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Abstract

Power electronics (PE) take a critical role in electricity transformation, transmission and
application in modern industrial utilization. Improving the efficiency while maintaining the
stability of performance of electrical system and device is a continuously studied topic. In high
power PE applications, hundreds and thousands of watts of heat is generated in conduction and
switching status, as a result of that, design of cooling system is essential in a PE system design

process.

This thesis proposed a real-time Thermal Hardware-In-the-Loop (THIL) simulation methodology
to evaluate performance of cooling system of power semiconductors in a power circuit. This
method required less energy and cost rather than traditional completely physical test as well as
providing credible result of semiconductor junction temperature and instantaneous power

dissipation.
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Chapter 1 Introduction

1.1 Power Electronic Converters
1.1.1 Applications

Power electronic converters are fundamental components in electrical generation,
transformation, and distribution and are widely used for domestic electronic devices and high-
power industrial applications. The converters are designed to convert the electrical energy from
one type to another, e.g., from alternating current (AC) to direct current (DC) and vice versa. DC-
DC converters, which are used to regulate output voltage amplitude, are also widely used in the

electrical system [1]- [3].

In recent decades, more and more studies come up to improve performance of converters
including stabilities [4], power quality [5]-[6], and efficiency [7] while reducing cost [8] and power
loss [9]. In order to achieve the mentioned enhancement, newly developed topologies and new
materials are fabricated and evolved. Taking DC-DC regulators as an example, their critical

sections are introduced with more detailed information in the next paragraph.

1.1.2 Critical Components in a DC-DC converter
A general introduction to the critical component of DC-DC regulators is presented in this
subchapter, including typical topologies, controller strategies and choice of the controller chips,

application of power semiconductors, and cooling systems.

A. Topologies
There are three basic topologies: buck, boost, and buck-boost in switched-mode DC-DC

converters shown in Figure 1. Buck converters are referred as ‘step down’ converters which

1



means the output voltage is reduced rather than the input voltage [10]. Oppositely, boost
converters are referred as ‘step up’ converters to provide higher voltage at the output terminal
[11]. Finally, the buck-boost converter is able to step the output voltage up or down depending
on the duty cycle of gate signal [12]. To achieve the target output of voltage or current of
converters even experiencing fluctuations in input power source, controllers are necessary and

fundamental in a converter design.

Buck-Boost Regulator

Figure 1 Typical topologies of switched-mode DC-DC regulators



B. Control Hardware

In order to provide a proper gate signal to the above converters, a controller is used to
regulate the output voltage. Nowadays, digital control takes the advantage of fast dynamic
response, comparatively less interface noise, and is much more commonly used in the modern
electronics control strategy [13]. Although the information is lost in the process of sampling and
finite quantization levels, this vanishment can be improved by increasing sampling frequency.
Great developments in modern semiconductors make the clock frequency raising to 200k Hz for
Digital Signal Processing (DSP) microcontrollers and 4000M Hz for Field Programmable Gate

Arrays (FPGA).

For a digital controller, DSPs and FPGAs are commonly used for power electronic
controllers [14]-[15]. Embedded function modules like analog-to-digital converter (ADC) and
pulse width modulation (PWM) output make the microcontroller convenient to use in a system
design. DSP is able to deal with complicated math processes, but the performance of
microprocessors is limited by its system clock frequency. Oppositely, the FPGA consists of
billions of gates that compose multiplier, register, and other high-level modules. The performance
of FPGA is also limited by the number of gates. However, it is designed to manage tasks parallelly,
which dramatically increases the number of millions of instructions per second (MIPS).
Additionally, digital control is easier to manipulate, store and access measured data [16]. However,
FPGA has a much higher cost rather than DSP. The comparison of DSP and FPGA is summarized

in the table below:



Table 1 SUMMARY AND COMPARISON BETWEEN DSP AND FPGA

Functionality DSP FPGA
. Verilog hardware description
Programming Language C language language
System Clock Frequency 200M Hz 4000M Hz
Programming Software Code Composer Studio Quartus

. . More stable since the resources
Easier to encounter a system failure for

Stability . : for individual tasks are
interaction between tasks .
independent
Cost Relatively low Relatively high

In all three types of basic switched mode DC-DC converter topologies, the passive
electronic components are core factors to determine the steady-state large signal and ripples of
output voltage and current. Besides that, the losses of semiconductor switch and diode are with
critical influence for the system power efficiency. To satisfy the demand for higher power
conversion and transformation, the switching frequency of converters raises to over 1M Hz [17].
Consequently, the switching loss increases markedly according to this ultra-high switching

frequency.

1.1.3 Relationship Between Power Loss and Cooling Systems

The power loss is dissipated in the form of heat energy, as the result of that, the temperature
of power semiconductors increases dramatically in a very short time. High temperature of the
semiconductors can increase the risk to a higher power loss of the semiconductor and decrease in
reliability, damage to semiconductor then leading open or short circuit problems and impacting
the whole overall system [18]. By taking into consideration of these crucial effects, cooling

systems are designed to dissipate the heat energy, then maintain the semiconductor temperature



within a proper range to achieve a safer operating region, longer lifetime, and higher efficiency of

the overall converter system [19].



1.2 Power Semiconductors
1.2.1 Introduction of Types of Semiconductors

In a power electronic DC-DC converter, semiconductors, like Insulated-gate bipolar
transistors (IGBT) [20], metal-oxide—semiconductor field-effect transistors (MOSFET) [21], play
an important role for processing the power. Normally, an anti-parallel diode is applied with a
MOSFET or an IGBT for protection purpose. Both IGBT and MOSFET are gate voltage-
controlled devices. By applying required gate-to-source or gate-to-emitter voltage, the drain-to-

source or collector-to-emitter terminals are forced to conduct.

Since the diode only allows the current to flow in one direction, it is commonly used in
circuit design to regulate the polarization of current. Depending on the application for conduction
like H-bridge circuits, or in high-frequency switched-mode converters, different materials of

diodes are chosen to achieve lower conduction loss or switching loss.

Gallium Nitride (GaN) switches are popular choices in modern power electronic design.
GaN switches take the advantage of lower switching loss of Wide-Bandgap (WBG) devices and
now have an increasing market worldwide [22]-[23]. Silicon carbide (SiC) metal-oxide—
semiconductor field-effect transistors (MOSFET) parallel with SiC Schottky diode is another
widely used power semiconductor [24]. The SiC Schottky diodes have the benefit of small
recovery loss which can lead to smaller power loss for diodes under high-frequency switching

operations [25].



1.2.2 Introduction of Types of Semiconductor Power Loss

Semiconductor power loss can be classified into two main types of loss: conduction loss
and switching loss. Firstly, the conduction loss is generated during the period when the
semiconductor is in conduction. Secondly, switching loss is produced during the switching
transient, including (1) recovery loss of diode, (2) switching-on loss, and (3) switching-off loss of
IGBTs or MOSFETS. Both two types of power loss can be estimated by solving the mathematical

integration analytically and measuring the current waveform quantitively [26].

Generally, the device capacitance dominates the maximum limitation of switching
frequency [27]. Consequently, the drawback of SIC MOSFET is its higher capacitance capacity
than planar silicon MOSFET. To overcome the capacitance, a large current density is required in
SiC MOSFET components which implies that the on-resistance need to be small enough to reduce
the conduction loss. The above reasons make SiC MOSFETSs design focus on minimizing on-

resistance and device capacitance and optimizing the power semiconductor performance [28].

Additionally, the switching power loss is also easily affected by other unavoidable factors
like parasitic inductance [29]. Greater parasitic inductance including loop inductance, wire
inductance, and leg inductance between the semiconductors metal connection and printed circuit
boards (PCB) increases the turn-on and turn-off loss of the IGBT. The loop inductance on the
emitter of IGBT has a considerable impact on the gate driver circuit since it is involved in both

gate driver and power circuit [30].

Furthermore, higher switching frequency generally introduces larger switching loss as well

as the conduction loss decreases. Appropriate components selection relies on the implementation



of semiconductors and balance between switching loss and conduction loss in each specific case.

These are the key factors considered to achieve higher efficiency in the design process.

1.2.3 Methodologies to Determine Semiconductor Loss
Appropriate estimation of the semiconductor power loss provides essential information for
further application design. In the past decades, diverse methods are created to assess real-time

power loss with increasing accuracy.

Estimation of semiconductor power loss is a critical factor while predicting the efficiency
and lifetime of power converters. However, it can be affected by many reasons, for example,
converter switching frequency, maximum allowable ambient temperature [31], forward current of
diode, collector-emitter voltage drop, gate-emitter voltage drop for IGBT, etc. Literature [32]
suggests that implementing a look-up table (LUT) which contains the IGBT and diode conduction
and switching energy loss information. By inputting the measured operating current, estimated
case temperature, and the DC voltage level, the power loss is located in the LUT. This method in
high-speed simulation software can significantly decrease the simulation time and give a
sufficiently accurate result after combining it with the ideal component model. Another suggestion
in literature [33] is detecting the change of current in switching transient as the current slope to
calculate the recovery loss of the diode. Measurements are required to determine the

semiconductor power loss of a high-frequency switch-mode converter.

Double-pulse test (DPT) is prominent for determining the switching performance of the
switching cell which consists of a diode, a switch, a current source, and a voltage source [34]. The
current source can be represented by an inductor, and the voltage source can be replaced by a

capacitor. As shown in Figure 2, a conventional double-pulse test consists of two cascaded IGBTs

8



with two anti-parallel diodes in series with a voltage source and an inductor in parallel with the
upper-located IGBT. The lower IGBT (T2) and upper anti-parallel freewheeling diode (D1)
constitute a switching cell which is the device under test in this case. By applying two pulses with
identified delay to the gate terminal of the lower IGBT, the DPT is established. The first pulse is
targeted to charge up the current in the load inductor to the desired value and record the switching-
off characteristic when turning it off. Then, the following delay is aimed to maintain the inductor
current while letting it flow through the high-side diode (D1) and form a freewheeling current.
Finally, the lower side IGBT (T2) is forced on again and the switching-on characteristic and
freewheeling diode recovery loss are recorded [35]. Another topology of the circuit in Figure 3 is
suggested to apply an H-bridge circuit to perform the DPT to achieve a switching performance
that is closer to practical implementation which improves the accuracy of estimation of
semiconductor power loss [36]-[37]. Based on the results of estimation or measurements, a LUT

can be created including the conditions of volts, currents and temperature.
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Figure 2 Double pulse test circuit (upper) and switch pulse waveform (lower), redraw from [35]
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1.3 Cooling System
1.3.1 Introductions of Types of Cooling System

Although the evaluation of semiconductors advances with the times, heat dissipation is still
ineluctable. According to contents in the previous section, semiconductor heat loss is an inevitable
fact in practice. The cooling system is constructed for heat dissipating purposes to reduce the

semiconductor temperature; hence the lifetime and reliability of the whole system can be extended.

The types of cooling systems can be classified into passive cooling systems and active
cooling systems. A passive cooling system is a cooling method that does not require an external
power source, e.g., alloy heatsinks and natural cooling by air. The active cooling system stands for
an external-powered cooling technique like liquid cooling pumps or electrical fans to accelerate

the airflow around target devices.

Heatsinks normally are made of aluminum alloy and made with circular symmetrical fins
in columns as a passive element for heat dissipation. The alloy constitution, volume, and the
number of fins determine the thermal capacity of the heatsink [38]. Some of the typical
configurations of heatsinks are shown in Figure 4. Benefited from the much larger thermal
diffusivity of silicon than alumina ceramic implies a higher heat flux per unit concentration
gradient, polycrystalline silicon package is recommended by the end of the 20" century [39]. As
mentioned in the previous chapter 1.2.1, GaN switches have the advantages of low switching loss
and on-resistance which remarkably reduce the weight and volume requirement of alloy heatsinks

rather than SiC MOSFETs and Si IGBTSs [40].
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Figure 4 Examples of typical heatsinks designs

The model of heatsink application to a semiconductor is shown in Figure 5. Each layer of
the contact surfaces from the semiconductor (labelled as heat source in the graph), the component
mount surface, the thermal foil, and the heatsink surface [41]. As the alloy has a larger thermal
capacity, it can absorb more heat energy from the source, then the temperature of components will

be reduced.

Device Insulating Heatsink

Su rface\ Foil \ Su rface\

N

Die Heat \
Source\‘

BN

Figure 5 Layer models of application of heatsink to semiconductor
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Liquid cooling system includes traditional coolant pumps for vehicles engine [42] and
evaporative cooling systems for hydro-turbo generators [43], air cooling condenser for large-size
electrical converters, and heatsink for power semiconductors and microprocessors [44].
Depending on the implementation of heat generator devices, the above-listed cooling method is

chosen considerably for its own advantages and drawbacks.

Water and metal circulation are both effective materials as coolants. To improve the
thermal capacity of the liquid, nanoparticles are added to the liquid. Since water has a much larger
heat convection coefficient than air (over 200 times larger), and is convenient and low-cost, it
became a popular choice in turbine generators and large electrical equipment like HVDC circuit

breakers [45].

Evaporation technology owns the advantage of high heat exchange efficiency, and self-
regulation of cooling ability and is widely used in electromagnetic separators [46], hydro
generators, etc. The newly developed self-circulating evaporative cooling technology takes more
benefits of high stability, high insulation, and lower consumption of coolant material. Besides that,
in low-temperature environments, the evaporation cooling method is forced to be applied as a
secondary cooling system for the air-cooling condenser [47]. Power dissipation of high-
performance computing microprocessors used in machine learning significantly raises with the
increase in the number of cores and system frequency. It brings a lot of challenges to the existing
air-cooling technology. As the cooling demand grows, cooling technology evolves from passive

air cooling to advanced air cooling and then to active liquid cooling technology.
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1.3.2 Cooling System Design Methodology

The commercial computational fluid dynamics (CFD) software package from ANSYS
Fluent is a popular method to analyze the thermal behavior of electrical and electronic applications,
e.g., the thermal management of notebook computers [48], the diffuser of a micro wind turbine
[49], and the heat path through each component of a SiC package [50]. Different steady-state
conditions are applied to the passive and active cooling methods, then the output results are
compared with the maximum allowable ambient temperature to determine the performance of the

tested cooling method.

Finite Element Analysis (FEA), a newly developed algorithm, is implemented in air-cooled
heatsink design [51]. However, the absence of airflow rate and pressure drop dominants the
limitation in the optimization process. Simplified heat source by ignoring the layer of substrate
and thermal coupling between them leads to lower computational capability. Genetic Algorithm
(GA) with self-evolved machine-learning features and high accuracy of FEA together examine the
different geometric configurations of heatsink to achieve the lowest device junction temperature

in different conditions [52].

Another study presented a Hybrid Analytical Thermal Topology Optimization (HATTO)
approach that maps external surfaces with inner heat transfer. After removing the weight from the
base fin, the maximum heat rejection capacity is maintained and obtains better performance than
the reduced-length fins when applying the same surrounding heat flow in simulation. The HATTO
approach introduces a less sophisticated formation of heatsink design when reducing the length
and height to minimize the weight and size of the heatsink. Obviously, the more complex

geometric composition is, the higher thermal capacity it has. However, the cost of manufacturing

14



will also increase [53]. The simulation results show a tradeoff between cooling system

performance and their cost in specific applications and conditions.

The above paragraphs listed different methodologies of the cooling system and their
applications, and various designs. Fundamentally, the choice of cooling system depends on the
heat dissipation specification. However, normal tests in physical conditions give unexpected
results due to mutual temperature impact on components that are contiguous to each other.
Simulation of the thermal model of the semiconductor and chosen cooling system can help with

the cooling system design.

15



1.4 Real-Time Simulation
1.4.1 Offline Simulation and its Limitation

The simulation software is established by building mathematical equations of components'
behavior and systems. This process requires solving large quantities of complex differentiations
and integrations which may not be directly solved. Normally the mathematical expressions of the
electrical components and systems are continuous equations in time domain, which are solvable

numerical methods.

Off-line simulation is referred to ‘Simulation-In-the-Loop (SIL)’ as the completed system
is built inside software programs, external signals cannot be input and interact with the models.
While solving integrations by numerical methods, smaller time step produces a more accurate
result. This requires a much smaller simulation time step rather than the dynamic of the system.
Normally the simulation time step of off-line simulators is in a unit of microseconds. For a fast-
dynamic system, although the overall shape is correct, the result will not be precise enough in

detail compared to real experimental results [54].

Real-time simulation stands for that the actual time duration of the simulator to finalize
this execution is equal to the simulation time that was set in the software program. This allows

interaction between software programs and hardware signals at the correct instance [55].

1.4.2 Advantages of Real-Time Simulation

Hardware-In-the-Loop (HIL) simulation is a popular methodology to emulate power
system networks, controllers, and complexity plants e.g. photovoltaic plants for smart grids. By
building the mathematical module of the power system or circuit in the software, the output

terminal generates the corresponding signal in low voltage or low current. Usually, power
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electronics like converters, controllers, or a section of the whole power system are implemented
as the hardware subsystem. The core conceptualization of HIL is generating simulation results and
communication hardware physical signals simultaneously. This allows the simulation in real-time

and provides more accurate results compared to normal offline imitation [56]-[57].

Figure 6 illustrates the configuration of common PHIL including the Real-Time Simulation
Software (RSCAD) simulator [58]. The typical execution time step of RSCAD simulation is
around 25us to 50us. The embedded analogue-to-digital converter (ADC) and digital-to-analog
converter (DAC) scale and transmit the signal from modules in software and hardware device
under test (DUT). The high-power section is established in software by using built-in modules in
the program which enables easy modifications of any settings of the test environment conditions.
Additional amplifiers are required to restore the signal to its original size e.g. hundreds or
thousands of watts in power or tens of thousands of volts of voltage to recover the test qualification

for DUT.
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Figure 6 RSCAD simulator with typical implementation

This methodology allows separation between high-power apparatus and the DUTSs to
enhance the safety and stability of simulation processes. Any error that occurs in the DUT like
overcurrent or overheating has a probability to damage the rest of the circuit in traditional full
circuit experiments. In HIL simulation, the measured data will be scaled and converted to digital
signals and then send to RSCAD simulation. Supplementary maximum and minimum values can

be set in the program to forbid extreme values that influence the main power circuit.
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1.5 Motivations of the Thesis

As mentioned in the background sections, the semiconductor power loss is critical in the
determination of its efficiency, fidelity, and lifetime and strongly depends on its temperature. Thus,
the cooling system is necessary for the overall power electronic designs. Millions of cooling
systems are available in the market to meet various heat power dissipation specifications and

further physical tests are needed before operationalization.

Inspired by the popular methodology of Power Hardware In-the-Loop (PHIL), a semi-
physical platform to evaluate cooling system performance in real time is concretely proposed in
this Thesis. The model of the semiconductor is built inside a real-time simulator, then estimation
of junction temperature and instantaneous power loss of semiconductors. After preliminary
measurements of the semiconductor conduction and switching characteristics are done. These
characteristics are modified to build the mathematical approaches to represent the semiconductor
loss models. Finally, the thermal network of the cooling system is assembled by the given
information in the datasheet. By connecting the software and hardware, the overall THIL system
is completed and generates real-time results for the semiconductor power loss and dynamic and

steady-state temperature.
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1.6 Thesis Objective
The objective is to design and implement a real time a semi-physical evaluation platform
of cooling system for dissipating semiconductors in power circuits. The sub-objectives are shown

below:

e Building a correct semiconductor model corresponding to current, voltage, and
temperature in software. This requires comparing simulation result with the actual
physical diode to verify if this IVT model is accurate or not.

e Creating a thermal RC circuit for the power semiconductor applied with the chosen
cooling method which is a heatsink in this study. This heatsink thermal model is
confirmed by comparing the simulation heatsink temperature with the experimental
measured temperature.

e There should be a power interface device between the software program and the
cooling system (DUT) to generate same power output as the software simulated.
The device should have a faster dynamic than the whole T-HIL system.

e The estimated junction temperature should be maintained below the maximum
temperature limitation. This provides sufficient evidence that the choice of cooling

system is suitable.
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1.7 Organization of the Thesis

This thesis is organized into five chapters. A brief introduction of the chapters is as follows:

Chapter 1: Introduction — This first chapter classifies the background information related to this
thesis, literature review, and motivation of this research. Because of the ineluctable loss of
semiconductors, the importance of cooling systems is highlighted. To maintain the stability,
accuracy, and fidelity of the semiconductors, different cooling methods are chosen depending on

the heat dissipation demand and cost. The contribution of the thesis is also included in this chapter.

Chapter 2: Operation Principle — This chapter details proposed a semi-physical THIL simulation
to evaluate the cooling system as a new convenient and low-cost procedure. The configurations of
both software and hardware sections are shown in block diagrams. The comprehensive working
principle is clarified from step to step and the overall system is completed by transmitting

simulated and measured signals between the two sections respectively.

Chapter 3: Developments of critical components in THIL — This chapter discusses all the
important components in the THIL system, including the development and simplification of the
thermal network, analysis of the electrical resistance behaviour of the aluminium heater with
respect to temperature, circuit architecture and control strategy of switched-mode power amplifier,
the establishment of thermal loss model based on validation of diode voltage-current-temperature
(VIT) characteristics and the communication interface accuracy. Each element is explained for its

configuration and operating principle.

Chapter 4: Experiments and Results — The physical experimental test bench is set up in the
laboratory. The open-loop test that disconnects the temperature feedback is evaluated first to verify

the thermal circuit and software semiconductor VIT models. After the approval of the open-loop
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result, the closed-loop test is completed by connecting the feedback terminal to the real-time
simulator. The final result of junction temperature estimation is demonstrated in this chapter for

different power dissipation.

Chapter 5: Conclusion and Future Work — This chapter summarized the core contents of the
whole thesis from background research and system architecture to the final experimental result.
Future extensions that applied this THIL simulation with multi-semiconductor and high-frequency

converters are discussed.
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1.8 Research Contributions
This thesis proposed a Thermal Hardware-In-the-loop semi-physical method to evaluate
cooling system performance which is lower in cost and higher in efficiency compared to traditional

experimental tests.

The main contributions of this research are concluded and listed below:

e A comprehensive background information study about semiconductor power loss, cooling
system development, and evaluation topology. The importance of the cooling system in
power electronics is emphasized and more ways to test its functionality are created
continuously.

e The proposed Thermal Hardware-In-the-Loop semi-physical simulation methodology
provides a high-efficiency and low-cost way to evaluate the cooling system. Additionally,
the real-time power dissipation and junction temperature are together estimated.

e The switched-mode power converter is constructed to generate corresponding power
output relative to the given reference signal. The control strategy and circuit topology are
discussed.

e The thermal network is developed and simplified for software models. The open loop
results validate the heatsink-to-case junction resistor-capacitor (RC) circuit of the thermal
network. Hence, the junction temperature is assessed by information provided by the
datasheet of junction-to-case connection.

e This contribution leads to the conference paper:

C. N. M. Ho, Y. Fang, Y. Xu, and I. Jayawardana, "Thermal-HIL Real-Time Testing
Platform for Evaluating Cooling Systems of Power Rectifiers,” 2021 IEEE Energy

Conversion Congress and Exposition (ECCE), 2021, pp. 5729-5734 [59]
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Chapter 2 System Overview

A novel Thermal-HIL real-time simulation system for evaluating physical cooling systems

for dissipating power semiconductor losses is proposed in this chapter. The overall system shows

in Figure 7, which aims to evaluate the thermal dynamics of a cooling system by using a physical

DUT but with a simulated circuit and a power semiconductor model in an RTS. The approach can

effectively reduce the design cost and time for designing cooling systems for high-power rectifiers

since there is no real high-power circuit in the testing platform. It also can be used as a burn-in

system for testing the reliability of a cooling system. This thesis provides the conceptual idea of

the T-HIL system design and elaborates on the operating principle of the proposed T-HIL system.

--------------------------------------------------------------------------------------------------- \: Temp. Sensor RN Heating
RTDS \ Element
| Power (TR |
] DAC ) Amplifier | _  W----------------
T Thermal Network i
J i
: ADC Tem p-to-Volt
Converter Ths
Power ;
Circut ~ TTTTTTTTTTTTTTITTTITTTTTTTTTTTTTTTTTTTIIO 1
___________________________________________________________________________________________________ ! Heatsink (DUT)

Hardware

Software

Figure 7 Overall system block diagram of Thermal-HIL system.
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2.1 Software Section

The software section consists of the real-time software simulation application (RSCAD),
Real-time digital Simulator (RTS), Analogue-to-Digital (ADC) interference, and Digital-to-
Analogue (DAC) interference, ADC and DAC are required as a communication interface between

high-performance computer RTS and external hardware system.

A diode conduction circuit is built in software and runs in RTS real-time to emulate
semiconductor power loss. The block diagram in Figure 7 shows three main parts in software: the
diode conduction circuit, the diode characteristic interpolation, and the thermal RC circuit. The
power circuit simulates the target diode where the real semiconductor is modified as an ideal diode
cascade with a voltage-controlled voltage source (VCVS) shown in Figure 8. The voltage source
represents the diode forward voltage drop depending on the operating current and temperature. A
voltage-current-temperature relationship formula interpolation was built to determine the

operating voltage by sensing the current through the diode and estimating its junction temperature.

Figure 8 Diode conduction circuit in RSCAD software program
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The load line expression of the conduction circuit is shown in equation (1):

1 Vru
Ip = ——YV, — 1
D 7 /0t 1)
v 0, Vp <V ,
Ip = f(Vp) = 3(p-Vip) ,
D f D DRTth’ VD > Vth ( )

Same as labelled in Figure 8, V, and I, is the forward voltage and current of the diode,

Vg is the constant voltage source, and Ry is the series conduction resistance. Shown in Figure
9, this load line (blue) has an intersection with the diode IV characteristic (yellow) shown in
equation (2) at this specific temperature, which is the operating point of the diode. The blue dots
illustrate how the measured diode voltage and current approach to the intersection in simulation

from the instance the diode begins to conduct. From the simulation software, it takes about 0.25

seconds to reach the intersection, and this is acceptable for the T-HIL system.

Operating
Point
\
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\
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60 e
05 055 06 065 07 075 08 085 09 095 1
Vi (V)

Figure 9 Diode IV characteristic at transient
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Surprisingly, the diode forward characteristic shows a significant difference between the
datasheet and the experimental result. The linear assumption of the diode is supposed to modify
the forward current and voltage (V) characteristics. Once the forward voltage is determined from
the formula interpolation, the power dissipation is calculated and sent to the thermal RC circuit
shown in Figure 10. The thermal resistance and capacitance are modified by fitting the
temperature-time diagram and its transfer function. By receiving the measured temperature signal
from ADC, the junction temperature of the diode can be estimated in the thermal circuit and sent

back to the LUT to allocate the new operating point of the diode.

Figure 10 Thermal RC network
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2.2 Hardware Section

The hardware section consists of the physical setup of the cooling system that is the device
under test (DUT), a heating element that is used to emulate heat energy dissipation of real
semiconductors, a power amplifier controls the power output to the heating element which is
generated by diode conduction model in software. As shown in Figure 11, the heater is placed on
a heatsink or within other active cooling systems, then the surface temperature is monitored by an
analog thermal coupler and is scaled and sent back to RTS. The diode power dissipation generated
by the software is also transmitted from the DAC interference to a power amplifier (PA) which

controls the output power to a constant heater.

Temp. Sensor = < S Heating
\ Element
Power
Amplifier
Tem p-to-Volt
Converter Ths

Heatsink (DUT)

Figure 11 Hardware section setup

A simplified block diagram is shown in Figure 12 to indicate the signal transmission
between the software and hardware interface. The whole software simulation program is simplified
as a Norton equivalent circuit that generates the power reference signal and is sent to the hardware
circuit. The hardware section is also modified as a Norton circuit to output the heatsink temperature
and sends it back to the program.
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Figure 12 Simplified overall system block diagram
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2.3 Chapter Summary

This chapter introduced the overall system architecture and the working principle of the T-
HIL cooling system evaluation method. The function of each block in software and hardware is
present while the transmission of a signal between software simulation and hardware measurement

is emphasized to form the closed loop.
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Chapter 3 Development of critical components in THIL

3.1 Diode behavior validation

The diode behavior information is usually given in the component datasheet. However, in
real experiments, the forward voltage and current of the diode have a significant difference from
the given data. The comparison is shown in Figure 13. To obtain an accurate diode VIT relationship
interpolation, a simple diode conduction circuit shown in Figure 14 is built with a current source,
a heater is used to heat the diode to a specific temperature, and a temperature sensor monitors the
instantaneous temperature, a voltage probe, and a current probe connecting to the oscilloscope to
measure the 1V data. The forward voltage of the diode is measured at 25°C and 100°C by the

given current source at 5A, 10A, and 20A.

40 T T T T 5 T T
B[ T=25(experimental) * /
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= 27T 1
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voltage(V)

Figure 13 Comparison diode 1V behaviour from datasheet and physical test at 25<C and 150<C
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Figure 14 Diode behaviour test circuit (a)schematic circuit (b) physical set-up

The diode threshold voltage (V;;,) and the diode resistance (Rp) are initially obtained by a
linear assumption of diode 1V behavior based on the following equation (2),

0, Vp < Vi

Ip = f(Vp) =3Wp-Vin) ) 2
D f( D) DRDthrVDZVth ()

where I, and V,, are diode forward current and voltage, respectively. A 3-dimensional VIT
(voltage, current, and temperature) relationship is found according to the diode's current-voltage
(V) data at 25<C and 150<C in experimental result. Based on measurements of diode forward
voltage and current at the same temperature, R, and V;;, can be calculated by equation (2). Then
the diode conducts for different temperatures and these two characteristic parameters are plotted
in Figure 15. From the plot, the linear relationship between R, and V,;,, with respect to temperature
is found. The diode IV relationship at different temperatures is shown in Figure 16 as a

visualization of the linear assumption.
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Figure 15 (a) Slope resistance (Rd) and (b) threshold voltage(Vth) are plot with respect to temperature
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Figure 16 Diode voltage and current relationship at a temperature between 20°C to 120°C

In the software diode VIT interpolation module, the slope, and interception of the IV linear
relationship are first calculated by junction temperature. The instantaneous junction temperature
is estimated by physical thermal coupler measured data as heatsink temperature. Hence
instantaneous forward voltage is worked out by measured current in the software diode conduction

circuit and newly calculated linear slope and an interception at this operating temperature.

34



3.2 Development of loss-thermal circuit mode

The loss-thermal model is built to determine the semiconductor's instantaneous forward
voltage at operating temperature and calculate its power loss. The algorithm of the thermal-loss
model is shown in Figure 17, forward voltage is calculated from measured current and estimated
temperature. Based on that, instantaneous power loss is estimated by forwarding voltage multiplies
operating current and sent to both software thermal model in RTS and through digital-to-analog
(DAC) interface to external power amplifier as target power output. The heatsink temperature data
are collected by a temperature sensor and then through an analog-to-digital (ADC) to RSCAD
software and represented by the voltage-controlled voltage source in the diode conduction circuit
to modify instantaneous forward voltage drop. Instantaneous power is modified as a voltage source
in the thermal circuit, so the junction temperature is estimated and simulated in software. Finally,
the updated temperature is transmitted back to the interpolation for the diode to locate the operating

point for the next iteration.

vp(k+1 i i
Power Circuit Simulation <—D( ) 3D (I;:]/»;Z:;;:‘;I::Shlp
l inlkIVo(K) T (k+1)

Pioss(k) = vp(k) x ip(k) —(k)> Thermal Circuit Model
ploss

Figure 17 Thermal-loss interpolation algorithm
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3.3 Thermal Network Development

Generally, there are three different methods to evaluate the thermal performance of a
cooling system: (1) the analytic approach, (2) the numerical approach, and (3) the equivalent
thermal circuit approach [60]. The first two approaches require a detailed component structure and
material information to make complicated modeling with a long simulation time. The last approach
iIs modeled by connecting a series of resistors and capacitors in two different configurations as

shown in Figure 18.

JTTT\

(@) Foster model

VW —— AV —¢

==

(b) Cauer model

Figure 18 Equivalent circuits of the thermal circuit, (a) Foster model and (b) Cauer model

Both models describe the thermal transfer at critical nodes of the system, i.e. junction, case,
heatsink, and ambient. In comparison, the Cauer model provides a more practical description of
the thermal model as the capacitor needs time to be charged up so heat takes time to reach the
ambient node in this circuit. For Foster modeling, the series resistors determine the voltage at the
instant while the heat power dissipation is applied. However, the Foster model is easier to approach

by fitting measurement or simulation curves to semiconductor temperature with respect to time[61].
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Figure 19 Simplification of the thermal RC network

Therefore, the Cauer model is used in all critical junctions. Firstly, the parameters of
junction-to-case section are extracted from the datasheet. Secondly, after applying high-quality
thermal grease between diode and heatsink, the case RC section can be neglected. The circuit is
further simplified in Figure 19(b). The transfer function in the time domain is given in equation (3)
of heatsink temperature (Tyeatsink) reSPect to time. The heatsink-to-ambient thermal resistance
and capacitance are calculated by fitting the hardware experimental data to the expression.

ot

THeatsink = Ploss X Rua X (1 —e RHA'CHA) + Ta 3)

3.4 Heating element electrical resistance behavior

The aluminum heating element is a self-regulating heater and is designed to provide a wide

range of power output. In practical tests, the electrical resistance of the heating element varies with
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temperature change. By curve fitting the physical experimental data of heater electrical resistance
and operating temperature in MATLAB, a cubic relationship was found. The experimental data
compared with cubic relationship expression is shown in Figure 20, the resistance reduced to half

of its value at room temperature while the heater temperature rise to 99.4<C.

As a result of the non-constant electrical resistance of the heating element, a controlled
power amplifier is necessary for the overall system to ensure the heater will output target power

whatever the temperature is.
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Figure 20 Curve fitting relationship from Experiment Data for Electrical Resistance of Aluminium Heater with

Respect to Temperature
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3.5 Development of a switched-mode power amplifier

3.5.1 System Overview

P,HS DAC Power PHS
Amplifier

Figure 21 Power amplifier with input and output interface

The power amplifier is a critical component in the HIL system. The software program runs
the real-time simulation and sent a scaled low-voltage signal to external terminal. This allows
manipulation of the simulation signal and interaction with the hardware circuit. As shown in Figure
21, The power amplifier is used to receive the signal from a digital-to-analog (DAC)
communication chip and rescale the signal to the actual value, then output the original value in the
simulation. In this study, the PA receives a power reference signal that represents the diode
instantaneous power loss, then the microprocessor adjusts the controller to generate corresponding
output power. The output terminal of PA is connected to heat, thus producing the same heat
dissipation as the simulated diode. The PA and heater together represent semiconductor

instantaneous power loss and are applied to a heatsink which is the device under test (DUT).
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3.5.2 Topology
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Figure 22 Power Amplifier System Structure

The power amplifier is implemented by a buck-based switched-mode amplifier to generate
corresponding power output to the heating element whose individual system is shown in Figure
22. The output voltage and current are sensed, scaled, and sent to the local DSP controller then
compared to the power reference. Based on the power loss range of the diode at all temperatures,
the output voltage domain of the PA is up to 35 Watts. Additionally, with the same level of
environmental noise, the low-voltage signal is affected more due to a smaller signal-to-noise ratio
(SNR). The output voltage range is finally decided in the range from 10V to 20V and the input
voltage o increases from 25V to 40V respectively. The DSP receives the power reference from
RSCAD and calculates the corresponding duty cycle produce the targeted output power. The

steady-state equations of buck converter are shown as follows:

_ VsVo
AI h (VO_VS)Lfs (4)
_ IoVo
Avo = (Vo-Vs)Cfs ®)
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Al and AV, are output current and voltage ripples shown in Figure 23 of the output
waveform diagrams. Vs is the source voltage, V, is the output voltage, L and C are the passive
components inductance and capacitance in Figure 22 and calculated by equations (4) and (5), and

fs 1s the converter switching frequency.

| | | Inductor Current

SN NN

Figure 23 Buck converter output variable waveforms

Taking the output power of 15W as an example, the parameters are shown in Table 2.

Table 2 POWER AMPLIFIER PARAMETERS

Parameter Value Parameter Value
Input Voltage 30V Output Voltage 114V
Kp 0.03 Ki 100
L 1mH C 4.7 uF
Ru 5.3 Q (high temperature) to 10.5 Q (low temperature)
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3.5.3 Control system design

The DSP receives the power reference signal and restores it to its original value, then
compares it with the measured voltage and current at the output terminal. The measured output
power is subtracted from the power reference and the result is the error signal then is sent to a Pl
controller. The output of PI controller is compared with a triangular wave and the corresponding
PWM signal is generated to the gate of the power semiconductor switch. The output voltage is

controlled by adjusting the duty ratio of the switch so output power is further controlled.

The power amplifier is a closed loop controlled by local DSP. In order to determine the

closed-loop system bandwidth, small signal modeling is applied.

ﬁ hs,ref = 0 TPI _§_> TPwm - Tp —> TO ; > ﬁhs

Figure 24 Small signal diagram of power amplifier

The overall small signal system of the power amplifier is illustrated in Figure 24 and

expressions of each stage are shown in the following paragraph.

A. Transfer function of PI controller:

_ Kps+Kj

Tpr =~ (6)
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B. Relationship between PI controller output signal and duty ratios:

Tom(s) = o= = ™

ﬁpi

where d is the duty ratio, v,;(t) is the input signal of the modulator, V. is the peak value of the

carrier waveform as shown in Figure 25,
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Figure 25 Carrier waveform and gate signal of buck converters

C. Relationship between duty ratios and output voltage:
D 14 1
Tp(s) =2 = (2)——— (8)
d (LC) 52+($)5+L—1c
where L and C are the inductance and capacitance of the converter circuit shown in Figure 22, Ry
is heat element resistance, and Py is output power to a heating element. By apply state space

equation to this circuit, the transfer function can be solved.

D. Relationship between voltage and output power:

To(s) = 25 = 2o ©)
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So, the transfer function of the power plant (T;) is:

1) = (ree) sz+<Ri>s+L (10)
H

The electrical resistance of heater Ry isinvolved in both equations (9) and (10) and it varies

with different temperatures.

The open loop system bode plot is shown in Figure 26 only for power plant T; and in Figure
27 for power plant with PI controller stage .After applying the PI controller as compensation, the
phase margin of the open loop design is improved from 9.89° to 58° at low temperature and from
13.3° to 66.1° at high temperature. The phase margin is increased by about 45° which can provide
sufficient compensation to maintain the system stability.
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Figure 26 Open Loop system bode plot without compensation
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Open Loop System Bode Diagram with Compensation
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Figure 27 Open Loop system bode plot with compensation
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Figure 28 Closed Loop System Bode Diagram
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The closed loop body plot shows in Figure 28, the system bandwidth is 4.8 kHz at low
temperatures and increases to 5.6 kHz at high temperatures. The bode plot of the thermal dynamic
is simulated by solving the thermal network of diode applied with the chosen heatsink. As shown
in Figure 29, the bandwidth of thermal dynamic is almost 0. As a result of that, the PA is fast

enough for this this T-HIL simulation system.

Bode Diagram
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Figure 29 Bode plot of thermal dynamic

Moreover, the experimental measurement of the output power while applying a step
function in power reference is shown in Figure 30. It takes about 2.2 seconds for the PA to reach

the target power output, which is acceptable in the thermal-based simulation.
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Figure 30 Experimental measurement of output power of PA while applying a step function of power reference

This local controller requires a faster-controlling frequency, at least 10 times faster than
the T-HIL system. By taking the advantage of the fast sampling rate of DSP and slow response of
temperature, this requirement is achieved successfully. Thus, high-performance FPGA is not
necessary for this PA which controls power output to the heating element. For this study, DSP is

chosen for its convenience to get in laboratories and higher cost-performance index (CPI).

3.6 Interface accuracy

Analog-to-digital converters (ADC) and Digital-to-Analogue converters (DAC) are
essential parts of the communication module between software systems and hardware systems.
The communication modules are built in signal level low voltage circuit, measured voltage and
current from the power section are required to be scaled first and then sent to input pins of DSP.
Very small noise in communication modules can introduce large differences in data processing

microcontrollers, as a result of that, insolation between high-voltage power circuits and low-
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voltage signal circuits is considerably important. The frequency of sampling process and number

of levels in quantization determine the accuracy of the resultant digital signal.

VUrs Fiber link Fiber link

Temperature Power
P —» ADC ——> RTS ——® DAC —» £
sensor Amplifier

Figure 31 Communication interferences of RTS

In this study, the system has three main communication interfaces: ADC of DSP of power
amplifier to receive power reference signal from RSCAD; temperature sensor that measures
heatsink surface temperature and sent to RSCAD. Additionally, the accuracy of the temperature
sensor that comparing with a digital thermal meter is also examined to ensure the temperature
reading is trustable. The above three modules are tested and evaluated individually in the following

subsections.

3.6.1 temperature sensor reading

The test for testing the accuracy of the temperature sensor is set up in Figure 32, a FLUKE
52 K/J thermometer is used as the reference. The temperature sensor is mainly built by a monolithic
thermocouple amplifier whose output is demonstrated by an oscilloscope through a BNC
connector. By taking the advantage of high thermal conductance of liquid, a bottle of water is used
as an object with varying temperatures. The water is boiled to ebullition and placed in the paper
cup, as the temperature graduate decreasing, measurements of the scope for the temperature sensor

and reading from a digital thermometer are taken at the same instance. The comparison is shown
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in Figure 33, the straight blue line through the origin represents ideal results of the digital
thermometer, and the red square represents the temperature sensor reading (labeled as v in
Figure 31 and Figure 33). These collected data provide sufficient support that the temperature is
accurate enough for measuring the temperature since the dots are very close to the ideal line. The

maximum difference between reference temperature and sensor reading is around 1°C.

Digital
thermometer |

(reference) | ¢

%._ ol
Temperature | —
sensor )

Figure 32 Experimental setup of testing the accuracy of temperature sensor comparing with digital
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Figure 33 Comparison between digital thermometer and temperature sensor measurements

3.6.3 RSCAD ADC interface accuracy

The embedded ADC module in the RSCAD supercomputer unit is relatively more accurate
than the DSP module. The temperature sensor detects the surface temperature on the surface of the
heatsink and is sent to the RSCAD machine by signal wire. The conversions of the sensor outputs
voltage are low voltage and simple, 10mV equals 1°C. The range of the temperature sensor is from

-55°C to 125°C which can cover the whole range of the heatsink in all tests for the chosen diode.

The maximum input voltage for ADC is 10V, thus no additional circuit for scaling the
output voltage is required for RSCAD general purpose analog input (GPAI) channel. Digital gain
is also introduced in the software module, as shown in Figure 34, by taking the scope measured
data as reference labeled as ‘ideal reading’, the RSCAD reading is roughly on the ideal straight

line. This ensures the reading in RSCAD is authentic which further simulation based on is reliable.
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3.7 Chapter Summary

This chapter comprehensively explains the configuration of each component in the
completed system. The switched-mode structure and control strategy of the power amplifier, the
algorithm that relocates the current temperature of the working semiconductor, the validation of
the diode VIT relationship based on experimental results, and the verification of the digital
temperature sensor reading and communication interfaces are all concludes in this chapter. The
tested results of each block are shown within the corresponding subsections to provide sufficient

support for further open- and closed-loop tests.
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Chapter 4 Evaluation

The Thermal-HIL system is implemented in the laboratory as shown in Figure 35 and tested
with a heatsink (394-1AB) and PTC (positive temperature coefficient) heater (HP05-1/22-24). The
buck converter prototype is programmed by Texas TI™ TMS320F28377S DSP as a power
emulator to output a constant power source to the heater. The detailed thermal circuit and diode
VIT interpolation module are built inside RSCAD software in RTS (real-time simulation)

supercomputer.

Temperature

sensor | e

N
A
Voltage

Heater
source to PA | with
heatsink

Figure 35 THIL physical set-up
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4.1 Open-loop evaluation
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Figure 36 THIL open loop test RSCAD setup

The setup in the software program for the open loop test is shown in Figure 36. In order to
verify the heatsink thermal RC network and diode VIT relationship interpolation, the feedback
terminal of measurement of heatsink temperature is broken and the room temperature is replaced

by a constant voltage source.

Firstly, the performance of the power amplifier is evaluated before closed-loop test. A step
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change function of power reference is applied to the power amplifier. The output power (Pf,5) and
heatsink temperature (Tys) is monitored and the result is shown in Figure 37. A much slower
response of temperature rather than a change of power reference is observed. This provides
sufficient evidence that PA is able to react fast enough for monitoring dynamic temperature

behavior.
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Figure 37 Transient of output power when apply a step function of power reference

Step functions of different power dissipation are applied to both physical diode and
software simulation. The same power consumption and room temperature is controlled for each
test. The comparison is shown in Figure 38. The matching curve provides sufficient support that

the diode IV interpolation and the heatsink thermal model are correct.
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Figure 38 Comparison between software simulation heatsink temperature and physical diode

Then further open loop test is implemented by connecting GPAO (general purpose analog

output) to the power amplifier. Calculated diode power consumption in software interpolation is

transmitted to PA and generates responding power output to the heating element. Simulation time

is enlarged to 4000 seconds to make sure a steady state is reached at end of the simulation. Notice

that generally the temperature behavior is matched to the physical diode measurement in three

scenarios. Noise is common in measurements and also in DSP analog-to-digital interference, as a

result of that, the power output may have a tiny difference in the given power reference value. This

can cause steady-state temperature higher, as well as the power output to be higher than physical

diode experimental data. The noise gets larger in THIL measurement when output power increases.
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4.2 Closed-Loop Evaluation

input) interface of RTS, the closed-loop test is settled. In this case, Ry, (heatsink-to-ambient
thermal resistance), Cy, (heatsink-to-ambient thermal capacitance) section together with the
voltage source to represent ambient temperature is replaced by a VCVS (voltage-controlled

voltage source). The measured heatsink temperature is scaled back to its real value and sent to the

By connecting the output of the temperature sensor to the GTAI (general purpose analog

voltage source to heatsink the temperature in the thermal circuit.

software and compared with the heatsink temperature in Figure 40. Small junction-to-case thermal

Based on verification in the open loop test, the junction temperature is simulated in RSCAD
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capacitance makes the junction temperature follows the same shape as the heatsink temperature.
In all scenarios, junction temperatures are within an acceptable range and verifies cooling system

choice.
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Figure 40 Estimation of diode junction temperature and measured heatsink temperature at different power
dissipation conditions
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Chapter 5 Conclusion and Future Work

5.1 Conclusion
This thesis fabricated a real-time evaluation platform of cooling systems, which is based
on Thermal-Hardware-In-the-Loop methodology for power electronics under different operation

conditions.

System-level evaluation is set up in laboratory for open-loop and closed-loop tests. The
heatsink thermal RC parameters and diode 1V characteristic model are verified by open-loop
simulation results. The measured heatsink surface temperature and comparison with the physical

diode behavior agree with each other.

After replacing the heatsink RC section with a VCVS in the thermal circuit, the closed-
loop test is settled. Based on the substantiated results from open-loop test, the closed-loop test
emulates the junction temperature of conducting diode at different power consumption. In all
scenarios, the steady-state junction temperatures of the diode are maintained with an acceptable
working range, which verifies the choice of heatsink as DUT. Additionally, the tested environment
can be easily changed in the software program, which allows tests in more crucial conditions that

are close to maximum value without worrying about damaging the actual component.
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5.2 Future Work

Further study can be expected to be applied in high-frequency power converters with more
complicated circuits. In high-frequency scenarios, the case will be more complicated since a larger
number of semiconductors are in operation. Both conduction and switching loss related to
switching transient will be taken into consideration. More physical tests to determine the

mathematical modules of semiconductor loss are required.

Meanwhile, the semiconductors normally are located very close to each other, mutual
temperature interaction makes significant influence on determining the semiconductor junction
temperature. This impact relates to distance, heat energy dissipation, and other environmental

conditions. Related studies to all the mentioned parameters and senarios are expected in the future.
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