOTE The total number of test points is 45 (with repetitions a total of 105 tests). Five test points defined by the 
end test current values, with the 3 defined settings for the operating current value  
(k × IB), and the 3 defined settings for the thermal time constant. 

 

If test points specified in Table 2 exceed the effective range of the device under test, the test 
is performed until the maximum allowed characteristic quantity. None of the test points shall 
be outside the specified accuracy that result from the specified accuracies for the 
characteristic quantity and operate time.  

For the cold curve test: The input current shall be suddenly changed from zero to the 
appropriate multiple of IB. The relay shall then be allowed sufficient time to return to its initial 
condition before re-application of current. 

To reduce the testing time of cold curve a forced reset by logic input or a setting can be used 
to reset the thermal memory between each test point. 

 Accuracy determination of the hot curves 6.3.2

The verification of the specified hot curve is required to indirectly verify the stated accuracies 
for the characteristic quantity and operate time. The test will be carried out, at least, for 5 
different preload levels (10 %, 30 %, 50 %, 70 %, 90 %).  

These tests are defined to check the impact of the preload levels on the operating time (hot 
curves). The test points can be done with only one setting value for the operating current and 
the heating thermal time constant (τ1). The tests points are suggested in the following Table 
3. Each test point shall be tested once. 
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Table 3 – Test points of the hot curve 

Operating current value 
(k × IB) 

Heating thermal time 
constant 

(τ1) 

Preload levels  
(in % of Ip) 

End test current value 

50 % for IB and k 50 % 10 % 1,2 × k × IB 

- - 30 % 1,6 × k × IB 

- - 50 % 2 × k × IB 

- - 70 % 5 × k × IB 

- - 90 % 10 × k × IB 

NOTE The total number of test points is 25; five end test current values times 5 defined preload levels. 

 

If test points specified in Table 3 exceed the effective range of the device under test, the test 
is performed until the maximum allowed characteristic quantity. None of the test points shall 
be outside the specified accuracy that result from the specified accuracies for the 
characteristic quantity and operate time.  

For the hot curve test: the protective device shall be energized with an equivalent current 
corresponding to the preload level for a time to allow the relay to reach thermal equilibrium at 
that point. The protective device shall then be energized at the appropriate multiple of the 
basic current IB. 

The protective device shall then be allowed sufficient time as specified by the manufacturer to 
return to and stabilize at the previous load current before further testing. 

 Performance with specific cooling thermal time constant 6.4

If the relay can handle different heating and cooling thermal time constants (τ1 and τ2), the 
following test shall be performed. 

A current above the operating current value k × IB is applied to the thermal relay until 
operation. When the relay operation occurs, the current injection is switched off during a time 
Tcooling. After this time Tcooling, a current Ifault above the operating current value k × IB is 
applied again to the thermal relay. The time Tfault recorded between the injection of the 
current Ifault and the operate output contact shall be equal to the following equation. 
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where 

τ1 is the heating thermal time constant 1 of the equipment to be thermally protected; 

τ2 is the cooling thermal time constant 2 of the equipment to be thermally protected; 
Ifault  is the current applied to the thermal relay after the cooling period; 
Tcooling  is the time duration of the cooling period previous to the overload; 
k·IB  is the operating current value. 

The test shall be performed with 2 different settings (0 % and 50 %) for the cooling thermal 
time constant (τ2), in the following conditions. 

– The operating current value (k × IB) shall be set at 50 % of the setting range.  
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– The heating thermal time constant (τ1) shall be selected as 50 % of the setting range.  

– The current Ifault shall be equal to 2 times the operating current value (k × IB). 

None of the test points shall be outside the specified accuracy that result from the specified 
accuracies for the characteristic quantity and operate time. 

 Performance with harmonics 6.5

At least one curve test for cold curve shall be carried out while the characteristic quantity 
includes 10 % of 3rd harmonic. 

At least one curve test for cold curve shall be carried out while the characteristic quantity 
includes 25 % of 5th harmonic. 

At least one curve test for cold curve shall be carried out while the characteristic quantity 
includes 15 % of 7th harmonic.  

The percentage harmonic is based on the fundamental frequency component with a phase 
angle between the fundamental and harmonic component at zero degrees. Three test points 
are suggested in the following Table 4. 

Table 4 – Test points of the cold curve with harmonics 

Operating current value (k × IB) Heating thermal time 
constant (τ1) 

Initial test 
current value 

End test current 
value 

50 % for IB and k Minimum (0 %) Zero 1,2 × k × IB 

  Zero 2 × k × IB 

  Zero 10 × k × IB 

 

If test points specified in Table 4 exceed the effective range of the device under test, the test 
is performed until the maximum allowed characteristic quantity is reached. None of the test 
point results shall be outside the specified accuracy that result from the specified accuracies 
for the characteristic quantity and operate time. 

 Performance during frequency variations 6.6

At least one curve test for cold curve shall be carried out while the characteristic quantity 
fundamental frequency is set to fmin as specified by the manufacturer. 

At least one curve test for cold curve shall be carried out while the characteristic quantity 
fundamental frequency is set to fmax as specified by the manufacturer. 

Three test points are suggested in the following Table 5. 

Table 5 – Test points of the cold curve during frequency variations 

Operating current value  
(k × IB) 

Heating thermal time 
constant 

(τ1) 

Initial test current 
value 

End test current 
value 

50 % for IB and k Minimum (0 %) Zero 1,2 × k × IB 

  Zero 2 × k × IB 

  Zero 10 × k × IB 
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If the test points specified in Table 5 exceed the effective range of the device under test, the 
test is performed until the maximum allowed characteristic quantity is reached. 

None of the test point results shall be outside the specified accuracy that result from the 
specified accuracies for the characteristic quantity and operate time. 

 Performance during different ambient temperatures 6.7

If the thermal protection relay is equipped with temperature sensor to measure the ambient 
temperature of the protected equipment, the following test shall be performed in order to 
check that the thermal level calculation takes into account the factor Fa, defined by the 
Equation (9). 

The tests described in 6.3 shall be done with the following conditions: 

• thermal insulation class of the protected equipment: Class F – Tmax= 155 °C 

• 2 test points for ambient temperature: 20 °C and 60 °C: 
– for 20 °C test points, the factor Fa = 0,852 
– for 60 °C test points, the factor Fa = 1,21 

• determination of one cold curve (see Table 1) for both ambient temperatures, with the 
following settings:  

– operating current value (k × IB): 50 % for IB and k 

– heating thermal time constant (τ1): 50 %  

• determination of one hot curve (see Table 2) for both ambient temperatures, with the 
following settings:  

– operating current value (k × IB): 50 % for IB and k 

– heating thermal time constant (τ1): 50 % 
– preload level: 50 % 

With the factor Fa, the cold and hot time-current limit characteristic is given by the following 
equation: 

 
2 2

2 2

.
( ) ln

. ( )
a eq p

eq
a eq B

τ
 −

= ⋅   − ⋅ 

F I I
t I

F I k I
  (12) 

where 

t(Ieq) is the theoretical operate time with a constant phase current Ieq; 
Ieq is the end test equivalent heating current value; 

τ is the heating thermal time constant of the protected equipment; 
k is a constant (fixed) value or a setting, declared by the thermal relay manufacturer; 
IB is the basic current value expressed as permissible current of the equipment to be 

thermally protected; 
Ip is the steady-state load current prior the overload (Ip = 0 for the cold curve). 

None of the test point results shall be outside the specified accuracy that result from the 
specified accuracies for the characteristic quantity and operate time. 
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7 Documentation requirements 

 Type test report 7.1

The type test report for the thermal protection function described in this standard shall be in 
accordance with IEC 60255-1. 

As a minimum the following aspects shall be recorded: 

Protective device under test: This includes details of the protective device/IED/function under 
test as well as specific details such as model number, firmware version which shall be 
recorded as applicable. 

– Test equipment: equipment name, model number, calibration information. 
– Functional block diagram showing the conceptual operation of the element including 

interaction of all binary input and output signals with the function. 
– Details of the input energizing quantity and the type of measurement being used by the 

protection function. 
– Details of the available characteristic curves/operation for both operating and stopped 

states that have been implemented in the function, preferably by means of an equation. 
– Details of the effective range (Imin and Imax values) and the behaviour of the function for 

currents above the effective range, under high fault current conditions (e.g. if the function 
is blocked or Ieq is limited to Imax). 

– Details of all settings utilised by the function, including k, q, τ1, τ2, and Fa. 

– Details of any specific algorithms that are implemented to improve the applicability of this 
thermal function to a real power system and their performance claims. In the case of 
generic algorithms that are used by more than one function, for example current 
transformer or RTD supervision for ambient temperature, coolant temperature, top oil 
temperature or winding temperature, it is sufficient to describe the operation of the 
algorithm once within the user documentation but its effect on the operation of all 
functions shall be described. 

– Test method and settings: This includes details of the test procedure being used as well 
as the settings that are applied to the equipment under test to facilitate the testing. This 
may include settings other than those for the function being tested. This permits repeated 
testing to be performed with confidence that the same test conditions are being used. 

– Test results: For every test case outlined in the test method and settings, the complete 
sets of results are recorded as well as a reference to the particular test case. From these 
results, accuracy claims are established. 

– Test conclusions: Based upon the recorded test results, all claims required by Clause 5 of 
this standard shall be clearly stated. Where appropriate, these claims are compared with 
the performance specifications contained in this standard to allow individual pass/fail 
decisions to be given, as well as an overall pass/fail decision for the entire function. 

 Other user documentation 7.2

Not all users insist on viewing the complete type test documentation, but require a subset of 
the information that it contains. For this purpose, as a minimum the following aspects shall be 
recorded in generally available user documentation although this may not be required in a 
single document. 

Functional block diagram showing the conceptual operation of the thermal protection element 
including interaction of all binary input and output signals with the function; 

– details of the input energizing quantity and the type of measurement being used by the 
thermal protection function; 

– details of the available characteristic curves/operation for both operating and stopped 
states that have been implemented in the function, preferably by means of an equation; 
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– details of the effective range (Imin and Imax values) and the behaviour of the function for 
currents above the effective range, under high fault current conditions (e.g. if the function 
is blocked or Ieq is limited to Imax); 

– details of all settings utilised by the function, including k, q, τ1, τ2, and Fa; 

– details of the safety behaviour of the actual thermal level memory, in case of power supply 
failure, default/factory settings, user options and setting procedures; 

– details of any specific algorithms that are implemented to improve the applicability of this 
thermal function to a real power system and their performance claims. In the case of 
generic algorithms that are used by more than one function, for example current 
transformer or RTD supervision for ambient temperature, coolant temperature, top oil 
temperature or winding temperature, it is sufficient to describe the operation of the 
algorithm once within the user documentation but its effect on the operation of all 
functions shall be described; 

– all declarations required by Clause 5 of this standard shall be clearly stated. 
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Annex A  
(informative) 

 
Simple first-order thermal model of electrical equipment 

 

A.1 General 

This Annex A introduces the basics of differential and time-current equations and dynamics 
found in thermal protection modelling. A simple first-order thermal process is used to 
represent the electrical equipment to be thermally protected. 

This Annex A also introduces a recursive algorithm for continuously calculating and keeping 
track, in real time, the actual thermal level of a simple first-order thermal process which is 
suitable for digital implementation in microprocessor-based protection devices. 

A.2 Simple first-order thermal process representation of electrical equipment  

A.2.1 General 

Considering a simple first-order thermal system represented by generic electrical equipment 
to be thermally protected, modelled as a resistor (r), representing the ohmic winding 
resistance through which an equivalent heating current (Ieq) is being circulated as shown in 
Figure A.1. 

 θamb

Current 
source

RT
θequipment

r

m, cT

Ieq

Thermal
losses

 

Figure A.1 – An electrical equipment to be thermally protected  
represented as a simple first-order thermal system 

A.2.2 Calculation of the equivalent heating current (Ieq)  

The heating source is represented by an equivalent heating current Ieq. 

In general the equivalent heating current (Ieq) is the same as rms phase current. However, for 
motor protection applications other heating sources need to be considered and they are 
described here. 

In case of motor protection applications, the thermal model shall be biased to reflect the 
additional heating that is caused by negative sequence current when the motor is running. 
This biasing can be done by creating an equivalent motor heating current rather than simply 
using average three-phase rms current values. 

IEC   1849/13 
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Unbalanced motor phase currents will cause rotor heating that is not shown in the motor 
thermal damage curve. When the motor is running, the rotor will rotate in the direction of the 
positive sequence current at near synchronous speed. Negative sequence current, which has 
a phase rotation that is opposite to the positive sequence current, and hence opposite to the 
direction of rotor rotation, will generate a rotor voltage that will produce a substantial current 
in the rotor. This current will have a frequency that is approximately twice the line frequency: 
100 Hz for a 50 Hz system or 120 Hz for a 60 Hz system.  

Skin effect in the rotor bars at this frequency will cause a significant increase in rotor 
resistance and therefore, a significant increase in rotor heating. This extra heating is not 
accounted for in the thermal limit curves supplied by the motor manufacturer as these curves 
assume positive sequence currents from a perfectly balanced supply voltage and motor 
design. 

To take into account the effect of unbalanced conditions, the equivalent heating current can 
be computed in accordance with the following equation: 

 2 2
eq rms 2= + ⋅I I q I  (A.1) 

where 

Ieq is the equivalent heating current; 
Irms is the rms value of the phase current; 
I2 is the negative sequence phase current; 
q is the unbalance factor, a user settable constant, proportional to the thermal capacity of 

the electrical motor (equipment to be thermally protected). 

The coefficient q is a factor relating to the additional heat produced by negative sequence 
phase current (I2) relative to the positive sequence phase currents (Irms). The factor q is used 
to account for the influence of negative sequence phase current on the equivalent heating 
current (Ieq) in thermal motor protection applications. This factor should be set equal to the 
ratio of negative sequence rotor resistance to positive sequence rotor resistance at rated 
motor speed.  

The values of positive and negative rotor resistance shall be obtained from motor 
manufacturer data sheet or motor documentation.  

NOTE 1 When an exact setting of the positive/negative rotor resistance is not published by motor manufacturer or 
cannot be calculated, typical values of q from 3 (three) to 5 (five) could be used. This is a typical setting and will be 
adequate for most of the motor thermal protection applications. 

NOTE 2 For thermal protection applications of electrical equipment such as power transformers, cables, lines, 
and capacitors, the factor q could be set to zero. 

A.2.3 First-order thermal model of electrical equipment 

The ambient temperature is θ amb and the equipment temperature is θ equipment. The 
equipment temperature shall not go beyond the thermal limit temperature according to its 
Electrical Insulation System (EIS) thermal classification class, in accordance with IEC 60085 
and IEC 60034-11. This temperature is defined as the maximum or hot-spot temperature θ max 
and above this point the input equivalent heating current shall be switched off by a protective 
device. 

A simple first-order thermal system can be modelled by a single lumped thermal resistivity to 
the surrounding environment (RT, expressed in °C/W), by a mass (m, expressed in kg) and 
the thermal system specific heat capacity (cT, expressed in J/kg/°C). 

The thermal resistivity (RT) is a constant that depends upon the thermal system insulation 
level to the environment and mechanical properties. The higher the value of RT, the less heat 
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is transferred to the surrounding environment. The smaller the value of RT, the more heat is 
transferred to the surrounding environment.  

It can be defined θ as the temperature of the thermal system (equipment) above the ambient 
temperature, in accordance with the following equation: 

 equipment ambθ θ θ= −   (A.2) 

The rate of increase of the equipment (thermal system) is provided by the differential equation 
expressing the thermal equilibrium: 

 
T

d ( )
d
θ

− =
tPower supplied Thermal losses mc

t
 (A.3) 

where  

m is the thermal system (equipment) mass, considering a lumped model (kg) 

cT is the specific heat of the thermal system (equipment), considering a lumped model 
(J/kg/°C) 

The thermal system (equipment) thermal capacitance (CT) is the product of its mass (m) and 
its specific heat (cT), in accordance with the following equation: 

 CT = m × cT   (A.4) 

The thermal losses or the quantity of heat transferred by the equipment (thermal system) to 
the surrounding environment can be expressed by the following equation: 

 ( )
TT

ambequipment t
R
θ

R
θθ

=
−

=losses Thermal   (A.5) 

From Equations (A.4) and (A.5) Equation (A.3) can be expressed as: 

 2
eq T

T

( ) d ( )
d

θ θ
− =

t trI C
R t

  (A.6) 

or 

 2
T eq T T

d ( ) ( )
d
θ θ= +

tR rI R C t
t

  (A.7) 

The product of the thermal resistance (RT) and the thermal capacitance (CT) has units of 
seconds and represents the thermal time constant (τ) of a first-order thermal system: 

 TT CR ⋅=τ   (A.8) 

Equation (A.7) can be expressed as: 

 2
T eq

d ( ) ( )
d
θτ θ= +

tR rI t
t

  (A.9) 
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