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Abstract

High altitude wind systems are an upcoming wind power technology which extracts power from very
high altitudes. In it, pumping cycle airborne wind energy system with reel out and reel in cycles undergo
tremendous thermal stress in machine side converter during operation and consequently, the lifetime of
the converter is adversely affected. In order to mitigate this problem, active thermal control methods:
variable switching frequency control, variable coolant flow, variable DC link and direct axis current
injection methods are used.

The working of the given airborne wind energy system is explained first and then the method of
implementation of the four active thermal control methods into the system model is also discussed. The
analysis is done individually for each of the active thermal control methods and the corresponding
improvement in thermal characteristics is compared with the default model. The analysis also studies
on how the lifetime of the converter is affected with the implementation of each of the active thermal
control methods and also for a hybrid model which is a combination of active thermal control methods.
The results show an improvement in the lifetime of the converter for all active thermal control methods
with the best lifetime recorded for the hybrid model which considers both long term and short term
thermal cycles.
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The generation of electrical energy with airborne wind turbines is a new promising concept that fosters the strong
and consistent wind currents at high altitudes. The pumping-cycle system is a particular type of Airborne systems
which has a unique load-cycle consisting of two phases, a power generation phase and a power consumption

phase. This load cycle causes extreme temperature fluctuations for the power semiconductors of the machine-side

inverter. This in return accelerates the degradation process of the power electrical modules and shortens the life of
the inverter.

The power dissipation of the inverter can be improved by using active thermal control methods such as: active
switching frequency control, DC-link voltage control,

ra

alternative PWM modulation schemes, active adjustable
cooling, etc. The aim of this thesis is therefore to compare
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these different control strategies with respect to their 160
applicability and suitability for pumping-cycle airborne wind
energy systems.

TI IGBT TI Diode
TL_ Diode

140 Tc IGBT

Tasks:

Temperature (°C)

° Literature review on active thermal control
methods and their implementation algorithms

° Implementation of active thermal control 10 . .
algorithms in MATLAB/Simulink and integration into the ! R P
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existing system model.
° Evaluation of the system performance in terms of thermal behavior and expected lifetime under the
different control strategies.
. Comparison between the different control strategies in terms of thermal constraints, inverter life and

applicability.
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Peak power
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1. Introduction

1.1 Background and motivation

Today, the term green energy serves enormous meaning as the world traverses to a climate emergency.
The high cost and limited power generation capability in comparison to conventional fossil fuel powered
generators is what kept the energy sector from investing in green power. Currently, 27.3% of total global
energy production is from renewable energy sources, out of which 15.8% is hydropower, 5.9% is wind
power and 2.8% is solar power. In 2019 alone, the wind power market witnessed an expansion of 19%
globally. With more and more countries bringing stricter renewable energy policies into effect, the
market share of renewable energy is increasing rapidly [1] . High Altitude Wind Systems (HAWS) are
an upcoming wind power technology which has the potential to further increase the share of wind power.

1.2 Principle of operation

HAWS are broadly classified into two types: On-Board power generation and Ground-based power
generation. In On-board power generation, there are propellers in the wings of the airplane or kite which
runs a generator to produce power and the generated power is transmitted to the ground through the
cable or tether connected at the ground station. In Ground-based power generation, which is the primary
focus in this thesis, power is generated as a soft Kite reels out, driving a drum connected to a generator
as in Figure 1.1.

Figure 1.1: Reel out and reel in trajectory of ground-based AWES [2]

In generating phase, the Kite is reeled out of the drum and it flows in an open-eight trajectory so as to
maximize the power generation. At the end of reel-out phase, the kite is brought back to the ground
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station by rotating the drum in the opposite direction, called motoring phase. The reel-out and reel-in
cycle is repeated for generation of power and therefore this method is called as Pumping-cycle wind
power generation or Yo-Yo configuration[3] . The power generated by the system during reel-out
phase is much higher than the power required by the machine to bring back the kite to base station. This
net power is the power produced by the overall system.

Conventional wind turbines need high strength, heavy mechanical structures for supporting the
equipments. But, 50% of the overall power generated by the machine is made by the outer 30% of the
wings. The rest of the mechanical structure translates to very high investment considering the percentage
of power generated by it. Whereas, in a pumping-cycle system, it requires much lesser mechanical
structures and thereby investments, for producing much higher outputs [2] . This method of power
generation digs into an unexplored wind power at high altitudes of 200 to 1000 meters above ground
where the wind speeds are much stable and stronger than ground level.

In comparison to conventional wind turbines, the major advantages of HAWS are: [3]
1. High energy acquiring potential

2. Lower erection costs

3. Higher power to mass ratio

4. Ease of set up

5. Light weight

6. On-shore and off-shore application

1.3 Impact of mission profile on the system lifetime

By using a pumping cycle airborne wind energy system (AWES), there are two power cycles involved
in the power generation. During reel-out phase, the power is being generated in the machine and as it is
switched to the reel in phase, power is being supplied from the grid to the motor so as to bring back the
Kite to its initial position. During the transition from reel out to reel in, speed reversal occurs which
produces temperature overshoots in the converter which affect the lifetime of the converters drastically
and thereby reducing the reliability. The lifetime is also affected as there is a difference in the converter
temperature during reel out and reel in phases [2] .

In a power module (Figure 1.2), many factors contribute to thermal stress of its components. The area
where the thermal stress is most affected depends on duration at which they are heated and cooled. The
heat inside the power module is generated at the semiconductor chip and the cooling takes place at the
base plate located below the substrate. Short term thermal cycles primarily affect the bondwire and
semiconductor chip. During such events, the case temperature (T¢) is mostly unaffected. The solder joint
of conductor leads and substrate solder joints are affected for a change in case temperature (AT.) greater
than 20K. The lifetime of chip solder joint is affected with increasing maximum junction temperature
(T; max) and the corresponding change in junction temperature (AT;) greater than 30K. The bondwire
lifetime too can be affected by increasing values of T;jmax and ATjabove 20K [4] .
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Figure 1.2: Structure of different joints in power module [4]

In practical applications, there are certain areas in the working of AWES where there are gradual as well
as sudden temperature changes. In case of speed reversal, the junction temperature of the power
electronic devices experiences a temperature overshoot of 165%. In such events, normal cooling
methods like heatsinks with a fixed cooling capacity will have limitations in keeping the thermal
characteristics of power electronic devices in the stable region.

Active thermal control (ATC) methods can be used to dynamically change the overall thermal stability
of the converter. By altering different electrical and physical parameters like Switching frequency [6]
and DC link voltage [7] , coolant flow rate in heatsink and direct axis current injection, the
temperature characteristics of the converter at various working regions can be improved.

1.4 Outline

In Chapter 2, an outline on the basic working principle of active thermal control methods: switching
frequency control, variable coolant flow rate, variable DC link voltage and direct axis current injection
are explained.

In Chapter 3, the working of the AWES model in Simulink is explained in detail. The chapter also
explains how the active thermal control methods: switching frequency control, variable flow rate,
variable DC link method and direct axis current injection are implemented into the Simulink model.

Chapter 4 presents the analysis of the four active thermal control methods. It focuses on how the thermal
properties of the system could be improved when compared to the default model.

Chapter 5 summarises the results obtained in chapter 4 and proposes which variables can be used in a
particular working region. It then showcases the lifetime of the converter in years with the implemented
active thermal control methods.

Chapter 6 concludes and proposes future work which can be done into the topic.
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2. Overview of ATC methods

This section focuses on the different active thermal control methods and how they work so as to bring a
desirable thermal performance by the converter.

2.1 Variable Switching Frequency control

In Variable switching frequency control, the switching frequency of the power electronic converter is
altered to produce a change in the thermal stress of the switches. The two major losses occurring in a
semiconductor switch are switching losses and conduction losses. A higher loss reflects in higher
junction temperature of the switches and its associated components. Conduction loss occurs due to
voltage drop across the semiconductor switch during on-state, it depends on the duty cycle, power factor
and current flow. Switching losses occur due to turning on and off of the switches and is mainly
dependent on switching frequency[6] . The fundamental frequency of output signal is also a factor
affecting the junction temperature. During low speed regions, when high torque is applied, very high
current ripples are formed. That is, as the fundamental output frequency decreases, the peak junction
temperature also increases as seen in Figure 2.1.

Ti[°cl
1o Fou = 2Hz
100 + Fou( = ZOHZ\
Fout = 200HZ
90

50 -t * 4 + i [rad]
2n ar

Figure 2.1: Junction temperature variation of 1200V/50A IGBT at different fundamental output
frequencies [8]

The lifetime of the of power electronic devices are mainly affected by:

1. Change in case temperature (AT¢)
2. Change in junction temperature (AT;)
3. Maximum operating temperature (T; max) [4]

Therefore, a higher lifetime could be achieved from effective control of AT;j than setting T; avg as a
control variable. The control algorithm is to be designed such that it reduces the change in temperatures
occurring in short intervals in the order of seconds [6].

From Figure 2.2, we can analyse how the overall junction temperature variation (ATj) and mean
operating temperature (Tj avg or Tr) affects the lifetime of the converter, as a function of cycles to
failure (Ny). For higher values of ATj, there is a drastic reduction in lifetime. This reduction in life time
is proportionately increased for an increase in mean operating temperature.
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Figure 2.2: Number of cycles to failure as a function of mean operating temperature (Tm) and AT; [9]

ATC using variable switching frequency requires no additional hardware for its implementation and can
reflect highly on improving the temperature variations in the system. A reduction in the switching
frequency would reduce the switching losses and in-turn, the junction and case temperatures of the
module. But in doing so, harmonic losses arise in the electrical machine due to ripples in the phase
current and can result in increased audible noise [10] .

To implement a variable switching frequency control method, a hysteresis controller can be utilised [6]
[10] . The value of switching frequency limits are chosen such that it is changed as ATjis increased or
decreased by 10K. By improving the junction temperature characteristics, the case temperature is also
improved, which helps in improving the lifetime of the converter [2] .

2.2 Variable coolant flow rate

Modern power electronic modules progressively get compact with reduced size and weight but with
increased power handling capabilities. Conventional power electronic modules consist of heat sinks with
natural or forced cooling. In natural cooling, the heat sink extracts the temperature from the base plate
of the module and heat is transferred to the surrounding environment through conduction. In forced
cooling, air or water is supplied to the heat sink to further enhance the effectiveness of the heat sink. For
high power applications, liquid cooling has proved to be more effective than conventional air cooling
[11] . The use of liquid cooling can be more effectively used to bring a variable flow rate based on
operating point of the system, namely, generating, motoring or transit phases. The primary goal of the
experiment is to reduce thermal cycles or ATj so as to improve the lifetime and reliability of the
converter. A lower flow rate brings a higher thermal resistance between the heat sink and ambient (Rns-
a)) and the overall temperature of the module will be increased. Similarly, a high flow rate produces a
lower Rins-a) Which will reduce the overall temperature of the module. Although pure water is the best
liquid to be used as coolant due to its superior thermal properties, the disadvantage is that it has corrosive
properties. Another dependent variable for the thermal resistance between the sink and ambient is the
type of coolant liquid used. There are mainly two types of coolant liquids: Ethylene Glycol Water
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(EGW) and Propylene Glycol Water (PGW). Generally, EGW is used for most applications but PGW
is used generally where toxicity is factor. Ethylene glycol is added to the water to enhance its anti-freeze
property, boiling temperature, lower viscosity and stability during a wider temperature working range[5]
. The type of liquid used for water cooled power modules also depend on the materials used. As
the type of liquid affects the corrosivity, the materials for the heat sinks are also used accordingly. The
percentage of glycol in the coolant can greatly affect the thermal resistance Rus-2. With an increase in
percentage of glycol, the viscosity and specific weight will increase. Rins-a) increases about 15% with a
10% concentration of glycol and Rus-a can increase up to 60% with 50% glycol concentration [5] .

In a liquid cooler, major factors affecting the thermal resistance are:

- Area of contact with the coolant (e.g. number of fins or cooling channels inside)

- Turbulence value

- Material used in the heatsink which affects heat spreading and heat conduction values
- Heat storage and heat absorption capability of coolant liquid

- Temperature of coolant which depend on viscosity and density of the liquid

- Flow rate of the coolant and its corresponding pressure drop [5]

0.018

0.016
0.014 E—

g 0.012 P —
X, 001

£ 0.008
'3
0.006

0.004
0.002

0 i
0 20 40 Tauia [°C1 60 80

Figure 2.3: Heatsink thermal resistance variation with respect to coolant flow rate [5]

As seen from Figure 2.3, we can see that the variation in the value of temperature of coolant liquid
greatly affects the thermal resistance between heat sensor and coolant liquid Ring-a. Approximately 25%
reduction in thermal resistance is observed for a coolant liquid of 50:50 water - glycol mixture for a
variation of fluid temperature (Tsuiq) from 10'C to 70°C as in Figure 2.3. Table 1 represents the default
heat sink parameters.

Table 1: Default properties of coolant liquid

Parameters Value
Water — glycol ratio 50:50
Flow rate 15 liters/min

Coolant temperature 40C
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2.3 DC Link voltage variation

In the model of AWES, the DC link voltage is represented by a DC link capacitor which has a fixed
voltage of 1200V. This capacitor is located in between the machine side and grid side converters. This
capacitor helps in providing an energy buffer between the two converters and in stabilising the overall
converter when sudden current requirements are demanded by the system. During low speed and high
torque demand areas of the power cycle, the machine does not require the full DC link voltage as when
needed during a high-speed area [12] . This additional DC link voltage can result in increasing the
switching losses in the converter [7] . To counter this, a DC-DC converter can be designed such that
its voltage output varies dynamically based on the requirement. The disadvantage of limiting the current
is a loss in performance of the machine during high torque demanded areas. The introduction of a DC-
DC converter is only advantageous during the low speed region, but as speed increases, full voltage is
required and it causes an overall increase in losses of the system [12] and with increasing number of
components in the system, the overall reliability is also reduced.

2.4 Direct axis current injection

In the model of AWES, the modulating signal which drives the machine is determined by direct and
guadrature axis currents. During the reel in phase or motoring phase, the direct axis current reaches a
low value. During this phase, additional direct axis currents could be injected into the system so that it
increases the losses and thereby increase the temperatures. This could be used to reduce the difference
in temperatures between reel out and reel in phases, which could reflect in an increase in the lifetime of
the converter.
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3. Implementation of Active Thermal
Control

3.1 System model

Figure 1.1 represents how a pumping-cycle AWES functions during one complete cycle. The open-eight
trajectory during reel-out phase is done to maximize the power generation. At the end of reel-out phase,
the transit phase starts where the kite is made to drift out of wind. This allows the kite to be brought
down to ground station with minimal power consumption during the reel in phase [2] .

The kite is connected to the drum using a very strong tether as it is subject to high tension during reel in
and reel out cycles. As seen from Figure 3.1, the drum and Permanent magnet synchronous machine
(PMSM) unit is also connected to a kite controller. The kite controller controls the kite during flight and
also outputs a reference speed to the speed controller. An error signal is generated for the speed
controller by comparing the reference speed to the instantaneous speed. It outputs a reference torque,
which controls the machine using field-oriented control. The (Machine side converter) MSC is then
supplied with modulating signals based on required machine performance at each instant.

Kite PMSM

Machine

Drum

[ether @ T!.
..... ; i it
: L [BVPWM

i :
| Speed | i* o] Current
Controller Controller|
FOC

Kite
Controller|

Figure 3.1: Overall Simulation model [2]

The green shaded area in Figure 3.2 represents the area where power is being produced and the red
shaded area represents the area where power is being supplied by the grid to the machine to bring back
the kite to initial position. As seen from the Figure 3.2, the power produced during reel-out phase is
substantially higher than the power consumed during reel-in phase. The net power is the power generated
by the machine.

From Figure 3.2, it is seen that the transition from reel-out to reel-in is done much slower since a high
torque is required to pull the kite from a height to the ground station and a considerably high reverse
current will be flowing through the converter. This can cause high heating in the semiconductor
switches. But during the transit from reel-in to reel-out, only a lower torque is required and there will
lesser thermal stress on the semiconductor switches.



3.Implementation of Active Thermal Control Page 9

Ppc;lk

A Prccl-nul
_Pc)'clc

Prccl-in 3

~————— e’

Figure 3.2: Power during reel in and reel out [2]

The losses inside the converter are calculated by the equations (1)-(4) below. It calculates the thermal
losses of the system which are caused due to fundamental frequency variations and are sampled at
switching frequency (fsw) [2] .

PcondIGBT(k) = D(k).V¢g. (ICE(k)' Tj,IGBT(k)) Acg (k) 1)
Peondpops (k) = (1 = DY)V (1 (), Ty props (k) ) - I (k) 0
PSWIGBT (k) = fsw- <Eon1GBT (UDC(k)' ICE(k)' Tj,GBT (k)) +

Eoffiger (UDc(k), Ice(k), Tj,GBT(k))> (3)
Pavorons(K) = fow- (ErecD,ODE (Ube ). 1: R, T,-D,ODEUc))) (4)

The working of an AWES is simulated using MATLAB/Simulink and PLECS in this thesis. The
parameters of the system are given in Table 2.

Table 2: Machine parameters of default model

Parameter Value
Apparent Power 2.5MVA
Number of pole pairs 16

Phase current 1.2kA
Power factor 0.8

Line voltage 690V

Figure 3.3 represents the basic outline of the model as in the Simulink. It comprises of the subsystem
blocks: Physical system, Setpoints generator, Machine-side Control, Grid-side control and Measurement
& Scopes.
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Figure 3.3: Simulink model of AWES

The Physical system block comprises of sub systems: Machine model, Machine-side converter (MSC),
Grid-side converter (GSC), DC link and a Grid filter unit.

Machine model: The machine model comprises of a Permanent Magnet Synchronous Motor (PMSM)
which is modelled using PLECS. The mechanical load torque and modulating voltage signal is fed as
input to it and various parameters of the electrical machine, such as stator current, electrical machine
torque, machine electrical angle etc are obtained as output.

Machine-side converter: The MSC consists of Loss model and Thermal model blocks. The Loss model
block consists of the loss models of a half bridge with two IGBTs and two diodes. Based on the
instantaneous values of switching frequency, DC link voltage, modulating signal and junction
temperature, the loss model calculates the losses occurring in each individual component and also the
average losses occurring in it.

The Thermal model block consists of a PLECS circuit which has the thermal circuit of IGBTs and
Freewheeling Diodes (FWD) in the half bride.
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The circuit calculates the junction temperature values of each of the components based on the loss values

from the Loss model block and by the coolant temperature, which is assumed at a constant value of 40
Celsius in this experiment. The circuit calculates the thermal values from the lookup table from data
sheets for junction-case, case-sink and sink-ambient models. The values are fed to the system as thermal
resistance (Ru) and thermal time constant (ti) of a Foster model. The system converts the Foster model
into a Cauer model and calculates the temperature variations based on it.

The Setpoints Generator block consists of the load profile simulating an actual AWES. It has preloaded
values of power, torque and speed. The values of various machine parameters are computed based on
this load profile and machine can be simulated similar to real world conditions.

The Machine-side Control block consists of cascaded field-oriented controller in the outer loop. The
speed controller maintains the speed in acceptable range, in the inner loop, the current controller
regulates the d-q reference currents based on maximum efficiency setpoints. The controller output is
then converted to a-b-c reference frame and is then passed through an overmodulation block where third
harmonic signals are added.

In Figure 3.5, the junction temperature and case temperature of an IGBT and Freewheeling diode (FWD)
are shown. There are 3 complete power generation cycles in Figure 3.5, where all power values are in
per unit. The shaded area in the figure, for the first power cycle, is highlighted and studied closely on
the right. From the figure, we can analyze that the temperature of one of the FWDs shoots up well above
150°'C during zero crossing of the power. This is the instance where the temperature variation is recorded
most high in every power cycle. This is instance where speed reversal occurs and where the machine
turns from power generation mode to motoring mode. This instance creates tremendous stress on the
power electronic devices [2]
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Figure 3.5: Power profile from Look-up table and corresponding thermal characteristics of IGBT and
FWD [2]

There are temperature variations between the reel-in and reel-out phases as well which affects the
lifetime of the converter. With the implementation of active thermal control mechanisms, the goal is to
reduce both short-term and long-term thermal cycles by implementing each of the methods, primarily
switching frequency control, variable coolant flow control, variable DC link control and direct axis
current injection method. The analysis aims to focus on how effectively each control mechanism affects
the thermal performance of the converter, how the parameters such as switching losses, conduction
losses of the converter are affected by it, in which areas of the power cycle are the control methods best
suited for application and how each control mechanism affects the lifetime of the converter.

3.2 Application methodology of active thermal control

3.2.1 Variable switching frequency control

Variable switching frequency control is a method which promises high effect in reducing thermal stress
in semiconductors, without affecting the normal operation of the converter [6] The switching frequency
of the MSC is changed so as to reduce sudden and large values of change in junction temperature, AT;
and also for equalizing the temperature during reel out and reel in phases. The value of junction
temperature (T;) is estimated online using the values of current and voltage across each of the power
electronic devices.

The value of AT; is not readily available in the existing model. To calculate it, the maximum value of
junction temperature (Tj max) iS subtracted from the average value of junction temperature (Tj avg) tO
calculate the change of junction temperature AT;over a certain time period. Moving-maximum and
moving-average filters are used to obtain the values of T; max and T; avg respectively according to Figure
3.6 [6] .
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Figure 3.6: AT; calculation method and Hysteresis controller

The torque-speed characteristics of 10m/s, 12m/s, 14m/s, 16m/s and 18m/s wind speeds for a time of 1
hour are available as input. For consistency in overall results and due to initial parameters set for some
variables, the second power generation cycle is considered for overall analysis in the whole experiment,
which ranges from around 185 seconds to 328 seconds for the 18m/s torque-speed characteristics. The
fundamental frequency of the output waveform does not remain constant overall. The fundamental
frequency (Fund_freq) of the output is calculated from mechanical rotational speed of the machine (®m)
and number of poles of the machine (P). It is given by the formula:

wm * P

Fund_freq = 0 5)

where P is taken as 16.

Since moving-maximum and moving-average filters only processes the T; values in a fixed window
length given during their operation and since the fundamental frequency of T;jis not constant, four
moving-average and moving-maximum filters with various window lengths are used. The length of the
filter window is determined by time period of the T; signal. A more accurate value of Tjis especially
required during the transit period from generating phase to motoring phase, as there is a substantial
change in temperature in that interval. So, the length of the moving window filter is fixed as of the Table
3. Since the fundamental frequency of the machine side converter and the frequency of the T; signal are
the same, the measurement is done on the basis of fundamental frequency and a corresponding window
length.

Time period of Tj signal

Window length (samples) = Sampling time025ms (6)
Table 3: Window length for different fundamental frequencies
Fundamental Frequency Moving average and Moving Moving average and Moving
(Fund_Freq) in Hz maximum maximum
Window length (in Samples) Window length (in Seconds)
0>=Fund _Freq<0.8 10300 2.575
0.8 >=Fund Freq<2 800 0.2
2 >=Fund_Freq< 10 400 0.1
Fund_Freq >=10 100 0.025
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Figure 3.7: AT; calculation approach

As in Figure 3.7, a MATLAB function called Window selector is designed to select the appropriate
moving window filter based on the frequency criteria as in Table 3. It is connected to a AT;jsubsystem
which consists of ATjand Max AT; blocks. In AT; block, there are four pairs of moving maximum and
moving average filters (Figure 3.6) with various window lengths as in Table 3. It computes the value of
ATjin the four pairs of moving filters at various instances. A merge block then complies these into one
signal forming a single AT; waveform. In this waveform, the positive values represent values where Tj
max is greater than T;avg and vice versa for negative values. To get a smoother signal to the hysteresis
controller, the maximum value of the computed AT; is taken and then given a gain of 2. The switching
frequency of the MSC is to be changed according to this value of AT;. The hysteresis controller is to be
used to prevent abrupt changes in the switching frequency[6] . The switching frequency is selected such
that the value of AT;could be maintained below 10 Kelvin [2] . Hence, the hysteresis controller is
designed such that switching frequency is changed in steps of 500Hz for every 10K increment or
decrement in AT]. The hysteresis controller is designed as a MATLAB function in Simulink. The
function input is AT;, calculated by the moving-maximum and moving-average filters and tuned by the
other filters and the fundamental frequency of the output. The control is made by analyzing where the
lifetime of the converter is most affected such as transit phase where speed reversal occurs and
temperature overshoots.

Let us consider a hysteresis controller as in Figure 3.8, with switching frequency limits set at 2000-
1500-1000. The initial switching frequency is set at 2000Hz and the frequency remains unchanged for
any ATjless than 10K. As the value of AT; crosses 10K, the switching frequency decreases to 1500Hz.
It remains at 1500Hz until AT;jreaches 20K. Similarly, the switching frequency is reduced to 1kHz only
when AT;jcrosses 30K. Any increase or decrease in 10K in one particular state does not induce a change
in switching frequency in the system.

As seen from Figure 3.5, there is a very high change in junction temperature during transition phase and
speed reversal. This sudden change in T;and T can greatly affect the lifetime of the MSC. In order to
prevent the controller from having very low switching frequency, the minimum switching frequency is
set at 1000Hz.
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Figure 3.8: Switching frequency variation in Hysteresis controller

3.2.2 Variable coolant flow rate

The coolant flow rate through the heatsink of the converter is fixed at 15 liters/min in the initial design.
For analysis, a liquid cooled heatsink manufactured by Semikron is used. The module is designed to
contain one half bridge of the converter. The power module used is manufactured by ABB with a
specification of 1.7kV, 2,4kA. From the online data calculation tool- SemiSel provided by the heatsink
manufacturer, the flow rate can be varied from 8 liters/min to 15 liters/min at a coolant temperature of
40°C. The value of thermal resistance between heatsink and ambient (Ris-a)) can be varied by changing
the flow rate. A higher flow rate of coolant liquid can result in a low value of Ris-2) and vice versa.

The variation in flow rate can be utilized in limiting the change of junction temperatures during reel in
and reel out phases. In real world conditions, the change of coolant flow rate cannot bring about sudden
changes in the junction temperature of the power electronic devices but it can bring about a change
during slow changing junction temperature values. To reduce the temperature change between reel-in
and reel-out phases, the flow rate can be decreased when the temperature of the system goes below a
certain value and vice versa for when the temperature goes above a certain value.
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Figure 3.9: Skiip (Model: 2414GB17E4-4DUW V?2) liquid cooled heat sink [5]

The online tool SemiSel provides the values of Ru and 1 for each corresponding value of flow rate.
These values represent the elements in a Foster model RC circuit as in Figure 3.10. In addition to the
recommended flow rate provided by the manufacturer, the flow rate is extrapolated higher and lower to
the values given. The Ry and v values of different flow rates from 8 to 15 liters/min are taken from
SemiSel. The values are extrapolated higher to 20liters/min and lower to O liters/min using a TREND
function in Microsoft Excel. The value of Cy, for each corresponding time constant is given by:

Cth = Zth (7)

Rin

Table 4 represents the value of Ry, for Ci values of for different flow rates. The time constants for the
heatsink are given as 5.2s and 34.3s by the manufacturer for all flowrates. Riw1 and Ci1 represent the
parameters for the time constant of 5.2s and Ri2 and Ci2 represent the parameters for the time constant
of 34.3s. The initial temperature and an ambient temperature are set at 40°' C in the thermal network.

Rn2 Rl

AVAVAVAY 7 ' AVAVAVAV

Cn2 Cnl
1

Figure 3.10: Foster model of heatsink

The thermal network is modelled as two individual variable transfer functions blocks in Simulink, one
for Rinland Ci1 and the other for Rw2 and Cw2. The flow rate can be varied dynamically according to
the required cooling performance at various instances. The effect of increase in flowrate on the thermal
resistance can be seen in Figure 3.11.
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Table 4: Foster model thermal resistance and capacitance values for various flow rates [13]

FOSTER MODEL

Flow rate

(litres/min) Rthl (K/W) Rth2 (K/W) Cthl (K/W) Cth2 (K/W)
0 0.0070531 0.0048445 737.2639 7080.2293
1 0.0069197 0.0046142 751.4797 7433.515
2 0.0067909 0.0043834 765.73 7825.0449
3 0.0066536 0.0041453 781.531 8274.5127
4 0.00652 0.00391 797.3908 8765.7015
5 0.0063893 0.0036847 813.8625 9308.7787
6 0.0062523 0.0034459 831.6911 9953.8788
7 0.0061125 0.0032054 850.7157 10700.836
8 0.006 0.003 866.6667 11433.333
9 0.00586 0.00274 887.372 12518.248
10 0.0057 0.0025 912.2807 13720
11 0.0056 0.0023 928.5714 14913.043
12 0.00545 0.00205 954.1284 16731.707
13 0.00531 0.00179 979.2844 19162.011
14 0.0052 0.0016 1000 21437.5
15 0.0051 0.0014 1019.608 24500
16 0.004922 0.0011193 1056.491 30645.306
17 0.0047865 0.000886 1086.382 38713.93
18 0.0046491 0.000642 1118.508 53428.152
19 0.0045213 0.0004168 1150.12 82302.819
20 0.0044034 0.0002008 1180.913 170850.07

0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

Thermal resistance (K/W)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Flowrate (liters/min)

——Rth1 (K/W) Rth2(K/W)

Figure 3.11: Thermal resistance variation with flowrate
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3.2.3 Variable DC link voltage

DC link voltage in a conventional converter module is supplied by a DC link capacitor which is placed
between the machine side and grid side converters. The default model of AWES, the DC link voltage is
set at a fixed value of 1200V. This voltage helps to maintain stability during the complete working cycle.
The losses occurring in a converter such as switching and conduction losses are also dependent on the
DC link voltage across it. During lower speeds such as in transition phase, the machine side converter
(MSC) does not require full DC link voltage as compared to power generation and power consumption
phases such as reel-out and reel-in. So, the total losses and efficiency of the converter could be enhanced
with the implementation of variable DC link voltage.

A minimum DC link voltage is required by the MSC at all times of the power cycle. The absolute
minimum value of DC link voltage (Figure 3.12) is obtained by calculating the peak value of d-q
reference voltage required by the system at all working points. This is the minimum voltage below which
the system will render unstable. So, a 2% margin is added to this voltage and is supplied to the converter
so that system stability is always ensured. A first order transfer function with a time constant of 2ms is
also added so that there are no sudden variations in the voltage. To perform the function of a DC-DC
converter, a Saturation block is used in MATLAB. This can cap the voltage at user defined lower limits
and analysis can be done on how an actual DC-DC converter would perform in this region.
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Figure 3.12: Minimum DC link voltage for wind speed of 18m/s

3.2.4 Direct axis current injection

In the model of AWES, the machine-side controller consists of blocks which generate a modulating
signal which drives the PMSM machine. The modulating signal decides the working of machine based
on the parameters at a particular instant. The reference currents in the machine are composed of direct
axis and quadrature axis currents. The direct axis currents reach a lower value during reel in phase. By
adding additional current to the direct axis current, the losses in the reel in phase increase and thereby,
the temperatures. This can help in reducing the temperature difference between reel out and reel in

phases.
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4. Influence of thermal control variables on
system performance

This part of the thesis focuses on analyzing the characteristics of the proposed ATC methods
individually with the default model. The parameters of the default model are given in Table 5.

Table 5: Default parameters of converter

Parameter Values
Switching Frequency 2000 Hz
Coolant flow rate 15 liters/min
Coolant temperature 40C
DC link voltage 1200V

All the data analyzed in this section is for a half bridge in a 2-level 3-phase converter. In each half
bridge, there are two IGBTs and two FWDs. As in [4] , the lifetime of a converter is affected due to
change in case temperature (ATc) and junction temperature(AT;) and maximum junction temperature (T;
max).

4.1 Switching Frequency control
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Figure 4.1: IGBT- T and T, during transit
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Figure 4.2: FWD- T;j and T.during transit

The parameters used for the computation of variable switching frequency are junction temperature of
IGBT and fundamental output frequency. The fundamental frequency of the output gives a reliable
solution to where there are high temperature fluctuations as during speed reversal, it reaches to near-
zero values. During peak values of power generation, the fundamental frequency maintains values close
to 20.

Figure 4.1 and Figure 4.2 show the junction and case temperatures of IGBT and FWD during transit
phase, where the speed reversal occurs and temperature overshoots. The junction temperature of IGBT
peaks at 167 C and FWD peaks at 178 C. The case temperature peaks at 127 C and 137 C for IGBT and
FWD respectively. This high temperature change occurs in few seconds and can considerably affect the
lifetime of the overall converter. When viewing the temperature variations of IGBT and FWD in the
complete cycle (Figure 3.5), there is considerable difference of junction and case temperatures between
reel out and reel in as well, which also affects the lifetime of the converter [2] .

4.1.1 Transit phase analysis

In order to limit the sudden temperature overshoots in the transit phase where the speed reversal occurs,
the switching frequency is reduced using two methods:

1. Afixed frequency is applied at the transit phase.
2. A hysteresis controller is used to apply variable switching frequency in the transit phase.

For both methods, the controller is made to function only in the transit phase from a fundamental
frequency between +5 and -5 Hz. In this region, the frequency is set at different thresholds for the low-
medium-high levels in the hysteresis controller. Since only the transit phase analysis is being done in
this section, a torque-speed input where maximum torque is given as input during speed reversal. In this
model, during speed reversal when the temperature overshoots, the IGBT and FWD which is most
affected is taken into consideration. With this method, the worst-case scenario can be analyzed and can
produce more accurate results on how effectively an active thermal control method works in transit.
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41.1.1 Fixed frequency at transit

In this section, the switching frequency during the transit phase between a fundamental frequency of +5
Hz and -5 Hz is changed from the default value of 2000Hz to 1000Hz in steps of 100Hz. The maximum
junction and case temperatures are analyzed in Figure 4.3. There is a linear decrease in both junction
and case temperatures as the switching frequency is reduced. For the default model with a switching
frequency of 2000Hz, the junction temperature of FWD reaches a value of 177.6' C and IGBT reaches
162.5 C. This value can be dropped to 133.4 C and 128.5 C for FWD and IGBT respectively at a
switching frequency of 1000Hz. Since the temperature overshoot during speed reversal is to be
controlled effectively so as to improve the lifetime of the converter, the best temperature characteristics
is shown by a switching frequency of 1000Hz as it showed 39 C improvement temperature improvement
compared to the default model. In the case of case temperature, the maximum temperature reached for
FWD is 136.7 C and 127.3 C for IGBT. When comparing with the default switching frequency of
2000Hz, the case temperatures showed a decrease of 29 C for FWD and 24.5 C for IGBT for a switching
frequency of 1000Hz.
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Figure 4.3: Maximum junction and case temperature with constant switching frequency at transit phase
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Figure 4.4: Change in junction and case temperatures (AT) at transit phase
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Figure 4.4 shows the effect of change in switching frequency on ATjand AT occurring during transit
phase. The value of ATjand AT, are measured as in Figure 4.2. In this region, the change in temperature
is very high and it occurs at a very short time interval. The lifetime can be improved by reducing this
rapid change in temperature during this phase. For the default switching frequency, the value of AT; is
more than 76 C for both IGBT and FWD and AT is approximately 46 C for IGBT and FWD. By
reducing the switching frequency to 1000Hz, AT; is brought down to 26 C and AT is brought down to
48 C for both IGBT and FWD.
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Figure 4.5: Average switching and conduction losses at transit

Figure 4.5 shows how the switching frequency variation in transit phase affects the losses occurring in
IGBT and FWD. As the frequency decreases from 2000Hz to 1000Hz, the total losses decrease
considerably. The change in losses are reflected only for switching losses of IGBT and FWD since the
switching losses are dependent on switching frequency. The average conduction losses of IGBT and
FWD remain constant throughout the range.

41.1.2 Hysteresis controller at transit

In this section, a 3-level hysteresis controller is utilized at transit phase between fundamental frequencies
of +5 and -5 Hz. Similar to the previous section with a constant switching frequency, the switching
frequency in the hysteresis controller is also decreased from 2000Hz. The 3-level hysteresis controller
is advantageous as it prevents rapid change in switching frequency based on AT;.

The three switching frequency limits in the hysteresis controller is given in the format: (higher-middle-
lower). The lower limit is increased from 1000Hz in steps of 100Hz whereas the higher limit is kept at
a constant value of 2000Hz. The medium limit is taken as the average between lower and higher limits.
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Figure 4.6: Maximum junction and case temperature with hysteresis controller at transit phase

In Figure 4.6, the default model with constant switching frequency (represented by 2000-2000-2000) is
compared with other switching frequency levels in the hysteresis controller. The default model brought
a maximum junction temperature of 177.5 C for FWD and 167 C for IGBT. Whereas, the maximum
junction temperature difference is noticed for the hysteresis controller with the frequency limits: 2000-
1500-1000. In it, the maximum junction temperature for FWD is 140 C and for IGBT is 134.5 C. Even
though the lower limit in the hysteresis controller is 1000Hz, the junction temperature is higher by
approximately 7 C comparing to a constant switching frequency of 1000Hz in the transit. This is since
the hysteresis controller switches to the intermediate frequency of 1500Hz when the controller does not
detect temperature change high enough so as to switch it to 1000Hz, right before or right after zero
crossing.
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Figure 4.7: Change in junction and case temperatures AT with hysteresis controller at transit phase

The change in junction and case temperature at transit phase is analyzed in Figure 4.7. When comparing
to the default model, the hysteresis controller with the limits: 2000-1500-1000 Hz show the best result
in controlling the change in junction and case temperature of IGBT and FWD. The change in junction
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temperature of FWD was able to be reduced from 80 C for default model to 46.5C for the hysteresis
controller with the limits 2000-1500-1000. This value is almost similar to the model with a constant
switching frequency of 1000Hz. The case temperatures of both IGBT and FWD were also reduced to
24.7 C from 34 C for the same limits.
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Figure 4.8: Average switching and conduction loss with hysteresis controller at transit

The average switching and conduction losses of IGBT and FWD are analyzed in Figure 4.8. When
comparing the default switching frequency, the average losses have reduced the most for a hysteresis
controller with the limits 2000-1500-1000. The conduction losses remain constant for the change in
limits in the hysteresis controller. The switching losses for both IGBT and FWD reduce for a decrease
in switching frequency. When comparing the losses of the hysteresis controller with the model with a
constant switching frequency at transit, the average total losses are comparatively higher. The average
losses add up to almost 2800W for hysteresis controller with the limits 2000-1500-1000. When
comparing the losses with the constant frequency model with 1000Hz, the average losses only add up
to 2000W. This difference is due to the intermediate switching frequencies in the hysteresis controller.

So, when considering the overall switching frequency control method with Fixed frequency at transit
and hysteresis control at transit, the results produced by the constant switching frequency of 1000Hz at
transit produced the best thermal and loss characteristics. In comparison with the default model of
2000Hz, the 1000Hz model produced a 44 C reduction for FWD and 38 C reduction for IGBT maximum
junction temperature values. The maximum case temperature also witnessed a reduction of more than
25 C for both FWD and IGBT.

At 1000Hz switching frequency, the AT;j and AT, values were also reduced considerably in comparison
to the default model. The AT, value of IGBT and FWD was reduced to 25 C compared to about 45 C
for the default model. The maximum change in junction and case temperatures were also reduced to 48
C for switching frequency of 1000Hz compared to more than 76 C for the default model.

As explained in [4] the lifetime of a converter can be improved by improving the change in case
temperature above 20K or change in junction temperature above 30K. The lifetime is also improved as
the value of Tjmax is reduced. Overall, the active thermal control with switching frequency variation
will produce a positive impact on the lifetime of the converter since there is more than 38K improvement
in both maximum junction and case temperatures and 20K improvement for ATjand AT..
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4.1.2 Reel out —reel in temperature equalization
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Figure 4.9: FWD T; and T, with ATj and ATc

In an AWES, the MSC undergoes thermal stress based on various factors such as wind speed, operating
region etc. During reel out phase, the converter generally operates under higher thermal stress as more
power flows through it. Whereas, during reel in phase, there is lesser power flow and thereby lesser
operating temperatures in the MSC. This temperature difference between reel out and reel in phases can
affect the lifetime of the converter in the long run. In order to equalize this temperature gap, the
switching frequency during reel out can by reduced so that the losses can be reduced which reduces the
overall temperature. During reel in phase, the switching frequency can be increased so that the switching
losses increase and the overall operating temperature increases.

The reel out and reel in switching frequencies for this method are selected in consideration with losses.
After considering the losses and temperature characteristics for variation in switching frequency for all
windspeeds, an appropriate value can be found at the end of this section.
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Figure 4.10: Windspeed 18m/s- Average temperature against switching frequency during (a)Reel out
(b)Reel in
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Figure 4.10 shows the average temperature during reel out and reel in phases are analyzed with variation
in switching frequency.

Figure 4.10 (a) shows that during reel out, the average case temperature of IGBT decreases by 15 C and
average case temperature of FWD decreases by 16.5 C as the switching frequency is reduced from
default value of 2000Hz to 1000Hz. During reel in phase, the average case temperature sees an increase
of 31 C for IGBT and 37 C for FWD as the switching frequency is increased from 2000Hz to 8000Hz.

In Figure 4.11, the losses are recorded for reel out and reel in phases for the change in switching
frequency. As switching frequency is reduced during reel out, the losses are reduced. During reel in
phase, the switching frequency is increased from default value of 2000Hz to 8000Hz. The increase in
switching frequency has resulted in an increase in switching losses for both IGBT and FWD. The
conduction losses are very low for the FWD during this region. In general, the conduction losses remain
fairly constant for a change in switching frequency.
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Figure 4.11: Windspeed 18m/s- Average losses against switching frequency during (a)Reel out
(b)Reel in

For other windspeeds, the trend is similar to that of 18m/s wind. As the switching increases, the losses
and temperatures increase and vice versa for reduction in switching frequency. Table 6 shows the data
for IGBT and FWD temperature and loss variations as the switching frequency is varied during reel out
and reel in.

For a wind speed of 12m/s, the temperature variations are closely considered since the degradation in
MSC lifetime is most affected at this wind speed [2] . During reel out phase, the average case
temperature of IGBT drops by 17 °C and FWD drops by 21' C as the switching frequency is reduced
from 2000Hz to 1000Hz. The average junction temperature of IGBT drops by 21 C for IGBT and 23 C
for FWD during the same range. During reel in phase, the average case temperature witnessed an
increase of 29 C for IGBT and 35 C for FWD as the switching frequency is increased from 2000Hz to
8000Hz. During the same range, the average junction temperature of IGBT increases by 36 C and FWD
by 44 C.
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The switching losses are reduced as the switching frequency was reduced during reel out. The
conduction losses remain nearly constant with a variation in switching frequency. During reel in phase,
there is a substantial increase in the switching losses with an increase in switching frequency.

The switching frequency is to be selected such that not too much losses are added to the overall working
cycle. A balance of energy loss is to be ensured such that the losses reduced during reel out phase is to
be balanced with the added losses during reel in phase.

For selecting the frequency, we consider the energy that can be saved during the reel out phase, where
the switching frequency is reduced and losses are reduced. Let us consider a frequency of 1500Hz during
reel out so that frequency is not reduced substantially, but simultaneously reducing thermal stress and
losses. We consider the wind speed of 12m/s for this analysis and assign the same switching frequency
values for all wind speeds. This is because the lifetime degradation is most affected in a MSC at a wind
speed of 12m/s [2] .

Total lossesxtime .

Total energy saved/lost = 3600

nWh (8)

Table 6: IGBT and FWD: Temperatures and losses during reel out- reel in

Wind | Operating | Switching | FWD | IGBT | FWD | IGBT | FWD | FWD | IGBT | IGBT
speed region Frequency | Tcavg | Tcavg | Tjavg | Tjavg | Pcond Psw Pcond Psw
1000 81 68 93 72 731 323 190 482
Reel out 1500 89 75 103 81 729 507 192 751
18m/s 2000 97 83 114 91 726 708 195 1044
2000 58 58 61 62 19 213 182 309
Reel in 5000 74 72 81 79 18 615 183 853
8000 95 89 109 101 17 1166 184 1532
1000 82 71 95 76 690 359 239 539
Reel out 1500 89 77 104 84 688 524 242 784
16m/s 2000 97 84 114 93 685 704 245 1049
2000 64 64 68 69 30 275 267 404
Reel in 5000 84 82 95 92 28 811 270 1142
8000 128 114 151 131 25 1969 269 2180
1000 79 69 91 75 635 319 311 486
Reel out 1500 88 77 101 84 632 501 315 760
14mis 2000 97 85 113 95 630 702 319 1058
2000 58 58 61 61 28 209 170 305
Reel in 5000 74 71 81 79 27 608 171 844
8000 99 92 113 104 25 1212 172 1542
1000 78 70 89 77 568 316 399 491
Reel out 1500 87 78 100 87 566 499 405 768
12ms 2000 97 87 112 98 563 700 411 1072
2000 55 55 58 58 34 180 123 262
Reel in 5000 69 67 76 73 32 518 124 719
8000 90 84 102 94 30 1001 124 1294
1000 78 72 88 79 502 316 488 497
Reel out 1500 87 81 99 90 500 499 496 780
10m/s 2000 97 90 111 101 497 703 504 1090
2000 53 52 55 54 32 147 82 215
Reel in 5000 64 62 70 67 31 416 82 582
8000 80 75 89 83 29 775 81 1024
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The total energy saved during reel out phase by employing a switching frequency of 1500Hz is 20.36Wh.
The switching frequency during reel out can be selected such that the energy lost by increasing the
switching frequency should balance with the energy saved during reel in. By choosing a switching
frequency of 5000Hz, the energy lost during reel in is approximately 17Wh. By choosing an even higher
frequency, the energy loss exceeds the energy savings.

So, a switching frequency of 1500Hz during reel out and 5000Hz during reel in can be selected for all
wind speeds to reduce the temperature change between reel out and reel in phases.

4.2 Variable flow rate

The flow rate of coolant liquid in the heatsink in the default model is kept at a constant value of 15 I/min.
In this section, an analysis on variable flow rate is conducted. A change in temperature in the
semiconductor device does not instantaneously affect the temperature of the heatsink. Hence the
flowrate through the heatsink cannot be set with variables such as junction temperature or case
temperature. For analysis, a model is designed in MATLAB which switches the flowrate of coolant
depending on the average temperature of the heatsink in the default model. The model switches the flow
rate between high and low limits comparing the current heatsink temperature with the average heatsink
temperature at Table 7.

Table 7: Average heat sink temperature at different wind speeds

Wind speed Average sink
(m/s) temperature at 15 I/min
18 65.31C
16 67.71C
14 66.53 C
12 66.42 C
10 68.34C

The recommended flow rates for the selected Semikron heatsink are from 8 I/min to 15 I/min in the
Semisel web tool. But, to analyze the change in flowrate on the converter performance and lifetime, the
flowrates are extrapolated to higher and lower values than the recommended flowrate. In this analysis,
the flow rate is varied from 15I/min to 20 I/min for temperatures above average sink temperature and
the flowrate is decreased from 8 I/min to O I/min for temperatures below the average sink temperature
at each wind speed. The flowrate for temperatures below average sink temperature is reduced from the
manufacturer allowed flowrate of 8 I/min to the extrapolated value of 0 I/min so as to focus more on the
extrapolated values. The flowrates above average sink temperature roughly translates to reel out phase
as the sink temperatures are high and flowrates below average sink temperature translates to reel in
phase where sink temperatures are low.

In Figure 4.12 (a), the maximum temperature that occurs during the reel out phase for 18m/s wind speed
is recorded for increase in flowrate from 15 I/min to 20 I/min. As the flowrate is increased, the maximum
temperature occurred is reduced as the heat dissipation through the heatsink is improved. The maximum
case temperature of FWD reduces by 6 C and 9 C for IGBT for an increase in flowrate from 15 I/min to
20 I/min.

In Figure 4.12 (b), the variation of minimum temperatures during reel in phase for a decrease in flowrate
from 15 I/min to 0 I/min is analyzed. By turning off the coolant flow or at 0 I/min flowrate, the
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temperature during reel in phase can be increased. This can help in decreasing the temperature difference
between reel out and reel in phases so that it can improve the lifetime of the converter. At 0 I/min, the
case temperature of FWD and IGBT sees an increase of 5 C from the default flowrate of 15 I/min.
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Figure 4.12: 18 m/s wind (a) Maximum temperature during reel out phase (b) Minimum temperature
during reel in phase

By increasing the flowrate during reel out to 20 I/min and decreasing the flowrate to O I/min during reel
in, the temperature difference between reel out and reel in phases can be reduced by 11 C for FWD and
14 C for IGBT compared to default model.

The average switching loss (Psw) and conduction 10ss (Pcona) Of IGBT and FWD during reel out and reel
in are analyzed in Figure 4.13. The losses for both IGBT and FWD remain fairly constant for a change
in flowrate. The losses increase by a slight margin in Figure 4.13(b) during reel in phase as the flowrate
is decreased to O I/min. But the variations are very less such that only the temperature variations are
considered for selection of flowrate during reel in and reel out.
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Table 8: IGBT and FWD: Temperatures ("C) and losses (W) for varying flowrate

Wind | Operating | Flowrate | FWD | IGBT | FWD | IGBT | FWD | FWD | IGBT | IGBT
speed region (I/min) Tc Tc Tj Tj Pcond | Psw | Pcond | Psw

Reel out 20 92 78 108 87 694 688 227 | 1019

15 96 82 113 91 693 700 229 | 1037

18m/s 0 72 72 78 79 100 377 416 588

Reel in 8 70 70 76 78 99 384 419 598

15 70 70 76 77 99 385 420 600

Reel out 20 92 80 108 89 647 693 288 | 1051

15 96 84 112 93 647 682 286 | 1036

16m/s 0 73 73 79 80 99 382 398 587

Reel in 8 72 72 78 79 99 383 399 588

15 71 72 77 79 99 382 399 588

Reel out 20 90 79 106 89 607 695 343 | 1057

15 96 85 112 95 608 679 340 | 1033

14m/s 0 68 68 73 73 90 gilg 283 476

Reel in 8 67 66 72 72 90 313 284 477

15 66 65 71 71 90 312 284 476

Reel out 20 89 80 104 90 552 692 420 | 1071

15 96 87 111 97 553 672 416 | 1042

12m/s 0 64 64 69 68 78 257 204 393

Reel in 8 63 62 67 66 78 255 205 392

15 61 60 65 65 78 253 205 391

Reel out 20 89 82 103 93 495 700 504 | 1084

15 96 89 110 100 496 680 499 | 1055

10m/s 0 62 61 66 64 77 231 146 317

Reel in 8 60 59 64 63 77 231 147 318

15 59 58 63 62 77 231 147 317

Table 8 depicts the temperatures and losses for all wind speeds. Unlike Variable switching frequency
control where the temperatures were calculated as average values, in variable flowrate method, the
maximum temperature are measured during reel out and minimum temperatures are the measured during
reel in. This is done since the temperature variations for flowrate analysis are lower compared to
Variable switching frequency control and measuring average temperatures don’t reflect much on the
changes involved.

The temperature and loss variation for all wind speeds are similar to that of 18 m/s. As the flowrate was
increased to 201/min during reel out and flowrate was decreased to 0 I/min during reel in, there was a
reduction in case temperatures by: 6 C for 18m/s and 16m/s wind, 8 C for 14m/s wind and 10 C for
12m/s and 10 m/s windspeeds compared the default model with 151/min constant flowrate.

It can also be noted that the losses remain fairly constant as the flowrate was varied. This is advantageous
as unlike Variable switching frequency control, the losses need not be considered when choosing a
flowrate for a particular application. From [4] we can see that the lifetime of a converter is adversely
affected as the value of AT is increased. Thus, by utilizing varying flowrate, the lifetime of the converter
can be improved.

Thus, by considering the temperature improvements for all flowrates, the best flowrate can be chosen
as 20 I/min during reel out and 0 I/min during reel in for active thermal control.
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4.3 Variable DC link

DC link voltage helps in maintaining energy balance between GSC and MSC in AWES. In the default
model, the DC link voltage is kept at a constant value of 1200V. With a reduction of DC link voltage at
low speed region of mission profile, the switching losses are expected to be reduced and thereby a
reduction in junction temperature could also be achieved. The DC link reduction primarily occurs during
the transit phase: where-in the generator starts to slow down, followed by speed reversal and till prior
to steady state motoring operation. During steady state generation and motoring operation, the machine
requires high voltages close to 1200V. So, the voltage in that region cannot be reduced. The minimum
DC link volage required for a 18m/s wind speed is shown in Figure 3.12. For analysis in this section,
transit phase torque-speed reference input is taken similar to Transit phase analysis in Switching
Frequency control. The DC link voltage is saturated at different lower limits using a saturation block in
MATLAB in the transit phase, starting from default 1200V till 200V in steps of 100V.
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Figure 4.14: Maximum junction and case temperature vs DC link lower saturation voltage

In Figure 4.14, the maximum junction and case temperature reached for the default model with 1200V
voltage is the highest. The value reduces linearly for both IGBT and FWD as the lower saturation limit
of DC link voltage is reduced until 200V.

Figure 4.15 shows the magnitude of change in junction and case temperature during speed reversal for
a variation in DC link voltage. For the default model with 1200V, the junction temperature overshoot is
close to 80 C and case temperature is more than 40 C. These high temperature overshoots can affect the
lifetime of the converter adversely. By decreasing the DC link voltage during transit, the change in both
junction and case temperatures are reduced. At a lower saturation voltage of 400V, the change in case
temperature of FWD was reduced to 20° C, which a 50% improvement when compared to the default
model. The junction temperature was also reduced by 50% at 400V.
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Figure 4.15: Change in junction and case temperature at various DC link lower saturation voltage
levels

Figure 4.16 shows the variation in average conduction and switching losses of IGBT and FWD. The
conduction losses of IGBT and FWD remain nearly constant from 1200V till 200V. The overall losses
in the converter still see a decreasing trend as the DC link lower saturation voltage is decreased.
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Figure 4.16: Switching and conduction loss variation with variation in DC link lower saturation
voltage

By analyzing the overall characteristics in DC link voltage variation, a DC link lower saturation voltage
of 200V showed very good results in controlling the junction and case temperature overshoots. At this
voltage, the AT, of FWD was brought down to 13.5 C, which is a 70% reduction compared to default
model and AT, of IGBT was brought down to 22.5 C, which is a 46% reduction compared to the default
model. The maximum junction temperature of was FWD reduced to 82 C from 137 C, which is a 40%
improvement compared to default model and the IGBT case temperature was also reduced to 87 C from
127 C which is a 32% improvement to default model.
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4.4 Direct-axis current control

In direct-axis current control, an additional current is injected into the system during reel in phase. This
is done so as to increase the losses during reel in phase and thereby increasing the junction and case
temperatures. This can be done so as to reduce the temperature difference between reel out and reel in
phases. Injecting additional currents is a simple process to implement and can produce temperature
variations linearly but it could affect efficiency of the machine and converter if very high currents are
injected.

80
1000 1N
o 15
LE) . 800 W
[¢}] ~—~
S <600 W
S 65 o
5 _ 5 400 1 m FWD Pcond
kS , IGBT Tcmin 200 | °
55 P FWD TJ min IGBT Pcond
% IGBT Tj min 0 | IGBT Psw
0 200 400 600 800 1000 0 1000 2000
Current (A) Losses (W)

(@ (b)

Figure 4.17: 18m/s wind- (a) Minimum temperature at reel in phase (b) Losses at reel in phase

Figure 4.17(a) shows the minimum junction and case temperatures recorded during reel in phase for
different magnitudes of injected direct axis current. For the default model, OA is injected. As the injected
current increases, the temperature also increases. By injecting 1000A, the minimum case temperature
increased by approximately 18 C for IGBT and FWD case temperatures. The junction temperature also
increased by approximately 20 C for IGBT and FWD during the same current range.

In Figure 4.17(b), the losses that occur during reel in phase for different magnitudes of injected current
are recorded. The losses increase linearly with the magnitude of injected current. Here, both conduction
and switching losses witness an increase unlike variable switching frequency method and variable DC
link method. With an injected current of 1000A, there is more than double the losses as that of the default
model and therefore careful consideration has to be done before implementing this active thermal
control.

Table 9 shows the values junction and case temperatures for various magnitudes of injected current for
all windspeeds. The characteristics of other wind speeds are similar to that of 18m/s. The minimum
junction and case temperatures during reel in phase increase as the currents are increased. By doing so,
the conduction and switching losses also increase.
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Table 9: Temperatures and losses for varying values of injected current

Wind 1d (A) FWD_ IGBT FWD IG_BT FWD FWD IGBT IGBT
speed Tcmin | Tcmin | Tjmin | Tjmin | Pcond Psw Pcond Psw

0 54 54 56 56 19 215 183 312
18m/s 600 63 62 66 66 81 326 288 474
1000 72 71 77 76 152 438 415 659
0 55 56 58 58 30 275 267 404
16m/s 600 66 65 70 70 83 367 363 545
1000 72 72 75 77 138 452 468 690
0 50 50 52 52 28 209 170 305
14m/s 600 62 60 65 64 95 328 280 476
1000 72 70 77 76 167 439 404 660
0 48 48 49 49 34 180 123 262
12m/s 600 60 59 64 62 107 310 233 445
1000 71 68 76 73 182 427 355 634
0 46 46 47 47 32 147 82 215
10m/s 600 59 57 62 60 111 288 191 410
1000 70 67 75 72 189 411 312 605
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5. Comparison of thermal and lifetime
results

In Section 1, we analysed the active thermal control methods:

1. Switching Frequency control

2. Variable flow rate method

3. Variable DC link method

4. Direct-axis current control method

By analysing the temperature variations and losses, each of these methods introduce certain advantages
and disadvantages of their own in either thermal performance, losses or applicability in practical
applications. In this section, different methods are compared on the basis of working regions: reel out-
reel in and transit and on the thermal improvements it brings to each working region.

It is described in [2] that the degradation in lifetime of a converter is most affected at windspeeds of
nearly 12m/s. So, in this section we compare the results of thermal improvements these active thermal
control methods bring at this wind speed.

5.1 Reel out — Reel in

The primary aim of active thermal control was to reduce the temperature change occurring during the
working of the AWES. The difference in temperature (AT) between reel out and reel in phases pose a
threat to the lifetime of the converter. To reduce AT between reel in and reel out, we can utilise three
active thermal control methods:

1. Switching frequency: Reel out — reel in temperature equalization
2. Variable flow rate
3. Direct-axis current control

In Figure 5.1, the temperature variations introduced by different active thermal control methods during
reel out are studied. Only Variable switching frequency method and Variable coolant flowrate method
can be used during reel out. For variable switching frequency method, the different temperatures are
compared between the default value of 2000Hz and the ATC value with 1500Hz. For Variable flow rate
method, the temperature variations are compared between default value of 15 I/min and ATC with 20
I/min during reel out. There is a slight temperature variation between default values of switching
frequency and flowrate methods since average value is taken for the former and maximum value is taken
for latter during reel out phase.
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By analysing Figure 5.1, the case temperature dropped by 10 C for IGBT and FWD as the switching
frequency was reduced from 2000Hz to 1500Hz. When the flowrate was increased from 15I/min to 20
I/min, the case temperatures dropped by 7 C for IGBT and FWD. The junction temperatures also dropped
proportionately for both ATC methods. The switching frequency method with Reel out — reel in
temperature equalization clearly produced better results with these parameters, but as the Variable flow
rate method produces very little variation in losses in converter and since the control parameters don’t
affect each other, these two ATC methods can be used simultaneously for practical applications.
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Figure 5.1: Junction and case temperature variation for different ATC methods during Reel out
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Figure 5.2: Junction and case temperature variation for different ATC methods during Reel in

In Figure 5.2, the effect of different ATC methods are compared for reel out phase. For switching
frequency method, the junction and case temperatures are studied between the default value of 2000Hz
and ATC with 5000Hz. The value of 5000Hz was determined by balancing with the energy saved during
reel out by introducing a switching frequency of 1500Hz. At 5000Hz, the case temperatures increased
by nearly 13 C for IGBT and FWD compared with the default value. The junction temperatures also
increased by around 15 C during the same region.
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For variable flowrate, the comparison is made between default flowrate of 15 I/min and ATC with 0
I/min. The case temperatures increased by around 4 C for both IGBT and FWD as the flowrate was
reduced to O I/min. The junction temperatures also increased by 4 C during this range.
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Figure 5.3: Conduction and switching losses for ATC methods during reel out

In Figure 5.3, the conduction losses during reel out for all ATC methods remain fairly constant. The
highest reduction in switching losses is found for a switching frequency of 1500Hz. With the
introduction of flowrate method, the losses only reduce by a slight margin.
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Figure 5.4: Conduction and switching losses for ATC methods during reel in

In Figure 5.4, during reel in, the losses are most high for switching losses with 5000Hz switching
frequency. The change in flowrate between 15 I/min and 0 I/min produced nearly no difference in
conduction and switching losses.

By injecting direct axis current of 600A during reel in phase, the losses are increased and thereby
junction and case temperatures are increased. This can help in reducing temperature difference between
reel in and reel out phases. By injecting 600A the temperatures are increased similar to the temperatures
of switching frequency method. But this can result in very high switching and conduction losses during



5.Comparison of thermal and lifetime results Page 38

reel in phase. Unlike switching frequency method, no balance can be achieved regarding losses during
reel in and reel out. Any magnitude of injected current will result in energy loss in the converter and so
is less desirable in practical applications.

5.2 Transit phase

The transit phase in an AWES produces very high temperature overshoots as it goes through speed
reversal. It is important to reduce these overshoots so as to improve the lifetime of the converter. For
the analysis in this section, we consider the value of change in temperatures, ATj and ATc. There are two
active thermal control methods which can be implemented in transit phase:

1. Switching frequency method: Transit phase analysis
2. Variable DC link

With switching frequency method, two methods can be utilised for control of temperature overshoots:
Fixed frequency at transit and Hysteresis controller at transit. For the analysis here, we consider 1000Hz
for Fixed frequency at transit and 2000-1500-1000 Hz for Hysteresis controller at transit since it showed
the best characteristics. For Variable DC link method, the DC link voltages capped at a lower limit of
600V and 200V are compared with the default model. The Default value in Figure 5.5 represents a model
with switching frequency of 2000Hz and DC link voltage at 1200V.
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Figure 5.5: AT;j and AT, for different ATC methods during transit

As the switching frequency was reduced from default 2000Hz to 1000Hz during transit, FWD AT.
reduced by 19 C to 27 C and IGBT AT, reduced by 16 C to 26 C. The junction temperatures also
witnessed a drop of around 30 C for IGBT and FWD. By using hysteresis controller with limits 2000-
1500-1000, the value of ATj and AT, are slightly lower than for constant 1000Hz. But, as seen from
Figure 4.6, the values of Tjmax and T, max values are higher and from Figure 5.6, the losses are also
higher for hysteresis controller compared to constant switching frequency of 1000Hz during transit.

For Variable DC link method, with a lower saturation voltage of 200V, the temperature characteristics
show very good results with AT of FWD of even below 20 C. This can theoretically produce excellent
lifetime improvements, but reducing the DC link voltage to more than 50% of maximum voltage is not
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possible in practical applications. So, for a lower saturation voltage of 600V, the values of ATj and AT:
are similar to constant switching frequency model with 1000Hz. Since variation of DC link voltage
requires an additional DC-DC converter, the ATC with a constant switching frequency of 1000Hz
proves to be a better solution for thermal control in transit phase.
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Figure 5.6: Conduction and switching losses for different ATC methods during transit

In Figure 5.6, the conduction losses are not affected as much as switching losses for all ATC methods.
There is considerable reduction in the switching losses for a switching frequency of 1000Hz and for
200V DC link voltage. The justification for choosing switching frequency of 1000Hz rather than
hysteresis controller of limits 2000-1500-1000 Hz can be noticed from the increased switching losses
for the hysteresis controller.

5.3 Lifetime estimation

The lifetime of a converter is estimated by using the model used in [2] . The optimum parameters for
switching frequency, flowrate etc. for each windspeed are found out on the basis of temperature
improvements, energy loss and applicability. Then the ATC methods studied in this thesis are
implemented into the load cycles for each wind speed to study its effect on the lifetime on the converter.
Then, Rainflow-counting algorithm is used to count the temperature cycles of junction and case
temperature. The results are then compared to the lifetime model provided by ABB in [4] . It uses Bio
lifetime in which it calculates the number of cycles at which 10% of the tested samples fail at specific
joints. Then Miner’s rule is used to study the accumulated effect of all the thermal cycles and by using
annual Weibull distribution it is extended to one year.

The effect of ATC methods on the lifetime of converter is found out for the following 4 models with the
corresponding parameters:

1. Variable switching frequency: Reel out — reel in temperature equalization
e Switching frequency during reel out: 1500Hz
e Switching frequency during reel in: 5000Hz

2. Variable flow rate
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o Flowrate during reel out: 20 liters/min
o Flowrate during reel in: 0 liter/min
3. Fixed frequency at transit
e Switching frequency during transit: 1000Hz
4. Hybrid model
¢ Reel out: a) Switching frequency: 1500Hz.
b) Flowrate: 20 liters/min.
e Reel in: a) Switching frequency: 5000Hz.
b) Flowrate: 0 liter/min.
e Transit: a) Switching frequency: 1000Hz.

The four models with the corresponding parameters are modelled in Simulink. The parameters are based
on the results from Chapters 5.1 and 5.2. Hybrid method is a combination of all three ATC algorithms

(1-3) combined together.
Hybrid model h
Constant switching frequency
(transit)
Variable flowrate(reel out-reel
in)
Variable switching frequency
(reel out-reel in)
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Figure 5.7: FWD and IGBT lifetime variation for different ATC methods (in years)
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Figure 5.8: IGBT and FWD: degraded B, lifetime of substrate per year (in %)
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The lifetime of the different ATC methods studied in this thesis are compared with the default model
with no ATC in

Figure 5.8. The lifetimes are computed using the model in [2] The most affected joint is substrate for
both FWD and IGBT for all ATC methods. Therefore in

Figure 5.8, the lifetime consumed by the substrate for different ATC methods are compared. For the
model with no active thermal control, the 100% of the Bio lifetime of FWD is consumed by the end of
year 1. By employing Switching Frequency control for Reel out — reel in temperature equalization, the
substrate lifetime for FWD doubled due to reduction in long term thermal cycles. The Variable flow rate
method, which also reduced long term thermal cycles, improved the lifetime of the substrate to 2.9 years
for FWD and 1.5 years for IGBT. The chip lifetime is also improved also improved here.

By reduction in temperature overshoots during transit using a constant switching frequency of 1000Hz,
the short-term thermal cycles for both IGBT and FWD are reduced. This has reduced the lifetime
degradation to 48% per year for FWD and 62% per year for IGBT. The improvement in lifetime for
FWD is reflected more than IGBT since the average losses are higher for IGBT during transit phase but
itis lesser for FWD in the same region. This reflects in the magnitude of reduction in temperature values.
But, even then, the lifetime of all the solder joints are improved compared to default model.

By analyzing the temperature variations of the ATC methods individually, it can be seen that reducing
the either short term or long-term thermal cycles alone, cannot produce lifetime improvements large
enough for practical applications.

The best lifetime values are obtained for the hybrid model which takes into account both long term and
short-term thermal cycles by employing all three ATC methods. The lowest lifetime in hybrid model is
for IGBT substrate at 11 years. This is a very high improvement compared to the lowest lifetime of 1
year for FWD substrate in the default model. The FWD substrate lifetime for hybrid model is therefore
51 times better than the model with no ATC. The substrate lifetime consumption is only 2% per year
for FWD and 9% per year for IGBT. This translates to longer lifetime and thereby lesser maintenance
of MSC in an AWES.
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Figure 5.9: Junction temperature comparison of default model with hybrid model at 12m/s wind speed

In Figure 5.9 and Figure 5.10, the junction and case temperatures of FWD are compared for default
model with no ATC and for Hybrid model with ATC. In both, we can see a clear improvement in
temperature reduction between reel in and reel out. The temperature overshoots also remain at a lower
value during zero crossing. The reduction of switching frequency to 1500Hz during reel out clearly
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reduced the temperature in the region till around 410 seconds and the increase in switching frequency
to 5000Hz at around 440 seconds, increased the temperature during reel in compared to the default
model.
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Figure 5.10: Case temperature comparison of default model with hybrid model at 12m/s wind speed
The reduction in change in junction and case temperatures between reel out and reel in, reduction in

average operating temperature, reduction in maximum temperature and reduction in temperature
overshoots all together helped in improving the lifetime of the MSC with the Hybrid model.
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6. Conclusion and future work

6.1 Conclusion

The aim of active thermal control methods in the AWES model was to improve the thermal properties
of the MSC, thereby improving the lifetime of the converter. The active thermal control methods:
Switching frequency control, Variable coolant flowrate, DC link control and Direct axis current injection
have been discussed, implemented and analysed. Each of the methods proved to improve the lifetime of
the converter by reducing the thermal stress on chip, substrate and bond wires joints. The best lifetime
obtained for the hybrid model proves that implementation of active thermal control throughout the
working range can reflect in very high reliability of the converter.

6.2 Future work

This work only emphasises in improving the MSC thermal parameters. In practical applications, change
in converter parameters affect other components in the system such as PMSM machine, Grid side
converter etc. The future work could incorporate a model which could implement d-axis current control
by considering the losses of the machine. A more practical model for flowrate variation which considers
internal pressure variations and other physical parameters could also be implemented. Also, instead of
tuning the ATC parameters in the manually, a fully automated ATC algorithm could be designed which
can dynamically change the parameters for all windspeeds.
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