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Abstract

Abstract

The operating temperature of the components within an electronic device has a significant
impact on the reliability of a product. In a variable speed drive the power semiconductors in
the inverter stage are often operated close to their maximum temperature when the inverter
is operating at a low output frequency or during an overload. The temperature of these
components must be continuously monitored to prevent them from overheating, but direct
measurement of the temperature is only possible if a special test configuration can be used.
This is not practicable in a commercial drive and to protect the inverter the temperature of

the power semiconductors must be estimated by an on-line thermal model.

The work presented in this thesis describes the development of a novel thermal model that
can be implemented using the existing computational resources available in a commercial
variable speed drive. The thermal model is based on the transient thermal impedance
measured between each device and the internal thermistor in a power module. These form a
thermal impedance matrix which can be used to calculate the instantaneous temperature of
every device in the inverter. However, with the existing computational resources it is not
possible to implement the complete matrix without aliasing. To reduce the risk of aliasing
the number of calculations performed during each sample period must be reduced. This is
achieved by using a frequency domain model that has been developed to calculate the peak

temperature of the hottest devices.

To validate the thermal model it has been implemented in a commercial drive. The drive
has been modified to allow the temperature of the power semiconductors in the inverter to
be measured using a high speed thermal camera. This allows the temperature estimated by
the on-line thermal model to be compared directly with the temperatures measured when
the inverter is operating under typical load conditions. Comparisons of the measured and
estimated temperatures in several operating conditions are presented. These conditions

were chosen to highlight the advantages and disadvantages of the frequency domain model.
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Chapter 1: Introduction

1.1 Thermal Protection of the Power Electronics in a Three Phase Inverter

To ensure the reliable operation of a variable speed drive it is important that the power
electronic components are prevented from exceeding their maximum operating
temperature. If this is not done it can lead to a premature failure. However, when designing
an inverter it is desirable to allow these components to operate as close as possible to their
maximum temperature since this has a positive impact of the performance, size and cost of
a product. Consequently, in some operating conditions, especially during overloads, it is
possible that these components could exceed their maximum junction temperature. In a
commercial product this temperature cannot be measured directly and in most applications
only the case temperature of a power module is measured. Therefore, a ‘real-time’ thermal
model must be used to estimate the transient temperature response between the junction of

a device and the case temperature.

This project was initiated because several weaknesses were identified in the existing
thermal model employed by Control Techniques. These can result in the temperature of the
power electronics being underestimated. Furthermore, by improving the accuracy of the
thermal model and minimising any overestimation of the temperature an opportunity to

improve the maximum current rating of an inverter was identified.

One of the present trends in the power electronic industry is to increase the current density
of a multi-chip power module by reducing the size of the individual chips and/or
packaging. As the size of a chip is reduced its self thermal impedance is increased and for a
given power loss the operating temperature will be higher. In addition, in a smaller package
the chips are closer together and they will begin to thermally interact with one another. This
can have a significant effect on the temperature of a device when the inverter is operating at
an output frequency of OHz (often referred to as a stationary vector condition or a DC

condition). In this condition there is no filtering effect due to the thermal time constants
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associated with the thermal impedance between the devices. Consequently, the operating
temperature of a device can be much higher than the temperature calculated using the self
thermal impedance provided by the manufacturer, which is usually the only thermal
impedance given in a datasheet. This effect is described in [1] and is one of the major
limitations of existing approaches that rely on the datasheet values to develop a thermal

model for an inverter application.

1.2 Objectives of the Work

The main objective of this work is to develop a thermal model that can be used to estimate
the transient temperature response between the junction of the hottest device in an inverter
and a reference temperature measured by a thermistor. This model must include the thermal
interaction between all of the devices in the inverter, the impact of the thermistor location,
and the effect of the operating conditions on the power loss generated in a device. One of
the most important requirements is that it must be possible to implement the thermal model

using the existing computational resources without introducing the risk of aliasing.

1.3 Overview of the Thesis

This thesis is divided into nine chapters with Chapter one providing a general introduction

to the project and identifying the key aims and objectives.

Chapter two describes the key principles that must be understood in order to develop a
thermal model. This includes a brief description of a variable speed drive, the operation of
an inverter, construction of the power semiconductors and the heat transfer mechanisms.
The latter includes the definition of thermal resistance and capacitance and describes how

these values can be used to form an equivalent thermal network.

Chapter three reviews the different approaches that can be used to develop a thermal model
for a multi-chip device and provides a review of published work in this area. In this review
the strengths and weaknesses of the different methods are covered and these are used to

select a suitable design approach.

Chapter four covers the development of a unique thermal model based on the representation

of the power loss generated in a device by its frequency components. These frequency
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components are developed by assuming that the power loss in a device is proportional to its
current and in an inverter this can be approximated by a half wave rectified sinusoid. These
frequency components are then used to calculate the temperature response due to the
switching and conduction loss. The procedure described in Chapter four is summarised

below:

1. Determine the power loss of a device over a complete output cycle due to its
switching characteristics and represent this loss as a series of frequency
components.

2. Apply the frequency components for the switching loss to an equivalent thermal
network and calculate the resulting temperature rise in the frequency domain.

3. Determine the power loss of a device over a complete output cycle due to its
conduction characteristics and represent this loss as a series of frequency
components.

4. Apply the frequency components of the conduction loss to an equivalent thermal
network and calculate the resulting temperature rise in the frequency domain.

5. Combine the frequency components for the switching and conduction loss.

By following the procedure outlined above the steady-state temperature of one device can
be calculated. However, an additional step is performed to determine the peak temperature

that occurs over one complete output cycle of the inverter:

6. Use the magnitude and phase of the combined frequency components to calculate
the peak steady-state temperature between the junction of the device and the

measured reference temperature.

If the peak temperature is known it is not necessary to calculate the temperature at each
sample point and this reduces the number of calculations that must be performed in order to
protect an inverter. Consequently, calculating the peak temperature is one of the key steps
used to development the thermal model proposed in this work. In the final section of
Chapter four the transient response of the thermal model is investigated and the method

used to implement the transient component for a single device is proposed.
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Chapter five describes the adaption of the thermal model developed in chapter four to a
power module containing the twelve devices (six IGBTs and six freewheeling diodes) used
in the inverter stage of a variable speed drive. This model is based on the use of a thermal
impedance matrix and the principle of superposition, which allows the effect of the self and
mutual thermal impedance to be included in the model. The implementation of the
complete matrix is described at the beginning of the chapter. However, to implement the
thermal model on-line some level of simplification is required and different approaches are
compared. From this investigation a thermal model that can be used to protect the devices
in the inverter is proposed and the complete model is presented in the form of a control

diagram.

Chapter six includes a description of the test methods that have been used to measure the
input data required by the thermal model. This data includes the on-state voltage and
switching energy of an IGBT and diode, along with the self and mutual transient thermal

impedances that form the complete thermal impedance matrix for the inverter.

Chapter seven uses the data measured in chapter six to develop the behaviour models that
are used to estimate the change in the on-state voltage and switching energy with
temperature, voltage and current. Furthermore, the measured thermal impedances are
converted into an equivalent thermal network and these are used to identify the hottest
IGBT and diode under a defined operating condition. From this investigation the thermal

parameters used in the thermal model are selected.

Chapter eight compares the instantaneous IGBT and diode temperatures measured by an
infrared camera with the temperature estimated by the thermal model developed in this
work and the existing thermal model used in a Control Techniques, Unidrive SP. These are
compared under typical operating conditions for the inverter and include operation in a
stationary vector condition. From these comparisons the advantages and disadvantages of

the new thermal model are highlighted.
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Chapter nine describes the major achievements and shortcomings of the research and the
extent to which the initial aims have been fulfilled. This chapter also covers some

suggestions for further work.

1.4 The Contribution to Knowledge

This section outlines the areas of work in this thesis that the author believes have not been

previous published:

Chapter Four

e The development of a thermal model based on the representation of the power loss
generated in a device (over a complete output cycle of an inverter) by its frequency
components.

e The modification of the frequency components to minimise the number of
calculations required to implement the model.

¢ A method of calculating the peak temperature response over an output cycle using
the Taylor series approximation of the frequency components.

¢ The identification and modelling of the transient components of the thermal model.

Chapter Five
e The calculation of the temperature rise of a multi-chip device represented by more
than one equivalent Foster network by combining frequency components with

different offset values.

Chapter Six
e The investigation into the effect of the fan speed on the measured self and mutual
thermal impedance measured between the junction of a device and the internal

thermistor in the power module.
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Chapter 2: Background Information

2.1 Introduction

This chapter describes the key principles that must be understood in order to develop a
thermal model to protect the power semiconductors in the inverter stage of an industrial

variable speed drive (VSD). These principles include:

a) Operating theory of an industrial variable speed drive
b) Electrical characteristics of the power semiconductors
¢) Factors limiting the maximum operating conditions
d) The power loss generated in a device

e) Thermal characteristics of a power module and drive system

The operating theory of an industrial VSD has a significant impact on the development of a
thermal model since it defines the conditions in which the power semiconductors must
operate. To show how a drive works, the configuration of a typical power stage is described
in Section 2.2. In this section the power semiconductors and the control algorithms used to
produce the required output voltages are introduced. The electrical characteristics of the
power semiconductors are then described in more detail in Section 2.3. This section
includes a review of the key failure mechanisms and the restrictions these place on the
device ratings, including the maximum current, voltage and temperature. The estimation of
the power loss is then covered in Section 2.4. Finally, the basic heat transfer mechanisms

and the development of an equivalent thermal network are described in Section 2.5.

2.2 Operation of a Variable Speed Drive

A variable speed drive can be used to control the current, torque and speed of a motor [2].
In an AC drive a supply voltage with a fixed frequency and magnitude is converted into an
output voltage with a variable frequency and magnitude. This concept is illustrated in

Figure 2.1.
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AC input AC output
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Figure 2.1: Application of an AC drive

In an application a drive offers the ability to accurately control a process over a wide speed
range. Common applications that utilise the versatility of a drive include test rigs, pumps,

fans, cranes, elevators and escalators.

2.2.1 Typical Power Stage Configuration

To understand how a drive works, the basic operation of a typical power stage is described.
A typical configuration is shown Figure 2.2. This power stage consists of a rectifier, DC

link filter and a voltage source inverter.
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Figure 2.2: Typical power stage used in a three phase AC drive

As discussed, the input voltage to the diode rectifier has a fixed voltage and frequency and

this is converted by the rectifier into a DC voltage (Vpc). This voltage then becomes the
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input to the inverter stage. The inverter consists of six switching devices, normally
Insulated Gate Bipolar Transistors (IGBTs), and six anti-parallel (freewheeling) diodes.
The IGBTs in the inverter are controlled (modulated) to produce a sinusoidal output voltage
with a variable voltage and frequency. The control scheme used in this process is important
as it determines the number of switching events (switching loss) and the on-time or the
conduction time (conduction loss) of each device. Therefore, the basic principles of a

modulation scheme are reviewed in the following section.

2.2.2 Motor Control Algorithms

An output voltage with a sinusoidal component can be generated using Pulse Width
Modulation (PWM). To illustrate this technique an example of sinusoidal modulation is
shown in Figure 2.3. This figure shows the switching patterns over one output cycle of the

inverter (1/Fqy).

Reference sinewave phase U Carrier wave ~ Reference sinewave phase V

) Reference sinewave phase W

Upper IGBT on

1
Lower IGBT off | l\ .
L//— Phase U T ( (
N >
N |
\
\ u u u
N . ) Lower IGBT on

| N Upper IGBT off

INlE==="lis
— _"ll_//’/e( \
T o” T W Phase W
| LU L

Figure 2.3: Sinusoidal modulation

\

To generate the switching pattern for the IGBTs a reference sine wave Vi .f(®t) is compared

with a triangular carrier wave V. (mt). If the reference signal is higher than the carrier wave

25



Chapter 2: Background Information

the upper IGBT in the appropriate phase of the inverter is turned on and the lower IGBT is
turned off. If the reference signal is lower than the carrier wave the opposite applies. This
simple process produces an output voltage with a sinusoidal component. The frequency of
the fundamental voltage can be changed by adjusting the frequency of the reference
waveform. Furthermore, the magnitude of the voltage is changed by modifying the
magnitude of the reference waveform in relation to the carrier wave. The ratio of the

reference and carrier waveforms is defined as the modulation index (m):

2.1

For linear modulation (m<1) the magnitude of the fundamental component of the output
voltage is proportional to the modulation index. However, if over-modulation (m>1) is
permitted the maximum output voltage can be increased, but in this instance it is no longer
proportional to the modulation index [3]. When using sinusoidal PWM the peak phase

(Line-to-Neutral) voltage is:

Viy=7mVpy (2.2)

and the peak line-line voltage is:

V., =~——mV,, (2.3)

This equation shows that sinusoidal PWM does not fully utilise the available DC link
voltage. Therefore, in order to increase the peak voltage other modulation schemes are
normally employed. The most popular of these schemes is Space Vector Modulation
(SVM) and the implementation of the this scheme and its variants is well documented [4-
7]. In general, when using SVM the IGBTSs are controlled to produce eight unique voltage

vectors and combinations of these vectors can be used to produce a rotating voltage vector.
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The key advantage of this scheme over sinusoidal modulation is that the peak of the

fundamental phase voltage is increased:

A 1

Vin= ﬁ

mv,, 2.4)

Therefore, in this instance the peak line-line voltage is:
V,, =mV,, (2.5)

The choice of modulation scheme determines the number of switching events (switching
frequency) and the on-time (modulation index) of each device which have a significant
effect on the power loss generated in an IGBT or diode. However, since an IGBT can only
conduct current in the forward direction the conduction loss is also dependant on the
direction of the load current. This effect is illustrated in Figure 2.4. This figure shows how

the output current from an inverter with an inductive load changes over a complete cycle.

Upper IGBT on Exponential Upper IGBT on and anti-
and conducting rise (t=L/R) Load current (Ip) parallel diode conducting

I | ) 1
J\////X/\ _
T hRSSE

Lower IGBT on and anti- Lower IGBT on
parallel diode conducting and conducting

Figure 2.4: Load current

In this example the frequency of the carrier waveform (switching frequency) is very low
and the ripple current is significant, but as the switching frequency is increased the output
current will become more sinusoidal. For this reason, in a drive application it is common to
use a switching frequency (Fgy) in the order 1 kHz and above. By definition, when the

phase current (Ip) is positive it will flow in the upper IGBT (when on) or the lower anti-
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parallel diode. Alternatively, when the phase current is negative it will flow in the lower
IGBT (when on) or the upper anti-parallel diode. Thus, in addition to the switching
frequency and modulation index, the power loss is dependant on the type of load,
specifically the displacement angle (0). Before reviewing the methods that can be used to

estimate this loss, the structure and operation of the power semiconductors are described.

2.3 Power Semiconductor Technology

The use of IGBTs (with an anti-parallel diode) in an inverter is well established. The IGBT
was first proposed in the 1980’s and was introduced to the market place in 1983 [8]. The
advantage of an IGBT is that it combines the low conduction loss of a BJT with the lower
switching energy and the simpler gate drive requirements of a MOSFET [9]. Since its first
development, the desire for improved operating characteristics, higher ratings and lower
cost has seen the introduction of Punch Through (PT), Non Punch Through (NPT) and
Field Stop (FS) chip technology [10-14]. Importantly, this development has coincided with
several advances in freewheeling diode [15] and packaging technologies [16]. The

construction of a PIN diode and a PT IGBT are shown in Figure 2.5.

Gate
?
Anode Body Emitter
resistance ¢
P n+_J
Z J — I Body region
- J2 /
n n *—— Dirift region
.. Parastic Thyristor
N Drift n* % ~—— Bulffer layer
n resistance P
Cathode Collector
(a) (b)

Figure 2.5: Power semiconductors construction (a) PIN diode (b) PT IGBT

A PIN diode has a lightly doped n” layer positioned between heavily doped p and n layers.
This lightly doped layer is often referred to as the intrinsic or I-region, which gives the
diode its name. When the junction of the diode is forward biased, electrons and holes are

injected into this layer reducing its resistance and allowing a current to flow between the
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terminals. This is known as conductivity modulation [9]. When the junction is reversed
biased, the depletion layer extends into the intrinsic layer. If this depletion layer contacts
the n" layer the diode is referred to as a punch through device, otherwise it is a non punch
through device. The addition of this wide depletion layer reduces the electric field allowing
a high voltage to be applied across the terminals of the device without causing impact

ionization.

As shown in Figure 2.5(b), an IGBT is a four layers (PNPN) structure with a parasitic NPN
and PNP transistor. These transistors from a parasitic thyristor and this can have a
significant influence on the robustness of a device. The state (on/off) of an IGBT is
controlled by the voltage applied to the gate. If the gate voltage (Vgg) is below the
threshold voltage (Vgem)) no inversion layer is created under the gate (body region). When
in the forward blocking state, the applied voltage is supported by the reversed biased p-n
junction J, (PIN diode). Otherwise, in the reverse blocking state the applied voltage is
supported by the reversed biased p-n junction J3. This junction prevents any current flow in
the reverse direction, but due to the doping levels can only support a low voltage.
Therefore, an anti-parallel diode is required to conduct the reverse current (inductive load)
and restrict the reverse voltage seen by the IGBT. To turn the IGBT on, the gate voltage
must be greater than the threshold voltage. In this condition an inversion layer is created
under the gate and electrons are injected into the drift region. At the same time holes are
injected from the forward biased junction J;. Consequently, conductivity modulation takes
place allowing a current to flow between the collector and emitter. When the gate voltage is
removed electrons are no longer injected into the drift region. However, a current
temporarily flows in the device due to the recombination of the minority carriers (holes) in

the drift region and this current is often referred to as the tail current.

2.3.1 Operating Limits and Typical Failure Modes

When switching an inductive load the IGBTs and diodes in the inverter are subjected to a
high electrical and thermal stress. Therefore, to avoid damaging the devices they must be
operated within the limits (ratings) provided by the manufacturer. The maximum ratings for
a semiconductor are often defined in the form of a Safe Operating Area (SOA). For an

IGBT, the safe operating area is enveloped by the maximum collector-to-emitter voltage

29



Chapter 2: Background Information

(Vcg) and collector-to-emitter current (Icg). Typically, the following can be found in the

datasheet of a device:

1. Forward Bias Safe Operating Area (FBSOA)
2. Reverse Bias Safe Operating Area (RBSOA)
3. Short Circuit Safe Operating Area (SCSOA)

The use of a SOA to describe the maximum ratings for a diode is less common, but in some
instances a dynamic SOA is defined. The safe operating area for a diode is enveloped by
the maximum reverse voltage (Vp) and forward current (Ir). In general, the SOA of a diode
in a power module is larger than the corresponding IGBT and does not limit the maximum
ratings. Even so, care must be taken to avoid overheating as this can increase the risk of

dynamic avalanche.

To describe how the SOA for an IGBT impacts the maximum ratings of a drive examples
are shown in Figure 2.6. The FBSOA determines the maximum ratings when the IGBT is in
the on state. Normal operation (non fault conditions) is confined by the peak repetitive

collector current (Icrm) and the breakdown voltage (BV cgs).

b Limit due to Vcg(sat) 4

Iscnom)

<10ps Term — 3
= Limit due to Vcg(sat) %
Iempr — — 2 — — — 50ps \
\
Limit due to the S
- 100ps i ind X
=3 / < . parasitic inductance \
- chom - ——————————————————————————— p S—
»—8 Iegorny pbomnmionio > .—b rom \\\
Ims
DC
Ver (V) BVers Ver (V) BVrs
(a) (b)

Figure 2.6: Typical safe operating areas (a) FBSOA and SCSOA (b) RBSOA

Repetitive operation anywhere within this boundary is permitted, although continuous
operation is limited by the maximum operating temperature. An indication of this limitation
is provided in the form of a series of simple curves with a maximum pulse length (on-time),

where the diagonal part of the curve corresponds to a constant power loss. However, these
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curves can only be applied under constant operating conditions. Furthermore, the ability to
operate over the full area enclosed by the maximum voltage and current ratings is desirable
as this has a positive impact on the performance, size and cost of a product [17]. Therefore,
in this instance the device temperature is the limiting factor. However, it is not possible to
directly measure the junction temperature in an online application and in order to protect
the inverter this temperature must be estimated by a thermal model. Operating with a
current higher than Icry is only permitted under short circuit conditions (non-periodic) and
this boundary is commonly referred to as the SCSOA. Under a short circuit condition the
current (Iscmom)) can be up to five times greater than Icnmom). Therefore, in order to avoid
overheating this current can only be tolerated for a short period (typically less than 10us).
The RBSOA is shown in Figure 2.6(b), this defines the maximum voltage and current that
the device can tolerate when turning off. In modern devices this SOA is often square,
although the maximum voltage applied to the terminals of a power module can be limited
by the voltage induced in the internal parasitic inductance during the switching event. Once
again, operation anywhere within the boundary is permitted as long as the temperature is

maintained below the maximum value.

Exceeding the limits defined by the SOA can lead to the failure of the device and in

general, the boundary is defined by the destructive mechanisms shown below:

Table 2.1: Destructive Mechanisms for an IGBT

Ve Ice Failure Mechanism
1 High Low Breakdown voltage
Low High Latch up
3 High High Power limitations of the device and package

A brief description of these failure modes is given below:

1) If the breakdown voltage is exceeded avalanche breakdown of the reversed bias p-n
junction J, can occur. This is itself not a destructive mechanism, but with a high voltage the
current quickly rises increasing the power loss generated in the device. Consequently, this

condition can lead to the thermal failure of the chip, connections or packaging [9].

31



Chapter 2: Background Information

2) Latch up is a failure mode where an IGBT enters a state of continuous conduction in
which the gate voltage has no influence on the collector current. In general, two kinds of

latch up can be distinguished [9].

a) Static

b) Dynamic

Static latch up occurs when the IGBT is in its forward conduction state (steady-state),
whereas dynamic latch up occurs during the turn-off transient. Latch up can occur if the
current and the corresponding voltage drop across the body resistance is sufficient to
forward bias the p-n junction J;. If the sum of the NPN and PNP current gains are greater
than unity the parasitic thyristor is activated (latch up) and the IGBT can no longer be
controlled by the gate. In modern devices the latching current is in the order of five times
larger than the nominal collector current and does not pose a problem under normal
operating conditions. However, at elevated temperatures the current gain of the transistors

increases, reducing the latching current and increasing the risk of latch up occurring [18].

3) Operating at a high voltage and current can cause an excessive temperature rise, which
can lead to thermal runaway and ultimately the thermal breakdown of the device [9]. In this
condition, thermal assisted carrier multiplication can take place causing current crowding
and the generation of a localized hot spot. However, in [19] it was shown that it is possible
to operate a typical IGBT (maximum temperature of 150°C) at a temperature of up to
200°C. However, clear limitations were identified. These include a significant increase in
the leakage current that can lead to thermal runaway [20] and a reduction in the allowable

short circuit time.

In addition to the failure mechanisms described above, the effect of power cycling must be
considered. Power cycling refers to the repeated operation of a device over a wide
temperature range, but within the normal operating limits. In this type of operation shear
stress is generated at the interface between the different materials in the power module (e.g.
silicon, solder, copper etc) due to the mismatch in the coefficients of thermal expansion

[21]. This can lead to the degradation of the solder layers and the bond wire connections,
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and ultimately device failure [22-25]. However, if the temperature is known appropriate
action can be taken to minimise this effect and prolong the operational lifetime of the

product.

In summary, to ensure reliable operation a power semiconductor must be operated within
the voltage and current boundaries defined by the safe operating area. Furthermore, it must
not exceed its maximum temperature. Given that this temperature cannot be measured
directly it must be estimated by a thermal model and the development of a suitable model is
the focus of this research. A thermal model can be broken down into two key requirements,
the estimation of the power loss and the approximation of the thermal characteristics; both

of these are discussed in the following sections.

2.4 Power Loss in a Semiconductor

In order to estimate the device temperature the total power loss must be known. In general,

the power loss in a semiconductor can be divided into the following categories:

Total
v v v
Switching Driving Static
Conduction Blocking
Turn-on Loss Turn-off Loss (On) Loss (Off) Loss

Figure 2.7: Power loss in a semiconductor
However, under normal operating conditions, the blocking and driving losses are negligible

[26, 27]. Furthermore, when compared to the reverse recovery loss (turn-off) the turn-on

loss of a diode is insignificant. Therefore, these losses can usually be ignored.
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2.4.1 Review of Power Loss Models
Various methods of predicting the power loss in an IGBT and a diode exist. A
comprehensive review was provided in [28]. In this review the power loss models were

divided into four main categories:

e Mathematical or Analytical
¢ Semi-mathematical
e Behavioural

e Semi-numerical

Mathematical models are based on solving physics equations with some level of

simplification. A review of mathematical models was presented in [29] and two common
IGBT models were compared in [30]. Using a mathematical model in conjunction with
circuit simulators allows a flexible design approach, although simulations can be slow [31].
Furthermore, various parameters must be extracted from electrical measurements [32-40]

making these models difficult to develop.

Semi-mathematical models are based partly on physics equations but utilise existing

models for other components, such as the MOSFET and BJT, while including the specific
effects of an IGBT. This type of model is less common and is often not as accurate as the

purely mathematical models.

Behavioural models are based on measured characteristics as opposed to physical

mechanisms. The advantage of these models is that simple expressions for the power loss
can be developed from experimental results [31] or alternatively the measured data can be
stored directly in lookup tables [41, 42]. The disadvantage of behaviour models is that a
new set of measured data is required if the operating conditions (i.e. the gate resistance) are

changed. Therefore, these models are not as flexible as those used in circuit simulators.

Semi-numerical models combine finite element methods with existing analytical models

to improve the modelling of some key characteristics. These models are capable of
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modelling accurate transient operation, but are significantly slower than other models and

can be difficult to implement.

In general, it is recognised that the best results can be gained by combining well defined
mathematical models with curve fitting techniques [43]. An example of this approach is
given in [44]. This model uses the simulation of an ideal device to determine the
dependency of the voltage and current with time, while using lookup tables to calculate the
power loss. However, it is difficult to implement this type of model in an on-line
application. In contrast, a simple behaviour model allows the power loss to be estimated
with sufficient accuracy with the benefit of very fast calculation times, making them ideal

for online applications.

2.4.2 Review of Behaviour Models

The equations that form the basis of the power loss calculations for an IGBT and diode are
shown in Table 2.2. In this table it can be seen that the switching loss is calculated using

the turn-on (E,,) and turn off energy (Eo or E,..) measured during a single switching event.

Table 2.2: Power loss calculation for an IGBT and diode

Power Loss (W) IGBT Diode
Conduction Pcon = ILVCE(sat) Pcon = ILVF
Turn-on Py (on) = FswEBon
Switching Sl °
Turn-off Psw (off) = stEoff Psw (rec) = stErec

The power loss is defined as the average power over a switching period (1/Fgy). For this
approach to be valid the switching period must be significantly shorter than the thermal
time constant of the device. In addition, the equations in Table 2.2 assume that the device is
conducting the load current for the complete period and do not include the effect of the
modulation index or displacement power factor. The incorporation of these operating
parameters into the power loss model is described in Chapter 4. To calculate the power loss

under a defined operating condition the following parameters must be known:
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e Turn-on switching energy of an IGBT (E,)

e Turn-off switching energy of an IGBT (E)

e On-state voltage of an IGBT (Vcg)

e Turn-off (reverse recovery) switching energy of a diode (Eyec)

® On-state voltage of a diode (V)

The on-state voltage for a device is dependant on the device temperature (T;) and load
current (Ip), although it is common to ignore the effect of temperature and assume a linear

relationship between Vg and Ic:
Ver say = Vesaero) + A Ic (t) (2.6)

However, the relationship between Vcg and Ic is rarely linear [43] and in [45-48] an

additional parameter (B) is included, although the effect of temperature is still ignored:

VCE VCE(ZERO) +A- Ic (I)B (2-7)

(sat) =

A similar approach has been used for the switching loss [49-51]. However, this loss is also
dependant on the device temperature and the DC link voltage (Vpc). In [46] an extended

loss model was proposed to account for the variation due to these parameters:

C D
T,
E, =AY || 28)
VDC,Nom Tj,Nom

Another approach which has been widely used to estimate the on-state voltage and

switching energy is to use a second order polynomial [52-54]:
E,(I)=A+B-1.()+C-1.(t) (2.9)
The parameters (A, B and C) in this equation can be calculated from the measured results

using standard curve fitting software, and if necessary the equation can be extended to
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higher order polynomials [55]. In [56] the dependency of the parameters with voltage are
themselves represented by a first order polynomial, although in this model the effect of
temperature is ignored. While, in [52, 54] the same approach is used to represent the
dependency of the parameters with temperature, but at a constant DC link voltage.
However, in order to develop an accurate thermal model none of the dependencies can be
ignored. Therefore, an alternative model is proposed in Chapter 7. This model is based on a
series of polynomial expressions and includes the effect of the current, temperature and

voltage.

2.5 Fundamentals of Heat Transfer

The second part of a thermal model, and often the most difficult to develop, is the
approximation of the thermal characteristics. In any system the propagation of heat can take

place in three different ways, conduction, convection and radiation.

Conduction: When a temperature gradient exists in a body there is an energy transfer from
the high temperature region to the low temperature region. The heat transfer rate is
proportional to the gradient of the temperature and can be expressed by Fourier’s law of

heat conduction:

g=—ka Ll (2.10)
ox

Where, q is the heat transfer rate (W or J s), k is the thermal conductivity (W/m K), A is the
cross section area (m2), T is the temperature (K) and x is the distance in the direction of
heat flow (m). The rate of heat transfer is restricted by the thermal conductivity, the
thickness of the material and the surface area. If the heat flow is one-dimensional the

energy transfer rate can be expressed by the thermal resistance (Ry,):

Ax
Rth(C{)nduction) = E = (2 1 1)

This equation is only valid if the temperatures of the hotter (T;) and cooler (T,) surfaces are

isothermal and all of the heat flux entering the hotter surface leaves via the cooler surface
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[57]. However, in a power module it is unlikely that the surface temperature of the silicon
chip, case or heatsink will be isothermal. As a consequence the thermal resistance will be
dependant on the boundary conditions and the location where the temperature is measured.
Despite this, thermal resistance is widely used by manufacturers to describe the steady-state

thermal properties of a power module.

For transient conduction, the temperature at any point within a solid is given by the heat
conduction equation, which is developed using the principles of energy conservation. The
three-dimensional heat (diffusion) equation for an isotropic material without an internal

energy source is:

pxCa_T_k 0T  O°T O°T

ot ox*  dy* 0z’
Stored Energy conducted
Energy in and out

(2.12)

Where c is the specific heat (kJ/Kg K), p is the material density (kg/m’) and t is the time
(s). If the specific heat capacity (c,=pxc) is multiplied by the volume (V) of the element or
structure being examined the resulting term can be defined as the thermal capacitance (Cy,)

and this has units of J/K:

C, = pcV (2.13)

This term is often used in conjunction with the thermal resistance to form an equivalent RC
network of a device. A thermal network can be used to describe the transient thermal
impedance (Zg) and allows the transient temperature response to be calculated using
electrical equivalents of the thermal parameters. This approach is widely used in the
development of a thermal model. The properties of an equivalent thermal network are

described in more detail in Section 2.5.1.

Convection: Heat energy can also be transferred between a solid and a fluid if there is a

temperature difference between them. This process is known as convection. The
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temperature gradient that defines the heat transfer rate is dependant on the velocity of the
fluid, the higher the velocity the higher the temperature gradient. However, the velocity of
the fluid at the surface of a solid is reduced to zero due to viscous friction [58] and the heat
is transferred to the fluid by conduction. The effect of convection on the system is specified

by Newton’s law of cooling [59]:
q=hA(T, - T,) (2.14)

Where h is the convection heat transfer coefficient (W/mzK) and is a function of the
velocity, density, specific heat and the thermal conductivity, A is the surface area (m?), T
is the fluid temperature (K) and Ty is the surface temperature (K). For convection the

restriction to heat transfer can also be represented by a thermal resistance:

1

th(Convection) = hA

R (2.15)

To calculate this thermal resistance the convection heat transfer coefficient is required and

for most systems an average value is used. This value is usually determined experimentally.

Radiation: Unlike conduction and convection, heat transfer between objects by radiation
does not require any matter to exist between the two bodies. In contrast to conduction and
convection, the amount of energy transferred via radiation is related to a power term of the
temperature difference, making it the main form of heat transfer in very hot objects. The

exchange of heat between two surfaces (gray bodies) via radiation is given by:

q=SecAlr* -T}) (2.16)
Where S is the geometric view factor, € is the emissivity and ¢ is the Stefan-Boltzmann
constant which has a value of 5.669x10® (W/m*K*). This equation can be used to show that

for an electronic component with a relatively small surface area the effect of radiation can

be ignored without introducing any significant errors.
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2.5.1 Thermal Impedance and the Development of Equivalent Thermal Networks

As explained, the thermal characteristics of a system can be described by its thermal
impedance and this is often represented in the form of an equivalent thermal network. A
thermal network is capable of describing a one-dimensional, two-dimensional or three-
dimensional problem [60] and can be easily implemented in circuit simulators. Therefore,
they are ideal for electro-thermal simulations [61]. Many different thermal networks have
been used to describe the thermal characteristics of a system, but there are two dominant

topologies; the Foster and Cauer networks. These networks are illustrated in Figure 2.8.

Ruqy Ry Rinmy T, Ry Runp) Ry
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Figure 2.8: Thermal networks with n elements a) Foster b) Cauer

To use these networks it must be assumed that the heat is generated uniformly at the upper
surface of the device and all of the heat flows perpendicular to this surface [62], i.e.
towards the heatsink. Furthermore, the networks shown can only be used to calculate the
temperature of a single device. To estimate the temperature of more than one device the
networks must be combined with other modelling techniques. This is a key requirement for
the thermal model of the inverter (twelve devices) and existing methods that have been

used to model a multi-chip device are described in Chapter 3.

To calculate the temperature of a device using a thermal network a known power loss (P),
which is equivalent to an electrical current, is applied to the first node in the network. The
transient temperature response of the device (equivalent to electrical voltage) can then be
measured. Before using a network the thermal parameters (Ry, and Cy,) must be calculated

and there are two distinct approaches than can be used:
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a) Parameterization of the elements in the equivalent network based on measurements
and curve fitting techniques
b) Calculation of the individual component values from the known material parameters

and geometry of the device

Both of these methods have advantages and disadvantages and lend themselves to a

particular type of network. This is discussed in more detail in the following sections.

2.5.1.1 Foster Network

The Foster network is based on a set (theoretically infinite) of exponential time constants

equivalent to a step response with zero initial conditions:

t

Z, ()= R, ,[1-e ™ (2.17)
i=1

The thermal time constant (Ty) is equal to the sum of the thermal resistance and capacitance
in each element. Typically, four terms are enough to describe the thermal impedance with
sufficient accuracy. However, when the thermal impedance is modelled by a finite number
of elements there will always be an additional (shorter) time constant that is not included
[63]. The transfer function for a Foster network can be found by applying Laplace

transforms to the response of the network in the time domain:

n R, .
Z — th,i 218
() Zl+sR,h,iC,h,i (2.18)

i=1

This transfer function only applies to a linear model i.e. a model where the variation of the
conductivity and the specific heat with temperature can be ignored [64]. Since each element
in the Foster network can be treated individually, the Foster network is very simple to
implement. Furthermore, it is possible to use standard curve fitting algorithms (method A)
to determine the individual component values from the measured thermal impedance [63,
65]. However, although the Foster network is able to describe the thermal behaviour at the

input node (device junction or upper surface) it cannot be used to determine the temperature
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distribution within the device, nor is it possible to extend this network to include other
components. This is because in an electrical circuit the current flow is equal on both sides
of the capacitor, while in a thermal equivalent circuit only the flow on one side has a
meaningful effect. Likewise, the stored thermal energy in an element of a device is
proportional to the absolute temperature of the material, rather than the temperature
difference between two layers. However, in the Foster network the energy stored in the
capacitance is proportional to the voltage difference between two nodes [66] rather than

their absolute temperature.

2.5.1.2 Cauer Network

The component values of the Cauer networks can be determined from the direct application
of the heat equation [66]. If the heat flow is one-dimensional the values of the thermal
resistance and capacitance can be derived directly from the material parameters of the
structure [67]. Unlike the Foster network, the Cauer network can correctly describe the
internal temperature distribution in a system since the thermal capacitances are connected
to the electrical or thermal ground. Therefore, the stored energy in the capacitors is
proportional to the temperature rise above the temperature of the environment and as in the
physical structure heat takes time to propagate between the nodes of the network. The

transfer function for the Cauer network can be expressed by continued fractions:

Z,(s)= (2.18)

In general, the Cauer network has some key advantages compared to the Foster network,
specifically the ability to extend the model and estimate intermediate temperatures.
However, to achieve this, the thermal parameters must be calculated using the material
properties of the device. If the heat flow in any layer of the device is not one-dimensional
this becomes very difficult and can lead to significant errors. If required, the Cauer network

can be transformed to the equivalent Foster network and vice versa using standard circuit
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transformations [68], but in this process the characteristics of the individual layers in a

device is lost.

2.5.1.3 The Effect of Nonlinearities on the Development of an Equivalent Network

To develop an equivalent thermal network for a device the thermal properties must be
considered linear, that is independent of the operating conditions [69]. However, there are
various material parameters that are not linear. In terms of semiconductors, one of the
major nonlinearities is the thermal conductivity of silicon, which falls rapidly with
increasing temperature [70]. The thermal conductivity of silicon for a given temperature

can be expressed by [61]:

4

k(T)= 154.86(?)3 (2.19)

For dynamic models, the temperature dependence of the heat capacity may also be an
important factor, although its effects are relatively small over the normal operating range of
a power semiconductor. In [70] it was recommend that a nonlinear model should be used
for a temperature rise of 80°C to 100°C. While in [64], it was shown that if the thermal
conductivity is fixed at the mid point of the operating range (i.e. at 125°C for an operating
range of 27°C-200°C) the resultant deviations are £26% and 7% for thermal conductivity
and specific heat respectively. Therefore, since the thermal conductivity falls as it is heated,
to avoid significantly underestimating the device temperature the parameters of a linear
thermal network should always be calculated or measured at the maximum operating

temperature, 1.e. the conditions that give the highest thermal impedance.

2.6 Summary

The aims of this chapter were to introduce some of the key principles that are used to
develop a thermal model that can protect the power semiconductors in the inverter stage of
an industrial drive and identify the key operating limits for these components. In this
chapter the development of a thermal model was divided into two stages, the estimation of
the power loss and the approximation of the thermal characteristics. The methods that could

be used to estimate the power loss were reviewed in Section 2.4.1. Of the methods
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reviewed, a behaviour model is most suited to online (real time) applications due to the fast
calculation times. Using a behaviour model the on-state voltage and switching energy can
be calculated. These values are highly dependant on the operating conditions of the inverter

and the following parameters must be included in the power loss estimation:

® Junction temperature (T;)
e DC link voltage (Vpc)

e Qutput current (Ir)

e Switching frequency (Fgy)
¢ Modulation index (m)

¢ Displacement angle (0)

The power loss model (based on the basic loss equations) is developed in Chapter 4 and the
methods used to measure the on-state voltage and switching energy is covered in Chapter 6.
To implement this model the parameters of the behaviour model must be generated from

these measurements and this process is described in Chapter 7.

In addition to the power loss estimation, the thermal properties of the power module must
be represented in a form that allows the transient temperature response to be calculated
quickly and efficiently. In the review of the heat transfer mechanisms a thermal resistance
and capacitance were defined. These thermal parameters can be used to form an equivalent
thermal network which can be used to represent the transient thermal impedance of a
device. However, the networks described in this chapter can only be used to estimate the
temperature of a single device (single thermal impedance). Therefore, in an inverter where
multiple devices can be included in a single power module an alternative thermal network
or modelling technique must be used to account for the thermal interaction between these

devices. These methods are reviewed in the next chapter.
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Chapter 3: A Review of Thermal Modelling Techniques

3.1 Introduction

The aims of this chapter are to review the methods that can be used to develop and
implement a thermal model, identify their strengths and weaknesses and highlight those
that have been or can be applied to an inverter. In this chapter the thermal models have

been divided into five categories:

1. Basic thermal impedance model provided in the datasheet of a power module.

2. Analytical models where the effective heat flow area is calculated using the known
geometry of a device and this area is used to calculate the total thermal resistance.

3. Compact thermal models where the parameters of a thermal network are calculated
to give the best temperature estimation under a range of boundary conditions.

4. Parameter extraction network where the thermal parameters of a Cauer network are
calculated from the known material properties.

5. Thermal impedance model based on the development of a thermal impedance

matrix, where each element is represented by an equivalent Foster network.

After the brief review of the key requirements for the thermal model in Section 3.2, the five
model types are described in Sections 3.3.1 to 3.3.5. The main features of each model are
then summarised in Section 3.3.6. From this summary the methods that are best suited to an
inverter application are selected. In Section O the selected models are developed for a

simple heat spreader and are compared with simulation results.

3.2 Key Requirements for the Inverter Thermal Model

A comprehensive thermal model must include the following effects:
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¢ Transient heat exchange via conduction, convection and radiation

¢ Thermal interaction between devices in a multi-chip power module

o The effect of the location of the internal thermistor in the power module

e The variation of material properties with temperature

¢ Non-uniform heat paths caused by imperfections in a device (e.g. solder voids)
e The degradation of the heat path over the lifetime of the device

e Variations in the cooling conditions (e.g. fan speed)

Most of these factors can be modelled by sophisticated simulation packages, but for on-line
applications a simplified approach is required. Using a simplified model reduces the
computational resource required to implement the model, speeds up the calculation time
and reduces the number of input parameters [64]. If the model is difficult to implement the
calculation time will be slow and aliasing may occur. In order to protect the inverter this
must be avoided. In the simplest models most of the effects listed above are ignored. As a
result the temperature can be significantly underestimated and this is usually more evident

when operating in specific (worst case) conditions.

One of the known problem areas with the existing thermal model used in a Control
Techniques, Unidrive SP is prolonged operation in a stationary vector condition (also
referred to as a DC condition). The model implemented in this drive is based on the thermal
data provided by the manufacturer of the power module. Relying on this data alone can
result in the temperature being significantly underestimated. This effect has been
highlighted by the work presented in [1]. Operating in a stationary vector condition causes
a particular problem in an inverter application because the output current and power loss
generated in a device (ignoring any temperature dependency) is constant. Therefore, there
is no filtering effect due to the thermal capacity of the materials in the power module.
Consequently, the effect of the thermal interaction between each device, which cannot be
modelled by the single thermal impedance used in the Unidrive SP thermal model, is at its
maximum. This can have a significant impact on the operating temperature of the power

semiconductors in the inverter.
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3.3 Thermal Modelling Techniques

Various techniques have been used to develop a simplified thermal model that can be used
to estimate the junction temperature of a device. Five of the most common approaches are

reviewed in the following sections.

3.3.1 Datasheet Thermal Impedance Model

Using a thermal impedance to estimate the temperature of a device is well established [63]
and in the datasheet of most power modules two thermal impedances are defined. These are
usually presented in the form of an equivalent Foster network and are measured between
the junction of an IGBT and a diode, and the case directly under the device. This
measurement is described in [71]. In [60] a single thermal impedance is used to estimate the
temperature of the IGBTs in a multi-chip power module in which power is applied to all of
the devices simultaneously. In this instance the thermal impedance is measured in the same
condition. Therefore, the effect of the thermal coupling between each device is included in
the single measurement. In this instance the temperature calculated using this thermal
impedance will never be underestimated. However, this is not an operating condition that is

found in an inverter.

In an inverter the power loss in each device varies over an output cycle. Therefore, the
effect of the thermal coupling on the temperature of a device is not constant and cannot be
modelled by the single thermal impedance in the datasheet. Furthermore, this thermal
impedance is measured between the junction and the case directly under a device, but in an
application this case temperature is not accessible. Due to this it is common to assume that
the temperature measured by the internal thermistor in a power module is the same as the
case temperature under the device. The impact of this assumption is dependant on the
operating conditions and the location of the thermistor. To show the potential error of this
approximation the temperature difference between the thermistor and the case directly
under an IGBT has been measured when an inverter is operating in a stationary vector
condition. The measured temperatures are shown in Figure 3.1. These results show that the
error due to this assumption can be significant and for the operating conditions examined (a
step in power loss) a temperature difference of 17°C was observed. These results are similar

to those presented in [1].
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Figure 3.1: Case and thermistor temperature measured in a stationary vector condition

when a step change in output current is applied to the inverter

Although these results show that this model cannot be guaranteed to protect the devices in
an inverter operating in a stationary vector condition, it is the common method suggested
by manufacturers. When using this type of model widespread failures are only prevented by
the safety margins added to the thermal impedance. These margins are added to account for
the variations in the manufacturing procedure and to give some overall margin in an
application, but can result in the temperature being significantly overestimated in other

operating conditions. For these reasons the datasheet values cannot be used on their own.

3.3.2 Analytical Solutions

An analytical solution can be used to calculate the thermal characteristics of a device, but in
general they are restricted to simple geometries (i.e. a heat spreader or flux channel) with a
single heat source operating under steady state conditions. In the simplest models the total
thermal resistance is calculated using the area of heat flow defined by a constant spreading
angle, which is independent of the geometry and boundary conditions [72, 73]. When using
this approach it is common to use a spreading angle of 45°. However, this is an arbitrary
selection and is only correct when a semi-infinite, circular heat spreader is considered [73].
The constant angle model can be improved by including some compensation for the

geometry of the source and heat spreader. In [74-76] this is achieved by calculating the
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spreading angle using various factors that influence the heat spread. Even so, the accuracy

of this variable angle approach can be poor.

Alternative methods are based on the solution to the heat equation. Various solutions have
been developed for a range of simple geometries with specified boundary conditions in
both rectangular [77-83] and cylindrical coordinates [84-87]. These models give an exact
solution and allow the temperature to be calculated at any point in the system, but once
again they are restricted to simple geometries operating under steady-state conditions. This
makes them unsuitable for an inverter application. Therefore, this type of model will not be

discussed any further.

3.3.3 Compact Thermal Models

The term Compact Thermal Model (CTM) normally refers to a simplified network model
intended to reproduce the thermal behaviour of a component in a wide variety of operating
conditions [88-90]. This type of model is primarily used to estimate the temperature of a
component under steady state conditions (thermal resistor network), although the
development of dynamic models (thermal resistor and capacitor network) have been
described [91, 92]. At present, this approach has only been applied to integrated circuits
and has been primarily used with simulation software to estimate the temperature of
components on a printed circuit board during the design phase. The thermal network used
in a compact model consists of several nodes that represent the thermal boundaries of a
device where a significant heat transfer occurs. An example of a typical steady-state

compact model is shown in Figure 3.2 [93].

Junction
Top inner Bottom outer  (Heat source) Top outer
Top outer
Thermal
resistance
Bottom inner Leads Top inner
(a) (b)

Figure 3.2: Compact thermal model (a) boundary locations (b) network topology
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In this instance the network has five cooling boundaries and these include the heat flow
through the upper surface of the chip (top outer and top inner), lower surface of the chip

(bottom outer and bottom inner) and the package leads.

The parameters of a CTM are calculated using an optimisation process and the standard

procedure is described below [94]:

1. Develop a detailed thermal model of a device in a simulation package (e.g.
Flotherm) and validate this model using test results

2. Use the simulation model to calculate the junction temperature for a range of
boundary conditions (e.g. different heat transfer coefficients)

3. Select a network topology for the compact thermal model

4. Optimise the network parameters to minimise the error in the estimated junction
temperature under each boundary condition

5. Evaluate the accuracy of the model using test or simulations results that are

different to those used to generate the network parameters

In [91] the accuracy of a compact thermal model was examined for three different package
styles over a range of boundary conditions and it was shown that the maximum error in the
estimated junction temperature was 6%. However, a compact thermal model has several
limitations that prevent them from being applied to a power module. These include the need
to develop a detailed simulation model of the power module, the complexity of the network
required to model multiple heat sources and the modification of the network (i.e. the

addition of the thermal capacitances) to allow the estimation of the transient response.

3.3.4 Parameter Extraction Network

In a parameter extraction network the thermal properties of an equivalent network, often
based on a Cauer network, are calculated using the geometry of a device, its material
properties and the known heat flow area and volume. An example of how this model is
developed for a power semiconductor is illustrated in Figure 3.3. In this figure the ceramic
layer has been divided into two parts and the area, volume and material properties of these

are used to calculate the parameters of the equivalent Cauer network. In this model the
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temperature dependency of the materials can be included, i.e. the thermal parameters can be
variable. This process must be repeated for each layer (e.g. silicon, solder, copper, etc) and
the complete thermal network can then be constructed by placing each of the Cauer

networks in series.

-
7
Silicon (Heat source) ——e 1 Solder .~ Canny Teeramic
= 7
Copper ——e e
P -7 Rincry
7
Ceramic ~ — — — — — — — —
T AN Cine)
Solder ~_| " Copper
N N Rth(2)
Aluminium case —e N
—————— T
Heat flow area = S ‘ 1| Copper

Heatsink —eo

Figure 3.3: Power device construction and the equivalent Cauer network for one layer

In this example the heat flow in the first few layers is one-dimensional and the effective
heat flow area and volume of each layer can be easily calculated. However, heat spreading
occurs in the aluminium case and heatsink. Thus, in order to calculate the network

parameters for these layers the effective heat flow area must be estimated.

One approach is to use the constant heat flow angle that was described in Section 3.3.2. In
[95] a Cauer network was developed for the silicon layer of an IGBT using a constant
spreading angle of 45°. This network was then used within a circuit simulator to estimate
the temperature rise during a short circuit event. However, no comparisons were provided

making it impossible to assess the accuracy of this model.

In [96, 97] the effective heat flow area for the devices in an inverter were calculated using
the cylindrical heat spreading along the edges, the spherical heat flow at the corners and the
rectangular heat flow under the device. The area and volume of these elements are used to
calculate the thermal parameters of an equivalent Cauer network that represents the heat
flow in the vertical direction. To incorporate the lateral heat spread, additional thermal

resistors are connected between each of the vertical networks at the ceramic and case
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nodes. The method used to calculate the value of these resistors is described in [98]. This
model was validated for a single IGBT by comparing the estimated and measured
temperature during a short heating period (less than 10ms). In these comparisons the
estimated temperature was shown to be in agreement with the measured response.
However, this comparison ignores the impact of the thermal coupling between the devices
and the effect of the longer time constants associated with the case of the power module.
Therefore, it is not clear if the coupling resistors are capable of modelling the thermal
coupling between the devices in an inverter application. In [99] the same approach was
applied to a silicon carbide power module with four devices. In this model all of the devices
are operated in parallel and it is assumed that the power loss in each device is identical.
Therefore, a reflective boundary is defined between the devices. This allows the
temperature to be estimated using a single Cauer network with no coupling resistors, but

once again this cannot be applied to an inverter.

From the review of the parameter extraction models two areas have been identified that

make it difficult to develop this model for an inverter:

a) Calculating the effective heat flow area under different operating conditions

b) Modelling the thermal coupling between the devices in the power module

Although possible solutions to these problems have been discussed, insufficient

comparisons have been provided to assess the suitability of this technique.

3.3.5 Thermal Impedance Matrix

The thermal impedance matrix is based on the principle of linear superposition. For heat
conduction this principle states that the total temperature response at a given place and time
due to one or more heat sources is the same as the sum of the responses if each heat source
is treated individually. In Figure 3.4 the concept of superposition is illustrated using the
temperature measured along the upper surface of a simple heat spreader with two heat
sources. In this example the temperatures measured when a power loss (P) is applied to a

single source are:
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Device 1 Device 2
| |

Measurement Position
Heat Spreader

Cooling Boundary (Constant Temperature)

Temperature Rise

Distance
(@) (b)
Figure 3.4: Principle of superposition applied to heat conduction (a) heat spreader with two

heat sources (b) temperature measured on the upper surface

T}, = temperature of device 1 when a power loss is applied to device 1
T», = temperature of device 2 when a power loss is applied to device 2
T}, = temperature of device 1 when a power loss is applied to device 2

T, = temperature of device 2 when a power loss is applied to device 1

The temperatures measured when the power loss is applied to both sources simultaneously

are:

T; =T + T2 = temperature of device 1 when a power loss is applied to device 1 and 2

T, = Tay + T, = temperature of device 2 when a power loss is applied to device 1 and 2

For transient conditions these temperatures can be represented in the form of a matrix
containing the transient thermal impedance (Zy,). Therefore, taking a system with n heat

sources the temperature of each device can be calculated using:

Tl Zth,ll Zth,lz o Zm,m P1
7?2 _ Zt/z,ZI Zt/;,ZZ Zth:,Zn ) Pz 3.1)
7;1 Zth,nl Zth,nZ Zth,nn I)n
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The thermal impedance matrix consists of the self and mutual thermal impedances. The self
thermal impedance (diagonal elements) represents the temperature rise of a device due to
its own power loss, whereas the mutual thermal impedance (off diagonal elements)
represents the temperature rise of a device when the power loss is applied to another device
in the power module. These thermal impedances can be measured or derived from
simulation results, but to use superposition it must be assumed that they are linear.
However, in practice there are several non-linear effects, including the temperature
dependency of the materials and the effect of cooling via convection and radiation. If there
are significant non-linear effects the thermal impedances can be made linear by defining
them at a chosen operating point, normally this is the condition that gives the highest
steady-state temperature [100]. To implement the matrix the thermal impedance is often
represented by a Foster network since they can be easily applied in a microprocessor. The
number of elements selected in these networks has a direct impact on the number of

calculations that must be performed and this has been discussed in [101].

The thermal impedance matrix has been used in a wide variety of applications and was first
applied to a multi-chip power module in [102]. It was then used to model the impact of the
thermal coupling (i.e. the mutual thermal impedance) in an IGBT module operating as an
inverter [103, 104]. In [105] the method used to construct a complete thermal impedance
matrix for a commercially available IGBT module was described. This model was then
used to compare the estimated and measured temperature of the IGBTs and diodes in an
inverter operating with a load profile representative of an electric vehicle [106]. Further
comparisons of a thermal impedance model with measured or simulation results have been
shown in [107-109]. Overall, these comparisons show that a thermal impedance matrix can
be used to estimate the steady-state or transient temperature of one or more devices in an

inverter.

In each of the above papers the temperature was calculated off-line using the complete
thermal impedance matrix with n* elements. However, to implement the complete model in
real-time a significant computational resource would be required and as of yet this is not
available in a commercially available drive. Consequently, the thermal impedance matrix

must be simplified and a potential method was identified in [1]. In this model the number of
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terms in the matrix was reduced using a near neighbour approach, where only the mutual
thermal impedance between a device and its nearest neighbour(s) were considered.
Furthermore, the thermal impedances used in this model were measured between the
junction of an IGBT or diode and the internal thermistor. This model was compared with
temperature measured in a stationary vector condition over a full output cycle of the
inverter. This comparison was used to highlight the significant impact that the thermal

coupling can have on the device temperature.

The main advantages of the thermal impedance matrix are that all of the thermal coupling
between devices and the effect of the thermistor position are inherently included. In
addition, no material properties are required to generate the model and as long as the heat
transfer is dominated by conduction, the same approach can be applied to any device or
configuration. However, to develop this model it must be possible to measure the transient
temperature response of every device in the power module, and this is not straightforward

when using encapsulated power modules.

3.3.6 Summary of the Thermal Models

The key features of the thermal models that were reviewed in sections 3.3.1 to 3.3.5 are
summarised in Table 3.1. Apart from the ability to model the basic heat flow, the key
requirement for the thermal model for an inverter is the ability to model the thermal
coupling between each device. From this summary it is clear that only the parameter
extraction network and the thermal impedance matrix can be used. Therefore, to select the
model that is best suited to an inverter both of these techniques are used to develop a
thermal model for a simple heat spreader. The process used to develop these models and a

comparison with simulation results are presented in the next section.
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Table 3.1: Key features of the thermal models

Datasheet . 1 Parame.ter Thermal
Model Analytical | Compact’ | Extraction Impede}nce
Network Matrix

Temperature Estimation

Steady-state Yes Yes Yes Yes Yes

Transient Yes No Possible Yes Yes

Internal nodes No Yes No Yes No
Temperature Feedback

Ambient No Yes Yes Yes Yes

Case Yes No No Yes Yes

Internal thermistor No No No Possible Yes
Multi-chip Device

Thermal coupling No No Possible Yes Yes
Non-Linear Effects

Material properties No Yes No Yes No

Material degradation No No No Possible No

Cooling conditions No Possible Yes Possible No
Model Generation

Measurements Yes No Yes No Yes

Material properties No Yes No Yes No
Applications

Simple heat spreader N/A Yes Yes Yes Yes

Integrated circuits N/A No Yes Yes Yes

Power module Yes No Possible Yes Yes

" The term compact model is commonly used in the literature to specifically describe network models used to
estimate the junction temperature of an integrated circuit, although the term compact applies to any simplified
or reduced order model.

Note: Table entries indicate the characteristics that can be included in a model initially developed to estimate
the junction temperature of a device and are based on a review of models implemented in the literature.
Where the inclusion of a characteristic is indicated as possible a method has been discussed but not

implemented.
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3.4 Comparison of the Parameter Extraction and Thermal Impedance Models

In this section the parameter extraction and thermal impedance models are compared using
the simple heat spreader shown in Figure 3.5. Two different conditions are examined, one
where the flow of heat is restricted to the area directly under the source (one-dimensional

heat flow) and another where the heat is allowed to spread.

10mm
— —
y EI l l l Isolated Boundary él '// l o
£ =1 HS ™
S = y
z
Cooling Boundary (Constant Temperature) ‘ Cooling Boundary (Constant Temperature)
X < 100mm >l < 100mm -
(@) (b)

Figure 3.5: Heat spreader with a single heat source and a constant cooling boundary (a) restricted

heat flow (b) heat spread

For this comparison arbitrary material properties have been selected for the heat spreader

and these are:

e Thermal conductivity (k) = 10 W/K'm
e Mass density (p) = 800Kg/m’
e Specific heat (¢) = 1600J/K'Kg

To calculate the thermal resistance and capacitance in the equivalent Cauer network
(parameter extraction) the heat flow area and volume must be known. For the case where
the heat flow is one-dimensional the area (assuming a uniform heat source) is equal to the
area of the source. This applies at any height (Y axis). Therefore, for a unit depth (Z axis)
the heat flow area is 0.01m’. In this comparison the heat spreader is divided into six
sections and the thermal resistance and capacitance of each section is shown in Table 3.2.
When the heat is allowed to spread the heat flow area is approximated by a constant angle
(ogs=36°). In this instance the angle has been selected so that the total thermal resistance is
the same as the simulation results, this is a combination of the curve fitting and parameters

extraction techniques. This approach is only possible if the thermal resistance is known.
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Table 3.2: Thermal Resistance and Capacitance for a Cauer network

Height Restricted Heat Flow Heat Spread
(mm) | Resistance (K/W) | Capacitance (J/K) | Resistance (K/W) | Capacitance (J/K)
0-1 0.01 12.8 0.00932 13.73
1-2 0.01 12.8 0.00821 15.59
2-4 0.02 25.6 0.01390 36.76
4-6 0.02 25.6 0.01158 44.19
6-8 0.02 25.6 0.00992 51.64
8-10 0.02 25.6 0.00867 59.07

For the thermal impedance model the parameters of an equivalent Foster network are
calculated by curve fitting the characteristic of the network to the transient thermal
impedance determined from the simulation of the heat spreader in Flotherm. For this model
the same approach is used for both conditions. The parameters (thermal resistance and time

constant) of a forth order network (four network elements) are shown in Table 3.3.

Table 3.3: Thermal Resistance and Capacitance for a Foster network

Network Restricted Heat Flow Heat Spread
Element | Resistance (K/W) | Time constant (s) | Resistance (K/W) | Time constant (s)
1 0.01 4.90 0.010 5.30
2 0.01 5.60 0.012 0.15
3 0.03 1.00 0.020 4.00
4 0.05 0.12 0.020 1.25

The transient thermal impedance calculated using the Cauer and Foster networks are
compared with the simulation results in Figure 3.6. From these results it can be seen that
the response of the Foster network and the simulation results are in agreement. However,
the response of the Cauer network is much slower during the initial rise. For the one-
dimensional heat flow this effect is caused entirely by the use of lumped parameters and
can be reduced by increasing the number of elements in the network. When heat spreading
occurs, it is assumed that the effective heat flow area at any depth is constant with time and
that this area increases linearly in the direction of heat flow (i.e. this uses the constant angle
model). However, neither of these assumptions is true and both have a significant impact on

the transient response. From the results shown in Figure 3.6(b) it is clear that when using a
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Figure 3.6: Thermal impedance (a) restricted heat flow (b) heat spread
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This simple comparison highlights the difficulty in developing an accurate model using the
parameter extraction technique, especially when heat spreading occurs. Furthermore, in this
instance the heat flow angle has been selected from the known thermal resistance. If an

was selected the heat flow area would have been larger causing an

o

the Cauer network) is calculated using the full analytical solution for a rectangular heat

underestimation of steady-state temperature. This is shown in Figure 3.7. In this figure the
thermal resistance at the upper surface of the heat spreader (i.e. the sum of the resistance in

spreader, the variable angle model and the constant angle model.

angle of 45

From the results presented in this section it is clear that when using a parameter extraction
model it is very difficult to achieve the required accuracy. This will become more evident if
59
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Figure 3.7: Comparison of the temperature profile and thermal resistance

In contrast, curve fitting a Foster network to the measured thermal impedance provides a
good approximation of the thermal characteristics and by using linear superposition the
same approach can be applied to a multi-chip device. Therefore, of the models reviewed in
this chapter the thermal impedance matrix is the only model that can achieve the required

accuracy and be implemented efficiently in a microprocessor.

3.5 Summary

In this chapter five methods that can be used to develop a thermal model have been
reviewed. From this review it is clear that the parameter extraction network and thermal
impedance matrix can be applied to a multi-chip power module. Therefore, these models
were compared using a simple heat spreader. This comparison showed that when heat
spreading occurs, calculating an effective heat flow area is very difficult and the
approximations used in this calculation can lead to a significant error. In contrast the
parameters of the thermal impedance matrix can be calculated easily by curve fitting the
response of a Foster network to the measured thermal impedance. Furthermore, the effect
of the thermal coupling between each device and the location of the thermistor is included.
The main disadvantage of the thermal impedance matrix is that it must be possible to
measure the temperature of every device in the inverter and a number of measurements

must be performed, which can be time consuming.
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Chapter 4: Development of a Thermal Model

4.1 Introduction

The power semiconductors in the inverter stage of a typical industrial drive are often
operated close to their maximum temperature during an overload or if the inverter is
operating at a low output frequency. Therefore, to ensure the drive is reliable the
temperature of these components must be monitored to prevent them from overheating as
this can lead to an instant failure of the component, or a reduced lifetime. However, the
junction temperature (T;) of the power semiconductors cannot be measured directly.
Therefore, the temperature rise between the junction of a device and a measured reference
temperature (Tyf) has to be estimated using a real-time thermal model. In this work, a
general thermal model is developed to protect the six IGBTs and freewheeling diodes in an
inverter. As shown in Figure 4.1, a real-time thermal model based on the full thermal
impedance matrix and the measured instantaneous phase currents could be used to calculate
the temperature between the junction of each device and the measured reference

temperature.

Instantaneous phase

currents (iu, iv, iw)

Modulation depth (m) ————»
Displacement angle (6) ——————» 12 Device i .
evice junction
o Thermal Model +> temperature (T, )
Switching frequency (Fg,) ————®

DC link voltage (Vpc) ———»»

Reference temperature (T)) ——————»

Figure 4.1: Thermal model implemented in the time domain using the instantaneous phase

currents to calculate the temperature of every device in the inverter
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However, to implement this type of model a considerable number of calculations must be
performed by the microprocessor during each sample period, and since these are carried out
in the time domain, the sample rate must be high enough to prevent aliasing when the
inverter is operating at high output frequencies. To achieve this, a significant computational
resource is required and as yet this is not available in a commercial drive control system. In
this chapter an alternative model is proposed which is based on the calculation of the peak
steady-state junction-to-reference temperature in the frequency domain. In a steady-state
operating condition, this type of model will not be affected by aliasing and can be
implemented using a moderate sample frequency. Furthermore, to protect all of the devices
in the inverter it is only necessary to calculate the peak temperature of the hottest IGBT and
diode. In the frequency domain model shown below, the current magnitude and output

frequency are used in place of the three instantaneous phase currents.

Current magnitude ([i}) ————
Output frequency (Foy) ———W
Modulation depth (m) ————»|
2 Hottest IGBT and
Displacement angle (6) ————®| Thermal Model +> diode junction
temperature (Tj.rer)
Switching frequency (Fg,) ————®»

DC link voltage (Vpc) ——————P»|

Reference temperature (T;) ————»

Figure 4.2: Thermal model implemented in the frequency domain using the magnitude of
the phase current and output frequency to calculate the temperature of the hottest IGBT and

diode in the inverter

In this model, the magnitude of the output current is used to calculate the temperature
between the junction of a device and the measured reference temperature over a complete
output cycle of the inverter (1/F,,). This temperature is represented by a series of frequency
components, including the DC component (OHz), the fundamental of the output frequency

and a number of harmonics terms. These frequency components are used to calculate the

62



Chapter 4: Development of a Thermal Model

steady-state temperature of the hottest IGBT and diode at every sample. Therefore, the
output of the steady-state model is the temperature that would occur if the input parameters
were held constant over a period of time. The steps used to develop the steady-state model

are summarized below:

1. Determine the power loss of a device over a complete output cycle due to its
switching characteristics and represent this loss as a series of frequency
components. For the switching loss, these components are dependant on the current
magnitude, switching frequency and DC link voltage.

2. Apply the frequency components for the switching loss to an equivalent Foster
network and calculate the resulting temperature rise in the frequency domain.

3. Determine the power loss of a device over a complete output cycle due to its
conduction characteristics and represent this loss as a series of frequency
components. For the conduction loss, these components are dependant on the
current magnitude, modulation index and the angle between the fundamental output
voltage and current (displacement angle).

4. Apply the frequency components of the conduction loss to an equivalent Foster
network and calculate the resulting temperature rise in the frequency domain.

5. Combine the frequency components for the switching and conduction loss.

6. Use the magnitude and phase of the combined frequency components to calculate
the peak steady-state temperature between the junction of the device and the

measured reference temperature.

The frequency components used to calculate the steady-state temperature response over a
complete output cycle of the inverter are developed in Section 4.2. The frequency
components are divided into those representing the temperature rise due to the switching
loss (steps 1 and 2), which is covered in Section 4.2.2, and the conduction loss (steps 3 and
4), covered in Section 4.2.3. The calculation of the peak temperature (steps 5 and 6)

between the junction and reference is described in Section 4.3.

Throughout the development of the steady-state thermal model, the frequency components

used to represent the power loss and duty cycle are selected to minimize the number of
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calculations required to estimate the device temperature. In this process care is taken to
ensure that the temperature calculated using the self thermal impedance of a device is never
underestimated. However, in many operating conditions it is the thermal model for the
inverter that restricts the maximum performance of a drive. Thus, care must also be taken to
prevent excessive overestimation of the device temperature since this can lead to a
reduction in the maximum output current available from the inverter and ultimately an
uncompetitive product. The impact of any approximations made during the development of

the frequency model is investigated in Section 4.4.

In addition to the steady-state temperature it is important that the thermal model is capable
of estimating the transient response due to changes in power loss or output frequency. The

transient model is developed from the steady-state model and is described in Section 4.5.

4.2 Steady-State Thermal Model Development

The thermal model developed in this chapter is based on the calculation of the steady-state
temperature over a complete output cycle of the inverter. This calculation is carried out in
the frequency domain. Therefore, the first step in the procedure is to calculate the frequency
components for the power loss due to the switching and conduction losses in an IGBT and
diode. These losses are related to the current flowing in a device and in the next section,
this current is approximated by a number of frequency components. These frequency

components are then used to develop the switching and conduction loss models.

4.2.1 Frequency Components of the Current in an IGBT and Anti-Parallel Diode

In an inverter the IGBTs are switched to control the magnitude of the voltage applied to a
motor and as a result, the current in a device is discontinuous. However, the sum of the
current in an IGBT and the complementary anti-parallel diode is equal to the positive
(upper IGBT and lower diode) or the negative (lower IGBT and upper diode) phase current
(IL). Thus, in order to represent the current in the frequency domain, it is assumed that the
phase current flowing in an IGBT and anti-parallel diode is a half-wave rectified sinusoid.

This concept is illustrated in Figure 4.3.
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Figure 4.3: Phase current in an IGBT and an anti-parallel diode

The frequency components for the phase current in these devices can be expressed by the

Fourier series:

I, (ax)=a,+ ian cos(nax)+b, sin(nar) 4.1)

n=1

and for a half-wave rectified sinusoid, the Fourier coefficients are as follows:

a =1L 4.2)
T
-21,
7[(”2 _ 1) —n= {2,4, .. }
a, = 4.3)
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—->n=1
b = “4.4)
0 ->n=>2

As the number of harmonics (n) in the Fourier series is increased, the response of the
Fourier series will become a more accurate representation of the original current waveform
in the time domain, although more calculations must be performed by the microprocessor.
Therefore, to develop a thermal model that can be implemented using the available
computational resources the load current is approximated using only three Fourier
coefficients, these are ap, a; and b;. Thus, in this model the phase current flowing in an

IGBT and the anti-parallel diode is approximated by:

I, (ax)= IAL(l+lsin(a)t)—icos(2a)t)j 4.5)
T 2 3z

The impact of this approximation is investigated later in this section. To model the current
in an upper and lower device in the same phase or the devices in other phases of the
inverter an offset angle (o) is required. In addition, to develop the model for the conduction
loss, the displacement angle (0) must also be included. This angle defines the relationship
between the applied voltage, which is directly related to the duty cycle of a device, and the

resultant output current. Including these angles, the phase current is represented by:

I,(ax) = iL(l +lsin(wr +0+ a)—lcos(zwt +20+ 2a)j (4.6)
T 2 kY4

By definition, for the device being modelled (0=0), the peak phase voltage occurs when
ot=7/2. The current in this device (Ip) is referenced to this point by the displacement angle,
i.e. the current is in phase with the voltage when the displacement power factor cos(0) is

unity. The output voltage and the corresponding current in the other devices is then
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referenced to the modelled device by the offset angle (o), i.e. there is 120° between the

peak voltage in each phase and 180° between the upper and lower devices.

4.2.2 Switching Loss Model

To develop a frequency model for the switching loss, the power loss due to the switching
energy is defined as the average power loss (Py,) over a switching period (1/Fsw). For an
IGBT, this loss is dependant on the switching energy when the device is turning on (E,p)
and off (Eof). For a diode the only significant switching energy is due to the reverse
recovery (E..) as the diode is turning off. The definition of the switching loss for an IGBT

and diode is illustrated in Figure 4.4.

Phase current (I) Phase current (I)
A Eo A
Eofr Erec
PSW
Psw
— > / >
< |F,, —> +— |, —>
(a) (b)

Figure 4.4: Switching power loss over a switching frequency cycle (a) IGBT (b) diode

In this approximation it is assumed every device switches on and off during each switching
period and there is no significant temperature ripple due to the peak loss that occurs when

the devices are actually switching, i.e. the effect of the instantaneous power loss is filtered
by the thermal time constants. Using this approach, the peak switching loss (IA’M) is defined

as the power loss calculated when the device switches the peak phase current. For an IGBT

the peak switching loss (averaged over the switching period) is given by:

A

P, =F,E,U,T. V,)+F,E,U,T,.V,) (4.7)

sw sw on
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and for a diode:

A

P, =F.E, (,.T.V,) (4.8)

sw rec

To represent the switching loss over the entire output cycle of the inverter (ot = 0 to 27) it
is assumed that the switching loss is proportional to the phase current. This allows the

switching loss to be approximated using the same frequency components:

P, (ar)= ﬁm(l L sin(ar + 0 + o) - lcos(zwt +20+ 2a)j (4.9)
T 2 37

However, the switching energy in a device is not directly proportional to the phase current

and the actual switching loss will not be sinusoidal. This is shown in the Figure below.

Peak IGBT power loss (0.=0, wt=r/2) 1 1

—0— Sinusoidal approximation for the IGBT |
| —°— Measured Diode

—*— Sinusoidal approximation for the Diode

5 parallel diode power loss (0.=0, wt=n/2)

5 | [ I EE—
8 : : :

= 06 - LS TN N oL o G ao
1

g= —— Measured IGBT

Q

=

wn

ot (Radians)

Figure 4.5: Comparison of the measured and approximated switching loss for an IGBT and

diode over a complete output cycle of an inverter (1 PU = peak IGBT power loss)

In this figure, the switching loss calculated using the measured characteristics from an
actual device is compared with the sinusoidal approximation (with the same peak value)
over a complete output cycle. Apart from the peak switching loss, the power loss estimated

by the sinusoidal approximation for the IGBT and diode is higher than the measured loss.
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As a result, the device temperature will be overestimated. However, the power loss is
approximated by only three Fourier coefficients (Equation 4.9) and this simplification will
introduce an additional error. To show the effect of this approximation, the power loss
calculated using the frequency model is compared directly with the sinusoidal
approximation, i.e. the response of the frequency model if all of the harmonic terms (n =1
to ) could be used. A comparison is shown in Figure 4.6(a) and the difference between

these responses (sinusoidal — frequency model) can be seen in the Figure 4.6(b).

T T | T T T
| L o J i Sinusoidal Approximation | |
: : Frequency Model
| | Underestimation
| | [ 3
| |
| |
| |
| |
| |
L
—_ ! ! —~
= 1 2
~ | | e
gl :
| | [~
2 : : £ | Overestimation |
2 T : |
| |
| |
| |
| |
|
|
,,,,, : - — =
| Frequency Model B
: Frequency Model + Ap :
VL Ap :
| | |
-0.4 |
ot (Radians) ot (Radians)
(a) (b)

Figure 4.6: Device switching loss calculated over a complete output cycle of the inverter (a)
response of the sinusoidal and frequency model (b) the difference between the frequency

and sinusoidal response (1 PU = peak sinusoidal switching loss)

From the comparison it is evident that power loss calculated by the frequency model can be
negative. This is highlighted in Figure 4.6(b). In this figure a positive value indicates that
the magnitude of the frequency model is smaller than the sinusoidal approximation, i.e. the

instantaneous power loss is underestimated. However, the output of the thermal model is
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the peak steady-state junction-to-reference temperature and the negative power loss will
have little effect on the estimated temperature of a single device. Although, when frequency
components from neighbouring devices are combined the negative power loss could be
aligned with the peak loss in one of the other devices. In this instance the negative power
loss will reduce the estimated temperature. Furthermore, the peak loss in the frequency
model is 3% higher than the sinusoidal approximation and this will have a direct impact on

the temperature estimated at low output frequencies.

To improve the approximation of the power loss, the magnitude of the Fourier coefficients
in Equation 4.9 (ap and a,) are modified in order to remove the negative power loss and the

peak error. The additional component (Ap) added to the initial frequency model is:

A (@)=D,[A 0 +A., cos2ar +26 +2a) (4.10)

ac)

The constants used in this equation were determined from the inspection of the error

characteristics. The chosen magnitude for these constants is:

Ap(DC) = 0048
Ay =0.077

The response of Equation 4.10 is shown in Figure 4.6(b). By combining Equations 4.9 and

4.10, the switching loss in a device is approximated by:

(l+Ap(DC)]+%sin(a)t+0+a)
P (=P | " .11

= (31 -~ Ap(uc)j cos(2ar +26 +2a)
x

As shown in Figure 4.6(a), when compared to the initial sinusoidal approximation, the
switching loss estimated by Equation 4.11 (Frequency model + A,) is never underestimated
and the peak value in both responses is identical. This equation is used in the following

section to calculate the temperature response of a device due to its switching characteristics.
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4.2.2.1 Temperature Response

The methods that can be used to represent the thermal characteristics of a device in a power
module were reviewed in Chapter 3. In this review it was shown that the simplest method is
to use the measured or calculated thermal impedance in the form of an equivalent Foster
network. The characteristics of this network can be easily implemented in a microprocessor
and by using linear superposition the thermal coupling from any neighbouring devices can
be included. The response of a Foster network element (first order filter) in the Laplace

domain is given by:

R
Zth (S) = (1 +ﬂ;,3‘) (412)

To calculate the temperature response due to the switching loss (Tsy) the following

equation must be solved:
T\‘W(S) = P\‘w (S)Zzh (S) (413)

The complete solution for this equation is shown in Appendix A. In the steady-state, the

device temperature is given by:

T, (1) =Ty +T,

ripple (t) (4 14)

With a fixed power loss the temperature rise due to the steady-state DC component (Tpc)
will be constant. However, the ripple temperature (Typpie) 1S the sum of the frequency
components and the magnitudes of these components are dependant on the output

frequency of the inverter. For example, if the general sinusoid term:

A, (ax)=A, sin(nar) (4.15)

sin
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is applied to a first order filter the magnitude of the output response is reduced by the filter

magnitude Ap, and is phase shifted by the angle ,. Therefore, the output of the filter is

given by:

Asin(Filter) (at) = AnAFn Sin(f’lat + ﬂn) (416)
where

1
A, = —— “4.17
1+ (nowr)

and

B, =—tan™' (nor) (4.18)

The fundamental and harmonic terms for the ripple temperature due to the switching loss in
a device (solution of Equation 4.13), including the effect of the filter element on the

magnitude and phase shift of these components, are shown in Table 4.1.

As discussed, where possible any overestimation of the temperature should be avoided
since this will have a direct impact on the maximum output current that can be achieved. As
the output frequency is increased the contribution from the harmonics is reduced and the
term A, is no longer required. Therefore, the constant Appc), which was added to ensure
that the peak junction-to-reference temperature is correct at a low output frequency, is itself
multiplied by the magnitude of a first order filter (Equation 4.17) calculated for a first
harmonic term (n=1). Thus, as the output frequency is increased the magnitude of the DC
component in the frequency model tends towards the calculated Fourier coefficient ag (i.e.
1/m). This approximation prevents the temperature from being overestimated at higher
output frequencies. As shown in Table 4.1, the constant Ay is naturally reduced by the

filter associated with the second harmonic (Ag>).
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Table 4.1: Frequency components of the temperature rise due to the device switching loss

Frequency .
Component Magnitude
A 1
DC ADC Pszth ; + Ap(DC)AFl
sin(ot) Ag %"A” cos(@+a+ )
. A 2 .
Sln(zmt) ASZ Pszth AFZ (g - Ap(ac) ] Sln(zg + Za + ﬁZ )
cos(mt) Aci %”A” sin(@+a+ )
A 2
COS(Z(Dt) A02 - Pszth AFZ (g - Ap(ac) j COS(ZH + 20‘, + ﬂZ )

Once calculated, the sine and cosine components for the fundamental and second harmonic

can be combined into a single term and the ripple temperature can be calculated using:

T.

vippletswy) = Ag COS(@E +0,) + A, cos(2ax +20,) (4.19)

where, Agy1 and Ay, are the combined magnitude of the sine and cosine components in the
fundamental and second harmonic terms and G, is the resulting phase shift. This process
can be used to combine the frequency response for any number of devices (self and mutual)
or network elements. Therefore, the ripple component of the temperature response due to
the switching loss in multiple devices can be represented by just two frequency

components; this concept is described in more detail in Chapter 5.

4.2.2.2 Comparison of the Temperature Response

To compare the temperature response, the frequency components for the switching loss
model (Table 4.1) are implemented in Matlab. This is compared with the temperature

calculated using the sinusoidal approximation. The response of this model is calculated
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using Simulink and the basic model for a single device and Foster network element is

shown in the figure below:

Peak Power
Peak Pow er (W) =
w  Switching Loss|—p» »
w taul.s+1
Alpha Transfer Fon  Temperature
Device Offset
Angle (Alpha)

Figure 4.7: Sinusoidal switching loss model

This model allows the power loss (ISS ), output frequency (w=27F,,) and the offset angle

(o) along with the thermal resistance (Ry,) and the time constant (T) of the network element
to be defined. The temperatures calculated using the frequency model (Matlab) and the

sinusoidal approximation (Simulink) are compared using the following parameters:

e Ry =1K/W
e 1T =1s
e P, =20W

® =0.628 radians/s or F,,; = 0.1Hz

o = 0radians

The steady-state temperatures calculated using these parameters are compared in Figure
4.8(a). As intended, the temperature estimated by the frequency model is never lower than
the sinusoidal response and the peak temperatures are identical. However, if the factor A,
was ignored, the peak temperature calculated using the frequency model would have been
higher than the sinusoidal response. This effect can be seen in Figure 4.8(b). Although the
temperature is initially overestimated by the frequency model without A, the results show
that as the output frequency is increased the peak magnitude of this model tends towards
the peak of the sinusoidal response. This is caused by the reduction in the magnitude of the

higher harmonic terms that have not been included in the frequency model.
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Figure 4.8: Comparison of the (a) temperature response for the sinusoidal and frequency

models at an output frequency of 0.1Hz (b) maximum temperature verses output frequency

In summary, the frequency components developed in this section allow the steady-state
temperature response of a Foster network element to be calculated in the frequency domain
when the switching loss of either an IGBT or diode is applied. However, the impact of the
conduction loss on the temperature response cannot be ignored and the frequency

components for this model are developed in the following sections.

4.2.3 Conduction Loss Model

The conduction loss in a device is dependant on the current, displacement angle (0) and the
modulation index (m). However, to develop the conduction loss model, it is initially
assumed that the current in a device is sinusoidal (not discontinuous) and the device
conducts for the entire switching period, i.e. the duty cycle (8y) is unity. Therefore, under
this condition, the power loss can be derived in a similar way to the switching loss and will

have the same form as Equation 4.11:
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[l + AP(DCJ +%sin(a)t +0+a)
A V4
Pon(é'm:l)(a)t) = Pcon (420)

- (31 - Ap(ac)jcos(Za)t +26+2a)
T

where P is the peak conduction loss. For an IGBT this loss is given by:

con

A

B, =1V,U,T) 4.21)

con

or for a diode:

A

B, =1Vv,,T) (4.22)

con

However, in order to generate the required output voltage the on-time (t,,) of each IGBT in
the inverter is modulated and the duty cycle for a device must vary over an output cycle.
This modulation will have a significant impact on the average conduction loss over a

switching period. This is illustrated in the figure below.

Phase current (1)

A

Pcon(8m=1) 1

PCOl‘l 7

>
+— 1/F,, —»

Figure 4.9: Conduction power loss over a switching frequency cycle
The average power loss over a switching period (P.o,) is dependant on the conduction loss

calculated for a unity duty cycle and the actual on-time of the device. For a switching

frequency cycle, the duty cycle can be defined as:

76



Chapter 4: Development of a Thermal Model

o, =F_t (4.23)

m sw-on

and the average conduction loss over a switching period can be calculated using:

P =0P 4.24)

con m* con(g,,=1)

The temperature rise due to the conduction loss in a device is given by:

T, (s)=P,(s)Z,(s) (4.25)
In order to solve Equation 4.25, a modulation scheme must be chosen and the resulting duty
cycle must be represented by its frequency components. This selection is described in the

next section.

4.2.3.1 Modulation Schemes

Possible modulation schemes were briefly reviewed in Chapter 2. In a modern drive, the
most common modulation scheme is Space Vector Modulation (SVM). As described, this
scheme is based on switching the IGBTs in the inverter to produce eight unique output
vectors (voltage) and by simply changing the time spent at each vector an output voltage
with any magnitude (limited by the DC bus voltage) or angle can be produced. Variations
of the SVM are based on the selection of the null vectors and a number of different
techniques are compared in [7]. The most popular of these is the Alternating-Reversing
(Alt-Rev) sequence. In this scheme, the null vectors are alternated in each sequence and
then reversed. When using SVM the duty cycle cannot be calculated using a closed form
expression and six equations are required to calculate the duty cycle over the complete
output cycle of the inverter. Thus, to calculate the frequency components an approximation
of this scheme is required. Prior to the advent of SVM, the third harmonic modulation
scheme was popular due to the increased bus utilisation when compared to a sinusoidal
modulation [110]. In this scheme the duty cycle is calculated using a sine wave modulation

with a third harmonic component:
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m

63

5 =0.5+-"=sin(ar + &) + ——sin(3ax + 3a) (4.26)

NG

The duty cycle calculated using the third harmonic and SVM (Alt-Rev) schemes are
compared in Figure 4.10(a). From this comparison it is evident that the duty cycle for both

schemes is similar.

T T —1.6 T T T
| | | | | |

— Third Harmonic Modulation
e Sinusoidal Modulation + DC -

T T —1.2
—— SVM (Alt-Rev)

— Third Harmonic Modulation

———-Current

Duty Cycle
Duty Cycle

ot (Radians) ot (Radians)

(a) (b)
Figure 4.10: Comparison of modulation schemes with a unity modulation index (a) SVM

(Alt-Rev) and third harmonic (b) third harmonic and sinusoidal approximation

If the third harmonic modulation scheme is used to calculate the frequency components for
the conduction loss, the solution will have five harmonic terms (i.e. the DC, 1* and pnd
harmonics in Equation 4.20 combined with DC, 1% and 3" harmonics in Equation 4.26).
Thus, when compared to the switching loss more calculations must be performed to
estimate the corresponding temperature rise. Therefore, to simplify the model the

modulation scheme used to calculate the temperature rise due to the conduction loss is:
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643 V3

m A
5 = (0.5 fPOTHS J + " sin(ax + @) (4.27)

This approximation is based on the third harmonic modulation scheme shown in Equation
4.26, but the magnitude of the third harmonic term is added to the DC term, i.e. the duty
cycle only has a fundamental and DC component. As with the switching loss model, to
avoid overestimating the conduction loss at high output frequencies, the magnitude of the
additional DC term is multiplied by the magnitude of a first order filter (Equation 4.17) and

in this instance, this is calculated for a third harmonic term (n=3).

The duty cycle calculated using Equation 4.27 (sinusoidal modulation + DC) is shown in
Figure 4.10(b). As intended, the duty cycle calculated using this approximation is always
higher than the third harmonic scheme. Although, if the modulation index is high when the
output frequency is low the peak duty cycle can be greater than unity, which by definition
1s an impossible operating condition. Consequently, the temperature rise due to the
conduction loss can be significantly overestimated. However, this is not a common
operating condition for a drive running a motor (low output frequency = low output voltage
= low modulation index). Even so, the accuracy of the model can be improved by limiting

the maximum temperature using:

T. <P R,(0.5+0.5m) (4.28)

This equation is based on the calculation of the maximum steady-state temperature when

operating in a stationary vector condition with a unity displacement power factor, i.e. the

temperature calculated when the loss in the device is at its maximum.

4.2.3.2 Steady-State Temperature Response

The full solution for Equation 4.25 is shown in Appendix A. The steady-state frequency
components for the conduction loss model are shown in Table 4.2. These can be used to
calculate the temperature rise of an IGBT or diode with any displacement power factor or

modulation index; although for an anti-parallel diode the duty cycle is normally defined as:
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Table 4.2: Frequency components for the device conduction loss

Frequenc .
Corr(llponel}llt Magnitude
A m 1 1 MpeyArs
DC A > R,|—=-cos(@ +(—+A A j— PO
DC h|:4\/§ ( ) P P(DC)*F(DC) (2 6\/5
I 11 mpeAps ]
—|z+——F—|coslf@+a+
3o oo )
i P R.A 2 _a _cos(26 )
Sln((l)t) Asl con”“th* “F1 + g ~ pac) m cos ta+ ﬂl
1 m
+|—+A —cosla +
(7[ p(DC) j \/5 ( IBI )
m, A
(31 A, j& R ﬁ] in(20+ 20+ 5,)
T
Sln(zmt) ASZ Pu)nRthA
+%sin(0+ 200+ f3,)
sin3ot) | Ay | — P, R,A, ( 2 _ ,,(mjﬂcos(zmsm B,)
37 /3
m
%( (o F3Jsm(0+a+[)’1)
cos(mt) Ag Iisc(,,,R,hAF1 +( ”(”C)j 3 sm(20 +a+ ,31)
1
+(ﬂ_ +Ap(DC)) sin(a + f3,)
A
(32 P(M)j( %3”] COS(29+ 2a+ ﬁ2)
A T
COS(Z(Dt) AC2 - PconRthAFZ
m
+——=cos(@+25+p,)
43
COS(3(Dt) AC3 - ﬁconRthAF? i - AP(ac) ] ﬂ Sln(ze + 3a + ﬂ% )
3\ 37 2\/5 :
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§m(Di0de) =1- 5m(IGBT) (4.29)

However, unlike the standard modulation schemes, the DC component in Equation 4.27 is

greater than 0.5. Thus, only the fundamental component in this equation is made negative:

_n sin(ax + o) (4.30)

NE

m A
S,car =| 0.5 +—2912
'm(IGBT) ( 6\/5

Therefore, to calculate the temperature of a diode using the equations outlined in Table 4.2,
the modulation index (m) must be defined as a negative value, while the term mpc) remains
positive for an IGBT or diode. As with the switching loss model, the magnitude of the sine
and cosine components for each harmonic can be combined into a single term. Thus, the

ripple temperature due to the conduction loss is given by:

A, cos(ax+o,)+

C

T, A, cosCax +20,)+ 4.31)

ripple(con) = c

A, cos(3ax +30,)

con

4.2.3.2.1 Comparison of the Temperature Response

The equations developed for the conduction loss (Table 4.2) are implemented in Matlab and
the response of this model is compared with the sinusoidal approximation, which is
calculated using Simulink. The model used for the conduction loss comparison is shown in
Figure 4.11. To compare the temperature response the duty cycle in this model is calculated
using the standard third harmonic modulation scheme given in Equation 4.26. The
operating parameters used in this comparison are the same as those used to compare the
switching loss models in Section 4.2.2.2, although for the conduction loss model the

following displacement power factor and modulation index are used:

e DPF=0.707 (lagging)
e m=05
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Figure 4.11: Sinusoidal conduction loss model

In an inverter the maximum conduction loss will occur when a device conducts the peak
current for the maximum length of time. For an IGBT this occurs when the displacement
power factor (DPF) is unity. However, as shown by Equation 4.29, in this condition an anti-
parallel diode will only conduct for a short period. Therefore, unlike the switching loss, the
chosen operating conditions will have a different impact on the temperature response of an

IGBT and diode. The comparison of the steady-state temperatures are shown below:

1 6 T T
— Sinusoidal Model (Simulink)

8 T T
— Sinusoidal Model (Simulink)

— Frequency Model (Matlab)

— Frequency Model (Matlab)
T

Temperature (°C)
Temperature (°C)

(a) (b)
Figure 4.12: Temperature response of the sinusoidal and frequency models with an output

frequency of 0.1Hz (a) IGBT (b) anti-parallel diode
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As expected, even though both devices have the same thermal characteristics, with a
displacement power factor of 0.707 the resulting temperature rise in the IGBT is higher
than the anti-parallel diode. Once again, because of the selection of the frequency
components used to represent the current and duty cycle, it can be seen that the temperature
response calculated using the frequency model is always higher than the Simulink model.
Although for the conduction loss, the peak temperature is overestimated. This is caused by
the approximation of the power loss and duty cycle in the region where the peak power loss

occurs, i.e. the instantaneous power loss is overestimated.

In summary, the frequency components for the switching loss (Table 4.1) and conduction
loss (Table 4.2) models have been developed. However, in order to implement these
equations the output angle of the inverter (wt) must still be known. Therefore, as discussed
in the introduction, the frequency components are used to calculate the peak steady-state
junction-to-reference temperature over a complete output cycle of the inverter. This
temperature will then become the output of the steady-state frequency model. The method

used to calculate the peak temperature is described in the following sections.

4.3 Calculation of the Peak Ripple Temperature

The peak ripple temperature is calculated from the sum of the fundamental and harmonic
components. The magnitude and phase of these components is dependant on a number of
input variables, including the peak power loss, modulation index, displacement power
factor, output frequency and the thermal properties of the network element. This is a
complex problem and one that cannot be solved directly using standard trigonometric
relationships. Therefore, a method that can be used to estimate the output angle where the
peak temperature occurs is required, and it must be possible to implement the chosen

method efficiently in a microprocessor.

4.3.1 Taylor Series Approximation of the Peak Ripple Temperature

The method described in this section is based on the approximation of the frequency
components by an equivalent Taylor series. In order to calculate the peak of the complete
temperature response the frequency components for the switching and conduction loss must

first be combined. The resulting ripple temperature will consist of the fundamental and
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second harmonic terms due to the combined effect of the switching and conduction loss,
and a third harmonic due entirely to the conduction loss. However, as shown in Table 4.2,
the magnitude of the third harmonic is much smaller than the other terms and to simplify

the calculation, the third harmonic is treated as a constant value:

T

ripple

= A, cos(ax +0,)+ A, cosQax +20,) + A, 4.32)

where A, is the magnitude of the n™ harmonic due to the combination of the components in
the switching and conduction loss models. To represent the harmonic terms by a Taylor
series approximation they must be represented in the form:

A cos(nax +no,)= A [cos(ax)cos(no,)—sin(ar)sin(no, )] (4.33)

The Taylor series approximation of the general harmonic term, using only the first two

terms in the series for the sine and cosine components, is then given by:

(,_ay
(1— o Jcos(no;,)

A, cos(nar +no,)=A, (4.34)
(na)t)3 .
—| nax - 3 sin(no, )
From this expression, the location of the turning points can be found by solving:
d
—— A, cos(nax +no,)=0 (4.35)

dox

For the Taylor series approximation in Equation 4.34, the turning points are found by

solving:
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A H— 2”22(!‘”’)}05(;10” )— [n - 3”?(3—?”)1 sin(no, )} -0 (4.36)

By limiting the Taylor series approximation to the first two terms, it can be seen that

Equation 4.36 is a quadratic and this can be expressed in the form:
alax) +bax+c¢=0 (4.37)

This equation has two turning points and these can be found using the standard quadratic

formula:

=—bi\/b2—4ac

2a

wt

(4.38)

As shown in Equation 4.32, the ripple temperature has two harmonic components and to
calculate the turning points the coefficients of the quadratic equation for the fundamental
(n=1) and second harmonic (n=2) terms must be combined. Thus, the coefficients for the

full response (ignoring the third harmonic component) are:

2 An’
a=y. 2 sin(no, ) (4.39)
n=1
2
b=-> An’cos(no,) (4.40)
n=1
2
c=-Y Ansin(no,) (4.41)

n=l1

The two turning points are calculated by substituting these coefficients into Equation 4.38.

To identify which of the turning points is the minimum (®ty;,) and maximum (®ty,y), the
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coefficients and the turning points can be substituted into the derivative of Equation 4.36,

which can be represented in the form:

7% alax) +bax + ¢ =2a(ax)+b (4.42)

If the result of this calculation is positive, the turning point is a maximum. The procedure
outlined above is used to determine the location of the peak ripple, but to calculate the
actual peak ripple temperature this location (®tmax) must be substituted into Equation 4.32.
However, by using only the first two terms of the Taylor series the accuracy of the
approximated ripple temperature falls as the output angle of the inverter moves away from
the origin (wt=0). By definition, when the inverter is operating in a stationary vector
condition with a unity displacement power factor, the peak temperature will occur at an
output angle of wt=m/2. Therefore, as shown in Figure 4.13(a), the Taylor series

approximation cannot be used to calculate the peak ripple temperature in this condition.

=) =)
£ 3
£ ®
2 2
< <
oy 5}
a a
£ =)
L5 ()
= =
First Harmonic First Harmonic
"""" Second Harmonic ----=-- Second Harmonic
Ripple Ripple
—0— Taylor Series Approximation of the Ripple —0— Taylor Series Approximation of the Ripple
| | | | | | | | | | | |
T T T - 1 ! T T T T T ? T - 1 ! T ? T T
-3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 4
ot (Radians) ot (Radians)
(a) (b)

Figure 4.13: Taylor series approximation of the ripple temperature with the peak ripple at

an output angle of (a) wt=m/2 (b) wt=0
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Consequently, in order to use this approach, the phase angles (c; and o,) of the harmonics
in Equation 4.32 must be modified (maintaining the same phase relationship between the 1*
and 2" harmonics) so that the peak ripple occurs near the origin. The effect of this process
on the accuracy of the Taylor series approximation can be seen in Figure 4.13(b). In this
figure the harmonics have been shifted so that the peak ripple occurs when mt=0. The
results show that the peak ripple calculated using the frequency components and the Taylor
series approximation is identical. Therefore, the phase shift required to ensure that the peak

ripple occurs near the origin must be calculated. This procedure is described below.

In any operating condition the peak of the ripple temperature will occur between the
positive peaks of the first and second harmonics that are closest together, i.e. the peaks with
the smallest angle between them. The two angles (¢; and ¢,) between the peaks are

calculated using the phase angles for the combined response:

¢ =0,-0, (4.43)

o, =0+ (4.44)
The angles for a general operating condition where the peaks of the first and second
harmonics are not in phase are shown in Figure 4.14(a). By observation the angle where the

peak ripple occurs can be approximated using:

1.54,
Al

Y =0 (4.45)

where Omin is the smallest angle between the two peaks. Therefore, the fundamental and
second harmonic terms are shifted using the angles y and y-Qpi,. This process is illustrated
in Figure 4.14(b). For the frequency components in this figure, Oty is close to zero and the

ripple temperature can be calculated using:

T

ripple

= A, cos(ax +y) + A, cosQax + 2y — 4. ) + A, (4.46)
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Figure 4.14: Taylor series approximation (a) angles between peaks of the harmonic

components (b) offset angles used to align the peak ripple with the origin

In summary, the peak ripple temperature is calculated using the following steps:

1. Calculate the smallest angle (¢min) between the positive peaks for the first and
second harmonics (Equation 4.32).

2. Use this angle to determine the phase shift for the first harmonic (V).

3. Calculate the phase shift for the second harmonic required to maintain the same
phase relationship (W-Omin) as the original response.

4. Calculate the coefficients of the quadratic formula for the frequency model with the
new phase angles (Equation 4.46).

5. Use the quadratic formula to calculate the two turning points and identify which of
these is the peak (®tmax).

6. Substitute Wty into Equation 4.46 and calculate the peak ripple temperature.
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To check the accuracy of the Taylor series approximation it has been used to calculate the

peak of the following ripple temperature:

T

viopte = A €OS(@X) + A, cos(2ax + 20,) (4.47)

Using the approximation the peak ripple temperature is calculated over the full range of
possible magnitudes (A,=0 to A;) and phase shifts (6,=0 to 2x). This is compared with the
actual peak temperature of the combined harmonics calculated using Simulink. From this
investigation it was found that for all possible operating conditions, the maximum error in
the estimated peak temperature is less than 1%. However, this comparison only validates
the method used to calculate the peak ripple temperature and does not show the effects of
ignoring the third harmonic term or the assumptions used to generate the frequency
components. Therefore, in the next section the peak junction-to-reference temperature
estimated by the frequency model (using the Taylor series approximation) is compared
against the peak junction-to-reference temperature calculated using the initial sinusoidal

approximation in various operating conditions.

4.4 Comparison of the Peak Temperature in a Steady-State Operating Condition

As shown in Equation 4.32, in order to use the Taylor series approximation to calculate the
peak ripple temperature the magnitude of the third harmonic term is treated as a constant
value. This assumption, combined with the approximation of the duty cycle and power loss,
will have an impact on the accuracy of the estimated peak junction-to-reference
temperature. To show the effect of these approximations, the peak steady-state temperature

is calculated using the frequency model and this temperature is given by:

(4.48)

This equation is then used to calculated the temperature over the full range of the
modulation index (m=0 to 1) with a leading and lagging displacement power factor. This is
then compared with the peak instantaneous temperature calculated using the sinusoidal
approximation (Simulink model). The results from this comparison are represented as a

percentage of the peak instantaneous temperature. A positive value indicates that the
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temperature is overestimated by the frequency model, but the devices are protected. The
results for an IGBT operating at OHz (in a stationary vector condition) and at an output
frequency of 1Hz are shown in Figure 4.15(a) and Figure 4.15(b) respectively. The
operating conditions used to generate these results are the same as those used in the

comparison of the switching loss model in Section 4.2.2.2.

12%

12%

10% 10%

8% 8%

6%

Error

6%

Error

4% 4%

2% 2%

Power Factor Power Factor

(a) (b)
Figure 4.15: Comparison of the peak junction-to-reference temperature calculated for an
IGBT (tn=1s) using the frequency model and the instantaneous sinusoidal approximation at

an output frequency of (a) OHz (stationary vector condition) (b) 1Hz

When operating in a stationary vector condition with a modulation index of zero, the
approximation of the duty cycle and the peak power loss in both models is the same, i.e. the
duty cycle is 0.5 over the complete output cycle of the inverter. Consequently, there is no
error in this condition. However, the error increases as the modulation index approaches
unity and the displacement power factor becomes negative. This error is caused by the
approximations used to generate the frequency components for the power loss and duty

cycle.
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As the output frequency of the inverter is increased the harmonic components will no
longer be in phase. Therefore, treating the third harmonic as a constant value (Equation
4.32) will contribute towards the total error. In Figure 4.15(b) it can be seen that at an
output frequency of 1Hz there is a small error when the modulation index is zero. This is
caused by the decay of the higher harmonics that are not included in the approximation of
the power loss. As a result, there is a small difference (~0.2%) between the magnitudes of
the peak loss in both models. This difference was not shown in Figure 4.8(b). Furthermore,
it can be seen that the errors calculated with a leading and lagging displacement power
factor are different. This is caused by the shape of the power loss that is applied to the
Foster network element. To show this effect an example of the conduction loss calculated

with a leading and lagging displacement power factor of 0.5 is shown in Figure 4.16(a).
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Figure 4.16: Comparison of the power loss and the resulting temperature rise for a leading
and lagging displacement power factor of 0.5 (a) current, duty cycle and power loss (b)
temperature rise over a single output cycle of the inverter (1 PU = maximum temperature)
This figure shows that the area of the power loss calculated with a leading and lagging

displacement power factor is identical. However, for a leading displacement power factor
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the area between the initial rise in the power loss and its peak value is slightly larger.

Consequently, the peak temperature, which is shown in Figure 4.16(b), is higher.

Overall, the results described in this section show that the accuracy of the steady-state
temperature calculated in the key operating conditions for the inverter is acceptable and
importantly, the temperature of a device is never underestimated by the frequency model.
However, the transient response due to changes in power loss and output frequency cannot

be ignored. The development of a transient model is described in the next section.

4.5 Transient Response

To maximise the performance of a drive, it is essential that the transient response due to
any changes in power loss or output frequency can be accurately modelled. Furthermore, it
is important that the maximum temperature of a device cannot be exceeded during a
transient period. The model developed in this section is an extension of the steady-state
model developed in the previous sections. The calculation of the additional transient
component for a general frequency term is described in Section 4.5.1. This analysis is then
used in Section 4.5.2 to develop a model that can be implemented in a continuous system.
This component is developed to predict the maximum possible temperature for any

transient condition and is based on the analysis of a system with initial conditions of zero.

4.5.1 Calculation of the Transient Response for a General Frequency Component

In this section, the transient temperature response of a Foster network element (first order
filter) is calculated when a general frequency component of the power loss is applied to the
network. The following analysis applies for a step change in magnitude due to a change in
the peak power loss (A,) and output frequency (®). Taking a general frequency component

(n™ harmonic):

P(ax) = A, sin(nax) 4.51)

and representing this in the Laplace domain gives:
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A w
P(s)=————

4.52
7+ (o) (452)

This can then be applied to the transfer function for a first order filter (Equation 4.12). With

a unity magnitude (Ryp=1) the temperature response is given by:

4o 1 _ A , B, C (4.53)

T(s)= : =— .
I+ s—jnw s+ jnw 1+

s>+ (nw)

The combination of the first two partial fractions (A and B) in this response represents the
steady-state component (defined as Tyipple), which in the time domain is a sinusoid with a
filtered magnitude (A,Ag,) and a phase shift (,). Until now, this is the only part of the
response that has been considered. The final partial fraction (C) represents the transient
component of the temperature response (Texp), and in the time domain the magnitude of this

component is given by:

nTw =
T, n(@)=A|———|€" 4.54)
pein) [1+(nra))2}

Similarly, for a cosine component, it can be shown that the transient term is:

1 -t
T, on(@)=A|———F| €~ (4.55)
preey { 1+(nrw)2}

The calculation of these components is outlined in Appendix A. These equations can be

used to calculate the transient response for a general frequency component with an offset

(On):

P(ax) = A, cos(nax +no,) = A [cos(ar) cos(na,) - sin(ax) sin(no, )] (4.56)
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For this power loss the magnitude of the transient component (A.yp) is given by:

1 nTw ,
Ay = A, HWJ cos(no, )+ (mj sin(no, )} (4.57)

From this equation it can be seen that the magnitude of the transient term is dependant on

the offset angle and this will be a maximum when:
no, =tan" (n@wr)+ 71 (4.58)

This offset is equal to 7 plus the phase shift in the steady-state output due to the filtering
effect (B,). Consequently, at this angle the magnitude of the exponential term is equal to the
maximum ripple temperature. The importance of this characteristic is highlighted in the

following example.

To show the effect of the transient component, the temperature response has been
calculated for a fundamental frequency term (F,,=0.25Hz, t=1s and n=1) during a step
change in power loss (A ;=0 to 1PU). For this condition the magnitude of the transient term
will be a maximum when 6;=4.14rads (calculated using Equation 4.58). The individual
steady-state and transient components of the complete response are shown in Figure
4.17(a). At t=0 the magnitude of the transient component is equal to the negative peak of
the steady-state component (-A,) and the combined response is initially zero. Therefore, the
transient component ensures that the output of the filter does not change instantaneously.
Using these characteristics for a single step with initial conditions of zero, the highest

transient temperature (i.e. the worst case for any starting angle) can be approximated using:

’Ttran = Aripple(l + erJ (459)

The temperature estimated using this equation is compared against the instantaneous

response (steady-state + transient component) in Figure 4.17(b).
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response (1 PU = steady-state ripple temperature)

The transient term ensures that the frequency model does not underestimate the temperature

during the transient period. In addition, the results show that for a given time constant, the

overshoot above the steady-state magnitude is dependant on the output frequency. As the

frequency is reduced this overshoot becomes negligible. Consequently, if Equation 4.59 is

used to estimate the transient response the temperature can be significantly overestimated in

some operating conditions. In summary, the transient model developed in this section has

the following limitations which are addressed in the next section:

At low output frequencies the temperature can be significantly overestimated during

the initial part of the transient period.

The transient component in Equation 4.59 only applies for a single step change from

zero and cannot be implemented directly in a continuous system.
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4.5.2 Development of a Continuous Transient Model

This section is divided into four parts:

The calculation of the magnitude of the transient component
An investigation into the effect of the output frequency on the peak overshoot

The implementation of a continuous frequency model

sl .

A comparison of the frequency model with the instantaneous device temperature

By the end of this section, a transient model that can be used to estimate the temperature

response of a single IGBT or diode in any operating condition is defined.

4.5.2.1 Magnitude of the Transient Component

In Section 4.5.1 it was shown that for a step change in power loss and output frequency,
where the initial conditions are zero, the maximum magnitude of the transient component
for a single harmonic is equal to the peak magnitude of the steady-state component. This is
equivalent to the change in the ripple temperature. However, this does not apply for a
continuous system. To illustrate this, the complete response and the individual steady-state
and transient components have been calculated during a step change in the switching loss
and output frequency. The results are shown in Figure 4.18(a) and Figure 4.18(b)

respectively.

For a step change in power loss, the magnitude of the transient component is equal to the
change in the peak steady-state response and as in Equation 4.59, this can be determined
from the known peak ripple temperature. Whereas, for a step change in the output
frequency, the magnitude of the transient component can be higher than the change in the
peak ripple temperature due to the resulting phase shift in the harmonic terms. However, it
is unlikely that a step change in output frequency will occur without a corresponding
change in the output current. Thus, the magnitude of the transient component in the
frequency model is determined directly from the change in the peak ripple temperature.
This approximation applies for both an increase and decrease in ripple. Using this approach
simplifies the calculation of the transient component, but can result in an underestimation

of the temperature during rapid changes in output frequency.
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Figure 4.18: Transient response for a step change in (a) switching loss (b) output frequency

(1 PU = peak temperature when F,,; = O0Hz)

4.5.2.2 Effect of the Output Frequency on the Transient Magnitude

When the output frequency (Foy) is low in relation to the thermal time constant the transient
component will decay to zero before the ripple component reaches its peak value. In this
condition the transient component will cause a significant overestimation of the device
temperature. Therefore, a method of estimating the magnitude of the transient component
during an increase in the ripple temperature, which is based on the known output frequency

and time constant, is required. This method is described below.

From the inspection of the transient characteristics for the switching loss model measured
during a step increase in power loss, it was found that the first peak in the ripple

temperature which is higher than the steady-state temperature always occurs after:
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T o= (4.60)

The actual location of the first peak is dependant on the output frequency and the time

constant. Using this equation, it can be shown that there will be no overshoot when:

0.85
4F

out

>5z, (4.61)

In this condition the first peak in the ripple temperature will occur after the transient
component has already decayed to a negligible value (i.e. if t > 5t4) and it is not necessary
to add a transient component to the model if the peak ripple temperature is increasing.
However, as the output frequency is increased the magnitude of the overshoot will tend
towards the change in the peak ripple temperature and this cannot be ignored. To model this

effect, the magnitude of the transient component is changed with the output frequency:

A

A, = K., (@)AT,

exp ripple (4.62)

The characteristic of K, is shown in Figure 4.19(a). The slope of this characteristic has
been determined by comparing the transient model of the switching loss with the
instantaneous response. To show the effect of using this characteristic, the peak ripple and
magnitude of the transient component are compared at different output frequencies. This is
shown in Figure 4.19(b). The difference between these characteristics is the amount that the
temperature would have been overestimated by if the transient component was made equal
to the change in the peak ripple. When using Equation 4.62 the transient temperature
calculated during a step change in power loss is never underestimated by more than 1.5% of
the peak ripple. Furthermore, the significant overestimation at low frequencies has been
reduced. Therefore, in the continuous model, K, is used to modify the magnitude of the

transient component, but only when the ripple temperature is increasing.
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Figure 4.19: Transient response (a) magnitude of the factor Ky if the ripple temperature is

increasing (b) comparison of peak ripple temperature and the transient component

(1 PU = peak temperature when F,,; = OHz)

4.5.2.3 Implementation of a Continuous Frequency Model

The complete transient model consists of the following components:

1. Steady-state (peak ripple)
2. DC

3. Transient

As described, the peak ripple temperature is calculated using the Taylor series
approximation and this is applied in the model as a constant value. Whereas, the magnitude
of the DC component is applied to the transfer function of a first order filter with a unity
magnitude, the time constant used in this transfer function is taken directly from the Foster

network element. The implementation of these components is shown in Figure 4.20.
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Figure 4.20: Implementation of (a) ripple (b) DC components in the continuous model

To show how the transient component of the model is implemented in a continuous system,

a change in power loss and output frequency is modelled by adding an additional frequency

component with the original response. This approach is illustrated in Figure 4.21. In this

example, a step in power loss and output frequency is applied at t=0s. The resulting

temperature response and the magnitude of the transient component (ignoring the effect of

Kexp) are shown in Figure 4.21(a).
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Figure 4.21: Calculation of the transient component (a) original response due to a step

change in power loss and output frequency (b) additional response added to remove the

steady-state component after 10s (c) complete response (1 PU = steady-state temperature)

After operating in this condition for 10s, the power loss is removed. To model this change

an additional frequency component, which is out of phase with the original, is added to the
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Foster network element. This component is shown in Figure 4.21(b). Adding the two
frequency components removes the steady-state component in the output response, leaving
the transient component to decay to zero. The resulting instantaneous response and the
temperature estimated by the frequency model, which for this condition is the sum of the

transient component and the peak ripple temperature, are shown in Figure 4.21(c).

The method used to implement the transient component in a continuous model is shown in
Figure 4.22. As described in Section 4.5.2.2, to avoid overestimating the temperature when
the ripple is increasing the input to the transient component is multiplied by the factor Keyp,
when decreasing K., is always unity. The resulting magnitude (A.p) is then applied to a
high pass filter. The time constant of this filter is once again taken directly from the Foster
network element.
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Figure 4.22: Implementation of the transient component in the continuous model

The total output (Tian) of the continuous model is calculated by adding the transient (Teyp),
peak ripple (Trppe) and DC (Tpc) components together. An example of the individual
components calculated after a step change in power loss (t=0s) are shown in Figure 4.23(a).
The complete transient response, with and without the transient component, is compared
against the instantaneous response in Figure 4.23(b). This comparison shows the

importance of the transient component during both an increase and decrease in temperature.
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Figure 4.23: Transient model for a step change in power loss (a) DC, ripple and transient

components (b) comparison of the instantaneous response and frequency model

One limitation of the method used to implement the transient component (Figure 4.22) is
the response that would occur if a significant change in the peak ripple occurred repeatedly.
As described in Section 4.5.1, the magnitude of the transient component is dependant on
the output angle of the inverter, but the maximum magnitude is applied to the transient
component every time the ripple temperature changes. If this component does not have time
to decay the output will continuously increase and can result in the thermal model tripping
the drive prematurely. This limitation may prevent the thermal model from being applied in
some applications and a solution to this problem will be investigated as part of the further

work.

4.5.2.4 Comparison of the Transient Frequency Model

In this section, the methods used to implement the steady-state, DC and transient
components are combined to estimate the temperature rise due to the switching loss in a
device. This temperature is then compared with the instantaneous response for the two
operating conditions defined in Figure 4.24. Although these profiles are similar, operating

condition B highlights the key weaknesses in the frequency model.
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Figure 4.24: Operating conditions used to compare the frequency model with the

instantaneous response (a) operating condition A (b) operating condition B

The comparisons of the temperature response for both operating conditions are shown in
Figure 4.25. For operating condition A, the temperature estimated by the frequency model

accurately follows the profile of the instantaneous response and the model protects the

device without significantly overestimating the temperature.
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Figure 4.25: Comparison of the frequency model with the instantaneous temperature

response for (a) operating condition A (b) operating condition B
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For operating condition B, the characteristics of the temperature response are dependant on
the offset angle. Therefore, in order to make a fair comparison, the instantaneous response
is calculated over the full range of offset angles (o0 = 0 to 27). This is equivalent to the
inverter starting at each possible output angle. The maximum instantaneous temperature
that occurs at any offset angle is then found by calculating the upper envelope of these
responses. This is included in the comparison in Figure 4.25(b). In this comparison it can
be seen that the inverter is protected by the frequency model, but the temperature is
overestimated when the output frequency is low. The main cause of this effect is the
implementation of the ripple component, which is applied as a constant value. The reason
why this has a greater impact on the accuracy of the estimated temperature at low output
frequencies is that it takes longer for the instantaneous ripple temperature to reach its peak
value. Therefore, if the power loss is removed before this occurs, the frequency model will
overestimate the temperature, although this temperature will occur if the conditions are

maintained for a longer period.

Overall, the comparisons in this section show that the transient frequency model can be
used to estimate the temperature response for a Foster network element during changes in
output frequency and power loss. Although, in order to maximize the performance of the
inverter the overestimation caused by the implementation of the ripple component at low

output frequencies must be removed. This is an area for further work.

4.6 Summary

The aim of this chapter was to develop a thermal model that can be implemented using the
available computational resources. This was divided into three distinct stages, the first of
these covered the development of the steady-state model and this procedure is summarised

below:

1. Determine the frequency components for the phase current and duty cycle.
2. Calculate the power loss in a device over an output cycle of the inverter.
3. Multiply the frequency components of the power loss with the transfer function of a

single element of a Foster network.
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In each of these steps all of the calculations can be performed off-line. However, several
approximations were made in order to reduce the number of harmonics in the final solution
and the number of on-line calculations that are required. After performing these steps,
several equations were developed that describe the steady-state temperature response of an
IGBT or diode. These equations are dependant on the output angle of the inverter (wt),
which is not known by the thermal model. Therefore, the second part of this chapter
described a method that can be used to calculate the peak steady-state junction-to-reference
temperature that occurs over an output cycle. This is not a straightforward calculation and
the method developed is based on the Taylor series approximation of the dominate
frequency components. The temperature calculated using this method forms the basis of the
thermal model. This is a novel approach, which when compared to a model implemented in

the time domain, has several key advantages. These include the following:

1. A reduction in the number of calculations that must be performed on-line which
allows the model to be implemented at a moderate sample frequency while being
capable of estimating the temperature at high fundamental output frequencies.

2. The ability to estimate the temperature under a wide range of operating conditions
using minimal computational resources.

3. The adaptability of the model, which when combined with the principles of linear

superposition can be used to model a complete inverter.

The final part of this chapter covered the development of the transient model. The transient
model includes the steady-state (Tiippie), DC (Tpc) and transient (Te.,) components. The
transient model has been shown to protect the devices in the inverter under typical
operating conditions. However, due to the methods used to implement each component, the
model overestimates the temperature during rapid changes in output frequency when
operating at a high load current. Therefore, these factors must be addressed before the

model can be considered an optimum solution.

Overall, the solution presented in this chapter provides the basis of a thermal model that can
be used to estimate the temperature of any device in an inverter over a wide range of

operating conditions, during steady-state and transient operation.
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Chapter 5: Implementation of the Thermal Model in a Three

Phase Inverter

5.1 Introduction

In the previous chapter the temperature estimated by the frequency model was compared
against the instantaneous response calculated for a single element of a Foster network. One
or more of these network elements can be used to represent the thermal characteristics
(thermal impedance) measured between the junction of a device and a defined reference
point, typically the external ambient (T,) or the temperature measured by the internal
thermistor (Ty,) in the power module. However, the thermal coupling between each device
in an inverter can have a significant impact on the temperature of any neighbouring
devices. Thus, to model the devices in an inverter the self and mutual transient thermal

impedances are required. These are defined as:

e Self thermal impedance — represents the change in the temperature between the
junction of a device (i) and a reference point due to its own power loss.

e Mutual thermal impedance — represents the change in the temperature between
the junction of a device (i) and a reference point due to a power loss applied to

another device (j) in the inverter.

To calculate the temperature of a single device in the inverter (six IGBTs and diodes) the
frequency components in the switching and conduction loss models must be calculated for
each element in the equivalent Foster networks. For an inverter, these include the eleven
mutual thermal impedances associated with the device being modelled. However, the
magnitude of the sine and cosine components calculated for each network element (at the
same frequency) can be added together and combined into a single term. This allows the
peak steady-state junction-to-reference temperature to be calculated using the method
developed for a single element (i.e. the Taylor series approximation). This procedure is

described in Section 5.2.
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The frequency model could be used to calculate the temperature of every device in the
inverter, including the effect of the self and all of the mutual thermal impedances, but the
number of calculations that can be performed is limited by the available computational
resources. Consequently, in order to allow the model to be implemented in a drive, some
level of simplification is required. This is described in the remainder of the chapter. In
order to evaluate these simplifications, a model of a typical power module is developed in
Flotherm and this is described in Section 5.3. This model is used to calculate all of the self
and mutual transient thermal impedances (144 values) for the inverter. The equivalent
Foster network for each of these is used to form the complete thermal impedance matrix,
which is used to calculate the instantaneous temperature of every device under a range of
operating conditions. This temperature is then used to identify the devices in the inverter
that have the greatest risk of overheating. To protect the inverter, the temperature of these
devices must then be estimated using the frequency model. In Section 5.3.1, this procedure
is outlined using the temperature calculated in a stationary vector condition. The
temperature of one of the chosen devices is then compared against the instantaneous

response over a complete output cycle of the inverter and this is shown in Section 5.3.2.

The simplifications required to implement the frequency model are reviewed in Section 5.4

and these include the following approximations:

1. The temperature of a device is calculated using only the self thermal impedance,
and any thermal coupling that exists between the devices in the inverter is ignored
(Section 5.4.1).

2. The temperature of a single IGBT and diode is calculated using the self and mutual
thermal impedances, and it is assumed that in any operating condition, either the

chosen IGBT or diode is the hottest device in the inverter (Section 5.4.2).

To implement the frequency model, the parameters of an equivalent Foster network must be
calculated for every one of the thermal impedances in the simplified model. These are
reviewed in Section 5.5. The number of elements in each of these networks is defined in
Section 5.5.1, while methods that can be used to reduce the number of networks are

discussed in Section 5.5.2. Finally, the implementation of the frequency model in a
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commercial drive control system, including a definition of the input, feedback and

calculated parameters, is reviewed in Section 5.6.

5.2 Implementation of the Frequency Model for a System Represented by Multiple
Foster Network Elements
Using superposition, the frequency model developed for a single element of a Foster
network can be used to calculate the temperature response due to the self (0i=0) and mutual
(0£0) thermal impedances in an inverter. To describe this process, the steady-state
temperature is calculated for a basic system with two devices (p=2). In this, the self and
mutual thermal impedances are represented by an equivalent network with two elements
(k=2). Each of these elements has a unique thermal resistance (Ry), thermal capacitance
(C) and time constant (T3=RuCg). The method used to calculate the temperature of device

1 (Ty) is illustrated in the figure below:
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Figure 5.1: Superposition of the self and mutual thermal impedance

To calculate the temperature, the magnitude of each term in the frequency model for the
switching loss (Table 4.1) and conduction loss (Table 4.2) must be calculated for each
network element. In order to do this, the terms for the self thermal impedance (Z, 1) are
calculated using the corresponding peak power losses for device 1, while the terms for the
mutual thermal impedance (Zn,12) are calculated using the losses for device 2. Therefore,
given that there are four network elements and two peak losses, each term (A, A, etc) in

the complete frequency model must be calculated eight times. By separating each of the
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harmonics in the frequency model into its sine and cosine components the effect of the
phase shift, which will be different for each element, is included in the magnitude of these
components. Consequently, the magnitude of the like terms calculated for each element can
be added together directly. For example, in the switching loss model the magnitude of the
fundamental term Ag; (taken from Table 4.1) calculated for the first element of the self

thermal impedance is given by:

A

P R A
Au(sw),u,(u = WCOS(H ta+ /61) (5.1

where Ap; and P, are both dependant on the time constant Ty 11¢1). Therefore, for the four

network elements in this model, the total magnitude of this term is:

p k
sl(\w) Z Z Asl(\w) 1j(m) \l(xw),l 1(1) + Asl(xw),ll(Z) + Axl(sw),lZ(l) + Axl(sw),lZ(Z) (52)

j=1 m=1

where Agj(sw),1jm) 1S the magnitude calculated for element m of the thermal impedance Zy, ;.
Hence, in the complete model, the magnitude of the sine component for the n™ harmonic is

calculated using:

p k p k
Am(xw+c0n) = Z Z Am(xw),lj(m) + Z Z Am(('un),lj(m) (53)

j=1l m=1 j=1 m=1

Once every term in the frequency model has been calculated, the sine and cosine
components for the first and second harmonics can be combined and, as for a single
element, the ripple temperature (ignoring the third harmonic component) is given by:

=A

cos(ax +o,)+A , cosCax +20,) 5.4)

ripple(sw+con) 1(sw+con) 2(sw+con

where Apsw+con) 1S the magnitude of the combined sine and cosine components for the n®

harmonic and G, is the resultant phase shift. Using this process, the ripple component of the
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complete response for any number of devices or network elements can be represented by
just two harmonic terms, and the peak of this ripple can be calculated using the Taylor
series approximation. Therefore, the frequency model can now be used to calculate the

steady-state temperature of one or more devices in an inverter.

5.3 Development of a Frequency Model for an Inverter

A separate frequency model could be used to estimate the temperature of every device in an
inverter. However, this is not possible due to the limited computational resources.
Furthermore, in order to protect all of the devices it is only necessary to calculate the
temperature of the hottest device. The hottest device is dependant on the operating
conditions and the thermal properties, including the thermal coupling between each device,
which is dependant on the layout (chip positions) and configuration (one or more power
modules) of the inverter. Therefore, to develop the frequency model the complete thermal
impedance matrix is required, and although any values could be used, they should have
similar characteristics to an actual power module. Consequently, the frequency model is
developed using the transient thermal impedances determined using the model of a typical
power module implemented in the simulation package Flotherm. A diagram of this model

showing the position of each device can be seen in Figure 5.2.

Figure 5.2: Flotherm model of a typical power module
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Although the power module used in this simulation contains a rectifier, inverter and brake,
the frequency model has been developed to only protect the devices in an inverter. Thus,
the Flotherm model is used to generate the typical self and mutual transient thermal
impedance curves for the six IGBTs and freewheeling diodes (p=12). These are represented
by an equivalent Foster network, which form the complete thermal impedance matrix for

the inverter:

Zth,ll o Zth,lp
[Zth,j—ref ] =\ Zya - Zth,ip (5.5
_Zth,pl Zth,pp_

The methods used to calculate the transient thermal impedance and the parameters of an
equivalent Foster network are described in Chapter 7. Using the simulation model, the
thermal impedances can be calculated between the junction of a device (T;) and any
reference point. In practice, most models that have been developed use the ambient
temperature (T,) or the temperature measured by the internal thermistor in the power
module (Ty). Therefore, the simulation model has been used to generate the complete
thermal impedance matrix using both of these reference temperatures. The absolute
temperature of the devices can be calculated using either:

rl=|z, .| [P]+T, (5.6)

th, j—a

or
[T] = lZm,j—th‘ [P]+ Tzh (5.7)

To identify the hottest device in the inverter under any operating condition and to allow the
frequency model to be compared against the instantaneous response, Equations 5.6 and 5.7
have been implemented in Simulink. In this model, it is assumed that the power loss in a

device is sinusoidal and the duty cycle is approximated by the third harmonic modulation
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scheme. These are the initial assumptions used to develop the frequency model. Therefore,
in order to calculate the temperature of a device the following operating parameters must

first be defined:

¢ IGBT and diode peak conduction loss (W) 1360,[( sy and 130011( diode)
¢ IGBT and diode peak switching loss (W) I3sw( ioer) and I3sw( diode)
® Displacement Power factor DPF or cos(8)

® Modulation index m

e Qutput frequency (radians/s or Hz) o or Foy

However, when an inverter is operating at an output frequency of OHz, which is defined as
a stationary vector condition, a device can be continuously operating at the output angle
(ot) where its peak power loss occurs (i.e. switching the peak load current). At this
frequency there is no filtering effect (Agp,=1) due to the thermal time constants.
Consequently, for a constant power loss, the resulting steady-state temperature will be
higher in a stationary vector condition than at any other frequency. Hence, a device is more
likely to exceed its maximum operating temperature. Therefore, this chapter is focused on
the development of a frequency model that will protect an inverter operating in a stationary

vector condition.

5.3.1 Protection of an Inverter Operating in a Stationary Vector Condition

The output of the steady-state frequency model is equivalent to the peak junction-to-
reference temperature of a device calculated over a complete output cycle of the inverter,
i.e. the peak ripple temperature is calculated using the Taylor series approximation.
Therefore, in order to protect every device in the inverter under a specific operating
condition, the frequency model must be used to estimate the temperature of the device in
which the highest peak junction-to-reference temperature occurs. Using this approach, the
temperature estimated by the frequency model will be equal to or higher than the hottest
device in the inverter. However, due to the thermal coupling between devices, the peak
junction-to-reference temperature and the device in which this temperature occurs will
depend on the operating conditions. Consequently, more than one frequency model may be

required.
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In this section, an example is used to describe the procedure for identifying the devices that
must be modelled. In this example, the temperature is calculated using the equivalent Foster
networks in the junction-to-thermistor thermal impedance matrix. Therefore, to calculate
the instantaneous temperature, Equation 5.7 is implemented in the Simulink model. The
peak switching and conduction loss for the IGBTs (68W) and diodes (34W) has been
selected to ensure that no device can exceed 150°C when operating at any displacement
power factor or modulation index. The first step in the procedure is to calculate the steady-
state temperature (junction-to-thermistor) of each device over a complete output cycle
(ot=0 to 2m). By definition, when operating in a stationary vector condition, the output
vector does not rotate and the steady-state temperature can be calculated directly using the

sum of the thermal resistances in each network. After completing this calculation, the peak

temperature that occurs over the output cycle (TA,-,,;,) can be selected. This process is

illustrated in Figure 5.3(a).
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Figure 5.3: Maximum steady-state junction-to-thermistor temperature (a) selection of the
peak temperature for a unity displacement power factor and modulation index (b) peak

temperature calculated for all operating conditions
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In this figure, the maximum steady-state temperature between each device and the internal
thermistor is calculated over a complete output cycle when the inverter is operating with a
unity displacement power factor and modulation index. As shown, the peak junction-to-
thermistor temperature calculated over the cycle can then be selected. This process is
repeated at each displacement power factor and modulation index. Although some of these
conditions do not reflect a true operating condition, they provide a good indication of the
thermal interaction in the power module. The peak steady-state junction-to-thermistor
temperature calculated in each of these conditions is shown in Figure 5.3(b). The next step
is to identify the device in which this peak temperature occurs. For example, in Figure
5.3(a) the device selected is the lower IGBT in the U phase (Iyr). Therefore, when the
displacement power factor and modulation index are unity, estimating the temperature of
Iy (single frequency model) will ensure that the inverter is protected regardless of the
output angle (mt). However, as discussed, the device in which the peak junction-to-
thermistor temperature occurs is dependant on the operating conditions and this can be seen

in the figure below:
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Figure 5.4: The devices in which the peak junction-to-thermistor temperature occurs

when operating in a stationary vector condition with a constant power loss
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From these results, it can be seen that in order to protect every device in the inverter the
frequency model must be used to estimate the temperature of four devices; these are Iy,
Ivu, Dyu and Dyy. This is because in at least one of the operating conditions examined the
peak junction-to-thermistor temperature occurs in one of these devices. These results show
that when using the frequency model to protect the inverter in a stationary vector condition
it is not necessary to implement the complete thermal impedance matrix. However, in a
power module, the thermal coupling between the devices has a considerable impact on the
device temperature, and this coupling is dependant on the layout of the power module.
Therefore, if the frequency model is developed for a power module where the position of
the devices and/or the internal thermistor are different (e.g. a power module produced by a
different manufacturer) more or less devices may need to be modelled to ensure the inverter

is protected under all possible operating conditions.

The procedure outlined in this section has been used to identify the devices that must be
modelled to protect an inverter operating in a stationary vector condition with a constant
power loss. The same procedure can be used to identify the devices that must be modelled
at different output frequencies and with different peak losses. In summary, to select the

devices the following steps must be performed:

1. Calculate the instantaneous temperature over a complete output cycle of the inverter
using the self and mutual thermal impedances defined between the junction of a
device and the chosen reference point.

2. Repeat this calculation for each device and operating condition. These can include
the output frequency, displacement power factor, modulation index and the peak

switching and conduction losses for the IGBTs and diodes.
3. Select the maximum temperature that occurs over the output cycle (TAjfref ).

4. Identify the device in which the peak junction-to-thermistor temperature occurs.
As described, for a given power loss a device is more likely to exceed its maximum

temperature when operating at low output frequencies. Therefore, in the remainder of this

chapter, the steps outlined above are used to select the devices that are required to protect
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the inverter in a stationary vector condition and the effect of operating at different output

frequencies is ignored.

5.3.2 Estimated Temperature over a Complete Output Cycle of the Inverter

In an inverter the reference temperature is usually measured by a thermistor and many
manufacturers now include a thermistor within a standard power module. Therefore, the
reference temperature used in the thermal model is an instantaneous value. Combining this
with the output of the steady-state frequency model (constant value) will have a significant
impact on the accuracy of the estimated temperature at low output frequencies. To show
this effect, the temperature estimated using the frequency model is compared against the
temperature of the hottest device in the inverter. A comparison for an inverter operating in a

stationary vector condition is shown in Figure 5.5.
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Figure 5.5: Comparison of the temperature estimated by the frequency model and the

maximum steady-state temperature when operating in a stationary vector condition

For these operating conditions, the peak junction-to-thermistor temperature occurs at an
output angle of 2.79rads. At this angle the temperature estimated by the frequency model is
identical to the maximum instantaneous temperature. However, over an output cycle the
temperature measured by the thermistor changes due to the thermal coupling between the

thermistor and the devices in the inverter (IGBTs and diodes). Therefore, since the output
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of the frequency model is equivalent to the peak junction-to-thermistor temperature, when
the inverter is operating at any other output angle, the temperature estimated by the
frequency model will be higher than the hottest device. If this exceeds the maximum
operating temperature, the drive will enter an error or trip condition, which will prevent any
further increase in temperature. In this condition the performance will be restricted by the
thermal model rather than the true operating temperature of the devices and this will have a
direct impact on the rating of the inverter. For example, the results in Figure 5.5 show that
the temperature of the hottest device is always below 150°C. Even so, to ensure that the
temperature estimated by the thermal model does not exceed the maximum temperature the
peak power loss in the IGBTs must be reduced from 68W to 62.5W. This decrease in power
loss corresponds to a reduction in the maximum output current available from the inverter,

which is an undesirable effect.

However, as the output frequency is increased the ripple present in the measured thermistor
temperature will be reduced. Eventually this will become a constant value, which is
independent of the output angle. From tests carried out on a typical power module [111], it
was found that the measured ripple temperature was negligible when the output frequency
was above SHz. Therefore, using the frequency model to protect the inverter will only have
a significant effect on the maximum output current available from the inverter at low output

frequencies.

5.4 Simplifying the Frequency Model

In the previous section, it was shown that when using the frequency model to protect the
inverter it is not necessary to calculate the temperature of every device. Therefore,
compared to the implementation of the complete thermal impedance matrix the number of
calculations that must be performed by the thermal model is significantly reduced. Even so,
to implement the thermal model using the available resources further assumptions must be
made in order to reduce the number of network elements (i.e. thermal impedances) used in

the model.

To show the effect of any assumptions, the temperature estimated by the frequency model

is compared with the maximum instantaneous temperature calculated using the Simulink
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model, which includes all of the mutual coupling in the power module. In the Simulink
model it is assumed that the power loss for each device is a rectified sinusoid and the duty
cycle is approximated using the third harmonic scheme. Thus, if the instantaneous
temperature is compared directly with the output of the frequency model the differences

between the calculated temperatures will be due to one or both of the following:

a) The assumptions used to develop the frequency components for the
switching and conduction loss models, i.e. the number of harmonic
components used in the approximation of the power loss and duty cycle.

b) The elements in the thermal impedance matrix not included in the model.

The impact of the assumptions used to develop the frequency components for the models
were reviewed in Chapter 4. Therefore, in order to isolate the effect of the simplifications
made to the thermal impedance matrix, the temperature estimated by the steady-state

frequency model is approximated by:

A

T

s5(n=o0) = Tj—ref(n:cc)

+ Tref

(5.8)

The temperature calculated using this equation is equal to the output of the frequency
model if all of the harmonics (n=0 to ) were included. Therefore, any differences in the
comparisons will be due to the selection of the device being modelled and/or any of the
mutual impedances that have been ignored. In the following comparisons the frequency
model is developed using the thermal impedance measured between the junction of a
device and the internal thermistor in the power module, while the operating conditions are

the same as those defined in Section 5.3.1.

5.4.1 Single Device Model

In this section the temperature of a device is calculated using the self thermal impedance
and any coupling that exists between the devices in the inverter is ignored. Therefore, the
terms in the frequency model are calculated for the elements in a single equivalent Foster
network. To implement this model the self impedance for a device must be selected from

the complete thermal impedance matrix.
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When an inverter is operating with a positive displacement power factor the power loss in
an IGBT will normally be much higher than a parallel diode. Consequently, in this
condition, the largest temperature difference measured between the junction of a device and
the internal thermistor will occur in one of the IGBTs. However, the opposite applies when
the displacement power factor is negative and in this condition, it is likely that the peak
temperature will occur in one of the diodes. Therefore, because the effect of the operating
conditions on an IGBT and diode are different, estimating the temperature of a single
device will inevitably lead to a significant underestimation of the temperature in some
operating conditions. To show this effect, the frequency model is used to estimate the
temperature of the lower IGBT in the U phase (Iyr) of the inverter. This device is selected
from the results shown in Figure 5.4, which shows that the peak junction-to-thermistor

temperature occurs more often in this IGBT.

In Figure 5.6(a), the temperature estimated using the self thermal impedance (simplified
frequency model) is compared with the maximum IGBT and diode temperature calculated

using the complete thermal impedance matrix.
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Figure 5.6: Comparison of the single device model developed for Iy, when operating with a

unity modulation index (a) junction-to-thermistor temperature (b) percentage error
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In this figure, it is evident that in most operating conditions the temperature estimated by
the frequency model is considerably lower than the maximum device temperature. As
expected, the error is larger when the peak temperature occurs in one of the diodes. In
Figure 5.6(b) the error is represented as a percentage of the maximum device temperature
and since this is underestimated by the frequency model, the error is negative. The
percentage error shown in this figure is an important indication of the error that could be
expected when operating with a unity modulation index. However, the modulation index
will have a significant effect on the accuracy of the simplified frequency model.
Consequently, the error must be calculated over the full range of the modulation index

(m=0 to 1). These results are shown in Figure 5.7(a).
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Figure 5.7: Error in the single device model when operating in a stationary vector condition

(a) IGBT model (b) IGBT and diode models implemented in parallel

These results show that when using a single IGBT model with no coupling, the temperature
is significantly underestimated in most operating conditions. Therefore, at minimum, the
frequency model must be used to estimate the temperature of one IGBT and one diode in

the inverter. Furthermore, if these models are implemented in parallel, the devices in the
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inverter are protected by the model that estimates the highest temperature and this can
improve the level of protection. As with the IGBT model, the diode is selected using the
results in Figure 5.4. The diode used in the model is the upper diode (Dyy) in the U phase
of the inverter. The error calculated using the highest temperature estimated by the IGBT
and diode model is shown in Figure 5.7(b). By running both models in parallel the
maximum error has been considerably reduced, although it is still significant in many
operating conditions. Consequently, this model cannot be used to protect an inverter
operating at low output frequencies and an alternative model is required. Furthermore, the
results presented in this section highlight the limitation of a model developed using the
thermal impedances provided in the datasheet of a device. These are normally limited to the
self thermal impedance for an IGBT and diode measured between the junction of the device

and the case of the power model [71].

5.4.2 Single Device Model including the Thermal Coupling between devices

In order to reduce the error in the estimated temperature and develop a model that can be
used to provide sufficient protection for the inverter, the thermal coupling from the
neighbouring devices must be included. In this section, the temperature of Iy and Dyy are
calculated using the self and all of the mutual thermal impedances associated with these
devices. Therefore, in this model, the temperature will only be underestimated if the peak
junction-to-thermistor temperature does not occur in either of these devices. As previously,
Figure 5.8(a) shows the error that would be expected if only the IGBT model (Iyr) was
used, whereas Figure 5.8(b) shows the error calculated when the IGBT and diode models
are implemented in parallel. This allows a direct comparison to be made with the results in

Figure 5.7, which shows the error calculated when only the self thermal impedance is used.

As shown in Figure 5.8(a), when using the IGBT model there is no error in the operating
conditions where the peak junction-to-thermistor temperature occurs in Iy.. However, the
error is still significant when the inverter is operating with a negative displacement power
factor. Therefore, both models must be implemented in parallel. The error for this model is
shown in Figure 5.8(b). This figure shows that the maximum error is reduced to 11% and
where an error occurs, the peak junction-to-thermistor temperature does not occur either in

IUL or DUU-
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Figure 5.8: Error in the single device model with thermal coupling when in a stationary

vector condition (a) IGBT model (b) IGBT and diode models implemented in parallel

Although incorporating the mutual thermal coupling into the model has been shown to

reduce the error, any error in the thermal model is undesirable, especially if it could result

in a device exceeding its maximum temperature. However, the error has been calculated

using a single IGBT and diode with the inverter operating in a stationary vector condition,

and when assessing the impact of this error the following factors should be considered:

If there are sufficient computational resources, more devices can be modelled to
prevent any underestimation of the temperature (as described in Section 5.3.1).

The operating conditions where the error is significant are not practical in an
inverter driving a motor load, i.e. operating at a low frequency with a high
modulation index and displacement angle. Thus, the error calculated with a unity
displacement factor is the most important.

The error will be different for each power module and will be considerably lower

for a power module where the thermal coupling between devices is less significant.
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Taking these factors into account the frequency model developed in the following chapters
is based on the self and mutual thermal impedances for a single IGBT and diode. Where a
significant error occurs due to the approximation of the power loss, duty cycle or the
thermal characteristics, this must be incorporated into the final protection scheme in the

form of a constant or variable (dependant on the operating conditions) safety margin.

5.5 Thermal Parameters used in the Frequency Model

In the simplified model described in Section 5.4.2, the temperature of one IGBT and one
diode is estimated using the self and all of the mutual thermal impedances associated with
these devices. To implement this model, these thermal impedances must be represented by
an equivalent Foster network with one or more elements. The following parameters must be

defined:

¢ Thermal resistance (Ry,) — This defines the magnitude of the frequency terms in a
stationary vector condition.

e Time constant (Ty) — This defines the change in magnitude with the output
frequency of the inverter.

e Offset angle (o) — This is the phase shift used to represent the power loss in each
device in the inverter with reference to the modelled device. This determines the

magnitude of the corresponding sine and cosine components for each harmonic.

The number of network elements that are used to represent the self and mutual thermal

impedances are selected in the next section.

5.5.1 Selection of the Elements in each Foster Network

The number of elements used in the frequency model will have a direct impact on the
number of calculations required to estimate the device temperature, but will also have an

effect on the following:

a) The magnitude of the steady-state frequency components

b) The transient response
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If possible, an equivalent network should have enough elements to ensure that the response
of the network is an accurate representation of the measured impedance. In general, to
achieve this no more than four elements are required [101, 112]. However, in this model,
the number of elements that can be used is restricted by the available computational
resource and at present, implementing a model with four elements in each network is not

possible.

In any power module, the temperature of an active device will be dominated by its self
thermal impedance. By definition, this includes the impedance measured between the
junction of the device and the case of the power module, e.g. the silicon chip, solder, case,
etc. Therefore, there will be multiple time constants associated with this impendence and as
a result, more elements must be used in these networks to provide a reasonable

approximation. With these limitations in mind, the following elements have been chosen:

¢ Self thermal impedance — Two network elements

¢ Mutual thermal impedance — Single network element

As discussed, the number of elements is constrained by the computational resource and if
possible, more elements should be used to improve the transient response. In summary, to
estimate the temperature of one device, each term in the switching and conduction loss

models must be calculated for thirteen elements (two self and eleven mutual elements).

5.5.2 Reducing the Number of Mutual Terms in the Frequency Model

Several approaches that can be used to reduce the number of mutual impedances in a model
based on the thermal impedance matrix have been described in the literature, and these

include the following:

a) Ignore any of the mutual thermal impedances that are negligible when compared to
the self thermal impedance of the device.
b) Use only the thermal impedances from the nearest neighbour to the device being

modelled, and ignore the coupling from all other devices in the power module [1].
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By ignoring the thermal impedances that are negligible, the number of elements in the
model can be reduced without significantly affecting the accuracy of the estimated
temperature. However, when the temperature measured by the internal thermistor is used as
the reference for the model, devices that are positioned close to either the modelled device
or the thermistor have a significant effect. Therefore, using only the coupling from the
nearest neighbours to the device can lead to a considerable under or overestimation of the
temperature. An alternative method that is unique to the frequency model developed in this

work is described below.

If the time constant of two or more of the elements that are used to represent the mutual
thermal impedance are the same, the magnitude of the terms in the frequency model will
change at the same rate, i.e. they will have the same phase shift (B) and filter magnitude
(Apn). If these elements are in the same network (same offset angle), the combined response
can be represented by a single element by simply adding the thermal resistances together.
This process is equivalent to adding two frequency components that are in phase, but with

different magnitudes. This is illustrated in Figure 5.9.
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Figure 5.9: Combining network elements with the same time constant and offset angle

With this approach, instead of calculating the frequency terms for each element separately,
the magnitude can be calculated once by using the combined network parameters. This is
similar to the method that was described in Section 5.2, although the calculations in this

section can be performed off-line. The method illustrated in Figure 5.9 can also be used to
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combine network elements in different networks (different offset angles). This is equivalent
to adding two or more frequency components that are not in phase. As a result, a different
thermal resistance and offset angle must be used for each harmonic (n) in the frequency
model. Even so, each term must still only be calculated once. The magnitude of the

combined thermal resistance for the n™ harmonic is given by:

2 2

Ry = Zlth,l'j(k)COS(na) + ZlRt,”j(k)sin(na') (5.9)
=

Jj#i Jj#i
and the corresponding offset angle is calculated using:

ZR,,,,U(,() cos(na)
I
no,) =cos | <5 - (5.10)

th,i(n)

where Ry in) and Qi) are the magnitude and phase shift for device i and the n® harmonic, m
is the number of network elements with the same time constant and & is the position of the

element in each network.

Due to the implementation of the duty cycle, the terms in the frequency model for an IGBT
and diode are different. Consequently, the network elements representing the coupling due
to the loss in an IGBT and diode cannot be combined. Nevertheless, if the mutual thermal
impedances from the IGBTs and diodes could be represented by a common time constant,
all of the coupling in an inverter could be modelled by just two network elements, with one
representing the coupling from the IGBTs and the other from the diodes. Using this
approximation, the steady-state temperature in a stationary vector condition will remain the
same, but the transient response will change. The effect this has on the accuracy of the
estimated temperature will depend largely on the thermal properties of the inverter,

specifically the ratio between the self and mutual thermal impedances. Furthermore, the
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method used to select the common time constants for the combined network elements will

have a significant effect. This is described in the following section.

5.5.2.1 Calculation of the Common Time Constants for the Combined IGBT and
Diode Networks

In order to combine the equivalent networks for the mutual thermal impedances, a common
time constant must be selected for the network elements used to represent the coupling
from the IGBTSs (T 6sT) and diodes (T giode) in the inverter. In order to select these time
constants, a Simulink model is used to calculate the instantaneous temperature response of
the modelled devices (Iyr, and Dyy) during a step change in the peak power loss. This
calculation is repeated using the original network parameters determined from the Flotherm
model and the common time constants, which are selected to minimise any differences

between the responses.

An example of the step response calculated for the IGBT model operating in a stationary
vector condition is shown in Figure 5.10(a). The time constants used in this comparison

arc:

Tth,IGBT = 3.5s

Tih,diode = 35

The difference between the temperature responses is shown in Figure 5.10(b). In this figure
a negative value indicates that the temperature is underestimated. For the chosen operating
conditions, which are the same as those defined in Section 5.3.1, the temperature is never
underestimated (negative value) by more than 2°C. As well as the transient response, this
approximation will also have an effect on the steady-state temperature calculated at higher
output frequencies. However, because the time constants associated with the mutual
coupling are relatively long, the effect that these terms have on the device temperature falls
rapidly as the output frequency is increased and any error will be negligible. Therefore, the
time constants for the combined networks used in the thermal model are selected using this

procedure. This is covered in Chapter 7.
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Figure 5.10: Comparison of the step response calculated using the original network
parameters and the common time constants in a stationary vector condition with a unity

modulation index (a) step response (b) temperature difference

The procedure used to calculate the thermal parameters for one device is summarised

below, all of these calculations can be completed off-line:

1. Calculate the thermal resistance, time constant and offset angle for the two network
elements used to represent the self impedance for the chosen device.

2. Calculate the thermal resistance, time constant and offset angle for the eleven
mutual impedances for the chosen device.

3. Use Equations 5.9 and 5.10 to calculate the thermal resistance and offset angle for
the combined networks representing the coupling from the IGBTs and diodes in the
inverter, and repeat this for each harmonic (n=1 to 3).

4. Select the common time constant for the combined IGBT (Tnicer) and diode

(Tth.diode) NEtWOTKS.
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Using this procedure, the parameters of four Foster network elements are calculated. These
represent the self and all of the mutual thermal impedances associated with one device.
Therefore, the terms in the frequency model only need to be calculated eight times, once for
each peak loss (switching and conduction) applied to each network element (two self and

two mutual elements).

5.6 Implementation of the Frequency Model and Summary of the Input Parameters

To implement the frequency model the following temperatures must be calculated:

e Steady-State (Tyippe) — The peak ripple temperature is calculated from the
frequency components using the Taylor series approximation and this component
is applied as a constant value.

e DC (Tpc) — The magnitude of the DC terms for each network element in the
model are calculated separately. These magnitudes are applied to an individual
transfer function of a first order filter with a unity magnitude (1K/W) and the time
constant of the associated network element.

e Transient (Teyp) — This magnitude is calculated from the change in the peak
ripple temperature and this is applied to a high pass filter. The time constant (Texp)

used in this filter is selected from one of the four network elements.

The control diagram for the frequency model is shown in Figure 5.11. This diagram shows
how the thermal model is implemented in the drive. It includes all of the input parameters
that are required to calculate the peak loss in an IGBT or diode, and the resulting steady-
state, DC and transient components of the temperature response. The input parameters in

this diagram are separated into the following categories:

1. — Measured device parameters
2. — Thermal parameters calculated off-line

3. — Internal feedback parameters

The main parameters that are calculated on-line are shown at the output of the various

control blocks.
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The model shown in the control diagram is used in Chapter eight to compare the estimated
and measured device temperatures and is implemented in the control microprocessor of the
drive described in the next chapter. In this drive the thermal model runs in a background
routine operating at a cycle rate of 250Hz and the input parameters are sampled at the

beginning of each cycle.

The model implementation combines the frequency analysis used to calculate the
magnitude of the ripple components with the time domain implementation of the DC and
transient components. The frequency components developed in the previous section are
used to calculate the ripple temperature for each of the four network elements. These ripple
components are combined to calculate the peak ripple temperature and this is used as the
input to the transient component. To ensure the transient component calculates the
maximum temperature it is assumed that the exponential output (Teyp) is positive regardless
of the direction of the change in the peak ripple. To implement this, the magnitude of the
change in the peak ripple is calculated and this is applied to the high pass filter which is
implemented in the time domain. The output of this filter is always a positive component

that decays exponentially.

Out of the parameters shown in the control diagram the only parameter that has not yet
been defined is the time constant (Texp) used in the transient component. The magnitude of
the transient component is determined directly from the change in the ripple temperature,
which is a function of the thermal parameters in each of the network elements (i.e. the self
and mutual impedances). In order to implement more than one transient component, the
terms in the frequency model would have to be recalculated for each individual element
using the location of the peak ripple (®tmax) found from the combined response. From this,
the change in the ripple temperature associated with each of the elements could be used to
determine the magnitude of the individual transient components. However, these additional
calculations cannot be performed using the existing computational resource and the
transient component must be approximated by a single characteristic. The effect that this
has on the estimated temperature will depend largely on the thermal properties of each
network and the chosen time constant. As a compromise between protection and

performance, the time constant used in the model is the longest time constant in the
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equivalent network of the self thermal impedance. However, this time constant is often
much shorter than the time constants associated with the mutual thermal impedances.
Consequently, at a low output frequency where the effect of the mutual thermal impedance
is more significant, this approximation may result in a slight underestimation of the device

temperature because the transient term will decay too fast.

In the following chapters, the complete thermal model illustrated in Figure 5.11 is used to
estimate the temperature of an IGBT and diode in a production drive. The methods used to
measure the electrical and thermal characteristics of the power module used in this drive are
described in Chapter 6. These measurements are then used in Chapter 7 to calculate the
input parameters required by the frequency model. Finally, in Chapter 8 the temperature
estimated by this model is compared with the temperature measured using a thermal

camera.

5.7 Summary

In this chapter the thermal model was applied to a typical power module. In order to
estimate the temperature of a device in this module the thermal model has been extended to
allow the thermal characteristics to be represented by multiple Foster networks with one or
more elements. However, using the available computational resources it is not possible to
implement the full model (thermal impedance matrix) on-line. Consequently, the main
focus of this chapter was to develop a simplified thermal model and this was achieved by
selecting only the key thermal impedances. To show how the selection of the thermal
impedance impacts the protection provided by the thermal model, the effects of the
following simplifications were investigated with the inverter operating in a stationary

vector condition:

1. Multiple device model using the self and mutual thermal impedance of each device
in which the peak junction-to-thermistor temperature occurs.

2. Single device model using the self thermal impedance of one IGBT and diode

3. Single device model using the self and mutual thermal impedance of one IGBT and

diode
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The first of these was shown to protect all of the devices in the inverter. However, this
model uses the self and mutual thermal impedances associated with several devices and for
this reason, it cannot be implemented on-line. In contrast, using only the self thermal
impedance significantly reduces the number of on-line calculations, but results in a
significant underestimation of the temperature. As a compromise, the final model includes
all of the mutual thermal impedances associated with a single IGBT and diode, which
significantly improved the protection for the inverter. Therefore, this model was chosen to

form the basis of the final solution.

Even though the complexity of the chosen model has been significantly reduced when
compared to the complete thermal impedance matrix, it is still not possible to implement
this using the available resources. Thus, in the remainder of this chapter a procedure that
can be used to combine the frequency components of the network elements that represent
the mutual thermal impedance between devices was described. This procedure can only be
applied in conjunction with the frequency model and importantly, all of these calculations
can be performed off-line. Finally, the method used to implement the on-line thermal model
was presented in the form of a control diagram and from this all of the input parameters

were defined.
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Chapter 6: Measurement of the Power Module Parameters

6.1 Introduction

The thermal model that was developed in Chapters 4 and 5 requires a number of thermal
and electrical device parameters that cannot be obtained directly from the datasheet, or that
are not specified in sufficient detail. Consequently, before the thermal model can be
implemented in a drive, the transient thermal impedance together with the switching and
conduction loss parameters for every device in the inverter must be measured. The methods

used to measure these parameters and the key results are described in this chapter.

The drive used to evaluate the thermal model has been selected from the existing range of
products that are offered by Control Techniques. A description of this drive and the
integrated power module is included in Section 6.2. Where possible, the parameters
required by the thermal model are measured using a standard power module. However, in
order to use an infrared camera to measure the temperature of the devices in the inverter
stage the power module must be modified. This procedure is described in section 6.2.1. The
temperature measured by the infrared camera (T;) and the internal thermistor (Ty) in the
power module are used in the calculation of the transient thermal impedance. The following

thermal impedances are calculated in Section 6.3:

e Self thermal impedance measured between a device (i) and the internal thermistor
in the power module — Z, ji(j-th)
e Mutual thermal impedance measured between a device (i) and the internal

thermistor in the power module — Zp, j(-)

These cannot be determined from the datasheet of the device since typically, only the self
thermal impedance measured between the junction of a device and the case of the power
model is defined. Furthermore, as described in Chapter 5, in order to select the devices used

in the frequency model the temperature of every device in the inverter is calculated using
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the complete thermal impedance matrix. Therefore, although the parameters required to
implement the model are calculated from the thermal impedances associated with a single
IGBT and diode, the self and mutual thermal impedances must be measured for every
device in the inverter. The factors that affect these calculations and the key results are

presented in Section 6.3.2 and 6.3.3.

As well as the thermal parameters, in order to calculate the temperature response the total
power loss in each device must be known and in the thermal model, this is calculated on-
line. To calculate the power loss, a number of parameters that are dependant on the
configuration of the inverter (e.g. the gate resistance, stray inductance, etc) are required.
Consequently, these parameters cannot be determined directly from the datasheet of the
device and must instead be measured in the same configuration that will be used to evaluate
the thermal model. The experimental setup that is used to measure the parameters for an
IGBT and diode is described in Section 6.4.1. Using this method, the following switching

loss parameters are measured:

e Turn-on switching energy of an IGBT -E,,
e Turn-off switching energy of an IGBT — Ey¢¢

® Turn-off switching energy of a diode = — Eec

An example of the waveforms measured during these tests and the resulting energy loss are
shown in Section 6.4.2. The following parameters are required to calculate the conduction

loss in a device and these are measured in Section 6.4.3:

e On-state voltage of an IGBT — Vg

e On-state voltage of a diode — Vg

The loss parameters listed above are not constant values, but are dependant on the device
current (Ir), temperature (T;) and DC link voltage (Vpc). Therefore, the loss parameters are
measured over the full range of operating conditions and this requires multiple tests to be

performed.
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6.2 Device Selection and Power Module Preparation

To evaluate the thermal model under typical operating conditions the model is implemented
in a standard production drive. The drive selected for this evaluation is a Control
Techniques Unidrive SP [113], which has a rated continuous output power of 15kW. A

picture of this drive and an unmodified power module are shown in Figure 6.1.

Figure 6.1: Control Techniques Unidrive SP and power module

As well as the devices in the inverter stage, the power module used in this drive includes a
three phase rectifier and brake IGBT [111]. The rated current of this module is 75A. This
rating refers to the maximum continuous output current that is available from the inverter
for a given case temperature. As shown, the devices are enclosed within the power module.
Therefore, to allow an infrared camera to be used the module must be modified and this is

described in the following section.

6.2.1 Power Module Preparation

In the experimental methods described in this chapter the temperature of the devices in the
inverter are measured using an infrared camera. To prepare the power module for thermal
testing the lid of the module and the internal silicone gel is removed. Afterwards a thin
layer of black paint is applied to the surface in order to provide a known and uniform

emissivity. A picture of the power module prepared by the manufacturer is shown in Figure
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6.2. This figure shows the positions of the devices in the inverter, which are protected by

the thermal model, and the internal thermistor used to provide the temperature feedback.

Figure 6.2: Power module after preparation for thermal testing

After the module has been prepared, it is assumed that the emissivity of the surface of each

device is constant and has a value of 0.95, which is a typical emissivity for matt black paint

[114-116].

6.3 Thermal Impedance Measurements

In the thermal model, the temperature feedback is provided by the internal thermistor in the
power module (Ty). Using this measurement, the junction temperature (T;) is estimated
using the known power loss (P) and the transient thermal impedance between the device

and the thermistor. For example, the self impedance of device i can be calculated using:

Tj(z') — T,
Zitjom)y =" (K/'W) 6.1)
(i)

This transient thermal impedance can be calculated from the measured heating or cooling
response due to a step change in power loss. However, the properties of an IGBT and diode

are highly dependant on the device temperature and this makes it difficult to maintain a
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constant power loss in the device as it is being heated [117]. Therefore, in this work, the
thermal impedance is calculated from the cooling response, the same technique is used by
most manufacturers [118]. In this approach a known power loss is used to heat the device to
the desired steady-state temperature. As this temperature is increased the thermal
conductivity of the different materials in the device and module fall [119]. Consequently, to
ensure that the maximum steady-state thermal impedance (i.e. the thermal resistance) is
measured the device is heated to the maximum operating temperature (150°C). Once the
temperature has stabilised, the power loss is removed (t=0s) and the temperature of every
device, including the internal thermistor, are measured as they decay towards the ambient

temperature. An example of a typical cooling response is shown in Figure 6.3(a).
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Figure 6.3: Example of the thermal impedance calculation (a) measured cooling response

for the device and thermistor (b) calculated transient thermal impedance

To calculate the transient thermal impedance, the temperature difference measured between
the device and the thermistor, which is highlighted in this figure, is divided by the power

loss required to heat the device to its maximum temperature. The transient thermal
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impedance calculated using the measured cooling response is shown in Figure 6.3(b).
However, it is more conventional to present the results in the form of a heating response
and both are compared in this figure. In this example, a power loss of 100W is used to heat

the device. As a result, the steady-state thermal impedance is 0.5K/W.

6.3.1 Experimental Setup

When measuring the thermal impedance it is important that the thermal characteristics of
the system are as close as possible to those that will be experienced by the device during
normal operation. Therefore, the heatsink, fan and fan speed used in the thermal impedance
measurements must be the same as those used in a standard drive. However, to measure the
device temperature using an infrared camera the lid of the power module and the internal
silicone gel has been removed. The silicone gel in a module is not intended to provide an
additional cooling path, and typically has a relatively low thermal conductivity of between
0.2 and 0.3W/mK [120]. However, removing the gel will allow the convection of heat from
the surface of a device, changing its thermal characteristics. Nevertheless, in this work, the
thermal impedance is measured using the same power module that is used to evaluate the
thermal model. Therefore, in both of these experiments the thermal characteristics will be
identical. Even so, when applying the thermal model to a standard power module the
thermal impedances may be different. This effect will be reviewed as part of the further
work. A schematic diagram of the experimental setup used to measure the thermal

impedances in the inverter stage of the power module is shown in Figure 6.4.

Ethernet Q
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Module
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Power Module Thermistor Data
Voltage Logger RS232
Meter X
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_— L % Resistor Gate Drive Signal
ower > 16.5Q DC Power
Supply
—\/\/\—  Supply
0-30V 15V
0—100A
Fan Power Supply
Unidrive SP DC Power
Heatsink Supply
and Fan 24V

Figure 6.4: Equipment setup used to measure the transient thermal impedance
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In this diagram, it can be seen that an external power supply is used to apply a DC current
(IL) to the device under test. This current and the resulting conduction loss in the device,
which is calculated using the voltage and current measured at the terminals of the power
module, is used to heat the device to its maximum operating temperature. When measuring
the thermal characteristics of an IGBT, the device is turned on by a constant gate voltage

(+15V) from a second power supply. This is shown in the circuit diagram in Figure 6.5.
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DC Power
Gate Supply
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DC Power
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Figure 6.5: Test circuit for the thermal impedance measurements

In this example the external power supply is connected between the +DC link and the U
phase motor terminals (current flows into the +DC link) and the circuit is configured to
measure the thermal impedance of Iyy. In order to measure the thermal impedance of the

parallel diode associated with this IGBT (Dyy) the connections on the supply are reversed.

6.3.1.1 Temperature Measurements

In the thermal impedance measurements the temperature of the thermistor and the devices

in the inverter are measured using the following methods.

Thermistor Temperature

The temperature of the thermistor (Ty,) is calculated from the measured resistance using the
resistance-temperature characteristics provided by the manufacturer [121]. In the transient
measurements, this resistance is measured using a data logger [122] and is recorded at a

sample frequency of 4Hz.

140



Chapter 6: Measurement of the Power Module Parameters

Device Temperature

The surface temperature of the IGBTs and diodes are measured using an infrared camera
[123] and in the calculation of the thermal impedance, this temperature is referred to as the
junction temperature of the device (Tj). In these measurements, the maximum sample rate
of the camera is limited to approximately SO0Hz. An example of the thermal image for an
IGBT and diode measured during steady-state operating conditions is shown in the figure

below:

Interconnecting Bond

Collector Surface

Poor Adhesion of Coating

Poor Adhesion of Coating

(a) (b)
Figure 6.6: Example of the measured surface temperature for (a) IGBT and (b) diode

In the image of the IGBT, the cooler region of the gate, which is located at the centre of the
device, and the individual elements of the collector metallization to which the bond wires
are attached is just visible. The cooler regions (dark blue) seen on the bond wires in both
images are caused by the poor adhesion of the black coating in the areas where they are
soldered to the surface of the device. This reduces the emissivity in these areas and

subsequently the temperature measured by the infrared camera.

6.3.2 Calculation of the Self Thermal Impedance

As shown in the previous example, using an infrared camera allows the temperature at any
point on the surface of a device to be measured. Nevertheless, in order to calculate the
thermal impedance a discrete temperature must be selected. When using an infrared

camera, this temperature can be the mean or maximum temperature measured over a

141



Chapter 6: Measurement of the Power Module Parameters

specified area of the device. However, given that the main aim of the thermal model is to
protect the inverter by preventing a device from exceeding its maximum temperature, the
self thermal impedance is calculated using the maximum temperature measured over the

entire surface of a device (i.e. the hotspot). This will give the highest thermal impedance.

6.3.2.1 Results and Comparison

The measured cooling temperatures and the calculated self transient thermal impedance for
the upper IGBT in the U phase of the inverter (Iyy) are shown in Figure 6.7. During the
initial cooling period the temperature of the IGBT falls rapidly, although due to the longer
thermal time constants associated with the case of the power module, the temperature of the

thermistor is almost constant over this initial period (t<2s).
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Figure 6.7: Self thermal impedance calculations (a) measured cooling temperatures (b)

transient thermal impedance between the device and thermistor

The self thermal impedance calculated from the measured cooling response is shown in
Figure 6.7(b). From this figure, it can be seen that the steady-state thermal impedance or

thermal resistance for Iyy is 0.56K/W. However, the thermal impedance used in the thermal
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model is dependant on the distance between a device and the internal thermistor. Therefore,
for most power modules the thermal impedance of each device will be different. To show
this, the thermal resistance between the IGBTs and the internal thermistor, measured with
the cooling fan on and off, are compared against the published datasheet value and this

comparison is shown in the figure below:
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Figure 6.8: Comparison of the measured (R i) and datasheet (Ryy(j.c)) self thermal

resistance for the IGBTS in the inverter

The thermal impedance in the datasheet of a device is normally measured between the
junction and the case directly under the device [71, 124]. Consequently, when using this
value it must be assumed that the temperature of the case and the thermistor are identical.
Furthermore, due to the expected degradation of the thermal resistance over the lifetime of
the device the thermal resistance in the datasheet will include a safety margin in the order
of 20% [125, 126]. However, despite this margin, the results in Figure 6.8 show that the
thermal resistance measured between an IGBT and the thermistor is significantly higher
than the datasheet value. This indicates that the temperature measured by the thermistor is
much lower than the temperature of the case directly under the device. Thus, when
developing a thermal model it should never be assumed that the temperature of the case and
the thermistor are the same. This comparison highlights the major limitation of the thermal

impedance quoted in a datasheet and a similar conclusion was made in [1].
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Despite a significant change in the heatsink temperature, the results in Figure 6.8 show that
when the cooling fan is turned off the thermal resistance measured between the device and
the thermistor is only slightly increased. Consequently, in this power module, the effect of
the fan speed can be ignored and the thermal model is developed using the values measured
with the fan operating at its nominal speed. However, in different power modules and/or
configurations, the fan speed may have a significant effect on the measured thermal

impedances. If this is true, this effect cannot be ignored.

The self thermal impedances for the diodes in the inverter are measured using the same

approach and for completeness, a similar comparison is shown in Appendix B.

6.3.2.2 Internal Parasitic Resistance

As discussed, the power loss in a device is calculated using the voltage and current
measured at the terminals of the power module. However, in a power module there will be
an internal parasitic resistance between each device and the terminals. This includes the
resistance of the terminals, copper tracks, aluminium bond wires and the various
connections within the module. When calculating the thermal impedance the parasitic

resistance will have the following effects:

a) The power loss that is calculated using the voltage and current measured at the
terminals of the power module will include the power loss in the parasitic
resistance.

b) The measured device temperature will include the temperature rise due to any

mutual thermal coupling between the parasitic resistance and a device.

Because of the parasitic resistance, some manufacturers provide two on-state voltages for
an IGBT in the datasheet, one measured directly across the device and another measured
across the terminals of the module. Comparing these values will give an indication of the
internal resistance in the power module. However, the parasitic resistance is highly
dependant on the position of a device and more specifically, its proximity to the terminals
of the module. Therefore, in order to calculate the power loss in a device, the parasitic

resistance between each device and the terminals must be measured. This resistance is
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measured using the same experimental setup as the thermal impedance, although in these
measurements the voltage is measured between a device and the terminals. These tests were
performed with a device conducting the rated current of the module, which in this instance
is 75A. The locations of the resistances measured in a single phase of the inverter are

shown in the figure below:

+DC Link

U, V or W Phase
Motor Terminals

-DC Link

Figure 6.9: Definition of the internal parasitic resistance in a single phase of the inverter
From this figure, it can be seen that if the on-state voltage is measured at the terminals of
the module, each measurement will include the voltage drop across two parasitic

resistances. The resistances (R; to Rg) measured in each phase are shown the table below:

Table 6.1: Internal Resistance

Motor Output Resistance (mQ)
R, R, Rj3 R4 Rs Re R Rg
U 0.81 2.03 0.74 2.09 0.88 1.81 0.83 1.85
\" 1.93 2.36 0.83 341 1.93 2.23 1.89 2.37
w 2.55 2.09 1.09 4.08 1.59 1.42 0.75 4.15

For the module used in this drive, the maximum parasitic resistance is measured between
the terminals and the lower IGBT in the W phase of the inverter (R3 and R4). The total
resistance for this device is 5.17mQ. At rated current, the voltage drop across this resistance

will be 0.39V. This equates to an additional power loss of 29W. Therefore, if the voltage
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drop across the parasitic resistance is ignored, the power loss used in the thermal
impedance calculations will be significantly higher than the true power loss in the device.
Consequently, the calculated thermal impedance will be reduced and will result in an
underestimation of the device temperature. Thus, to calculate the power loss in a device, the
voltage drop across the parasitic resistance must be subtracted from the voltage measured at
the terminal of the power module. This voltage drop can be calculated using the resistances
in Table 6.1, which were measured at an ambient temperature of 23°C and at the rated
current of the module. However, the temperature coefficient of resistance, for both copper
and aluminium is 3.9¢”K™' [127] and a change in temperature of 25°C will result in a 10%
change in the internal resistance. Although, even at rated current, this equates to no more
than 2.2% of the nominal on-state voltage of a device. A detailed analysis of the parasitic
resistance in a power module, which includes the effect of temperature is given in [128]. In
this work the dependency of the parasitic resistance with temperature is ignored. This

approximation allows the values in Table 6.1 to be used in the power loss calculation.

In addition to the voltage drop, any thermal coupling that exists between a device and the
internal resistance (mutual thermal coupling) will be incorporated into the measured
thermal impedance, i.e. the measured temperature will include the temperature rise due to
the mutual coupling from the parasitic resistances. The impact that this has on the measured
thermal impedance will depend on the magnitude of this coupling. To investigate this, the
temperature of the interconnecting bond wires has been measured when one of the diodes in
the inverter is operating at the rated current of the module. Under this condition, the power
loss in the bond wires will be at its maximum. The thermal image taken using the infrared
camera and the temperature profiles measured along the upper surface of the DCB and
diode are shown in Figure 6.10. From the temperature measured along profile A, it can be
seen that although the power loss in the parasitic resistance is sufficient to significantly
increase the temperature of the bond wires, the temperature measured either side of the
connections to the DCB falls rapidly. Therefore, from the results shown in Figure 6.10(b),
it can be concluded that the thermal coupling between the parasitic resistance and a device
does not have a significant effect on the measured device temperature. As a result, when
calculating the thermal impedance the effect of the thermal coupling between the parasitic

resistance and a device can be ignored.
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Figure 6.10: Investigation into the effect of the mutual coupling between the parasitic

resistance and a device (a) thermal image with profiles (b) measured profile temperature

In summary, to calculate the thermal impedance using the voltage and current measured at

the terminals of the power module, the following factors are considered:

a)

b)

c)

6.3.3

Device power loss — To avoid underestimating the device temperature, the voltage
drop across the internal parasitic resistance is subtracted from the voltage measured
at the terminals of the module. This voltage is then used to calculate the power loss.

Change of resistance with temperature — Compared to the on-state voltage of the
device, the voltage drop attributed to the change in the internal resistance with
temperature is negligible. Therefore, the voltage drop across the parasitic resistances
is calculated using the measured resistances in Table 6.1.

Mutual thermal coupling — The temperature rise due to the thermal coupling
between the parasitic resistance and a device (including the thermistor) does not

have a significant effect on the calculated thermal impedance and this is ignored.

Calculation of the Mutual Thermal Impedance

To measure the mutual thermal impedance an infrared camera is used to measure the

temperature of every device in the inverter simultaneously. To calculate the mutual thermal

impedance a discrete device temperature must be selected. However, due to the thermal
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coupling between the neighbouring device(s) in the power module the temperature

distribution measured over the surface of a device is dependant on the following:

a) Distance between the devices and the location of the thermistor
b) Operating conditions and the resulting power loss in each device (e.g. current,

voltage and temperature)

To illustrate the effect that the distance between the devices has on the temperature
distribution, the temperature is measured across the centre of the upper IGBT in the U
phase (Iyy) of the inverter when it is operating under self and mutual heating conditions.
The measured temperatures, which are normalised to the maximum temperature measured
over the complete surface of the device (Tpn.x), are compared in Figure 6.11(a). In this
figure, the temperature rise due to the mutual heating from a neighbouring device is

measured when a power loss is applied to the diodes Dyy and Dy
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Figure 6.11: Normalised temperature distribution showing the effects of the (a) distance

between the devices (b) operating conditions and power loss in each device
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Under the self heating conditions where the power loss is applied to Iyy, the maximum
temperature is measured between the gate located at the centre of the IGBT and the edge of
the device. However, when the power loss is applied to Dyy, which is the nearest device to
Iyy, a significant temperature gradient exists across the device and the maximum
temperature is measured at the edge closest to Dyy. Alternatively, when the power loss is
applied to Dwy, which is the device furthest from Iyy, the temperature profile is almost
constant. Consequently, if the maximum temperature is used to define the mutual thermal
impedance, under some conditions the thermal model will significantly overestimate the
device temperature. Furthermore, the power loss in each device will have an effect on the
temperature distribution. In order to show this effect, the temperature along the upper
surface of the simple heat spreader in Figure 6.12 is calculated under different power loss

conditions. The results from this investigation are shown in Figure 6.11(b).

36mm 12mm

‘ 8mm 8mm ‘
h P
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Cooling Boundary (Constant Temperature)
100mm

- -

Figure 6.12: Heat spreader with two heat sources

Initially, when the power loss in each device is the same (P;=P;) the self heating in the
device dominates the temperature rise and the maximum temperature is measured at the
centre of device 1 (40mm). However, the temperature profile changes as the effect of
mutual coupling between the devices becomes more significant (P;<<P,). In this condition,

the location of the maximum temperature moves towards the edge of the device (44mm).

In summary, the results in this section show that the temperature distribution for each
device in the inverter is different and will continuously change with the operating
conditions. However, the temperature of an active device is dominated by its self heating
(self thermal impedance). Thus, any error caused by the definition of the mutual thermal
impedance is less significant. Therefore, to allow a simple and consistent definition to be

used for every device, the mutual thermal impedance is calculated using the mean surface
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temperature. This definition is a compromise between the protection offered by the thermal

model and the maximum performance of the drive.

6.3.3.1 Comparison and Results

An example of the measured cooling temperature and the mutual transient thermal
impedance measured when a power loss is applied to the upper IGBT in the U phase (Iyv)
is shown in Figure 6.13. Unlike the self thermal impedance, when calculating the mutual
thermal impedance the temperature of every device in the inverter is measured

simultaneously, although in this example the temperature of only two devices is shown.
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Figure 6.13: Mutual thermal impedance calculation (a) measured cooling temperature (b)

transient thermal impedance between the device and thermistor

In Figure 6.13(a), it can be seen that when a power loss is applied to Iyy the mean
temperature measured on the surface of Dyy is higher than the thermistor. Consequently,
the thermal impedance calculated between this device and the internal thermistor is

positive. However, as shown in Figure 6.2, the distance between Iyy and the thermistor is
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smaller than the distance between Iyy and Iwy. Thus, when Iyy is heated the temperature
measured by the thermistor will be higher than Iwi. As a result, the calculated mutual

thermal impedance will be negative.

The mutual thermal resistance between Iyy and the five other IGBTSs in the inverter are
shown in Figure 6.14. In this figure, it can be seen that the mutual thermal impedance is
negative for any device that is further from Iyy than the thermistor, i.e. a distance between
devices greater than 42mm. In addition, the results show that the fan speed has a greater
impact on the measured thermal resistance as the distance between the devices is increased.
This characteristic is caused by the change in the temperature gradient across the surface of
the heatsink and the case of the power module, which is dependant on the speed of the

cooling fan.
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Figure 6.14: Mutual thermal impedance measured when a power loss is applied to Iyy

When the fan is turned off, the measured mutual thermal impedance is in general smaller
than the impedance measured with the fan operating at its nominal speed. Therefore, if it is
assumed that the fan is always on the thermal model will overestimate the device
temperature. Consequently, as with the self thermal impedance, the thermal model is
developed using the thermal impedances measured with the fan on. The mutual thermal

resistance for every device in the inverter is compared in Appendix B.
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In the previous sections, the procedures used to calculate the self and mutual transient
thermal impedances have been described and the key results have been compared. In order
to calculate the thermal impedance several decisions have been made that could have a
significant effect on the calculated values; these include the choice of the discrete device
temperature, the use of the cooling or heating response and the parameters used to calculate
the power loss. Where possible, the values used to calculate the thermal impedance have

been selected to avoid any significant under or overestimation of the device temperature.

6.4 Loss Parameter Measurements

The loss parameters measured for a device are used by the thermal model to calculate the
conduction and switching loss under any operating condition and these calculations are
performed on-line. The parameters required by the thermal model are measured using the

experimental setup described in the next section.

6.4.1 Experimental Setup

In an inverter, the measured turn-on energy of an IGBT must include the additional
switching energy due to the reverse recovery current in the anti-parallel diode and this
requirement defines the test circuit and procedure. The test circuit used to measure the loss
parameters is shown in Figure 6.15. In this figure, a load inductor is connected between the
U phase motor terminal and the positive DC link terminal of the power module; this

inductor is required to provide a constant load current during the switching event.

]I e +DC Link é
J Duy J J lr21<12uct01'
mH

I 80A

U Phase
Motor Output

DC Power
Supply —_

0— 1000V We——o
IZLJ J J
fe -DC Link

Figure 6.15: Test circuit used to measure the switching and conduction loss parameters for

the lower IGBT (Iyr) and upper diode (Dyy) in the U phase of the inverter
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This particular configuration allows the loss parameters to be measured in the lower IGBT
and the upper diode in the U phase. The loss parameters must be measured over the full
range of operating conditions and in the experimental setup the DC link voltage,

temperature and switching current are controlled using the following methods:

¢ DC link voltage (Vpc) — The voltage is controlled by a high voltage power supply
connected directly to the DC link terminals of the power module (0-1000V).

¢ Temperature (T;) — The entire power module is heated by a power resistor attached
to the case of the module (I2R heating).

e Current (Ir) — The current is controlled by varying the on-time of the IGBT in the

test circuit. In Figure 6.15 the active IGBT is Iyr.

In the circuit configuration shown in Figure 6.15, the current in the IGBT (I¢) is measured
directly using a current transducer placed in the negative DC link connection between the
inverter and the DC link capacitance. During these tests, the current in the anti-parallel
diode cannot be measured directly and is calculated by subtracting the IGBT current from
the measured load current (Ip). Unlike the thermal impedance measurements, the voltage
across the device is measured between the emitter terminal of the IGBT and the power
terminal of the module (DC link or motor). This minimises the effect that any internal stray

inductance in the power module has on the voltage measured during the switching events.

6.4.2 Switching Loss Parameters

As discussed in Chapter 2, when compared to the other losses in the inverter the turn-on
loss in a diode is insignificant and is usually ignored. Therefore, the switching loss

parameters used in the thermal model are:

e Turn-on switching energy of an IGBT -E,,
e Turn-off switching energy of an IGBT — E

e Turn-off switching energy of a diode = — E.

To allow the power loss to be calculated in any operating condition, these parameters are

measured over the range of conditions shown in Table 6.2. In each of these, the switching
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energy is measured several times and the average energy is used to generate the input

parameters for the thermal model, which is described in the next chapter.

Table 6.2: Switching loss measurement conditions

Parameter Minimum Step Maximum
Current I (A) 5 5 75
Voltage Ve V) 500 25 800
Temperature T; °O) 25 25 150

As well as the parameters that are shown in Table 6.2, the switching loss in an inverter is
highly dependant on the stray inductance in the switching circuit and the gate drive
parameters, in particular the gate resistance (Rg) and the gate-to-emitter voltage (Vgg).
Therefore, when measuring the switching energy it is important that the circuit
configuration (i.e. the stray parameters) and gate drive parameters are as close as possible
to the values used in the final application. In this work, the temperature of the devices in the
power module are measured using an infrared camera and in order to provide visual access
to the devices, the module is operated outside of the drive. Thus, in order to compare the
measured temperature with the output of the thermal model (these results are shown in
Chapter 8) the switching energy must be measured in this exact configuration. However, if
the thermal model is to be implemented in a standard drive the switching energy must be

recalculated, although the thermal parameters will not change.

6.4.2.1 Measurement and Comparison

To measure the switching energy the load current in the inductor is increased to the desired
level by turning on the IGBT in the test circuit for a specified period. The IGBT is then
switched and the current and voltage in both the IGBT and diode are measured during the
switching event, this process is described in more detail in Appendix C. To minimise the
risk of damaging the modified power module during these tests, the switching energy and
on-state voltage are measured using a standard module. These measurements are taken
from the lower IGBT (Iyr) and the upper diode (Dyy) in the U phase of the inverter. In
order to validate these, tests are repeated on the modified power module in a few key
operating conditions. An example of the measured switching waveforms and the resulting

switching energy for the IGBT and diode are shown in Figure 6.16.
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and the measured energy loss (a) IGBT turn-on (b) IGBT turn-off (c) diode turn-off
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This figure includes a comparison of the switching energy measured on a standard and
modified power module. From this comparison, it is evident that the measured switching
energy in both modules is similar. Therefore, in order to evaluate the thermal model the
values measured using the standard power module can be used to estimate the power loss.
However, the switching energy measured in the IGBT is significantly higher than the

values in the datasheet of the device. These are compared in the table below:

Table 6.3: Comparison of the datasheet and measured switching energy with a current of

75A, DC link voltage of 600V and a device temperature of 125°C

Energy Loss (ml)
Pa;(r)liZter Datasheet Value 15kW Unidrive SP with external IGBT
Rg=5Q L= 45nH Rg=16.5Q Li=225nH
Eon 9.4 13.3
Eoge 94 11.2
Erec 6.5 4.6

The reasons for the higher switching energy seen in the IGBT are the larger gate resistance
and stray inductance in the test circuit, which have a significant effect on the switching
characteristics. Although, as shown, slowing the IGBT reduces the peak reverse recovery
current in the diode, and subsequently the turn-off energy in this device. The full results

from the switching loss measurements are shown in Appendix D.

As expected, due to the temperature dependency of the device parameters, the switching
energy increases with temperature. The key device parameters that affect the switching loss
include the switching times, tail current of the IGBT and the reverse recovery current of the
diode, which all increase with temperature. However, as shown in the datasheet of the
device [111], the turn-on time of an IGBT does not change significantly. Therefore, the
increase in the measured turn-on energy of the IGBT is due almost entirely to the increase
in the reverse recovery current of the anti-parallel diode [129]. Therefore, the switching
energy estimated from the experimental results will only be correct when the temperature
of an IGBT and the anti-parallel diode are identical. In most applications the IGBT will be
much hotter than the diode and the power loss and temperature will be overestimated.

However, it is not possible to heat each device individually and this makes it difficult to
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separate the effect that the characteristic of the diode has on the turn-on energy in the

IGBT. Consequently, this error is unavoidable.

As illustrated in Figure 6.16, the switching loss is measured using a standard power module
and these results are compared with those taken from the modified module in some key
operating conditions. For these power modules, the measured switching energy is
comparable. However, due to the variations in the internal stray inductance and the
manufacturing tolerances in the devices, the switching loss can vary between devices. An
indication of the potential tolerances can be seen in the datasheet of a device, where
normally the manufacturer provides a typical and maximum switching loss. In some
instances, the maximum loss can be up to 35% higher than the typical value [130].
Whereas, using the typical values could result in the underestimation of this temperature.
Therefore, before the thermal model can be implemented in a production drive, where it is
not practical to measure the characteristics of each device in every power module, the
tolerances associated with the switching losses and the other key parameters must be

understood and incorporated into the thermal model.

6.4.3 Conduction Loss Parameters

In the thermal model, the conduction loss is calculated on-line and the following device

parameters must be known:

® On-state voltage of an IGBT — Vg

e On-state voltage of a diode — Vg

In normal operating conditions the power loss due to the leakage current in a device
(blocking state) is insignificant and in this work it is ignored. Although, when operating at
elevated temperatures (normally outside of the recommended limits) this loss can lead to

thermal runaway and the failure of the device [20].

The on-state voltage of an IGBT and diode is measured as the load current is increased to
its rated value. This test must be repeated at each temperature. This process is described in

more detail in Appendix C. In these measurements, an oscilloscope is used to measure the
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on-state voltage and the device current at the terminals of the modified power module.
However, in an inverter, the blocking voltage is significantly higher than the on-state
voltage of a device, making it difficult to measure this voltage directly. Therefore, in these
measurements the input to the oscilloscope is clamped using a saturation voltage tester,
which is connected between the terminals of the device and the oscilloscope. The saturation

tester used in these measurements was built to the specifications outlined in [131].

6.4.3.1 Measurement and Comparison

To calculate the on-state voltage of a device from the voltage measured at the terminal of
the module, the voltage drop across the parasitic resistance (between the collector and
power terminal) is calculated using the resistances in Table 6.1. As in the thermal
impedance measurements, this voltage is then subtracted from the terminal voltage.
However, the dependency of the parasitic resistance with temperature will have an impact
on the accuracy of these measurements. As described in Section 6.3.2.2, when compared to
the on-state voltage of the device the change in the voltage drop across the internal
resistance due to a change in temperature is insignificant. Even so, to validate these
measurements the on-state voltage for the IGBT and diode, measured at the rated current,
are compared against the typical datasheet values. This comparison is shown in the table

below:

Table 6.4: Comparison of measured and datasheet on-state voltage for an IGBT and diode

IGBT Vcga (V) Diode Vg (V)
Temperature (°C) 25 125 25 125
Measured 1.77 2.04 1.59 1.66
Datasheet 1.7 2 1.65 1.65

The results in this table show that the measured on-state voltage and the values presented in
the datasheet for the power module are in agreement. Therefore, the measured values are

used to estimate the conduction loss in the thermal model.

An example of the measured on-state voltage for the IGBT and diode is shown in Figure
6.17. The IGBT used in the power module is a Trench-cell (Field-Stop) [132, 133]. This

type of device exhibits similar characteristics to those of an NPT device.

158



Chapter 6: Measurement of the Power Module Parameters

80 : 80 :
| |
| |
0T~ J—s—25C 0T~ 1——25C
60 | - 1o 150°C 60 | - \=e=150°C
| |
50 - e o 2 it 50+ ----- e R B
| —_ |
< ! < 0 |
; “ | S 40 |
|
304----- oo 30 1 w
| |
| |
20 ! 20+----- o -
| |
104 ----- e 10 - |
| |
0 1 0 :
0 05 0.0 04
VE (V)
(a) (b)

Figure 6.17: Measured on-state voltage (a) IGBT (V¢g) (b) diode (Vg)

These results show that apart from when operating at a low current (I.<20A), the on-state
voltage of the IGBT increases with temperature, i.e. the device has a positive temperature
coefficient. Conversely, apart from at high currents (I.<65A), the diode has a negative
temperature coefficient. The full tables of the measured on-state voltage for an IGBT and

diode are shown in Appendix D.

6.5 Summary

To implement the thermal model a number of input parameters that cannot be determined
directly from the datasheet of a device are required. Therefore, in this chapter the test

methods used to measure the following parameters were described:
Thermal Impedance Parameters

e 12 self thermal impedances Zih jij-th)

¢ 132 mutual thermal impedances Zini#i(j-th)
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Electrical Parameters

e IGBT turn-on energy Eon(IL, T}, Vpe)
e IGBT turn-off energy Eos(IL, T}, Vo)
e Diode turn-off energy Erec(IL, Tj, Vpe)
e IGBT on-state voltage VeeL,T))

¢ Diode on-state voltage Vi(IL, T)

In the measurement of these parameters some key decisions were made that can have a
significant impact on the temperature estimated by the thermal model. This includes the
definition of the temperature used to calculate the self and mutual thermal impedance,
which due to the thermal coupling between the devices is not straightforward. Therefore,
based on the analysis performed in this chapter, the self and mutual thermal impedances
have been calculated using the maximum and mean surface temperatures respectively.
Furthermore, results have shown that the fan speed has an impact on the temperature
measured between a device and the internal thermistor. However, for the power module
used in this investigation this effect was shown to be negligible. Consequently, the thermal
impedances were calculated using the temperature measured with the fan operating at its

nominal speed.

Using the methods outlined in this chapter, all of the parameters were measured over the
full range of operating conditions that the inverter might experience during normal
operation. However, many of the measured parameters cannot be used directly by the
thermal model and the methods used to process these measurements are described in the

next chapter.
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Chapter 7: Calculation of the Thermal Model Input Parameters

7.1 Introduction

In the previous chapter, the experimental methods used to measure the transient thermal
impedance and the loss parameters for every device in the inverter were described.
However, the measured values cannot be used directly by the thermal model. Therefore, in
this chapter the methods used to process the measured data and calculate the input

parameters required by the thermal model are discussed.

In the thermal model, the power loss in an IGBT and diode is calculated on-line. This
calculation is divided into two parts, the calculation of the switching and conduction loss.
By using interpolation, these losses could be estimated directly from the measured values,
which have been measured over the full range of operating temperature, DC link voltage
and current. However, the available resource restricts the amount of input data that can be
used in the thermal model. Thus, it is not possible to use large tables of input data.
Therefore, in order to calculate the power loss the measured switching loss (3x624 values)
and on-state voltage (2x48 values) are each represented by a polynomial expression with 12
coefficients. The method used to calculate the coefficients in the polynomial expressions is
described within Section 7.2. A detailed example of the calculations used to define the
coefficients for the IGBT turn-on energy (E,,) is outlined in Section 7.2.1. The accuracy of

the polynomial expressions for each of the loss parameters is examined in Section 7.2.2.

Like the measured power loss data, the self and mutual thermal impedance curves cannot
be used directly in the thermal model. These must be curve fitted to an equivalent Foster
network with one or more elements. The configuration of this network is reviewed in
Section 7.3.1. The method used to calculate the parameters of an equivalent Foster network
is described in Section 7.3.2. These parameters form the complete thermal impedance
matrix for the inverter and this is used to estimate the temperature of every device under a

range of operating conditions. The procedure outlined in Chapter 5 is then used to select the
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IGBT and diode that offer the best protection for the inverter at low output frequencies and
this is covered in Section 7.3.2. Finally, the input parameters required by the thermal model

are defined in Section 7.3.3.

7.2 Calculation of the Coefficients for the Loss Models

The existing methods that have been used to estimate the switching energy and the on-state
voltage of an IGBT and diode were reviewed in Chapter 2. In this review, it was shown that
due to the fast calculation speed, a behaviour model is well suited to online (real-time)
applications. Therefore, in this work, a series of polynomial expressions are used to
estimate the loss parameters for the IGBT and diode. These are then used to estimate the
total power loss in a device. This approach is similar to the methods discussed in [43, 52,
54, 56]. The steps used to calculate the coefficients for the IGBT turn-on energy (E,,) are
described in the next section, although the same approach is used to calculate the

coefficients for the other switching and conduction loss parameters.

7.2.1 1GBT turn-on Energy

The loss models used in the thermal model are developed in three stages. At each stage an
additional dependency is incorporated into the model, i.e. the operating current (I¢),
temperature (T;) and DC link voltage (Vpc). The calculations that must be performed in

each stage are described below.

Stage 1 — Current

In the first stage, the coefficients of the second order polynomial:

E (I.)=k 1.°+k, I, +k, (mJ) (7.1)

are curve fitted (using the method of least squares) to the switching energy measured over
the full range of operating current (Ic=0A to 75A) at the following temperatures and

voltage:

e Device temperature of 25°C and 150°C
¢ DC link voltage of 600V
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The coefficients calculated by curve fitting Equation 7.1 to the switching energy measured

at these temperatures are shown in the table below.

Table 7.1: Current loss coefficients for the IGBT turn-on energy

T; (°C) ki (mJ/AY) | ko (mI/A) ks (mJ)
25 0.472 99.409 393.05
150 0.637 132.18 1061.7

A comparison of the measured and curve fitted switching energy is shown in Figure 7.1(a).
This comparison shows that for the selected operating conditions, the second order

polynomial provides a good approximation of the measured switching energy.
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Figure 7.1: Comparison of the measured and curve fitted IGBT turn-on energy verses (a)

current (b) temperature (Vpc = 600V)

The coefficients in Table 7.1 can only be used to estimate the switching energy in the
selected operating conditions, i.e. with a fixed temperature and voltage. Therefore,
additional stages are required to develop the complete power loss model, and these are

described in the following pages.
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Stage 2 — Temperature

The second stage in the development of the power loss model is to incorporate the
dependency of the device temperature. To achieve this, the coefficients in Equation 7.1 are

themselves represented by a second order polynomial:

ko =k, T +k, T +k, (mI/A% (7.2)
ky=ky T +ky T, +ky (mI/A) (7.3)
ky=ky T +ky, T, +ky, (ml) (7.4)

These coefficients are calculated by substituting the three equations shown above into
Equation 7.1. The resultant equation is then curve fitted to the switching energy measured
up to the maximum operating temperature of the device (T;=25°C to 150°C). In this stage,

the following currents and voltage are used:

e Device current of 5A and 75A
¢ DC link voltage of 600V

The calculated coefficients for Equations 7.2 to 7.4 are shown in Table 7.2. In order to
maintain the characteristics of the model developed in stage 1, the coefficients in this table
are calculated to ensure that when operating at a device temperature of 25°C or 150°C the

calculated values of k;, k, and ks are the same as the coefficients in Table 7.1.

Table 7.2: Temperature loss coefficients for the IGBT turn-on energy

Ty ;' T
ki (mJ/A?) 2.34e 9.17¢™ 4.47¢™"!
ko (mJ/A) 4.95¢ 1.76e™"! 9.47¢™!
ks (mJ) 1.38¢ % 5.11e™ 2.65¢"

For example, when operating at a temperature of 150°C the magnitude of the coefficient k;

calculated using the values in this table is:
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k, =k, -150% + k,, -150 + k,, = 0.637 mJ/A*

As shown, the magnitude of k; is the same as the value in Table 7.1. A comparison of the
measured and curve fitted switching energy is shown in Figure 7.1(b). Like the previous
comparison, the polynomial expression provides a good approximation of the switching
energy under the defined operating conditions. Although, by using the coefficients
calculated in this stage the switching energy can now be estimated at any current or

temperature.

Stage 3 - DC Link Voltage

The final stage in this development is to incorporate the effect of the DC link voltage. The

change in the switching energy due to a change in voltage is modelled by:
ky =ky, .VDCZ +kyy Ve +kys (7.5)

Combining this equation with those defined in stage 2 allows the switching energy at any

current, temperature or voltage to be calculated:
E()n (IC ’ Tj ’ VDC ) = E()n (IC ’ T_] ) kV (mJ) (76)

The coefficients in the voltage polynomial are calculated by curve fitting Equation 7.6
(using the coefficients in Table 7.2) to the switching energy measured over the full range of

DC link voltage (Vpc=500V to 800V) at the following currents and temperature:

e Device current of SA and 75A

e Device temperature of 150°C

The coefficients for Equation 7.5 are shown in Table 7.3, while the measured and curve

fitted switching energy is compared in Figure 7.2(a).
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Table 7.3: Voltage loss coefficients for the IGBT turn-on energy

le
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Figure 7.2(a) shows that the measured switching energy changes linearly with voltage.

Consequently, in the expression for the turn-on energy of the IGBT the coefficient ky; is
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Figure 7.2: IGBT turn-on energy (a) measured and curve fitted switching energy verses DC

link voltage (b) calculated energy verses current and temperature (Vpc = 800V)

The complete power loss model developed in this section (Equation 7.6) allows the IGBT
turn-on energy to be estimated at any current, temperature or voltage and importantly, only
requires the 12 coefficients shown in Tables 7.2 and 7.3. To show the dependency of the
switching energy, the complete power loss model is used to estimate the turn-on energy
over the full range of operating current and temperature. The results calculated with a fixed
DC link voltage of 800V are shown in Figure 7.2(b). These results show that the switching
energy of an IGBT is highly dependant on the operating temperature and load current.

Furthermore, the DC link voltage has been shown to have a significant effect.
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Consequently, none of these can be ignored and the full loss model must be implemented.
As discussed, the approach outlined in this section is also used to calculate the coefficients

for the other loss parameters and these models are shown in Appendix D.

7.2.2 Investigation into the Accuracy of the Power Loss Models

The accuracy of the power loss models will have a direct impact on the estimated device
temperature and it is important that they are accurate in all of the potential operating
conditions. To show the accuracy of these models, the difference between the measured and
estimated values is calculated in each operating condition in which the switching energy or
on-state voltage has been measured. The maximum and average difference calculated from
the values measured over the range of operating temperature and current is then determined

at each current interval. These results are shown in the figure below:
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Figure 7.3: Maximum and average difference between the measured and estimated (a)

switching energy (b) on-state voltage

In general, the results show that the differences between the measured and estimated values

are relatively small. Although, in these figures it can be see that there are specific operating
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conditions where the maximum difference is far greater than the average value. This is due

to one of the following reasons:

a) The curve fitting process and the selection of the coefficients used in the models.
b) The ability of the power loss models to model complex characteristics in the
measured values.

c) Any errors associated with the initial measurement of the loss parameters.

Considering these, the results in Figure 7.3 reflect the ability of the polynomial expressions
to model the measured loss parameters and not necessarily the accuracy of the estimated
power loss. In other words, some of the differences may be due to measurement errors. A
possible example of this can be seen in Figure 7.1(b), where the turn-on energy of the IGBT
measured at a current of 75A and a temperature of 125°C is clearly below the general

characteristic of the measured switching energy.

In conclusion, the accuracy of the expression developed to model the switching energy and
on-state voltage in a device has been shown to be acceptable over the entire operating
range. Furthermore, since the number of input parameters has been reduced, the
calculations can be performed on-line using the existing computational resources.
Therefore, these expressions are implemented in the thermal model and are used to estimate

the total power loss in an IGBT and diode during each sample period.

7.3 Calculation of the Thermal Impedance Parameters

In order to calculate the parameters of the equivalent thermal networks that are used in the

thermal model the following stages must be completed:

1. Calculate the parameters of an equivalent thermal network for each of the self and
mutual thermal impedances in the inverter (144 matrix elements).

2. Select the elements of the thermal impedance matrix that are to be used in the
thermal model for the IGBT and diode (2x12 matrix elements).

3. Combine the mutual impedance from the IGBT and diodes (2x3 matrix elements).
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In each stage, the number of matrix elements used to represent the thermal characteristics
of the power module is highlighted. Initially, the complete thermal impedance matrix for
the twelve devices in the inverter is required. The IGBT and diode that offer the best
protection at low frequencies are then selected. This reduces the number of elements to
those associated with the chosen devices. Finally, the mutual coupling from the other
IGBTs and diodes in the inverter are combined to give the final input parameters for the
four Foster networks used by each model. The calculations performed in each of these

stages are described in the following sections.

7.3.1 Thermal Network Parameters

As discussed, in order to develop the thermal model, the measured transient thermal
impedances must be represented by an equivalent thermal network. In this work, the
thermal model is developed using the transfer function for a single element of a Foster

network. An equivalent Foster network with four elements (k=4) is shown in Figure 7.4.

Rinq) Rine) Ring3) Rin

Figure 7.4: Foster network with four elements (k=4)

The thermal resistance (Ry,) and capacitance (Cy,) of each element is calculated by curve
fitting the response of the network to the transient thermal impedance measured between a
device (Tj) and the internal thermistor (Ty) in the power module. The method used to

calculate these parameters is described in the next section.

7.3.1.1 Curve Fitting Method

The parameters of a Foster network with up to four elements (fourth-order network) are
calculated using a program based on the method of least squares. A comparison of the
measured self thermal impedance for the upper IGBT in the U phase (Iyy) of the inverter

and the response of two equivalent Foster networks is shown in Figure 7.5(a). In this figure,
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it can be seen that the time constant of the network with a single element (first-order
network) has been selected to model the initial rise in the thermal impedance.
Consequently, after this initial rise (t>0.1s) the response of the network is significantly

higher than the measured thermal impedance.
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Figure 7.5: Comparison of the measured transient thermal impedance with the response of
an equivalent Foster network (a) self thermal impedance - Z(Iyu-Iyy) (b) mutual thermal

impedance - Zg(Iyy-Tur)

In contrast, when an equivalent network with four elements is curve fitted to the measured
thermal impedance, the response of the network is significantly improved. The
corresponding parameters of a network with up to four elements (fourth-order network) are
shown in Table 7.4. These parameters show that the longest time constant in the network
increases with the number of network elements, a similar comparison was shown in [118].
However, because of the limitations imposed by the limited computational resource the self
thermal impedance is represented by a network with only two elements. Even so, a network

with more elements can be used during the selection of the devices since these calculations
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are performed off-line. For completeness, the parameters of the equivalent network for the

self thermal impedance of every device in the inverter are shown in Appendix B.

Table 7.4: Foster network parameters for Zg(Iyu-Tuu)

Thermal Time

Resistance | 1% nd 31 4™ | Constant | 1 ond 31 4t
(K/'W) ()

Rinny 0.564 | 0.141 | 0.071 | 0.071 T 0.14 | 2.180 | 1.025 | 0.465
Ruo, 0423 | 0071 | 0353 | 10 0.085 | 6312 | 2.326
Rus) 0423 | 0071 | 14 0.105 | 0.018
Ra) 0071 | 1w 8.103

The mutual thermal impedances and any error associated with them are less significant than
the self thermal impedance. Therefore, in the thermal model the mutual thermal impedance
1s modelled by a single network element, although once again, more network elements can
be used in the off-line calculations. The mutual thermal impedance measured between the
Iyu and the internal thermistor in the module when a power loss is applied to Iyr is shown
in Figure 7.5(b). In this figure, the measured thermal impedance is compared against the
response of an equivalent network with up to two network elements. In this example, Iyy is
further from Iy, than the thermistor. Consequently, when a power loss is applied to Iy, the
temperature measured by the thermistor is hotter than Iyy. Consequently, the resulting
mutual thermal impedance is negative. Furthermore, due to the diffusion in the power
module and heatsink there is a delay before the mutual thermal impedance begins to rise.
This characteristic makes it difficult to model the response accurately using conventional
network parameters and for this reason, an alternative approach was used in [108].
However, this approach can only be used in networks with more than two elements.
Therefore, in this work, a conventional network is used and the calculated parameters for

these networks are shown in the table below:

Table 7.5: Foster network parameters for Zg(Iyu-Tur)

Thermal E ond Time 1 ond
Resistance (K/W) Constant (s)

R -0.054 -0.011 Ty 3.5 3.5

Ruo -0.043 T 4.5
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The network parameters in this table show that for this mutual thermal impedance, the
number of network elements has little effect on the accuracy of the response. The
calculated network parameters for all of the mutual thermal impedances in the complete

matrix for the inverter (132 matrix elements) are shown in Appendix B.

7.3.2 Thermal Impedance Matrix Simplification

The method described in the previous section has been used to calculate the parameters of
the equivalent networks for every element in the thermal impedance matrix. However, this
is only the first stage in the development process. As described in Chapter 5, the thermal
model has been designed to estimate the temperature of a single IGBT and diode in the
inverter. Therefore, each model requires the parameters for twelve matrix elements, the self
thermal impedance and the eleven mutual thermal impedances associated with each device.

Hence, the temperature of a device (i) is calculated using:

T-:[Zth,il Z;/u'z Zth,i12].

1

(7.8)

B,

To select these devices, the complete thermal impedance matrix (formed using the
parameters of a network with up to four elements) is used to calculate the temperature of
every device in the inverter under a defined operating condition. The IGBT and diode with
the largest temperature difference between itself and the thermistor are then selected. In this
work the devices are selected from the steady-state temperature calculated in a stationary
vector condition (F,, = OHz). This operating condition was chosen because a device is

more likely to exceed its maximum temperature at low output frequencies.

7.3.2.1 Selection of Model Parameters

To select the model parameters, the temperature of every device in the inverter is calculated

in the following conditions:
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e Load current (I) =50A

¢ DC link voltage (Vpc) =600V
e Thermistor Temperature (T,) =80°C
® Switching frequency (Fsw) = 3kHz

The IGBT and diode with the largest temperature difference between itself and the
thermistor is then calculated at each displacement power factor and modulation depth.
These results are shown in Figure 7.6. From this figure, it can be seen that when operating
in a stationery vector condition the IGBT and diode that provide the best protection for the
inverter, especially with a low modulation index, are Iyy and Dyy. This suggests that the
magnitude of the self thermal impedance calculated for these devices is larger than the

other devices in the inverter. This is confirmed by the results shown in Appendix B.
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Figure 7.6: Devices in which the peak junction-to-thermistor temperature occurs in a

stationary vector (a) IGBT (b) diode (IL.=50A, Vpc=600V, T,=80°C, Fsw=3kHz)

In a stationary vector condition there is no coupling between an IGBT and its parallel

diode, i.e. Iyy and Dyy. Therefore, as the output frequency is increased the coupling in the

173



Chapter 7: Calculation of the Thermal Model Input Parameters

inverter will change. At a very high frequency, where the ripple component of the
temperature response is negligible, the thermal coupling will be equal to the DC component
(average value) of the response. Under this condition, regardless of the modulation index or
displacement power factor, the best protection is offered by Iyy and Dyy, i.e. the peak
junction-to-thermistor temperature always occurs in these devices. Nevertheless, the
thermal model can only estimate the temperature of a single IGBT and diode. Therefore, as
in Chapter 5, the devices are selected to provide the best protection when the inverter is
operating at a low output frequency. In the following sections, the input parameters for the
thermal model are calculated from the network parameters for the self and mutual thermal

impedances for Iyy and Dyy, which are shown in the table below.

Table 7.6: Network parameters for the equivalent Foster networks for Iyy and Dyy

IGBT network parameters
IGBT Iuu IuL Ivu Ivo Iwu IwL
R (K/W) 0.141 | 0.423 | -0.055 0.023 -0.079 | -0.061 | -0.057
T(s) 2.18 0.085 3.46 1.58 7.35 3.22 13.15
a () 0 180 120 300 240 60
Diode Duu DuL Dvu Dvi Dwu Dwr
R (K/W) 0.148 -0.015 | -0.0262 | -0.129 | -0.050 | -0.046
T(8) 1.25 4.12 3.32 2.88 9 17.43
a () 180 0 300 120 60 240
Diode network parameters
IGBT Tuu TuL Ivu v Iwu IwL
R (K/W) 0.15 -0.043 0.068 -0.071 | -0.044 | -0.049
T(8) 1.81 2.51 1.37 5.66 3.22 11.06
a () 180 0 300 120 60 240
Diode Duu DuL Dvu Dv. Dwu Dwr
R, (K/W) 0.209 | 0.626 | 0.026 -0.005 -0.120 | -0.038 | -0.040
T(s) 0.81 0.05 1.3 448 1.9 9 17.11
a () 0 180 120 300 240 60

In this table, the angle between the peak current in the self (modelled device) and mutual
devices is defined as o. For example, the angle between the peak current in the upper and

lower IGBT in any phase of the inverter is 180°. The same applies for the diode model,
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except in this case Dyy is the reference device. Therefore, compared with the IGBT model,
all of the angles are shifted by 180°, which in this instance is the angle between the peak

current in Iyyand Dyy.

7.3.2.2 Accuracy of the Thermal Model

The thermal model will underestimate the temperature of the hottest device in the inverter
in any operating condition where the peak junction-to-thermistor temperature does not
occur in either of the selected devices. To show the accuracy of the thermal model, the
difference between the estimated temperature and the value calculated using the complete
thermal impedance matrix is represented as a percentage of the peak junction-to-thermistor
temperature. The error calculated with the inverter operating in a stationary vector
condition (Fo,=0Hz) and at a high output frequency (Fou>>1/Tmiy) is shown in Figure 7.7.
In the high frequency condition, it is assumed that the ripple in the temperature response is

negligible and the temperature is calculated using only the DC components.
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Figure 7.7: Error calculated when operating in a stationary vector condition and a high
output frequency (a) IGBT model (b) IGBT and diode models implemented in parallel
(I1=50A, Vpc=600V, T,=80°C)
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In Figure 7.7(a), it can be seen that when using the IGBT model to protect the entire
inverter the error is significant when operating with a negative displacement power factor.
Therefore, as in Chapter 5, to provide sufficient protection the IGBT and diode models
must be implemented in parallel. The error corresponding to this approach is shown in
Figure 7.7(b). In the stationary vector condition, it can be seen that the temperature of the
hottest IGBT and diode is underestimated by less than 3.5% of the peak junction-to-
thermistor temperature, although in most operating conditions the error is well below this
value. As expected, by comparing these results with those shown in Figure 7.6, it is evident
that the error occurs in the operating conditions where the peak junction-to-thermistor

temperature does not occur in either of the selected devices.

When operating at a high output frequency the maximum error exceeds 5%. In this
condition, the coupling from the neighbouring diodes has a more significant impact on the
temperature of the IGBTs and vice versa. Consequently, since there is only a single diode
within a device width of Iyy (compared to Iyy that has three) the peak junction-to-
thermistor temperature now occurs in Iyy. Consequently, the error in the model is
increased. However, for a given power loss, the temperature measured between a device
and the thermistor is smaller at high output frequencies. Therefore, it is less likely that a

device will exceed its maximum temperature. Thus, any error is less critical.

In summary, by calculating the temperature of a single IGBT and diode the number of
network elements used in the thermal model has been reduced. However, the results
presented in this section have shown that the device in which the peak junction-to-
thermistor temperature occurs is dependant on the operating conditions. Consequently,
there are conditions where the temperature of a device could be underestimated. Even so,
when using the simplified model all of the devices in the inverter should be protected in a
stationary vector condition, where the possibility of a device exceeding its maximum

temperature is most likely.

7.3.3 Combination of Mutual Thermal Impedance Terms

In the previous section, the mutual thermal impedances required by the IGBT and diode

models were selected, the parameters of these networks were shown in Table 7.6. In order
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to reduce the number of network elements in each model, a common time constant is
selected for the mutual coupling from the other IGBTs (Tiger) and diodes (Tpiode) in the
inverter. This allows all of the mutual coupling to be represented by two network elements
(two time constants), one representing the thermal coupling from the IGBTs and another
from the diodes. The parameters for these networks are calculated using the procedure
outlined in Chapter 5. A comparison of the temperature response calculated for the IGBT

model is shown in Figure 7.8(a).
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Figure 7.8: Comparison of the step response calculated using the original network
parameters and the common time constants in a stationary vector condition with a unity

displacement power factor (a) step response (b) temperature difference

The overshoot seen in each response is caused by the significant coupling between the
devices and the internal thermistor, which results in a negative coupling. The difference
between the responses is shown in Figure 7.8(b). As previously, if the difference is negative
the temperature is underestimated. The selection of a common time constant is only a

simple approximation of the complex thermal characteristics that exist within the power
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module, thus some error during the transient operation is inevitable. Even so, by carefully
selecting the time constants this error can be minimised and for the operating conditions
used in this section, the maximum error is just over 1°C. Comparisons in other operating
conditions, which include the response of the diode model, are shown in Appendix E. The
input parameters for the complete frequency model implemented in the Unidrive SP are

shown in the table below:

Table 7.7: IGBT and Diode thermal model parameters

IGBT Thermal Model Network Parameters
IGBT Self Matoal | Mol
Network Element 1 2 1 1
Harmonic (n) T(s) 0.085 2.18 15 2.5
0 (DC) 0.423 0.141 -0.227 -0.118
1 0.423 0.141 0.092 0.147
2 Resa (KIW) 0.423 0.141 0.062 0.263
3 0.423 0.141 0.152 0.261
1 0 0 86.5 219.1
2 oy (°) 0 0 330.3 5.6
3 0 0 0 60
Diode Thermal Model Network Parameters
Diode Self 1\1/1(1}1]311;1 1\[/;1112321
Network Element 1 2 1 1
Harmonic (n) T(s) 0.053 0.812 2.5 10
0 (DC) 0.626 0.209 0.012 -0.176
1 0.626 0.209 0.167 0.129
Rinn (K/W)
2 0.626 0.209 0.174 0.134
3 0.626 0.209 0.338 0.091
1 0 0 224 130.9
2 oy (°) 0 0 346.8 8.9
3 0 0 60 0

As shown previously, the offset angle for the selected IGBT and diode is zero. Thus, for the

self thermal impedance the angle at each harmonic () is also zero, although for the

mutual impedance, Ry, and ¢, are different.
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7.4 Summary

In this chapter, the input parameters required by the thermal model have been calculated

from the measured values. These include the following:

e The coefficients of the power loss models used to estimate the switching energy and
on-state voltage for the IGBTs and diodes
e The equivalent network parameters for the thermal impedance used in the thermal

impedance matrix

The power loss models developed in this chapter use twelve coefficients to estimate the
switching energy and on-state voltage at any current, temperature or voltage. Therefore,
compared to the tables of the measured loss data, using these expressions significantly
reduces the amount of input data required by the thermal model. Furthermore, in most
operating conditions the difference between the measured and estimated values was shown

to be negligible.

In order to develop the thermal model, the equivalent network parameters for each element
in the thermal impedance matrix must be determined. The method used to calculate these
values was described in the second part of this chapter. The procedure outlined in Chapter 5
was then used to select the modelled IGBT and diode, determine the corresponding thermal

impedances and calculate the input parameters relating to the thermal characteristics.

From the results in this chapter, the error in a stationary vector condition was shown to be
negligible. Although, as the output frequency is increased the error increases due to the
additional coupling from the neighbouring devices. For the purpose of evaluating the
thermal model this effect has been ignored. Thus, in the comparisons of the estimated and
measured device temperatures presented in the next chapter, some underestimation of the

temperature is expected when operating at a high output frequency.
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Chapter 8: Results and Comparison

8.1 Introduction

In the previous chapters the temperature estimated by the frequency model has been
compared with the temperature calculated using the complete thermal impedance matrix.
These comparisons were useful when developing the thermal model and provided a means
of easily identifying any limitations. However, in this comparison both of the temperatures
are calculated from the measured data and as a result, many of the approximations made
during the development of the model are ignored. Therefore, in this chapter the thermal
model has been implemented in a Unidrive SP and the temperature estimated by this on-
line model is compared directly with the instantaneous device temperature measured using
an infrared camera. In addition, the temperature is estimated using a basic thermal model
which is developed using many of the common assumptions that have been described
throughout this work. The basic model is developed and implemented in the same way as
the current thermal model used in a Unidrive SP. This model is used to illustrate any
weaknesses that exist in the current protection scheme. The development of this basic drive

thermal model is described in Section 8.2.

The experimental setup used in this chapter has been designed to allow the device
temperatures to be measured while the inverter is operating in a typical operating condition.
This is described in Section 8.3. Using this setup, the temperature of every device in the
inverter is measured in a range of basic operating conditions and these are compared with
the temperature estimated by the thermal models. These comparisons are presented in

Section 8.4 and this includes a comparison in each of the following operating conditions:

a) Stationary vector condition F,.=0Hz
b) Low output frequency F.u:<0.1Hz
¢) Medium output frequency Fou.>5Hz
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These operating conditions have not only been selected to show the strengths of the

frequency model, but to highlight its weaknesses.

In the second part of this chapter, further comparisons are made in operating conditions that
are specific to an elevator and a pick and place tool. These applications have been chosen
because the characteristics of the load profiles are very different and they include many of
the key operating conditions. Consequently, from the comparisons presented in Section 8.5,

the protection offered by the thermal models in a typical application can be assessed.

8.2 Basic Thermal Model Development

The basic thermal model is based on the estimation of the IGBT temperature using the
thermal impedance quoted in the datasheet of the power module. In order to use this
approach, it must be assumed that the case of the power module is at the same temperature
as the internal thermistor. The thermal impedance measurements in Chapter 6 showed that
this is a poor approximation. In the basic model the peak temperature between the junction

and the thermistor over a complete output cycle of the inverter is estimated using:
T, = iL [KSOHz K rous (KOHz — Kson )] (8.1)

where Ksoy, is the temperature rise per amp calculated at an output frequency of S0Hz, Koy,
is the temperature rise per amp calculated at an output frequency of OHz (stationary vector
condition) and Kg,, models the change in the peak junction-to-thermistor temperature with
the output frequency. The constants Kson, and Koy, are determined from the peak IGBT to
thermistor temperature calculated in the operating conditions defined in Table 8.1. The
device temperature is calculated by applying the known power loss (calculated using the
power loss parameters developed in Chapter 7) to the fourth order Foster network taken
from the device datasheet. The peak temperature over the output cycle is then calculated
and divided by the known output current, giving the expected temperature rise per amp. In
this calculation it is assumed that the temperature rise is linear with output current. To
develop the complete model this calculation must be repeated at each of the permissible

switching frequencies.
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Table 8.1: Operating conditions used to calculate the maximum device temperature

Operating parameters

Output frequency (Hz) 0 50
Load current (A) 75 75
Device temperature (°C) 150 150

DC link voltage (V) Maximum allowable
Datasheet thermal impedance (K/W) 0.35 0.35
Modulation index 0 0.8
Power factor 1 1

An example of the model constants calculated at 3kHz is shown in Figure 8.1. To illustrate

the effect that the chosen operating conditions have on the estimated temperature rise, the

variation of the constants are shown over the range of output current and at two operating

temperatures. Furthermore, since all of the comparisons in this chapter are performed with

a DC link voltage of 550V the constants are calculated using the switching and conduction

loss parameters measured at this voltage.
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Figure 8.1: Constants for the basic thermal model calculated at 3kHz (a) Kson, (b) Kon;

182




Chapter 8: Results and Comparison

As described, the constants used in the thermal model are determined from the peak
junction-to-thermistor temperature calculated at the maximum operating current (75A) and
temperature (150°C). These constants are then used for all operating conditions. However,
when operating at lower currents and temperatures it is evident that this approximation
introduces a significant safety margin. For example, when operating at a current of 35A and
a temperature of 75°C, the basic thermal model will overestimate the device temperature by

approximately 30%.

In order to calculate the temperature at any output frequency, the temperature difference
(Konz - Ksonz) is multiplied by the factor Kgy. The characteristic of Kgoy is shown in
Figure 8.2(a). This factor is determined by examining the junction-to-thermistor
temperature at different output frequencies. This temperature is calculated for several
power modules of different designs and ratings and the maximum value is used. Therefore,

this is a general characteristic that can be used with any power module.
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Figure 8.2: Implementation of the basic thermal model (a) Kgou (b) junction-to-thermistor

temperature estimated at 75A

As the output frequency is increased Kroy reduces the contribution of the temperature rise
calculated at OHz. An example of the junction-to-thermistor temperature estimated using
Equation 8.1 is shown in Figure 8.2(b). This figure highlights the dependency of the device

temperature with the output and switching frequencies. The method used to implement the
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transient model is shown in Figure 8.3. The time constant (ty) used in this model is 100m:s.
This time constant is a general value chosen to be between the longest and shortest time
constant specified in the datasheet.
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Figure 8.3: Implementation of the basic thermal model in a continuous system
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In order to protect the inverter, this model relies on the safety margins introduced during
the definition of the operating conditions (Table 8.1) and the calculation of the model
constants. These safety margins account for some of the errors due to the following

assumptions:

e The thermistor temperature is equal to the case temperature measured directly under
each device in all operating conditions.

e No thermal coupling exists between the devices in the power module, thus the
thermal impedance in the datasheet (0.35K/W) is used to develop the model.

¢ The inverter operating conditions are fixed, i.e. the modulation index is always low

when operating at a low output frequency.

However, the benefit of this approach is that the temperature can be calculated very quickly
using minimum computational resources and only two internal variables (load current and
switching frequency) and three input parameters are required (i.e. Kopz, Ksonz, Krour)-
Furthermore, the model can be developed without measuring the thermal impedance and in

terms of the product development time, this is a significant advantage.

8.3 Test Setup

To measure the temperature of a device in the inverter during normal operating conditions

the power module must be operated outside of the drive and prepared using the procedure
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that was described in Chapter 6. Furthermore, since the frequency model has been designed
to only protect the devices in the inverter, the rectifier in the power module should not be
active during these measurements. For this reason, the dc link voltage is supplied from a

second drive. This can be seen in the picture of the test setup shown in Figure 8.4.

Infrared camera

Drive keypad
control

Unidrive SP used to
supply DC Link
voltage to the IGBT

Unidrive SP
with embedded
thermal model

Figure 8.4: Test setup used to measure the temperature under typical operating conditions

This is identical to the setup that was used to measure the loss parameters for the IGBT and
diodes in the inverter. The connections between the drive and the external power module
that is fitted on a standard heatsink are shown in Figure 8.5. It can be seen that the power
and gate drive terminals are connected directly to the drive, which allows the drive to be
operated as a standard product. Consequently, the operating conditions can be controlled by
simply changing the load that is applied to the motor (induction machine) or the user
parameters, which are changed via the keypad. To compare the estimated and measured
temperatures, the temperature estimated by the on-line thermal models (both the frequency
and basic model) are applied to one of the analogue outputs (voltage range 0 to 10V) on the
drive. This voltage is recorded using an oscilloscope and a scaling factor is used to convert
the measured voltage to an output temperature. The same method is used to measure the

output frequency and load current present in each test.
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- . ) :
Upper gate drive Lower gate drive
terminals terminals

Power module | |
under test

Thermistor

- terminal
Unidrive SP

with embedded
thermal model

- DC link connection
between drives 4 l

(a) (b)
Figure 8.5: Test setup (a) Unidrive SP with the embedded thermal model (b) power module

fitted on a standard heatsink showing the connections between the drive and module

8.4 Comparison of the Estimated and Measured Device Temperature

In this section the temperature estimated by the thermal models are compared with the
temperature measured using the infrared camera. These measurements are performed in a
number of typical operating conditions. These include operation in a stationary vector

condition (F,,=0Hz) and at both a low (F,,<0.1Hz) and high (F,,>5Hz) output frequency.

8.4.1 Stationary Vector Condition

Comparisons of the estimated and measured temperatures determined with the inverter
operating in a stationary vector condition at a switching frequency of 8kHz are shown in
Figure 8.6. The temperatures estimated by the frequency and basic thermal models are

compared with the following measured surface temperatures:

e The upper IGBT in the U phase (Measured Iyy)
® The upper diode in the U phase (Measured Dyy)
e Maximum for all IGBTs (Maximum measured IGBT)

e Maximum for all diodes (Maximum measured diode)

In addition, the output frequency (Hz) and output current (rms) are shown, although in this

operating condition the output frequency is zero.
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Figure 8.6: Comparison in a stationary vector condition (a) load conditions and (b)

comparison with peak current in Iyy (¢) load conditions and (d) comparison with peak

current in Iyy (e) load conditions and (f) comparison with peak current in Iwy
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When developing the frequency model, the modelled devices and the corresponding
thermal impedances were selected by examining the temperatures estimated in a stationary
vector condition. Therefore, the frequency model should protect all of the devices at the
output angle where the peak junction-to-thermistor temperature occurs. A comparison at an
output angle of 0° (peak power loss in Iyy) is shown in Figure 8.6(b). In this comparison it
can been seen that as the temperature approaches a steady-state value the difference
between the output of the frequency model and the measured temperature of Iyy (the hottest
IGBT) is only 4°C. In contrast, the basic thermal model underestimates the temperature by
nearly 20°C. This is clearly an unacceptable error. Moreover, since the effect of the thermal
coupling between the devices is not considered this error could be even higher if the power
loss is increased, i.e. if the contribution of the mutual impedances is increased. During the
transient period, the temperature estimated by the frequency model is significantly higher
than the measured temperature. As discussed in Chapter 4, this effect is caused by the

methods used to implement the frequency model.

Similar characteristics are seen as the output angle of the inverter is changed. Although
when the peak power loss occurs in a device which is closer to the thermistor, the
thermistor temperature increases. As a result, the frequency model begins to overestimate
the temperature. For the same reason, the difference between the temperature estimated by
the basic thermal model and the hottest IGBT in the inverter is decreased. This effect can
be seen in Figure 8.6(d) and Figure 8.6(f). In addition, these results show that the maximum
IGBT temperature increases as the output angle of the inverter is changed. When operating
at an angle of 240° (peak current in Iwy) the temperature of the hottest IGBT approaches
150°C. The higher temperature measured in this condition is caused by the increased

thermal coupling between devices.

In each of the comparisons presented in this section the modulation index is very low and
over an output cycle, the IGBTs and diodes conduct for a similar period. However, it is
possible for the inverter to operate in a stationary vector condition with a modulation index
of unity, and more applications are beginning to utilise this operating mode. Therefore, it is
essential that the thermal model is capable of protecting the inverter in this condition. In the

frequency model the modulation index is an input variable and the estimated temperature
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will be increased at a high modulation index. However, in order to develop the basic
thermal model it is assumed that the modulation index in a stationary vector condition is
zero. Thus, the temperature estimated by this model is independent of the actual modulation

index and this assumption will lead to further errors.

In summary, the comparisons performed in a stationary vector condition illustrate the

following advantages and disadvantages:

Thermal Model | Advantages Disadvantages

i) Protects all of the devices in | i) Overestimates the temperature
the inverter at any output angle | when the peak power loss occurs in
a device close to the thermistor

Frequency ii) The estimated temperature
model is accurate (steady-state) when | ii) The temperature is overestimated
operating at the output angle during the transient period and this
used to select the devices in restricts the maximum short term
the model overload capability of the drive
1) The devices in the inverter can
exceed their maximum temperature
by more than 20°C with a low
Basic drive modulation index
model

i1) Any errors will be significantly
increased when the modulation
index is above zero

8.4.2 Operation at a Low Output Frequency

To illustrate the effects seen when operating at a low output frequency, the temperatures are
compared at an output frequency of 0.033Hz. At this output frequency, the thermal
coupling between the devices will still have a significant effect on the device temperature.
In these tests the output current is limited to the magnetising current of the induction motor,

which is 11A rms. A comparison for the IGBT and diode frequency model with a switching
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frequency of 16kHz is shown in Figure 8.7. Since the basic thermal model has only been

designed to protect the IGBTs (single output) this temperature is shown in both figures.
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Figure 8.7: Comparison at a low output frequency (a) load conditions and (b) comparison

for the IGBT model (c) load conditions and (d) comparison for the diode model

In Figure 8.7(b), it can be seen that the temperature estimated by the IGBT frequency
model is higher than the hottest IGBT over the complete output cycle of the inverter.
Therefore, this model protects the devices in this condition. Furthermore, since these tests
are performed at a high switching frequency (16kHz) the power loss in an IGBT is far
greater than a diode. Consequently, the temperature of an IGBT is dominated by its self
heating. For this reason the period where the peak current is present in each device can be

easily identified, these locations are highlighted by the device labels shown in both
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comparisons. As in the previous operating condition, it can be seen that the basic thermal

model underestimates the temperature and does not provide adequate protection.

From the comparison of the diode frequency model shown in Figure 8.7(d), it can be seen
that the temperatures of the hottest diode is underestimated by the model over the majority
of the output cycle. Although, the estimated temperature is comparable to the measured
temperature of Dyy, which is the diode this model was designed to protect. This device was
selected using the power loss and the resulting thermal coupling calculated for a switching
frequency of 3kHz. At a high switching frequency the power loss in an IGBT is
significantly higher than a diode. Thus, in this instance, the temperature of a diode is
dominated by the thermal coupling from any neighbouring IGBTs. To illustrate this effect,
the diode in which the peak junction-to-thermistor temperature occurs (between the
junction and thermistor) has been calculated in two different operating conditions. These

results are shown in Figure 8.8.
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Figure 8.8: Diode in which the peak junction-to-thermistor temperature occurs in a
stationary vector condition (a) operating condition A - I;=50A, Vpc=600V, T4»=80°C and
Fsw=3kHz (b) operating condition B - [} =16A, Vpc=550V, T,=40°C and Fsw=16kHz
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In Figure 8.8(a), the results are calculated using the same operating conditions used in
Chapter 7. These results show that when the modulation index is low, the peak junction-to-
thermistor temperature always occurs in Dyy, hence why this device was initially chosen.
However, for the operating conditions used to generate the comparisons in Figure 8.7, with
a low modulation index the peak junction-to-thermistor temperature always occurs in Dyy.

This finding is supported by the measured results in Figure 8.7(d).

In addition to the higher operating temperature, the thermal coupling from a neighbouring
IGBT can increase the temperature gradient measured across the surface of the diode.
Therefore, since the mutual thermal impedance is calculated using the mean temperature
this gradient can have a significant effect on the accuracy of the estimated temperature. To
illustrate this, a thermal image of the complete power module (operating at a low output
frequency) has been taken when the peak power loss is in Iwy. This is shown in Figure
8.9(a). This clearly shows the six devices that are conducting at this output angle and using

this data, the temperature gradient across a device can be determined.

Temperature (°C)

Distance (mm)

(a) (b)

Figure 8.9: Thermal coupling between Iywy and Dyy (a) thermal image taken with the peak

loss in Iwy (b) measured profile temperature along the centre of a diode
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The temperature gradient measured across the surface of the diodes is shown in Figure
8.9(b). These results show that the maximum temperature of Dyy (88°C) occurs at the edge
of the device and this is considerably higher than the mean temperature (84°C). Therefore,
this effect will contribute towards the underestimation of the device temperature. However,
in these conditions, the temperature of the hottest IGBT is far higher than the hottest diode.

Consequently, the IGBT model will provide the overall protection for the power module.

In summary, the comparison of the results measured with the inverter operating at a low

output frequency and at a high switching frequency illustrates the following advantages and

disadvantages:
Thermal Model | Advantages Disadvantages
1) The thermal model for the 1) The diode temperature is
IGBTs provides the overall underestimated
Frequenc protection for the power
rr?o del y module i1) The accuracy of the estimated
temperature is dependant on the
operating conditions used to select
the modelled devices
1) The devices in the inverter can
Basic drive exceed their maximum temperature,
model an error of more than 10°C has been
observed

8.4.3 Operation at a High Output Frequency

The final comparison in this section shows the effect of operating at a higher output
frequency. The results for this operating condition are shown in Figure 8.10. In this figure
the measured IGBT temperatures are compared with the estimated temperatures at three
output frequencies, ranging from SHz to 16.67Hz. The switching frequency used in these
measurements was 16kHz. When the output frequency of the inverter is increased the
thermal coupling between the devices in the power module changes and as predicted in

Chapter 7, the peak junction-to-thermistor temperature no longer occurs in Iyy.
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No margins have been added to the frequency model to account for this effect and as
expected, the estimated temperature is lower than the hottest device, which in this case is
Iyu. Even so, the temperature estimated by the frequency model does follow the peak
temperature profile of the modelled device (Iyy). In contrast to the other operating
conditions examined, the basic thermal model provides better protection for the devices in a
steady-state condition. This is due primarily to the reduced thermal coupling between the
devices and the smaller temperature difference between the case and the thermistor.
Although, the characteristics of the factor Kg,, and the safety margins in the datasheet
thermal impedance will also have an impact. Additional comparisons are presented in

Appendix F.

In summary, the comparisons presented in this section highlight the following advantages

and disadvantages:

Thermal Model | Advantages Disadvantages
Frequenc i) The estimated temperature i) The temperature of the hottest
rr?o del y follows the profile of the IGBT is underestimated
modelled IGBT (Iyy)
Basic drive 1) In the steady-state, the devices
model are protected

Overall, the three operating conditions examined so far have highlighted several key
advantages and disadvantages for each model. The main conclusion that can be drawn from
these comparisons is that the protection offered by the basic thermal model is not sufficient
and the potential underestimation of the device temperature at low output frequencies could
lead to the failure of the device. However, further comparisons are made in operating

conditions specific to two common applications. These are described in the next section.

8.5 Application Case Studies

In this section the measured and estimated temperatures are compared using a typical load

profile for a pick and place tool and an elevator.

195



Chapter 8: Results and Comparison

8.5.1 Pick and Place Machine

A pick and place machine is designed to perform repetitive picking and placing tasks and
these are widely used in factory automation. One of the key performance requirements for
these machines is the speed of operation, and as such the motor used to rotate the machine
into position must be accelerated rapidly. The load on the motor during this period is highly
dependant on the inertia of the machine and a significant load current will only be present
when the motor is accelerating or decelerating. The main purpose for choosing this
application is that it will identify the ability of the thermal models to estimate the

temperature during these very short transient periods.

8.5.1.1 Typical Load Profile

A typical speed and current profile for a pick and place machine is shown in Figure 8.11.
This is a very simple application and can be reproduced by accelerating and decelerating a

motor (with some added inertia) as fast as possible.
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0.4 1 —Speed [T\ - -1
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Figure 8.11: Typical pick and place machine load profile

In this application, the load current will be considerable at a low output frequency and this

will have a significant impact on the characteristics of the estimated temperatures.

8.5.1.2 Comparison of Results

The comparison of the measured and estimated temperatures with the inverter operating at
a switching frequency of 8kHz are shown in Figure 8.12. The comparison over the
complete load profile is shown in Figure 8.12(b). In the steady-state the results are

comparable to those shown in Section 8.4.3.
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Figure 8.12: Pick and place machine tool comparison (a) load conditions and (b)

comparison over the full profile (c) close up of the acceleration period (d) close up of the

deceleration period
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In this profile the motor is accelerated to full speed within approximately 0.3s. Due to this
short time period it is difficult to identify the individual device temperatures in the
complete response. Therefore, a close up of the acceleration and deceleration periods is
shown in Figure 8.12(c) and Figure 8.12(d) respectively. From the temperatures measured
when the motor is accelerating, it can be seen that apart from the initial 10ms, the
temperature estimated by the IGBT frequency model is higher than the hottest IGBT.
Although during this period, the temperature is overestimated by up to 10°C. In contrast,
due to the selection of the time constant (100ms) the basic thermal model underestimates
the temperature by at least 30°C over the entire acceleration period. Similar characteristics
are seen during the deceleration period, although as shown in Chapter 4, in this type of

operating condition the frequency model overestimates the device temperature.

In summary, the comparisons presented in this section highlight the following advantages

and disadvantages:

Thermal Model | Advantages Disadvantages

1) The temperature is overestimated
during the transient periods especially
1) Protects all of the devices | when the load current is high and the

Frequenc . . . .
d y in the inverter during a fast output frequency is low
model .
transient
11) The temperature is underestimated
in the steady-state condition
1) During a fast transient the devices in
Basic drive the inverter can temporarily exceed
model their maximum temperature by more

than 30°C

8.5.2 Elevator

The recent trend in the elevator industry has been towards the development of gearless
systems using permanent magnet motors. These offer the potential for a reduced space,

higher efficiency and superior speed control, with full torque available down to zero speed
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(stationary vector condition). To reduce the cost and size of the system, the drives are often
selected so that they are operated close to their maximum rating. Furthermore, a high
switching frequency is used in order to reduce the acoustic noise generated by the motor.
Due to the cyclic nature of this application and the large temperature swings that can occur,
the accurate estimation of the device temperature is essential for preventing early failures

caused by the degradation of the component.

8.5.2.1 Typical Load Profile

A typical speed and current profile for an elevator application using a permanent magnet
motor is shown in Figure 8.13. As shown, this profile includes a hold at floor current,
which is required to hold the elevator car in position (at floor) until the mechanical brake is
activated. During this period, the output current is dependant on the loading in the system

and the inverter is operating in a stationary vector condition.
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Figure 8.13: Typical elevator profile with hold at floor operation

As with many motion applications, an elevator often uses an S-ramp speed profile during
the acceleration and deceleration periods. This is used to provide a smooth ride without

significantly increasing the acceleration times.

8.5.2.2 Comparison of Results

The comparison of the measured and estimated temperatures with the inverter operating
with a load profile similar to that of an elevator is shown in Figure 8.13. In this figure, three
different conditions are shown and in each of these the switching frequency is 16kHz. In
the first of these, the temperature is compared for a single profile (no hold at floor current)

that represents a loaded elevator car moving up one or more floors.
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Figure 8.14: Elevator comparison with a steady state output frequency of 25Hz (a) load

conditions and (b) comparison for a single profile (c) load conditions and (d) comparison

for two profiles (e) load conditions and (f) comparison with hold at floor current

200



Chapter 8: Results and Comparison

For this profile the frequency model underestimates the device temperature in the steady-
state condition, although the protection is once again improved when the inverter is
operating at a low output frequency. In Figure 8.13(d), the temperatures are compared over
two complete profiles with a higher output current. This comparison shows how the
temperature increases over each profile and by the end of the second profile the maximum
temperature approaches 150°C. The final comparison in Figure 8.13(f) includes a hold at
floor current. As expected, for this profile the frequency model protects the devices when
operating in a stationary vector condition, but begins to underestimate the temperature as

the output frequency is increased. The opposite applies for the basic thermal model.

In order to compare the temperatures during the transient periods, a close up of the
acceleration and deceleration periods for the second load profile (t=30 to 50s) in Figure
8.13(b) are shown in Figure 8.15. To indicate the demands placed on the power
semiconductors in this type of application, the maximum change in temperature (AT)

during each period has been identified.
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Figure 8.15: Close up of the elevator profile during (a) acceleration (b) deceleration
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From these figures, it is evident that both of the thermal models provide similar levels of
protection during the acceleration period and even when decelerating, the basic thermal
model only underestimates the temperature by approximately 5°C. Furthermore, as the
output frequency is reduced the difference between the peak temperatures of each IGBT

can be distinguished.

In summary, the comparisons presented in this section highlight the following advantages

and disadvantages:

Thermal Model | Advantages Disadvantages
1) Protects all of the devices ata | 1) Underestimates the temperature
Frequency low output frequency (hold at at a high output frequency
model floor) and during the transient
periods
1) Protects all of the devices 1) The devices in the inverter can
Basic drive when operating at a high output | exceed their maximum
model frequency temperature during a hold at floor
operation

8.6 Summary

In this chapter, the temperature estimated by the frequency thermal model was compared
with the basic thermal model, which is currently implemented in a Unidrive SP, and the
temperature measured using an infrared camera. These comparisons were performed under
several operating conditions, which include the typical load profile for a pick and place tool
and an elevator. The basic thermal model was developed using several assumptions that
allow it to be developed using the thermal impedance provided in the datasheet. The
development of this model was described in Section 8.2. The main advantage of this
approach is that it reduces the time needed to generate the input data for the thermal model,
but these approximations will have an impact on the accuracy of this model. This will be

more evident in certain operating conditions.
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The first operating condition examined in this chapter was a stationary vector condition.
When operating in this condition, the effect of the thermal coupling between the devices is
significant. This was highlighted in the comparisons performed at the different output
angles, which were shown in Section 8.4.1. Due to this thermal coupling, the basic thermal
model (based on the self thermal impedance) significantly underestimates the device
temperature, whereas the frequency model was shown to protect the devices in each of the
operating conditions examined. Similar characteristics were seen in the comparisons in
Section 8.4.2, which show the response at a low output frequency. As the output frequency
is increased, the effect of the thermal coupling between the devices and the temperature
difference between the case, measured directly under a device, and the thermistor is
reduced. Consequently, the protection provided by the basic thermal model is improved.
This was shown in the comparisons in Section 8.4.3. Furthermore, since the device in
which the peak junction-to-thermistor temperature occurs is dependant on the operating
condition, at a high output frequency the frequency thermal model underestimates the

temperature of the hottest device.

Additional comparisons were shown in Section 8.5, where a load profile similar to that of a
pick and place machine and an elevator were defined. These comparisons emphasised many
of the characteristics seen in the previous operating conditions, but were also used to

highlight the transient characteristics of each model.

Overall, the comparisons in this chapter have shown that the basic thermal model does not
prevent the devices in the inverter from exceeding their maximum operating temperature,
especially when operating at a low output frequency or during fast transients. In some
conditions the model was shown to underestimate the temperature by well over 20°C.
Therefore, with a trip temperature of 150°C it would be possible for the device temperature
to exceed 170°C, which is not acceptable. In contrast, the frequency model protects the
devices at a low output frequency, but due to the selection of the modelled devices it begins
to underestimate the temperature as the output frequency is increased. This effect was
predicted in Chapter 7. Therefore, the adaptation of the frequency model in order for it to
provide adequate protection at both low and high output frequencies is an area for further

work.

203



Chapter 9: Conclusion

Chapter 9: Conclusion

9.1 General Overview

The main aim of this work has been to develop a thermal model that can accurately
estimate the temperature of the power semiconductors in an inverter. One of the constraints
placed on this design is that it must be possible to implement the thermal model using the
computational resources available in a commercial drive without introducing the risk of
aliasing. This constraint has had a significant impact on the development of the thermal
model and several compromises have been made in order to reduce its complexity, although
at each stage care has been taken to prevent the temperature from being underestimated.
This chapter provides an overview of the work presented in this thesis and examines the

extent to which the objectives outlined in Chapter 1 have been achieved.

The scope of this work is limited to the protection of the components in the inverter stage
of a drive and does not include protection for the components in the rectifier or brake.
Furthermore, the variation of the thermal and electrical characteristics between power

modules and the degradation of these over the lifetime of a device has not been considered.

The weaknesses of the existing thermal model implemented in a Control Techniques,
Unidrive SP have been identified. This model is based on the thermal impedance provided
by the manufacturer and ignores the effect of the thermal coupling between devices and the
location of the internal thermistor in the power module. Ignoring these could result in the
temperature of the power semiconductor being significantly underestimated, possibly
leading to the premature failure of the inverter. This is more likely to occur when the
inverter is operating at an output frequency of OHz. In this condition, there is no filtering
effect due to the thermal capacity of the material in the power module and heatsink, and it
is possible for one device to be continuously operated at the peak output current. For these

reasons, this operating condition is used to develop and validate the new thermal model.
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The temperature of every device in an inverter can be estimated by implementing the
complete thermal impedance matrix. However, with the available computational resources
it is not possible to implement the complete matrix at a sample rate high enough to avoid
aliasing. In [1] a procedure has been described to simplify the thermal impedance matrix by
selecting only the key values, although this is still difficult to implement. In this work the
thermal impedance matrix is solved in the frequency domain. The main advantage of this
approach is that it reduces the computational resource required to avoid aliasing due to the

output frequency of the inverter.

9.2 Thermal Model for a Single Device

The thermal model developed in this work is used to estimate the temperature difference
between the junction of an IGBT or diode and the internal thermistor in a power module.

The temperature of a single device is estimated as follows:

e The self thermal impedance between the junction of a device and the internal
thermistor is measured and this is represented by an equivalent Foster network.

e The power loss generated in a device over a complete output cycle of the inverter
(1/Fyy) is approximated by a number of frequency components. The magnitude of
these components is modified to avoid underestimating the power loss.

e The steady-state temperature over a complete output cycle is calculated by
multiplying each of the frequency components with the response of the Foster
network. The general response is calculated off-line.

e The peak junction-to-thermistor temperature over the output cycle is calculated
using a method based on the Taylor series approximation of each frequency
component, this temperature is the steady-state output of the thermal model.

e To model the transient response due to a step change in power loss or output

frequency, a transient component is added to the steady-state response.

The main advantage of this approach is that when compared to a model implemented in the
time domain the number of on-line calculations is significantly reduced. Furthermore, since
the peak junction-to-thermistor temperature is known, the risk of aliasing when the inverter

is operating at higher output frequencies has been minimised. However, several
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approximations were made during the calculation of the frequency components which can
cause the steady-state temperature to be overestimated, although a single device is always
protected. The accuracy of the transient response is limited by the implementation of the
ripple and transient components, which can lead to the temperature being underestimated

for a short period during sudden changes in output frequency.

9.3 Thermal Model for a Multi-chip Device

In a multi-chip device the temperature difference between the junction of a device and the
internal thermistor is affected by the thermal coupling from the other devices in the
inverter. The single device model has been adapted to model this effect. The temperature of

a device in a multi-chip power module is estimated as follows:

e The self and mutual thermal impedance for every device in the inverter is measured
and each of these is represented by an equivalent Foster network.

e The measured thermal impedances form the complete thermal impedance matrix for
the inverter with 144 elements. This is used to identify the IGBT and diode with the
largest temperature difference between itself and the thermistor when the inverter is
operating at OHz. This calculation is performed off-line.

e The row of thermal impedances (self and mutual) for these devices is selected from
the complete matrix, reducing the matrix used in the thermal model to 24 elements.

e By examining the transient response, a common time constant is selected for
thermal coupling (mutual impedance) between the selected devices and the other
IGBTs and diodes in the inverter. The response of these mutual impedances is then
combined off-line, reducing the matrix to 6 elements.

e The temperature rise due to the individual elements for the hottest IGBT and diode
is calculated using the general frequency components developed for the single
device. Linear superposition is used to calculate the total steady-state temperature.

e The transient response is modelled in the same manner as the single device.

In a multi-chip device operating under constant conditions the temperature difference
calculated between the hottest device and the internal thermistor is constant and is equal to

the largest temperature difference at any output angle (i.e. the worst case). However, like
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the power semiconductors, the temperature of the thermistor is dependant on the thermal
coupling between itself and any nearby devices. Thus, combining the constant output of the
thermal model with the measured thermistor temperature can result in the temperature
being overestimated. Other factors that can have an influence on the accuracy of the

thermal model include:

e The power loss generated in a device is dependant on its temperature, but in this
model only the temperature of one IGBT and diode is known. Therefore, it is
assumed that the peak power loss in the other devices is the same.

e When using the internal thermistor to provide the temperature feedback for the
thermal model the mutual thermal impedances can be negative. If so, any
overestimation in the power loss can decrease the estimated temperature.

¢ To combine the mutual thermal impedance a common time constant is selected
and this has an impact on the accuracy of the transient response and to a lesser

extent, the steady-state temperature.

94 Measurements

To implement the thermal model the following parameters have been measured:

Electrical: ~ Turn on, turn off and reverse recovery switching loss
On-state and forward voltage
Thermal: Self thermal impedance between the junction and thermistor

Mutual thermal impedance between the junction and thermistor

These measurements (electrical and thermal) have been performed with the power module
connected externally from the drive, but on a standard heatsink. This configuration allows
the temperature of the IGBTs and diodes to be measured by an infrared camera. Each of the
electrical parameters are estimated by a polynomial expression, these are generated by
curve fitting the expression to the measurements taken at different temperatures, currents
and voltages. The accuracy of these expressions is reasonable in all conditions. The thermal
impedance is calculated from the cooling response measured by an infrared camera. To

implement the thermal model an equivalent Foster network is curve fitted to the measured
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values; two network elements are used for the self thermal impedance and a single element
for the mutual impedance. These parameters are used to select the modelled devices and for
the power module examined in this work, the upper IGBT and diode in the U phase have

been selected (Iyy and Dyy).

9.5 Comparison of the Thermal Model with Measured Temperatures

Two thermal models have been implemented in a Control Techniques, Unidrive SP:

¢ The frequency thermal model that is described in this work
e A basic thermal model developed from the datasheet thermal impedance (i.e. the

thermal model currently used in the Unidrive SP)

The temperature estimated by these models has been compared with the temperature
measured by the infrared camera under a range of operating conditions; these conditions

have been selected to highlight the key advantages and limitations of both models.

When operating in a stationary vector condition it was shown that the frequency model
protects the inverter, but can overestimate the temperature during the initial transient
period, or when operating at an output angle other than that where the peak junction-to-
thermistor temperature occurs. In contrast, despite the margins within the basic thermal
model it can significantly underestimate the temperature, an error of more than 25°C has

been observed.

At higher output frequencies the effect of the thermal coupling between each device is
changed. In this condition the temperature estimated by the frequency model continues to
follow the peak profile of Iyy and Dyy. However, these are no longer the hottest devices.
Consequently, the frequency model underestimates the temperature. This effect was
predicted during the development of the thermal model, but no margins were added to the
model to allow the fundamental approach to be evaluated. The protection offered by the
basic thermal model is improved at a higher output frequency. This is because the impact of
the thermal coupling and the temperature difference between the case and thermistor is

reduced to a level where it is smaller that the margins in the model.
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Other conditions that have been examined include operating with a load profile similar to
that of a machine tool and an elevator; the same conclusions can be drawn from these

comparisons.

The frequency model developed in this work has the potential to achieve all of the aims set
out in Chapter 1, i.e. to develop a thermal model that can protect an inverter in any
operating condition and be implemented using the existing computational resource in a

commercial drive.

The only factors preventing the direct application of this model to an industrial application
is the underestimation of the temperature at higher output frequencies, but this can be

avoided by the calculation of a suitable safety margin.

9.6 Recommendations for Further Work

This research has focused on the development of a thermal model to protect the power
semiconductors in the inverter stage. During this development several areas have been

identified that would benefit from further work.

1. Transient component: The method used to implement the transient component in
the frequency model can cause the estimated temperature to increase every time the
operating conditions change. This can be a problem in cyclic applications and more
work is required to eliminate this effect.

2. Ripple component: The peak ripple temperature is calculated from the sum of the
frequency components and this is added to the output of the thermal model as a
constant value. This can lead to an overestimation of the device temperature. One
solution is to apply the ripple component to a first order filter where the time
constant is dependant on the output frequency. More work is required to establish
the impact of this approximation.

3. Device selection: The IGBT and diode with the largest temperature difference
between the junction and thermistor are calculated in a stationary vector condition.
As the output frequency is increased the device in which the largest temperature

difference occurs can change. There are two possible solutions; add a constant
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margin to the thermal impedance or select two or more conditions (e.g. OHz, SHz
10Hz, etc) and change the thermal impedance with the output frequency. Further

simulation and experimental work is required to validate these options.

In addition to the development of the thermal model, areas where further work can be

applied include:

1. Extending the frequency model to other devices: The interaction between the
devices in the inverter, rectifier and brake was not considered in this work. More
work is required to establish the effect of the thermal coupling between these stages
and to develop a model that can also protect the rectifier and brake.

2. Using the estimated temperature: The output of the thermal model is used to
prevent the components in the inverter from exceeding their maximum temperature
by tripping the drive. More sophisticated control of the drive operating parameters
(e.g. output current, switching frequency, etc) and the speed of the cooling fan may
improve the general performance of the drive.

3. Improving power semiconductor lifetimes: The lifetime of the components in the
inverter are highly dependant on the thermal cycling present in an application. Even
if the temperature of the components is kept below their maximum values the effect
of thermal cycling on the lifetime of the inverter can be significant. Existing
research has focused on indentifying the causes of failure (e.g. the degradation of
the solder layers, bond wire lift off, etc) and the estimation of the life time when
operating with predictable load profile. Using the temperature estimated by a
thermal model to control the drive operating conditions in order to reduce the
temperature swings and prolong the lifetime of the inverter is a novel area of

research that would benefit from further work.
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Appendix A: Temperature Response of the Frequency Model

A.1 Introduction

In this appendix, the steady-state, DC and transient components of the temperature response
due to a step change in power loss and output frequency are calculated for the switching
and conduction loss models. To show how these are calculated, a general frequency term
representing part of the complete power loss in a device is applied to a Foster network
element. The resulting temperature response for this general component is shown in Section
A.1.1. This analysis is then used to generate the complete solution for the switching and

conduction loss, these are shown in Section A.1.2 and Section A.1.3 respectively.

A.1.1 Calculation of the Frequency Components for a General Term

In this section, the complete temperature response is calculated for a general frequency

component (nth harmonic) with an offset (A):
P(ax) = Psin(naor + 1) (A.1)

This frequency component is applied to a Foster network element, and in the Laplace

domain, the response of this element is:

Z,(s)= Ry (A.2)

(1+1)

To calculate the resulting temperature response the following equation must be solved:

T(s) = P(s)Z,,(s) (A3)

and for the chosen frequency component (Equation A.1), the temperature response is given

by:
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T(S) — Pth |:

o) + (A.4)

s+ jnw s—jno 1+

nacos(A) + ssin(A) __A N B C
1+

This can be rearranged into the form:

A(s — jno)(1+15) +
PR, [n@cos(A) + ssin(A)| = B(s+ jnw)(1+15) + (A.5)
C(s+ jnw)(s — jnw)

To solve this equation, the magnitude of each partial faction term (A, B and C) must be

calculated. For example, if s =—jnw the magnitude of A is given by:

A PR, 1

1
/—A—r—tan” (A.6)
2 | J(mor)* +1 ron (W)Tj]

This magnitude is shifted by 7 to account for the imaginary part of the denominator, which
in this instance is negative. The phase shift due to the filtering effect of the thermal time

constant (T) can be represented in the form:

tanl[ ! j =7 _tan™ (nar) (A7)
nwt 2
and by assigning:
B, =—tan" (nor) (A.8)
and
1
A, =—F——or (A.9)

" Jmor)? +1
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The magnitude of A can be expressed as:

A

PR, A

A=T0lm g g T A.10
: -5, (A10)
or alternatively, in the complex form:
A= P&#Al”l[sin(m B+ jeos(A+ B,)] (A.11)
The inverse Laplace transform for partial fraction A is:
A —jnax . :
: =Ae™ " = Acos(nar) — jAsin(nar) (A.12)
s+ jnw

By substituting the magnitude of A (Equation A.11) into this equation, the temperature

response for this term is given by:

(A.13)

T (ar) = PR,A,, {sin(/ltb’n )ycos(nax)— jsin(A+ f3,)sin(nax) }

2 + jcos(A+ fB,)cos(nax) +cos(A+ f,)sin(nar)

Using the procedure outlined above it can be shown that the magnitude of the partial

fraction B, in complex form, is given by:

B= M%A”[sin(/l+ B)—jcos(A+ )] (A.14)

The inverse transform for this partial fraction is:

( B j = Be’"” = Bcos(nax) + jBsin(nar) (A.15)
s— jnw
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and the corresponding temperature response for this term is:

(A.16)

T, () = PR, A, {sin(/ltb’n ycos(nax)+ jsin(A+ B, )sin(nax) }

2 — jcos(A+ B,)cos(nax)+cos(A+ B,)sin(nax)

By comparing Equations A.13 and A.16, it can be seen that the magnitude of B is the
complex conjugate of A. Consequently, adding the temperature response of A and B

together gives:

T,.,(@r)=PR, A, [sin(1+ B,)cos(nax)+cos(1+ B,)sin(nar)] (A.17)
Combining the frequency components in this response:

T, (@)= PR, A, sin(nax+ A+ B,) (A.18)

h
This response is defined as the steady-state component and is equivalent to the original
input signal (Equation A.1) with a modified magnitude (Ag,) and a phase shift (8,), both of
these are dependant on the time constant of the network element and the output frequency.
However, as shown in Equation A.4, there are three partial fraction terms in the complete
response. The magnitude of the final term (C) is calculated by assigning s=-1/7and is

given by:

ﬁth [na)cos(/l) 1 sin(/l)}
T

= > (A.19)
(lj +(nw)’
T
The inverse Laplace transform for partial fraction C is:
-t
[Lj = ge ’ (A.20)
I+ T
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and the temperature response for this term is:

PR, [nwz cos() —sin(D)] 7

2

(A21)

T =
() 1+ (nor)

As shown in Equation A.20, after the step change the magnitude of this term decays to zero
and this is therefore referred to as the transient component of the response. In summary, the
complete temperature response due to a sine component of the n™ harmonic in the

frequency model is given by:

T(ax)=PR,| A, sin(nax+A+B,)+ Iner cos(h) - Szm(’i)]ﬁ (A22)
1+ (nawr)
or for a cosine component, which is calculated using an offset angle of 7/2:
T(ax)=PR,| A, cos(nax+ A+ J3,) - oz sin(h) + CZOSM)] e’ (A.23)
1+ (nan')

The final component in the complete temperature response is defined as the DC component.
For a DC component with a unity magnitude, the temperature response due to a step change
in power loss is given by:

A

PR, (A.24)

T s(+m)

T(s)

and by using the inverse Laplace transform, the temperature response of this component in

the time domain is:

T(ax) = ﬁR,h(l - eTJ (A.25)
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In the following sections, Equations A.22, A.23 and A.25 are used to calculate the complete
temperature response for the switching and conduction loss models that were described in

Chapter 4.

A.1.2 Complete Temperature Response for the Switching Loss Model

For the switching loss model, the power loss over the output cycle of the inverter is

approximated by:

1 1 .
(;+ AP(DC)j+5sm(ax+ 0+a)

wa(at) = ﬁxw (A26)

2
- (g -~ Ap(ac)j cos(2ax +20 + 2ax)
This equation has three components, a DC, fundamental (n=1) and second (n=2) harmonic.
Therefore, using the equations developed in Section A.1.1, the DC, steady-state and
transient components of the temperature response caused by a step change in the peak

switching loss are as shown in Table A.1. For the switching loss the phase shift A=0+0.

Table A.1: Components of the temperature response due to the device switching loss

Frequency . Steady .
Component Magnitude State Transient
A 1
DC ADC: Pszth ; + AD(DC)AFI
) f) Rl Aslm
—_sw”th As A PR
sin(ot) | Ag = cos(@+a+f,) 13F 1+ (wr)*
A ) 2A w1
' Ao=P R, =——A . |sin(20+2a+ AvAr | T
sin(2ot) =P, m[3 . pwj ( 5. R 1+ Qar)?
cos(t) | Ag= Ry sin(@+a + B,) ActApi o
== n 1+ (wr)*
cosmt) | Ao=—P R 2 A cos(20 +2a+ f3,) AnA B
C sw® 'th 3” plac) n cali2 1 + (2M)2
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By separating the frequency terms into their sine and cosine components the effect of the
phase shift is incorporated into the magnitude of these terms. Therefore, in terms of the

transient response there is no phase shift and each term is calculated with A=0.

A.1.3 Complete Temperature Response for the Conduction Loss Model

For the conduction loss model, the power loss over the output cycle of the inverter with a

unity duty cycle is approximated by:

[l + AP(DCJ + % sin(ar + 6+ @)
A T
P()n(é'm:l)(a)t) = Pcon (A27)

- (31 - Ap(ac)jcos(Za)t +26+2a)
T

and the duty cycle due to the modulation scheme is approximated by:

m A
S = (0.5 4 PO TFs ] + " sin(ar + @) (A.28)

63 J3

Therefore, the power loss that is applied to the Foster network element is given by:

=0 P (A.29)

con m> con(§,,=1)

By multiplying the frequency components in the power loss and duty cycle, the resulting
power loss (Pcon) Will consist of the DC and fundamental components (n=1) as well as the
second (n=2) and third (n=3) harmonics. The DC, steady-state and transient components of
the temperature response caused by a step change in the peak conduction loss are as shown

in Table A.2.

217



Appendix A: Temperature Response of the Frequency Model

Table A.2: Components of the temperature response due to the device conduction loss

Frequency

Steady

Comete Magnitude State Transient
DC Apc=P,,R, " cos(6)+ (l + AP(DC)AF(DC)j 4 e L
443 V4 2 63
I 1(1 mpeAps |
—| —+—"—=—|cosl@+a+
' A ) m A, ot
siniwt) | Ag=P,_R,|+ iz Ap(ac)jm cos20+a+f)| | AuAn 1+ (lan')2
1 m
+ ; + AP(DC)AF(DCJ@COS(“ + B, )
(i - AP(ac)] l + —m(DC)AF3
3T 2 63
N 2A ot
' Ao=P, R,|xsin(20+2a+ AvAr | T
Sln(Z(Dt) 2 con”‘th Sln( 162) 243F2 1+ (20)1-)2
m
+——=sinl@ +2a +
e ( ,)
' . ) m RY. W4
sinBwt) | As=—P,,R, (E - AP(ac)j 23 005(26 +3a+f 3) AsArs 1+ (33601')2
l l (DC) Ars sin(@+a+ f,)
22 l
Au=P R |+[2- (26 ) —
COS(O)t) cl= Leontln P(UL) 3 Sln tat ﬂl ACIAFI 1+ (M)z
A, o)A Dc)jﬁsin(a+ ,31)
j 2 Twolrs (DC)AF3
P(ac) 2 6\/5
. —-A
Ao,=—P R cos 29+26¥+ AnA <
cos(2mt) 2 confeh /52) 2f3F2 | Qwr)?
+——=cos(@+25+
; @ ( ,)
2 m _mAs
As=—P R |—=—-A, | ——sin(20+3a+ AsA <
cos(3mt) contun| 3 P(””)j 2\/5 ( '83) S QBwr)®
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Appendix B: Measured Thermal Parameters for the Inverter

B.1 Introduction

The transient thermal impedance curves for every device in the inverter are measured using
the experimental methods described in Chapter 6. From these curves, the parameters of an
equivalent Foster network are calculated and this is described in Chapter 7. In this

appendix, the following parameters are shown:

a) Self thermal resistance for the diodes measured with the fan on and off
b) Self and mutual thermal resistances measured with the fan on

¢) Thermal parameters of the equivalent Foster networks

B.2 Diode Thermal Resistance Comparison

The measured thermal resistance for each of the diodes in the inverter is compared with the
datasheet value in Figure B.1. The general characteristics shown in this figure are similar to

those of the IGBTs that were shown in Chapter 6.

1.1 70
EEE Rth(j-th) Measured (Fan off)
L Rth(j-th) Measured (Fanon) |~~~ |
77777777777 E==3 Rth(j-c) Datasheet I 60
—— Distance to Thermistor

Thermal Resistance (K/W)
Distance (mm)

Figure B.1: Comparison of the measured (R ii-n)) and datasheet (Ri-c)) self thermal

resistance for the diodes in the inverter
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B.3 Thermal Impedance Matrix

The self and mutual thermal resistances measured for the devices in the inverter are shown in the table below.

Table B.1: Steady-state thermal impedances between the junction and thermistor (K/W)

Iuy TuL Ivu IvL Iwu Tw Duu DuL Dvu DvL Dwu DwL
Iy 0.564 -0.054 0.023 -0.079 -0.061 -0.057 0.148 -0.015 -0.026 -0.129 -0.050 -0.046
I8 0.025 0.456 0.010 -0.032 -0.034 -0.024 0.029 0.073 -0.006 -0.052 -0.028 -0.013
Ivu 0.066 -0.024 0.480 -0.058 -0.011 -0.035 0.095 0.045 0.075 -0.103 -0.020 -0.028
Tvp -0.020 -0.053 -0.030 0.475 -0.050 0.030 -0.023 -0.035 -0.039 -0.028 -0.006 0.051
Iwu 0.015 -0.030 0.024 -0.034 0.443 -0.005 0.020 -0.008 0.065 -0.082 0.031 -0.008
Iwe -0.028 -0.076 -0.046 -0.010 -0.049 0.481 -0.030 -0.048 -0.057 -0.097 0.038 0.055
Duu 0.150 -0.043 0.068 -0.071 -0.044 -0.049 0.835 0.026 -0.005 -0.120 -0.038 -0.040
DuL 0.053 0.034 0.039 -0.052 -0.040 -0.035 0.063 0.801 -0.006 -0.090 -0.036 -0.025
Dvy 0.035 -0.018 0.098 -0.045 0.060 -0.022 0.048 0.030 0.724 -0.089 -0.005 -0.019
DvyL -0.005 -0.012 -0.017 0.030 -0.041 0.002 -0.006 -0.008 -0.026 0.736 -0.016 0.015
Dwu -0.015 -0.064 -0.026 -0.025 -0.008 0.044 -0.014 -0.034 -0.030 -0.092 0.812 0.011
DwL -0.044 -0.094 -0.067 -0.018 -0.079 0.030 -0.048 -0.068 -0.081 -0.114 -0.024 0.838

The diagonal elements in this table are the self thermal impedances for each device, whereas the off-diagonal are the mutual thermal

impedances. Examples of the definition of these impedances are given below:
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a) Self thermal impedance for Iyy measured when a power loss is applied to this
device — Zn(Iyy — Iyy) = 0.564 K/W

b) Mutual thermal impedance measured between Iy, and Iyy when a power loss is
applied to Iyy — Zn(Ivy — Iwr) = -0.057 K/'W

¢) Mutual thermal impedance measured between Iyy and Iwr. when a power loss is

apphed to Iwr — Zaw(Iwr — Iyy) = -0.028 K/I'W

B.4 Curve Fitted Network Parameters for the Transient Thermal Impedance

The parameters of an equivalent Foster network are curve fitted to the measured transient

thermal impedance using the method described in Chapter 7.

B.4.1 Self Thermal Impedance Network Parameters

In the thermal model, the self thermal impedance is represented by a second order network

and the calculated network parameters (fan on) are shown in this section.

Table B.2: IGBT network parameters

Network Elements Tyu TuL vy Ive Iwu Iwr
Thermal R 0.141 | 0.171 | 0.120 | 0238 | 0.167 | 0.180
Resistance (K/W) | Ry, 0.423 | 0.285 | 0360 | 0.238 | 0.278 | 0.300
, T 2.180 | 0.257 | 0.860 | 0.047 | 0279 | 0.535
Time Constant (s)
T, 0.085 | 0.055 | 0.090 | 0265 | 0.062 | 0.064

Table B.3: Diode network parameters

Network Elements DUU DUL DVU DVL DWU DWL
Thermal Rini 0.209 0.200 0.181 0.368 0.203 0.210
Resistance (K/W) Rinz 0.626 0.601 0.543 0.368 0.609 0.629
) T 0.812 0.422 0.398 0.032 0.493 1.098

Time Constant (s)
T 0.053 0.045 0.092 0.126 0.047 0.048
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B.4.2 Mutual Thermal Impedance Network Parameters

In the thermal model, the mutual thermal impedance is represented by a first order network

and the calculated network parameters (fan on) are shown in this section.

Table B.4: IGBT to IGBT network parameters

glzzv: Iffs Tuu TuL Ivu IvL Iwu IwL
T Rint 0.564 -0.054 0.023 -0.079 | -0.061 -0.057
T 0.122 3.465 1.582 7.349 3.219 13.146
I Rt 0.025 0.456 0.010 -0.032 | -0.034 | -0.024
T 5.479 0.129 0.851 5.660 2.268 11.064
Tvo R 0.066 -0.024 0.480 -0.058 | -0.011 | -0.035
T 4.189 3.148 0.118 5.660 5.639 9.164
T R -0.020 | -0.053 | -0.030 0.475 -0.050 0.030
T 20.567 3.817 9.711 0.111 3.219 1.350
Twu Rint 0.015 -0.030 0.024 -0.034 0.443 -0.005
T1 3.386 2.830 1.269 4.196 0.112 17.852
Ty R -0.028 | -0.076 | -0.046 | -0.010 | -0.049 0.481
T 20.125 3.986 7.888 4.196 3.219 0.155

Table B.5: Diode to IGBT network parameters

glzzv:;tks Duu DuL Dvu DvL Dwu DwL
T Rint 0.148 -0.015 | -0.026 | -0.129 | -0.050 | -0.046
T1 1.247 4.119 3.321 2.884 9.001 17.429
I Rint 0.029 0.073 -0.006 | -0.052 | -0.028 | -0.013
T1 2.723 0.707 4.479 1.895 5.801 19.991
Tvo R 0.095 0.045 0.075 -0.103 | -0.020 | -0.028
T 1.898 0.829 0.458 1.895 9.001 15.043
- Rt -0.023 | -0.035 | -0.039 | -0.028 | -0.006 0.051
T 16.540 | 6.984 4.479 2.884 7.312 3.182
Two Rt 0.020 -0.008 0.065 -0.082 0.031 -0.008
T 2.533 7.269 0.554 1.895 0.864 12.452
Tt Rint -0.030 | -0.048 | -0.057 | -0.097 0.038 0.055
T 16.361 8.187 4.479 1.895 0.745 4.308
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Table B.6: Diode to diode network parameters

ENlZ;V:;tIZ Duu DuL Dvu DvL Dwu DwL
Duu Rint 0.835 0.026 -0.005 | -0.120 | -0.038 | -0.040
T 0.056 1.301 4.479 1.895 9.001 17.110
Dyy Rt 0.063 0.801 -0.006 | -0.090 | -0.036 | -0.025
T 2.723 0.141 5.816 1.895 5.800 17.429
Dy R 0.048 0.030 0.724 -0.089 | -0.005 | -0.019
T1 3.674 0.841 0.144 1.895 | 20.113 | 12.599
Dy Rint -0.006 | -0.008 | -0.026 0.736 -0.016 0.015
T 21.218 | 11.029 | 4.479 0.099 5.801 1.344
Dwu Rint -0.014 | -0.034 | -0.030 | -0.092 0.812 0.011
T1 18.602 | 6.984 3.320 1.895 0.086 2.504
Dy R -0.048 | -0.068 | -0.081 | -0.114 | -0.024 | 0.838
T 18.806 | 9.485 4.479 1.895 5.801 0.045
Table B.7: IGBT to diode network parameters
IIE\IIZXS Iftks Tuu TuL Ivu IvL Iwu TwL
Duu R 0.150 -0.043 0.068 -0.071 | -0.044 | -0.049
T1 1.805 2.513 1.366 5.660 3.219 11.064
Doy R 0.053 0.034 0.039 -0.052 | -0.040 | -0.035
T1 5.082 0.327 1.354 5.660 2.268 11.064
Dy R 0.035 -0.018 0.098 -0.045 0.060 -0.022
T 5.887 2.830 0.866 4.196 0.419 9.164
Dy, Rt -0.005 | -0.012 | -0.017 0.030 -0.041 0.002
T 26.482 8.032 9.710 0.519 2.268 0.487
Dwu R -0.015 | -0.064 | -0.026 | -0.025 | -0.008 0.044
T1 21.471 3.840 7.888 4.196 19.551 1.597
Do R -0.044 | -0.094 | -0.067 | -0.018 | -0.079 0.030
T1 21.797 | 4.201 9.710 5.660 4.342 2.058
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Appendix C: Pulse Testing Procedure

C.1 Introduction

To calculate the temperature of a device the power loss in every possible operating
condition must be known. In the thermal model, this calculation is performed on-line and
the model requires a number of device parameters that must be measured in the exact
configuration that will be used to evaluate the thermal model. In this appendix, the
configuration used to measure the device parameters and the corresponding test circuit is
described. The methods used to measure the switching loss and the on-state voltage for an

IGBT and a diode in the inverter stage of the power module are then outlined in detail.

C.1.1 Experimental Setup

The thermal model has been designed to protect the devices in the inverter stage of the
power module and does not include the effect that the devices in the rectifier or the brake
have on the temperature of these devices. Therefore, to evaluate the thermal model it is
important that only the devices in the inverter are active and since the switching loss must

be measured in this configuration, the circuit used is as shown in Figure C.1.

Unidrive SP Unidrive SP
Drive 1 Drive 2

RS232
Connection

IGBT
Module  |GBT Gate Drive Signals Pul
ulse

P Generator
-
Ligar J Motor Outputs
Feedback I

K Type DC Power Inductor
2.2mH
Thermocouples Supply Control 20A

L1 o—
L2 o—
L3 o—

A A 0-32V
Heating Resistor
(16.5Q, 200W)
DC Power -DC Link
Supply
0 - 1000v +DC Link

Figure C.1: Physical layout used to measured the switching loss and on-state voltage
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In the configuration used to evaluate the thermal model, the power module in an
unmodified drive (drive 1) is used to rectify the three phase input. However, in these
measurements, the DC link voltage is controlled using a high voltage power supply, which
is connected directly to the DC link terminals of both drives. To allow the temperature of
the devices to be measured using an infrared camera the power module under test has been
removed from drive 2 and the terminals of this module are connected to the drive via fly
leads. This drive provides the voltage and current feedback to the controller as well as the
gate drive signals for the IGBTs in the inverter (external power module). In order to
measure the device parameters, the IGBT is controlled by a pulse generator. For these
measurements, the power module is attached to a power resistor and this is used to control
the temperature of the module, which is measured using several thermocouples embedded
in the case. The corresponding test circuit for this configuration is shown in Figure C.2.

Unidrive External IGBT Module

SP Drive 1

i
i
I
i
i
I
i
i
i
i
i Gate Drive
i
I
i
i
I
i
i
I
i
i

Circuitry
|

Control System

Current
Feedback

Voltage
Feedback
| |
Gate Drive
Circuitry

DC Power

Supply —
0— 1000V

U Phase
Output

Pulse
Generator

SUAS o
.
—

f:f:f:‘%f:%— S
%

Figure C.2: Test circuit used to measure the switching loss of the lower IGBT and the upper

diode in the U phase of the inverter

In this example, the inductor, which is used to provide a constant current during the
switching event, is connected between the +DC link and U phase motor terminals.
Therefore, using this configuration, the current (Iy) is controlled by varying the on-time of
the lower IGBT in the U phase and the switching loss in this device and the upper diode can

be measured.
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C.1.2 Switching Loss

To measure the switching loss in the IGBT and diode, the IGBT is controlled using a
double pulse. This pulse and the typical current in the inductor (I.), IGBT (Ijggr) and diode

(I.-ligeT) are shown in Figure C.3.

T1 T2 T3

Pulse Generator

\4

A Trigger Point Trigger Point
for E,, and E for Eor

Test current

Load Current

v

IGBT Current

v

Diode Current

>
- »
Time

Figure C.3: Double switching pulse used to control the current magnitude for the switching

loss measurements

The first pulse is required to increase the current flowing through the load inductance,
during this pulse the current flows entirely through the IGBT. The peak magnitude is
limited by the on time of the IGBT. The length of T, required to reach the target current
will depend on the supply voltage and the inductance of the load, although in order to
minimise the change in current during the switching event the inductance should be
selected so that the pulse length is in the order of 100us. Once the load current has reached
the desired test level the IGBT is turned off and at this point the load current transfers to the
anti-parallel diode of the upper device. The length of pulses T, and T3 must be long enough
to ensure that the IGBT has fully switched (off or on) before the next event. At the end of

the second pulse (T») the IGBT is switched on and by triggering on the rising edge of the
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output from the pulse generator the turn-on loss in the IGBT (E,,) and the turn-off loss in
the diode (Er.) can be measured. Similarly, at the end of T3, the IGBT is switched off and
the turn-off energy (Eoy) is measured. This process is repeated several times at each

voltage, current and temperature.

C.1.3 On-State Voltage

Unlike the switching loss measurements the on-state voltage can be measured using a

single pulse, this process is shown in Figure C.4.
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Figure C.4: Single switching pulse used to control the current magnitude for the on-state

voltage measurements

In this instance, the pulse length (T)) is adjusted until the maximum test current is reached.
As the load current (Ip) is increased the current flows entirely in the IGBT and the on-state
voltage (Vcg) rises until the IGBT is turned off, at which point the current is transferred to
the diode. The current in the diode and the resulting on-state voltage (Vg) then decays. If
the voltage and current is measured over the entire pulse length a single test is required to
measure the on-state voltage at each current level, but the measurements must be repeated

at each temperature.
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Appendix D: Switching and Conduction Loss Parameters

D.1 Introduction

To calculate the power loss in a device the switching energy and on-state voltage for an
IGBT and diode must be known over the full range of operating conditions. The procedure
used to measure these parameters is described in Chapter 6. To reduce the amount of input

data a power loss model is developed for each of the following parameters:

e [GBT turn-on energy loss (Eqy,)

e [GBT turn-off energy loss (Eqff)

¢ Diode turn-off energy loss (Eyec)

e [IGBT on-state (forward) voltage (Vcg)

® Diode on-state (forward) voltage (V)

In this appendix, the measured switching energy and on-state voltage are calculated using
the loss model described in Chapter 7. These are compared against the values measured
with a DC link voltage of 600V. An example of the model used to calculate the turn-on
energy of the IGBT is shown below, although the same model (different parameters) is

used to calculate each of the parameters listed above:

E, 1,7,V )=k 1,7 +k, I, +k, ) -k, (m]) D.1)
ky =k, T +k, T, +k; (mJ/A? (D.2)
ky=ky T +ky T, +ky (ml/A) (D.3)
ky=ky T +ky, T, +ky;  (m]) (D.4)
ky, =ky, Vool +ky, Voo +k,, (D.5)
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D.2 Switching Loss

D.2.1 IGBT Turn-on Energy (E,,)

Table D.1: Loss parameters

Ty T, T
K, (mJ/A%) 2.34¢0° 9.17¢™ 4.47¢°
K> (mJ/A) 4.95¢ 1.76e™ 9.47¢*"
K (mJ) 1.38¢™% 5.11e™ 2.65¢
kv kv2 kvs3
| ky 0 2.59¢" -5.45¢""

Table D.2: Measured switching energy with a DC Link voltage of 600V (mlJ)

Temperature °C) | s 50 75 100 | 125 | 150
Current (A)
5 078 | 100 | 1.16 | 132 | 150 | 1.68
15 215 | 212 | 244 | 269 | 287 | 322
25 319 | 343 | 384 | 415 | 441 | 486
35 448 | 463 | 511 | 563 | 606 | 646
45 58 | 614 | 657 | 708 | 768 | 818
55 718 | 7.63 | 821 | 893 | 943 | 1035
65 878 | 958 | 1022 | 1074 | 1130 | 12.26
75 1060 | 11.19 | 11.97 | 1276 | 1334 | 14.62

Table D.3: Calculated switching energy with a DC Link voltage of 600V (mJ)

Temperature (°C) | g 50 75 | 100 | 125 | 150
Current (A)
5 090 | 106 | 122 | 139 | 156 | 1.74
5 199 | 221 | 243 | 267 | 292 | 3.19
25 317 | 345 | 375 | 407 | 441 | 476
35 445 | 480 | 518 | 558 | 601 | 647
45 582 | 625 | 671 | 720 | 773 | 830
55 729 | 779 | 834 | 894 | 958 | 10.26
65 885 | 944 | 1008 | 1078 | 11.54 | 12.35
75 1050 | 1118 | 1193 | 1274 | 1362 | 14.56
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D.2.2 IGBT Turn-off Energy (E)

Table D.4: Loss parameters

Ty T T
k; (mJ/A?) 2.61e% -3.37¢" 1.32¢"
ko (mJ/A) 1.47¢™ 5.15¢" 7.43¢*!
k3 (mJ) 5.56e 6.34e"! 2.81e*"?
kvi kv kvs3
| ky 0 1.17¢™" 2.93¢""

Table D.5: Measured switching energy with a DC Link voltage of 600V (mlJ)

Temperature °C) | g 50 75 | 100 | 125 | 150
Current (A)
5 070 | 079 | 084 | 1.00 | 1.13 | 138
5 166 | 190 | 213 | 241 | 279 | 323
25 259 | 289 | 327 | 376 | 423 | 5.02
35 346 | 389 | 441 | 501 | 558 | 648
45 436 | 489 | 561 | 624 | 708 | 808
55 519 | 592 | 668 | 745 | 843 | 9.78
65 626 | 686 | 783 | 865 | 982 | 11.20
75 721 | 795 | 892 | 999 | 1116 | 12.54

Table D.6: Calculated switching energy with a DC Link voltage of 600V (mJ)

Temperatre °C) | s 50 75 100 | 125 | 150
Current (A)
5 074 | 084 | 096 | 1.10 | 125 | 142
15 163 | 1.88 | 215 | 247 | 282 | 320
25 253 | 290 | 332 | 380 | 433 | 492
35 344 | 392 | 447 | 510 | 580 | 657
45 436 | 493 | 560 | 636 | 722 | 817
55 529 | 594 | 670 | 758 | 858 | 9.70
65 623 | 694 | 779 | 877 | 990 | 11.17
75 718 | 794 | 885 | 993 | 11.17 | 12.57
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D.2.3 Diode Turn-off Energy (E ec)

Table D.7: Loss parameters

Ty T T
Kk (mJ/A?%) -1.12® 2776 -1.81e™
ko (mJ/A) 2.16e™ 1.24e® 3.50¢*!
ks (mJ) 4.22e™ 6.51 6.85¢"!
kvi kv kvs3
| ky 0 1.08¢™ 3.42¢""

Table D.8: Measured switching energy with a DC Link voltage of 600V (mlJ)

Temperature °C) | g 50 75 | 100 | 125 | 150
Current (A)
5 041 | 050 | 066 | 085 | 121 | 1.54
5 083 | 105 | 138 | 175 | 211 | 261
25 105 | 134 | 171 | 217 | 270 | 355
35 139 | 171 | 215 | 272 | 339 | 393
45 154 | 193 | 237 | 301 | 363 | 463
55 183 | 228 | 282 | 344 | 416 | 509
65 190 | 246 | 291 | 349 | 444 | 534
75 203 | 265 | 312 | 387 | 455 | 583

Table D.9: Calculated switching energy with a DC Link voltage of 600V (mlJ)

Temperatre °C) | s 50 75 100 | 125 | 150
Current (A)
5 043 | 063 | 086 | 1.10 | 136 | 1.64
15 078 | 105 | 136 | 171 | 211 | 255
25 109 | 142 | 18 | 226 | 277 | 335
35 136 | 173 | 219 | 272 | 334 | 405
45 159 | 200 | 251 | 312 | 382 | 463
55 178 | 222 | 277 | 344 | 421 | 5.10
65 192 | 239 | 298 | 368 | 451 | 547
75 203 | 251 | 312 | 386 | 472 | 572
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D.3 Conduction Loss Parameters

D.3.1 IGBT on-state Voltage (Vcg)

Table D.10: Loss parameters

Ty T, T
k; (mJ/A?) 0 -1.48¢™" -4.75¢%
k> (mJ/A) 0 6.13¢™” 1.39¢
ks (mJ) 0 -1.19¢™% 9.26e!
le kVZ kV3
| ky 0 0 1
Table D.11: Measured on-state voltage (V)
Temperature (°C) | g 50 75 100 | 125 | 150
Current (A)
5 0.968 | 0.955 | 0.936 | 0912 | 0.888 | 0.857
15 1.121 | 1.120 | 1.114 | 1.106 | 1.096 | 1.079
25 1254 | 1266 | 1.274 | 1.282 | 1.287 | 1.288
35 1.377 | 1404 | 1.426 | 1.447 | 1.468 | 1.480
45 1488 | 1.522 | 1.556 | 1.591 | 1.624 | 1.650
55 1.588 | 1.633 | 1.675 | 1.714 | 1.754 | 1.795
65 1.683 | 1.731 | 1.785 | 1.844 | 1.901 | 1.951
75 1.773 | 1.843 | 1.910 | 1.972 | 2.037 | 2.100
Table D.12: Calculated on-state voltage (V)
Temperaure °C) | g 50 75 100 | 125 | 150
Current (A)
5 0.971 | 0.959 | 0.939 | 0915 | 0.891 | 0.860
15 1.131 | 1.131 | 1.125 | 1.117 | 1.107 | 1.090
25 1272 | 1.285 | 1.293 | 1300 | 1.305 | 1.306
35 1.402 | 1430 | 1.452 | 1.473 | 1.494 | 1.505
45 1.521 | 1.555 | 1.589 | 1.624 | 1.657 | 1.683
55 1.628 | 1.674 | 1.716 | 1.754 | 1.795 | 1.835
65 1.731 | 1.779 | 1.833 | 1.892 | 1.949 | 1.999
75 1.829 | 1.899 | 1.966 | 2.027 | 2.092 | 2.156
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D.3.2 Diode Forward Voltage (V)

Table D.13: Loss parameters

Tj2 le TjO
k; (mJ/A?) 0 -1.42¢™" -7.68¢”
ko (mJ/A) 0 4.73e™® 1.41e™
k3 (mJ) 0 2.32e" 9.44¢e!
kvi kv kvs3
| ky 0 0 1
Table D.14: Measured forward voltage (V)
Temperature °C) | g 50 75 | 100 | 125 | 150
Current (A)
5 0944 | 0.873 | 0.821 | 0.770 | 0.721 | 0.674
15 1.117 | 1.079 | 1.043 | 1.002 | 0.961 | 0.920
25 1225 | 1.202 | 1.176 | 1.148 | 1.120 | 1.080
35 1325 | 1315 | 1.298 | 1275 | 1.252 | 1.219
45 1.409 | 1.408 | 1.400 | 1.385 | 1.366 | 1.342
55 1473 | 1489 | 1.489 | 1.482 | 1.472 | 1.454
65 1.531 | 1.556 | 1.567 | 1.572 | 1.565 | 1.543
75 1.594 | 1.633 | 1.654 | 1.657 | 1.663 | 1.654
Table D.15: Calculated forward voltage (V)
Temperature °C) | 50 75 100 | 125 150
Current (A)
5 0.961 | 0.908 | 0.856 | 0.804 | 0.752 | 0.700
15 1.098 | 1.056 | 1.015 | 0.974 | 0.933 | 0.892
25 1218 | 1.188 | 1.157 | 1.126 | 1.096 | 1.065
35 1323 | 1.302 | 1.281 | 1.260 | 1.239 | 1.218
45 1412 | 1.400 | 1.388 | 1376 | 1.364 | 1.352
55 1.484 | 1.481 | 1477 | 1473 | 1469 | 1.466
65 1.541 | 1.545 | 1.548 | 1.552 | 1.556 | 1.560
75 1.581 | 1.592 | 1.603 | 1.613 | 1.624 | 1.635
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Appendix E: Transient Temperature Response

E.1 Introduction

To select the time constants that are used to combine the mutual thermal impedances for the
IGBT and diode model the step response is calculated under a range of operating
conditions. In this appendix, the results are shown for several conditions that were not
included in Chapter 7. These include an investigation into the effect of the switching

frequency and displacement power factor.

E.2 IGBT transient response

The following figures show a comparison of the step response calculated using the original
network parameters and the common time constants for a stationary vector condition. A

negative value indicates that the temperature is underestimated during the transient.
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Figure E.1: Comparison of switching frequencies (a) step response (b) error temperature
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Figure E.2: Comparison of displacement power factors (a) step response (b) error

temperature

The results shown in this section are used to select the common time constants for the
IGBT thermal model. Since the process of combining multiple mutual impedances is only
an approximation of the complete thermal characteristics some error will always exist.
Even so, the error can be minimised by comparing the combined response (two mutual time
constants) with the complete response calculated using the full thermal impedance matrix
(11 mutual time constants). The common time constants for the two mutual terms that
represent the thermal coupling from the other IGBTs and diodes in the inverter can then be
selected to minimise the error. This selection process is a compromise between the transient
performance (minimising the overestimation of the temperature) and the protection offered
by the thermal model (minimising the underestimation of the temperature). The results for

the diode model are shown in the next section.
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E.3 Diode transient response
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Figure E.3: Comparison of modulation index (a) step response (b) error temperature
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Figure E.5: Comparison of displacement power factors (a) step response (b) error

temperature

The results shown in this section are used to select the common time constants for the diode
thermal model. By comparing these results with those for the IGBT model it is evident that
the characteristics are very different. This is caused by the different thermal coupling in
each model, which is due to the layout of the power module and more specifically, the

location of the nearby devices.
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Appendix F: Temperature Measurements and Comparison

F.1 Introduction

To develop and validate the thermal model the temperature of the IGBTs and diodes in an
inverter were measured under a range of operating conditions. In this Appendix a selection
of measurements that were not included in the main body of this thesis are presented and

the key observations are described.

F.2 Thermal Coupling between Devices

The thermal coupling between the devices in the inverter has a significant impact on the
peak temperature and the temperature profile measured over a complete output cycle
(1/Fou). This can be seen in Figure F.1. With no coupling the peak temperature of each
device should be similar, but due to the thermal coupling the peak temperature of every

IGBT is different. Under these operating conditions the hottest device is Iyu.

Temperature (°C)

Time (s)

Figure F.1: Maximum IGBT temperature measured at a switching frequency of 16kHz, load

current of 25A and an output frequency of 2.5Hz

238



Appendix F: Temperature Measurements and Comparison

F.3 Temperature Distribution in a Stationary Vector Condition

The thermal image of the inverter operating in a stationary vector condition is shown in
Figure F.2(a). This image was taken with the peak current in the upper IGBT of the U
phase. In this condition six devices in the inverter are active. The surface temperature of
this IGBT is shown in FigureF.2(b). In this figure, the lower temperature measured from

the centre to the edge on one side of the device is caused by the gate lead bond wire.
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Figure F.2: Inverter operating in a stationary vector condition at a switching frequency of

16kHz and a current of 19A (a) Infrared image (b) Surface temperature of Iyy

Figure F.3 shows the maximum temperature of each IGBT as the devices are heated after a
step in output current has been applied to the inverter. As expected, the three IGBTs that
are not conducting (Iyr, Ivy and Iwy) have the lowest temperature, the IGBTs conducting
half of the load current (Iyy, and Iwy) are the next highest and Iyy is the hottest device. The
measured temperatures are compared with the output of the frequency model and the basic

thermal model.
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Figure F.3: Comparison of the measured (maximum) and estimated temperature with the
inverter operating in a stationary vector condition at a switching frequency of 16kHz and a

load current of 19A (Output frequency = 0Hz)

This comparison shows that the basic thermal model underestimates the temperature by
over 25°C and this model would allow the temperature to exceed 175°C. In contrast, the

temperature estimated by the frequency model is only 1°C lower than the measurement.

F.4 Comparison during an Acceleration, Steady-state and Deceleration Period

The results in Figure F.4 and Figure F.5 show the comparison of the IGBT and diode
frequency models with the basic thermal model and the measured temperatures. These

results highlight some of the main characteristics of both models. Key points to note are:

1. After the initial acceleration period the output of the frequency model reduces
towards the peak junction-to-temperature of the modelled device. This effect is due
to the longer time constants associated with the negative mutual thermal impedance.

2. In the steady-state the modelled devices (Iyy and Dyy) are not the hottest. This is
caused by the change in the thermal coupling at higher operating frequencies.

3. As the motor is decelerating the ripple component increases. This is added to the
output of the model as a constant value and can cause the temperature to be

overestimated.
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Figure F.4: Comparison of the IGBT model with the inverter operating at a switching
frequency of 16kHz, load current of 25A and an output frequency = 10Hz (a) complete

response (b) acceleration period (c) steady state period (d) deceleration period
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