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Loss and Thermal Analysis of a 300 kW Fast Charging Station
MOHAMMAD JALAL UDDIN

Division of Electric Power Engineering

Department of Electrical Engineering

Chalmers University of Technology

Abstract

This report presents the thermal modelling of a 300kW fast charging station. It
includes details of steady-state loss calculation of single phase dual active bridge
(DAB) converter and estimations of steady-state loss of three-phase ACDC boost
converter, selection of cold plate, and finite element method (FEM) analysis of the
system based on the calculated loss.

The thermal performance analysis of the system based on the FEM simulation shows
that having 8 liter per minute (LPM) liquid flow with maximum 50 °C' inlet tem-
perature can maintain the maximum junction temperature of the MOSFET chip
below 110 °C' throughout the normal operating range with maximum of 314 mbar
pressure drop.

Keywords: fast charging, converter loss modelling, thermal design of converter.
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1

Introduction

1.1 Introduction

The conventional vehicles comply the fossil fuel to drive it. It leads to contamination
of the atmosphere. However, the transport division has a significant contribution
to greenhouse gases emission in the environment. Shortage of oil, environmental
effects make thinking of alternative vehicles technology. Introduction of Hybrid
and later Electric vehicles considered as the solution [1][2]. Nowadays the global
electric automobiles have taken a right amount of percentage of the transportation
sector [26]. The challenge in electric vehicles is to recharge its batteries as fast as
possible. The implementation of the active power control is solely to control the
charging rate for the EV charging operation while the reactive power control can be
utilized to improve the overall power factor, provide the reactive power support to
the power utility and reduce the power grid losses [3]. Increasing the power level of
EV charger for fast charging the batteries produces a large amount of heat across
the converter circuit as well on the components. Due to the thermal limitations of
the device’s components, keeping the temperature at a permissible level for having
a longer lifetime of the components used and getting the reliability in the converter
operations. This can be done by choosing the components or by having a properly
designed heat sink. In this thesis, a heat sink, simple in layout, compact in design, is
proposed for the investigated fast charging station (FCS) for keeping the maximum
junction temperature within the allowable limit.

1.2 Project Background

The general trend in power electronic systems is towards a higher frequency oper-
ation. However, increasing the switching frequency leading to increased semicon-
ductor and magnetic losses. Using SiC high-power modules and nano-crystalline
magnetic materials provide the possibility to increase the switching frequency while
improving the efficiency. A 50 kW charger is designed and constructed in Chalmers
to demonstrate the concept. The idea is to continue that work for a power level of
300 kW. This charger has two converter units and mounted water cooling sink on
it. The converter units provide the desired output power to charge the batteries. A
liquid cooling system is implemented as the heat sink for cooling the system. It is
the system on which the ongoing study is done. The converter that rectifies the AC
power and maintains a constant dc link voltage is a VSC (Voltage Source Converter)
type of converter. The semiconductor loss in it is well described in [4]-[8]. The other

1



1. Introduction

converter that is used to charge the batteries is well known single-phase Dual Active
Bridge (DAB) converter. The estimation of loss in it is explicitly demonstrated in
detail in [9]-[15]. The analytical loss calculation is done in details for the DAB con-
verter for the specific operating points, and a simplified approach is used to estimate
the loss in VSC converter. Finite Element Method (FEM) simulator, in this case,
COMSOL Multiphysics, is used to investigate the thermal performance analysis of
the modelled system of FCS. Some of the useful techniques for thermal analysis are
described in [16]-[19].

1.3 Main objective and contributions

The main objective of the thesis is to calculate and analyze steady state thermal
losses of a 300 kW fast charger station (FCS) for designing a thermal system based
on the analysis to ensure the maximum junction temperature of the switches within
the permissible limit. So, the steady-state loss is evaluated for the FCS, a thermal
system is modelled, verified, and thermal performance is done of the system. Hence,
the main contribution of the thesis could be summarized as below:

o Modelling of losses of a single phase DAB converter in details considering
two models of DAB, that are DAB lossless model (DAB-LL model) and DAB
conduction loss model (DAB-CL model), and two switching technique known
as soft switching (SS) and hard switching (HS).

o The estimation of loss in VSC converter in a simplified way with some assump-
tions.

o Modelling and verification of a power module (PM) with datasheet value in
FEM simulator.

o Modelling of the thermal system of FCS in FEM simulator and its performance
analysis.

1.4 Thesis outline

After the brief introduction, chapter two introduced the objectives and the design
procedure of the FCS whereas chapter three described the mathematical model for
semiconductor loss calculation in DAB and VSC converter of FCS. Chapter four
presented the result of losses and efficiency of the system. In chapter five, details
procedures of modelling and verifying PM, designing of the thermal system for FCS,
and the thermal performance analysis of the FCS is demonstrated. Conclusion and
future suggestions are texted in the last chapter, chapter six.
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Design of fast charging station

2.1 Aims of the design

To reach the main objective, this thesis decided the aims of the design mentioned
below.
» Finding the power loss across each of the semiconductor switches
o Thermal resistance between junction to ambient will be calculated to keep the
case temperature around 90 °C.
o A suitable cold plate will be selected based on the thermal resistance and water
flow speed of around 6 to 8 LPM.
e Modelling the system for the thermal analysis.
e The thermal performance will be analyzed on the designed system

2.2 Block description of FCS

The block diagram of a FCS is shown in Figure 2.1. The grid frequency three-phase
AC power is getting into the ACDC rectifier through a low-frequency LC filter. The
ACDC block includes three power module also known as half bridge leg, each of
the modules includes two semiconductor switches depicted in Figure 2.2. This block
rectifies the AC power to DC power at the switching frequency of 25 kHz. It also
regulates the DC link voltage at around 700 V.

A
]
A
Y

ACDC = DCDC :[

LC FILTER |wg—»| Battery

Y

%@@ ©
A
A
4\

Figure 2.1: Block diagram of fast charging station

The last block is the high-frequency DCDC converter named single phase dual active
bridge (DAB) converter. It provides the isolation between the power circuit and the
charging circuit. It also provides the demanded current or power for fast charging
of the batteries. Furthermore, it has an inductor that makes the bridge between the
input bridge and the output bridge of the DAB converter. Input bridge and output
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2. Design of fast charging station

bridge of the DAB have two modules each that are switched at switching frequency

of 25 kHz.
W Héﬁ %E# gl ¢
@ . v QIL_ 41 . _ +2
S v | Vi =;‘ VAC1 VAC2 g 3 L V2
Q—rm l”‘" ] ’ |
H ddd lag - <4
M1

M2 M3 M4 M5 M6 M7

Figure 2.2: Electrical diagram of fast charging station

2.3 Steps of designing fast charging station (FCS)

The main focus of the design is to model the proper heat sink or cold plate to cool
down the power module of the system. Because of these, estimation of power loss
in active three phase VSC, and details losses in the single phase dual active bridge
(DAB) converter are to be determined as described in [4]-[15]. The voltage and
current at the semiconductor switches are two essential parameters to calculate the
power semiconductor losses. The following steps are followed to find the losses in
the DAB. The first steps of designing the FCS is to decide the nominal charging
current and the charging voltage along with switching frequency. Based on the
nominal charging current the phase shift between the two bridge of the DAB is to
be determined. After that, the transformer turn ratio and the inductance value of
the bridge inductor are to be determined. Then the stress values of the system are
calculated based on the loss less model to identify the rating of the switch and to
select the switches. After that, the on state resistance of the MOSFET and the
diode are determined from the data sheets. Once the switches are selected, the
switching and conduction losses are calculated for different operating points to find
the worst-case switching and conduction loss per switch and module. Based on the
assumption of constant dec-link voltage shown in Figure 2.2 as V1, and the unity
power factor, the power loss of each module of VSC converter is estimated. After
that, the thermal resistance calculation and selection of cold plate are done based on
the worst-case loss. The system is built in COMSOL to see the thermal performance
and to find the required velocity of the inlet liquid temperature and the pressure
drop of the liquid. Based on the temperature and pressure drop, a suitable heat
pump can be selected to take away the heat from the fluid. Finally, the thermal
performance of the system is analyzed to see the temperature of the system.

2.4 Selection of phase shift

Selection of phase shift between two terminal voltages VAC1 and VAC2 of inductor
defines the amount of power transfer to the load or batteries. Considering the

4



2. Design of fast charging station

constant output current, primarily the operating points decided to analysis the DAB
are tabulated in table 2.1. Two output voltages around the nominal output voltage
are selected to include the effect of voltage changes during the charging period and
to observe the impact on power semiconductor loss.

Table 2.1: Phase selection for constant output current and different output voltages

Operating | DC Link | Output | Output | Output Phase
points voltage | voltage | current | Power shift

1 700 V 98 kW

2 700 V 840V | 140 A | 117.6 kW | 49.7538°
3 560 V 78.4 kW

The phase shift between the terminal voltages of the inductor is found 49.7538°.
The maximum output current considers 140 A. Equation 2.1 is used to evaluate the
phase shift and described in [14]. The maximum power and maximum output current
can be achieved at the phase shift of 90°. The maximum current, in that case, is
about 315 A for three different operating points. Changing phase difference changes
the output current as well as output power and vice verse as long as inductance,
frequency, and turns ratio is fixed.

_ nV1V2e(l — ¢)

Pout
o 202f,L

(2.1)

where,

T =2 —4K
o= 5
. 27T2stPoutd

nV1Vv2
V2

V2nominal

d =

2.5 Stress Value

The selection of semiconductor switches depends on the maximum stress of voltage
and peak current in the system. So, it is important to find out the stress value
of the system for selecting the power semiconductor switches or to validate the
selected power semiconductor switches or module. The zero loss DAB model detailed
in Chapter 3 is used to calculated the stress value for selecting the switches and
estimated the losses in each component [13] [9]. The stress values evaluated are as
below:

o RMS current flowing through the inductor, switches and transformer.

o Peak current at certain time points or at switching instant.

« Voltage across the switches during the turn on and turn off of the switches



2. Design of fast charging station

Equations 2.2 to 2.5 are derived based on the single phase DAB lossless model
(BAB-LL model) to determine the current at different time points of a switching
cycle mentioned in [13]. 11 70, I 7phi, and I rpe s are the current respectively when
t=0,1t="Ty and t = % Based on the parameters values and different output
voltages, the stress values are calculated for two different phase shift values where
one is to supply nominal output current and others is to supply possible maximum
output current. The result are tabulated in 2.2 and 2.3.

T (nV2—-V1)—2¢pnV2

I = 2.2
L,T0 I f.L (2.2)
V1+nV2
It rphi = 1,10 + TTQﬁ (2.3)
V1—-—nV2
It rhatf = Inmphi + — 7 (T% — T¢) (2.4)
I oL

Tip—0= "= 2.

H=0= V14 nv2 (2:5)

Table 2.2: Calculated stress current for ¢ = 49.7538°

Output Voltage | I 1o It rpni | Inwhatr | Io,rms
700 -193.49 | 193.49 | 193.49 | 174.75
840 -162.18 | 263.49 | 162.18 | 195.65
560 -224.79 | 123.49 | 224.79 | 161.44

Table 2.3: Calculated stress current for ¢ = 90°

Output Voltage | Iy 7o | Irrphi | Lo, mhatf | I0,RMS
700 -350 | 350 350 285.77
840 -350 | 420 350 315.65
560 -350 | 280 350 258.78

The maximum peak and RMS value of currents are 420 A and 315.65 A respectively
for the phase shift of 90°. The same quantities are 193.49 A and 195.65 A respec-
tively for the phase shift of 49.75°. Hence, there is a 30° of phase margin available
for higher load power demand or higher load current. A power module (PM) of
CAS300M17BM2 is available with maximum instantaneous current of 900 A and
continuous current rating of 300 A detailed in [25] [15]. This device is selected and
used for the project implementation.

2.6 Components selection

The selection of components for the DAB converter based on the optimized efficiency
is described in details in [13]. It also explained the procedure of the choice of switches
and their stress values explicitly.

6



2. Design of fast charging station

2.6.1 Selection of n and L

The turns ratio of the transformer known as n is selected as one in this study and
the value of the bridge inductance is selected in a way to be able to produce the
required output current of the system as an RMS value. The value of inductance
needed is selected using equation

nV1e(l — ¢)
202 f, L

where I, is the output current plotted against inductance, L, in Figure 2.3 for phase

shift (PS) of 49.75°. Hence the inductance of 20 uH is considered throughout the

study. Figure 2.3 depicts that to generate any current higher than 140 A, the
mentioned inductance value is sufficient for the system.

I, = (2.6)

280

lo Vs L with PS 49.75

260

120 i

100 T ]

ED 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 28 30

Inductance (uH)

Figure 2.3: Block diagram of fast charging station

2.6.2 Selection of switch

The power module selected in section 2.5 has the capability to carry the required
RMS output current. It is a half-bridge power module (PM) having two MOSFET
switches with corresponding anti-parallel DIODEs. The main features of this module

are that it has very low on-state resistance and there is no reverse recovery current
flowing through the DIODEs.
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2.6.2.1 Selection of on-state resistance

The selection of the on-state resistance for the MOSFET and the DIODE has been
made using the datasheet value [25]. The nominal value of the datasheet can be
used if the temperature variation does not take into account. For the high power
application, it is good to take the temperature variation into account for selection
of the on-state resistance. The temperature versus the on-state resistance graph
can be used along with the equation 2.7 to estimate the on-state resistance of the

MOSFET or the DIODE [24].

QN (1-25) 2
100) (2.7)

where Ry on is the on-state resistance at mentioned junction temperature, « is the
coefficient of the temperature variation, 7j is the junction temperature, and the
nominal temperature is 25°C'. The value of a could be determined by selecting two
points from the datasheet temperature-resistance graph and using the nominal value
of the datasheet along with the equation stated.

Rds,(m(T.j> = RdS,on(25oC>(1 +

2.7 Conclusion

After a brief description of the system, the stress values of the switches of the
system are calculated based on the required amount of output current and output
voltage. After that, the switches, transformer turn ratio, and the inductance have
been selected for the operating point. The procedure of calculation of the on-state
resistance of the MOSFET and the DIODE is presented at the end of the chapter.
Based on the selection made on this chapter, the steady state loss of the system
and the thermal system design based on the steady-state loss will be made in the
upcoming chapter.
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Steady state loss calculation

3.1 Introduction

This chapter introduces the basic of semiconductor loss classified as switching loss
and the conduction loss. Then it selects the essential parameters which need for
semiconductor loss calculation.

It also presents a details loss calculation method for the single phase dual active
bridge (DAB) converter based on two different models and two different switching
techniques. Those models are DAB lossless model (DAB-LL model), and DAB
conduction loss model (DAB-CL model). The switching techniques used are soft
switching (SS), and the hard switching (HS). The switching current, average current,
and the RMS current are extracted for four cases such as 'DAB-LL model with SS,’
"DAB-LL model will HS,” 'DAB-CL model with SS,” and 'DAB-CL model with HS.
Based on these current, semiconductor losses across the DAB will be calculated in
the next chapter.

Finally, the chapter ends with the estimation of the power losses across the ACDC
rectifier.

3.2 Semiconductor loss

Switches in each half-bridge module cause the semiconductor losses commonly known
as switching loss and conduction loss. These are the principal losses contribute to
the heating of the power module as well as the power switches. Accurate modelling
of these losses is essential for designing the thermal system for cooling down the sys-
tem and keeping the junction temperature below the permissible limit. The basis of
calculating those losses are described in the following sections.

3.2.1 Conduction loss

The first equation used to evaluate semiconductor conduction loss is described in
Equation 3.1. The parameters used in the equations, some of them can be extracted
from the datasheets of PM such as R,,, Vr, etc., and some of them must be cal-
culated from the physical circuit using circuit analysis such as Iava, Iryms. Ron i
the on state resistance of the MOSFET known as R, ., or on-state resistance of
the Diode know as Rgiodeon- VF is the forward voltage drop of the semiconductor
device which is 0V for MOSFET in the chosen PM and 0.7V for the DIODE of the
selected PM. Average and RMS current needed for evaluating conduction loss for

9



3. Steady state loss calculation

ACDC boost converter will be estimated for steady-state loss calculation. These
currents are assessed for single phase DAB using details loss calculation method of

the DAB.

Peonp = Velave + Ronliars (3.1)

3.2.2 Switching loss

The general equation uses to evaluate the switching loss are in equation 3.2 described
in [14]. The parameters which are estimated from the datasheets of the PM are
shown in table 3.1 according to [14]. Switching current and switching voltage are
two parameters depend on the types of converter topology, switching technique,
and circuit conditions. These parameters calculations are detailed in the respective

section.

Py = [fs (Eon + Eogs) (3.2)
]’s KI,on ‘/; KV,on
e () (7) )
K K
]5 I,off ‘/S Vyoff
Table 3.1: Parameters of switching loss calculation

Parmeters | Explanation ?CRES%OOMNBMQ)
E . Data sheet Turn-on Switching Energy (mJ) | 13
Bl Data sheet Turn-off Switching Energy (mJ) | 10
1% Data sheet value of switching voltage (V) 900
I Data sheet value of switching current (A) | 300
Kvon Turn-on voltage coefficient 1.83
Kion Turn-on current coefficient 0.647
Kvorr Turn-off voltage coefficient 1.17
Kioff Turn-off current coefficient 1.26
E,, Calculated turn-on energy at I, and V; —
Eofy Calculated turn-off energy at I, and V —

3.3 Details loss calculation of DAB

The thesis has investigated the details loss in single phase DAB converter shown in

figure 3.1 as it is one of the most critical parts in the FCS circuit.

10
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b{af > gf D{SE = af
S1D1 S3D3 (,\I,l;,\ " S5D5 S7D7
V] = VAC1 VAC2 *= V2
S2D2 54D4 ! ? S6D6 S8D8
[}{5}:1 [}1 5% n:1 D{E% [}1 5%
M4 M5 M6 M7

Figure 3.1: Block diagram of the single phase DAB

It has four power modules (PMs), one isolation transformer, and one bridge inductor
as the main components of it. It has been modelled in two different way detailed in
[13]. These two models are named as

o DAB lossless model (DAB-LL model)
« DAB conduction loss model (DAB-CL model)

The calculation of switching and conduction loss of the semiconductor switches
require the average and RMS current of the inductor for different time intervals.
Figure 3.2 depicts the six different section of the induction current for one period
of switching frequency. The time points Tp, T4, T, T% and T} label in the figure are
representing following meaning.

o T, represents the one switching period

. T% represents the half switching period

« T, represents the time equivalent phase difference and Ty = ¢/(2 % ® * f;)
o T} represents the time when current is equal to zero.

o Tj represents the time when current begins

o fs represents the switching frequency

o ¢ represents the phase difference between two ac voltages of the DAB

11
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VACl VA c2
\ T, +T
Oe o | N 4
To QI—1 T, Tua Tu2+T Ts
4“—P4t—Pd r< r4—Pp4 >
| Il I v V VI

Figure 3.2: The time interval of the inductor current are labelled in six different
segments

Here Vic1 = V1 and Voo = nV2 and V1, V2 are the input and output voltage of
the DAB and n is the turn ratio of the transformer.

The phase shift modulation technique creates the phase shift between two terminal
voltages of the inductor, which are VAC1 and VAC2, with 50% duty cycle of the
switching frequency to control the amount of power flow and its direction.
In Figure 3.2, section IV, V and VI are the complements of section I, IT and III as
because of the half-wave symmetry of the inductor current. The voltage difference
for the different section is as follow.

o Section I and II have the voltage difference of Vo1 + Vaco

o Section III has the voltage difference of Vo1 — Voo

e Section IV and V have the same voltage difference of section I and II but

opposite in direction, i.e., —(Vac1 + Vacz)

« Similarly for the section VI as —(Vacr — Vacs)
The switching current and the conduction current comprise the inductor current of
the DAB. Hence, the accurate estimation of the inductor current (i) is fundamental
to correctly estimate the conduction and switching current of all the switches in the
four PMs of the DAB.
Moreover, these two models are used to determine the flow through the inductor
(iz). Besides, there are two switching technique, known as soft switching (SS) and
hard switching (HS), happened during the switching of the MOSFETSs of the PMs.
The estimated inductor current by the proposed models along with the switching
technique has selectively been used for calculating switching and conduction loss
of the DAB in four different categories stated below and detailed in the respective
section [9]-[13].

o Switching and conduction loss for DAB-LL model and SS

o Switching and conduction loss for DAB-LL model and HS

12
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o Switching and conduction loss for DAB-CL model and SS
o Switching and conduction loss for DAB-CL model and HS

3.3.1 DAB lossless (DAB-LL) model

Figure 3.3: DAB lossless (DAB-LL) model

DAB-LL model is an ideal loss-
less model of the DAB. It ig-
nores any resistive effect for
deriving the inductor current.
Hence, the resistance from the
switches, inductor, transformer,
any parasitic elements, and
PBC boards have been ne-
glected building the model. Be-
cause of this, there is only one
inductor showing in the figure
3.3. The sources on both sides
of the inductor are the voltage

across the inductor from the two full-bridge networks of the DAB, the left side
full-bridge voltage is VAC1, and the right side full-bridge voltage is nVCA2. The
parameter, n is the transformer turn ratio which is equal one in this study.

3.3.2 DAB conduction loss (DAB-CL) model

laca=1L

. Y
- -

Figure 3.4: DAB conduction loss (DAB-CL)
model

DAB-CL model includes the
conduction loss of the DAB
to derive the inductor cur-
rent of the DAB. The on-state
resistance of the upper and
lower switches of the PM4 and
PMS5 connect in series with the
inductor and the transformer
when both switches are turned
on. Similarly, the on-state
resistance of upper and lower
switches of the PM5 and PM4

connect in series with the inductor and the transformer when both switches are
turned on. Therefore, there is a series connection among the two one-state resis-
tances, leakage resistance of the inductor, and the total transformer resistance on
the primary side. Equation 3.3 shows the total series resistance considered in the
model of the DAB. This entire series resistance and the inductor along with the
voltage sources generate the inductor current in the DAB-CL model.

R = 2Rds,on + RL + Rtrl + n2Rtr2 (33)
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3.3.3 Switching concept

There are two switching techniques possible for the switching of MOSFETSs in the
PMs presented in figure 3.5. These are soft switching (SS), and hard switching (HS).

4P< Pi P4 ><N

1l VI

(a) Soft switching during switch on and hard switching during
switch off

(p) < s1s4 >« (8283 Pp
(s) 4<S6S7 P« (S5S8> p4(S6S7> >
<4 r<4rd4 P4 >4 P4 >

| Il L1 v \' Vi

(b) Hard switching during turn on and turn off as diode are ignored
for finding maximum possible loss

Figure 3.5: Current and voltage waveform of DAB at steady state (p) conduction

of primary side switches (s) conduction of secondary side switches

3.3.3.1 Soft Switching (SS)

Operating power electronic switches with zero voltage switching (ZVS) and/or zero
current switching (ZCS) is known as the soft switching (SS). ZVS during turn-on
is evident in the phase shift modulation incorporated in this system. In ZVS, Each

14
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antiparallel diode conducts the inductor current before turning on each MOSFET
switches. Figure 3.5a shows the SS operation for the investigated DAB converter.
Whereas, the turn-off switching could not achieve the soft switching.

3.3.3.2 Hard Switching (HS)

The switching of power electronic switches neither at zero voltage nor zero current
consider as hard switching (HS). In this study, HS refers to non zero voltage and or
non zero currents during both turn-on and turn-off of the switches. Generally, in
the phase shift modulation, HS does not happen during the turn-on of the switches.
But for estimation of the losses for the thermal analysis in worst case scenario, HS
during turn-on is also considered with HS turn-off. Figure 3.5b shows the HS of the
DAB where the conduction through the diodes are ignored, and 180° conduction of
switches are considered.

3.4 DAB-LL model-based calculation

The principle inductor current equation for DAB-LL model, described in section
3.3.1, is presented in equation 3.4. The switching currents, average current, and
RMS current, required for semiconductor loss calculation referred to section 3.2,

have been calculated using the equation 3.4 for evaluating losses in the categories
'DAB-LL and SS’, and 'DAB-LL and HS’ mentioned in article 3.3.

i (To) + V32 (¢t Ty Ty <t<T,
iL<t>_{ZL( o+ T =T To<t<Ty (3.4)

I V1i-nV2
i(Ty) + =7=(t=Ty) Ty<t<T

The switching currents are considered as the inductor current at the beginning of
the switching time instant can be found according to equations 2.2 to 2.5. The av-
erage and RMS currents calculation use the piecewise linear integration method for
the different time interval of the switching period. The average current calculation
requires the integration of the inductor current whereas the RMS current calculation
requires the square integration of the inductor current.

The integrations of the inductor current for different time interval, depicted

in Figure 3.6, are derived and compiled in equations 3.5 to 3.7 and will be used to
calculate the average current of that intervals.

T
[ZY = /T (a + b(t - To))dt

= Zy(a +b(t — Z))dt (3.5)
_ ;(y ~ 2)(2a+ b(Y + 2))
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Ty
Iyp:/ (CL"‘b(f-Tﬁdi
T

= YP(a +b(t —Y))dt (3.6)

- ;(P —Y)(2a+b(P +Y))

Ts

Ior = [ (0l = T

¥ o+ att - P 3D
_ ;(zp — T.)(~4p + 2¢P — qT,)

where,

e Z=Ty=0,Y =T\, P=Ty,and T = =

o« 4= ZL<T0) b= Vl—znVQ

o p=ir(Ty), ¢ = F72
Similarly, the square integrations of the inductor current for different time
interval, presented in Figure 3.6 are derived and compiled in equations 3.8 to 3.13
and will be used to calculate the RMS current of that intervals.

[Ryy = /Z "0+ bt — 7))t

(a4 bY = 2)P = (o) (38)
N 3b
IRyp = /Yp(a b(t— Y))2dt
@+ bP-Y)) = (0 (39)
N 3b
IRpr = /PQS(P‘F q(t — P))*dt
(p+ Lg(T—2P)) — P (3.10)
_ W
IRz =IRzy + IRyp+ IRpr
_/ (a+b(t—2Z dt+/ Y))zdt+/Pgs(p+q(t—P))2dt
_(a+d(Y = 2))° — (a)’ LS +b(P—Y))‘°’ — (a)® N (p+ 59(T —2P))* —
3b 3b 3¢
_ (a+b(P—2))?—a? N (p+ %q(T —2P))? —
3b 3q
(3.11)
Hirtao = /P S (3.12)

1
= §p2(T —2P)
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IRz 4—0 = IRzy + IRyp + IRpr¢—0

_/ (a+b(t—Z dt+/ Y))2dt + PT; (p)*dt
_ (a+0d(Y BbZ>> (a)® n +b(P—3Z/)) — (a) —|—;p2(T—2P)
(a+b(P—-2)>-a*> 1,
= 3 —l—§p (T_QP)
(3.13)

When q = 0, the equations 3.12 and 3.13 will be used instead of equations 3.10 and
3.11 for calculating square integration of current of respective time intervals.
Finally, the equation 3.5 to equation 3.13 are used to evaluate the average and RMS
currents that are used to calculate the important losses across the semiconductor
switches for the different time intervals.

3.4.1 Current for 'DAB-LL model and SS’

IL,Tph IL,ThaIf
Vﬁd v-\ﬂ
.[_

P PSS C— S S — ! S—
L/, P T M N T
IL,T!] I Il_,ra

LTph
DID4 5154 5134 D23 5253 5253
4+—rt—Pt—rFt—Pt—P¢————>
| Il Il v V' Ml

(a) Primary side conduction of switches for SS

Il_,'rph IL,ThaIf
VJ!C[ qu
.[_
0 J T, 1T,

e L —— !
Ly P T M N T
Il_,'m I Il_;m

L,Tphi
DEDT  S637 DsDa DsD& 5b58 DeD7
d—bd—bd—bﬂl—bd—H—b

I Il Vi

(b) Secondary side conduction of switches for SS

Figure 3.6: Conduction of switches during SS
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Figure 3.6 shows the conduction of MOSFETs and antiparallel DIODESs of the pri-
mary side PMs such as in PM4 and PM5 as well as of the secondary side PMs
such as in PM5 and PM6 for the DAB-LL model. Figure 3.6 also presents that
each antiparallel DIODE conducts before the turn-on of its pair MOSFET; hence
the ZVS is achieved during turn-on. The duration of the conduction of the MOS-
FETs is higher than the length of the conduction time of the DIODEs in primary
side whereas it is opposite in the secondary side of the DAB. Moreover, because
of the half-wave symmetry of the inductor current, the interval ZY, Y P, PT, and
ZT are complementary identical to the interval M, M N, NT, and TT;. Finally,
the essential switching currents at different time points are shown in the figure as
IL,T07 IL7TPhi7 and IL,Thalf' Where, IL,TO is the current at time 7Zero, IL,Tphi is the
current at the time equal to the phase shift, and Iy, rpqy is the current at the time
corresponding to the half of the switching period T,. Nevertheless, I1, phi, and Ir, 1o
are equal in magnitude, because of the unity transformer turn ratio, but opposite
in direction with the current at the time point N and T's.

3.4.1.1 Switching current

The switching currents for 'DAB-LL model and SS’ is shown in figure 3.6 are derived
and compiled in equations 3.14 to 3.17. The turn-on switching loss of all MOSFETs
both in the primary side as well as in the secondary side of the DAB is zero because
of the SS of the phase shift modulation. The only switching loss happens in all of
the switches is the turn-off loss during SS. In the primary side, the current I, 1o is
used to calculate the turn-off switching loss of the MOSFET switches S2S3 whereas
I1, rhaly is used for S154. Similarly, on the secondary side, the current Iy rpp; is used
to calculate the turn-off switching loss of the MOSFET switches S6S7 and S5S8.

T (nV2—-V1)—2¢pnV2

Inmo = 3.14
LT A f L ( )
V1+nV2
It rphi = 1110 TTqﬁ (3.15)
V1—-—nV2
It rharf = Inrphi + — 7 (T% — T¢) (3.16)
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3.4.1.2 Average and RMS current

It is explicit from the Figure 3.6 that the average and RMS current are equal for all
diode at the primary side of the DAB as well as all switches at the secondary side
as long as the transformation ration is one. Similarly, the same amount of RMS
and average current flow through the all switches at the primary side of the DAB
and the diodes of the secondary side of the DAB as long as the turn ratio is unity.
The required average and RMS current are evaluated using the equations 3.17, 3.19,
3.18, and 3.20.

1

]s av - -1
paug D = 7 X (=1zv) (3.17)

=nX [ss7avg,S

1
]sp,rms,D - ? X (IRZY)

=nxX Iss,rms,S

(3.18)

1
lopavos = — X (Iyp+1
pave.s = (Iyp + Ipr) (3.19)

=nxX ]ss,avg,D

I \/T%X([RYPJrIRPT); ifqg#0
sp,rms,S — '
’ Vi x URyp +IRpre); ifg=0 (3.20)

=nX Iss,rms,D

3.4.2 Current for 'DAB-LL model and HS’

The ZVS happens during turn-on of the switches in the SS technique is ignored in
the 'DAB-LL and HS’ case. Because of this, there is no conduction of DIODEs at
all in the HS consideration. Each MOSFET of all PMs conducts for half switching

cycle both in primary side as well as on the secondary side depicted in figure 3.7.
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(b) Secondary side conduction of switches for HS

Figure 3.7: Conduction of switches during HS

3.4.2.1 Switching current

The switching currents during turn-on and turn-off required for calculating switching

losses are shown in figure 3.7.

In the primary side of the DAB, the switching current, I, 1o is used for evaluating
the turn-on loss of the switches S154 and the turn-off loss of the switches S253.
And the switching current, I, rpq ¢ is used for estimating turn-off loss of the switches

5154 and the turn-on loss of the switches S2S3.

On the secondary side, the switching current, I rpn; is used for calculating turn-on
and turn-off loss of the switches S5 to S8. The equations of all switching current
are same as the switching currents equation described in equations 3.14 to 3.17.
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3.4.2.2 Average and RMS current

According to the Figure 3.7 MOSFET switches S1 and S4 conduct from Z or Tj to
T or Th and S2 and S3 conduct from 71" or T: to T,. The duration of conduction
is equaf, and all four switches carry the same ziverage and RMS current throughout
their conduction at the primary side of the DAB. On the secondary side of the DAB,
all four switches S5, S6, S7 and S8 conduct for the equal amount of time and carry
the equal amount of average and RMS current throughout their conduction time. S5
and S8 conduct from P or Tj to N or T LT, The current during this interval is same
as the current of the interval Z or Ty fo T of T1 Hence the average and the RMS
current that is needed and calculated in equatlon 3.21 and 3.22. In the equation
Iipavg and Ipp pms are the average current and RMS current following through each
of the switches in the primary side of the DAB. Similarly ;s qvg and I s are the
average and RMS current following through each of the switches at the secondary
side of the DAB. In this case, MOSFET body DIODESs never conduct as because of
synchronous rectification and negligibly small dead time described in [13].

Finally, equation 2 shows the total RMS current of the inductor for the case ¢ = 0
and ¢ # 0 described in section 3.4.

1
Ihp,avg = 7 % (Izy + Iyp + Ipr) = Insavg (3.21)
I ms
]hp,rms = L = ]hs,rms (322)

V2

I _ \/:% X (IRzy + IRyp + IRpr); ifg#0
L,rms '
V7 X (IRzy + IRyp +1Rpr4m0); ifq=0

(3.23)

3.5 DAB-CL model-based calculation

The conduction loss based DAB model includes all of the conduction loss in the
model such as the on state resistance of the switch, resistance of the core of the
inductor and the transformer. The resistances are lumped together and connected in
series with the bridge inductor. Hence the full bridges on both side of the transformer
remain ideal for the DAB-CL model. Based on the DAB-CL model in Figure 3.4,
the current, voltage, power, and the power loss have been evaluated according to
the equation stated in [13] and described in equations 3.24 to 3.26.

, e=ip(Tp) + V0V2(1 — =), Ty <t <T,
i (1) =9 =1y V12 Ty (3.24)
e i(Ty) + == —e 7 ) Ty <t<T
2V1 %
Pin = i (t)dt (3.25)
T, Jo
2V2 [T
Pout = 7 ir(t)dt (3.26)

21



3. Steady state loss calculation

The integrations of the inductor current of DAB-CL model for different
time intervals are derived and compiled in the equations 3.27 to 3.31. These equa-
tions will be used to calculate the average current of the inductor for the required

time interval for loss calculation.

Loy =b(Y — Z) + 7(a—b)(1 — e 77) (3.27)
Lyp=bP —Y)+7(0—b)(1—e ") (3.28)
Lpr =b(T ~P)+7(p—q)(1—e "7 ) (3.29)
Lzp=bP—Z)+7(a—b)(1—e 7 ) (3.30)
Iezr = Izp + Ipr (3.31)
_ Vi4nV2
TIL:O = -7 ln ] o @14’_”‘/2 (332)
LTO— — R
a=1Irmo (3.33)
p— (V1+nV2)
B R
P = I 1phi
_ (VI-nV2)
B R
Z=T,
Y — TILZO
P=T,
=T,

The square integrations of the inductor current of DAB-CL model for
different time intervals are derived and compiled in the equations 3.34 to 3.37. These
equations will be used to calculate the RMS current of the inductor for the required

time interval for loss calculation.

2 Y - Z _ 1 oty
IRczy = 7_((17 +ab + ( — §)1)2 —2b(a — b F) — Z(a— b)%&y))
2 T 2 2
(3.34)
2 P-Y _ 1 Cape
IRy p = 7(02 +Oxb+( - ;’)b2 — 20(0 — b)) — (0 - b)2e( )
T
(3.35)
2 T—P 3 _T-P 1 —2(T'—P)
IRepr = (5 + pa + =) 20— q)e” T = S — g T )
(3.36)
2 P-Z _ 1 _ap
IR.zp = T(af + ab + ( - §)b2 —2b(a — b)e(’PTZ) — —(a— b)2e(M))
2 T 2 2
(3.37)
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3.5.1 Current for 'DAB-CL model and SS

The inductor current for 'DAB-CL model and SS’ is similar in pattern and operation
as the inductor current for 'DAB-LL model and SS’ except the value of the inductor
current. Hence, the switches in the primary side and the secondary side will be
conducted at the same time interval as before. The value of the switching current,
average current, and RMS current are calculated for 'DAB-CL model and SS’ and
mentioned in the upcoming sections.

3.5.1.1 Switching current

The switching currents required for switching losses calculation for ’DAB-CL model
and SS’ are derived using equation 3.24 along with equation 3.38 and 3.39 and
presented in equation 3.40 to 3.42.

-T1
Ip 1 a=0 = b(1 — exp(T)) (3.38)
=12 —T2
]LaThalfva:() = eajp(T)]Lvahiya:() + Q(l - GZL‘p( - )) (339>
—I1.7,1,0=0

Irro = »_phis ‘

I, = 61’19(7@)&,% +b(1 — ea:p(qu)) (3.41)
=T =Ty Ty — Ty

11 1, = €xp(—2 Moz, +a(1— exp(%)) (3.42)

3.5.1.2 Average and RMS current

The average and RMS current for the MOSFETs and the DIODEs on the primary
side as well as on the secondary side of the 'DAB-CL model and SS’ are derived and
shown in equations 3.43 to 3.50.

1
lesp,avg, D = T X (=lezy) (3.43)
1
lesp,avg,s = T % (Ieyp + Iepr) (3.44)
1
Less.avg,0 = e (Lezy + Lepr) (3.45)
1
Icss,avg,S = n? X (ICYP) (346)
1
Icsp,rms,D = ? X (IRczy) (347)
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1
[csp,rms,S = \/T X ([RCYP + [RCPT> (348)
1
Icss,rms,D - n\/T X (]RCZY + IRCPT) (349)
1
Icss,rms,S =n T X (IRCYP) (350)

3.5.2 Current for 'DAB-CL model and HS

The inductor current’s pattern of 'DAB-CL model and HS’ is also similar to the
current pattern of 'DAB-LL model and HS’ shown in Figure 3.7. The switching
instant, conduction time, conduction of the switches are also same as before. The
only difference considered here is the calculation of the current value which is done
using the equation 3.24 along with the equations 3.27 to 3.50.

3.5.2.1 Switching current

The switching current required for the switching loss calculation has been calculated
using the equations 3.40 to 3.42 and the switching instant considered according to
the description mentioned in section 3.4.2.1.

3.5.2.2 Average and RMS current

Equation 3.51 calculates the RMS current through the inductor and average current
is ignored because of the zero forward voltage drop of MOSFETs to estimate the
conduction loss in the system of 'DAB-CL model and HS’ following the description
made in section 3.4.2.2.

2
It rms = \/T(IRCZP + IR.pr) (3.51)

S
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3. Steady state loss calculation

3.6 Loss in ACDC rectifier

A three-phase PWM rectifier is utilized to converter the grid ac voltage to a dc
voltage around 700 V. And the ac line to line voltage is about 400 V. Besides these,
An LCL filter is constructed to meet the harmonic requirements from the utility grid
perspective. The grid RMS current (inductor phase current) in nominal condition
can be calculated as: I,,,s = 152 A and I, = V2I,ms and the switching frequency is
fs=25kHz.

The switching loss in the MOSFET and the diode are calculated according to the
data sheet parameters based on the equations 3.52 and 3.53 respectively. But there is
no reverse recovery current from the diode of the product CAS300M17BM2. Hence
no switching loss is for the diode. The energy of switching on and switching off of
the MOSFET has to be adjusted with the data sheet value for the switching voltage
and current that are V, = 700 V and I, = %ﬁ]orms = 68.50 A for all of the switches
in the rectifier.

The data sheet value of energy of switching on and switching off are £/ = 13 mJ
and E,,, =10 mJ at V] =900 V and I = 300 A respectively. Based on the data
sheet value and two others voltage and current values taken from the energy plots
of the datasheet, equations 3.53a and 3.53b are solved, and the following coefficients
have been found.

o Kjon = 0.647
e Kyon =183

o Kpopp =126
o Kyopp =117

These coefficient along with data sheet value of energy could be used in the equa-
tions 3.53a and 3.53b to evaluate the switching on and switching off energy of the
MOSFETs at any specific voltage (V;) and current (Iy) [4]-[6].

PM = fi (Eon + Eofy) (3.52)
P;D = fs (Eon + Eofy) (3.53)
]’S KI,on ‘/; KV,on
Eon = E:)n <I;> <w> (353&)
K K
15 I,off ‘/; Vioff
Eoff = E;ff (I’) (‘//> (353b)

The conduction loss of MOSFET and diode are estimated according to the formula
given in [24] and presented in equation 3.54.

1 mgcoso
P.M = Rpsonl? | = 3.54
sl (5 +52%) (350
1 M COSP 1 mgcoso
P.D =Vspl, | o— — RioeI2 S
SDP(zw 8 >+ddp<8 3m )

The parameters estimated to calculated the conduction are as below. And the
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3. Steady state loss calculation

average value of the current calculated before is used to evaluate the conduction
loss in MOSFET and in diode as suggested by [24].

e Modulation index, m, =1

o Displacement power factor, cos¢l =1

e Rpson = 12 m€) and Rgipge = D mS)

» Diode forward voltage drop, Vsp =2.5 V
The Table 3.2 shows the calculated loss in ACDC rectifier. Here PcM, PcD, and
Ps stand for the conduction loss in a MOSFET, conduction loss in a diode and
switching loss in a MOSFET. Besides these, Module 1, Module 2 and Module 3
represent the total loss in a half bridge lag of ACDC rectifier consequently. Finally,
the total loss in the ACDC rectifier is tabulated under Pscpc which is calculated
as 1.55 kW.

Table 3.2: Conduction and switching loss of ACDC rectifier

PcM PcD | Ps Module 1 | Module 2 | Module 3 | Pacpc
122.54 | 13.86 | 107.89 | 488.59 488.59 488.59 1.4685e+-03

3.7 Conclusion

All of the necessary quantities such as the parameters of the selected switches,
switching currents, conduction currents, and the required models of the system
have been explicitly stated in this chapter to estimate the semiconductor losses of
the system.
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Results

4.1 Losses in the system

The losses in the system are separated as the loss in each module of the DAB,
in the ACDC rectifier, across the inductor, and across the transformer. The fixed
parameters are switching frequency, turn ratio of the transformer, the resistance of
the inductor and the transformer, dc link voltage, and the phase shift angle. Two
on-state resistance of the MOSFET such as 8 and 12 mf2, and three output voltage
such as 560, 700, 840 V are considered for the loss calculation. Other losses are
ignored during the calculation of the current values. The results of the system are
presented in the following sections.

4.1.1 Total module loss for 'DAB-LL and HS’

The total losses per module in the DAB converter during 'DAB-LL and HS” model
are presented in Table 4.1 and Table 4.2. Table 4.1 shows the result for the on-state
resistance of 8 m{2 whereas Table 4.2 shows the result for the on-state resistance of
the 12 mf). The losses in the primary and the secondary side modules are same at
the nominal output voltage of 700 V' as long as hard switching considered. On the
other hand that’s are not the same for other voltages as they are different from dc
link voltage.

Table 4.1: Loss per module for hard switching of DAB loss less model when Ry, =
8 mQ and PS = 49.75 °C

Output voltage | Module 4 | Module 5 | Module 6 Module 7
(V) (Watts) | (Watts) | (Watts) (Watts)
700 767.7259 | 767.7259 | 767.7259 767.7259
840 753.5623 | 753.5623 | 1.2246e+-03 | 1.2246e+03
560 808.0065 | 808.0065 | 455.9117 455.9117

Table 4.2: Hard switching R = 12 m{), PS = 49.75 °C

Output voltage | Module 4 | Module 5 | Module 6 | Module 7
(V) (Watts) | (Watts) | (Watts) (Watts)
700 889 889 889 889

840 906 906 1.3778e+3 | 1.3778e+3
560 912 912 560 560
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Table 4.3: Hard switching for R = 12 mf2, and PS = 90 °C

Output voltage | Module 4 | Module 5 | Module 6 | Module 7
(V) (Watts) (Watts) (Watts) (Watts)

700 1.8859¢+3 | 1.8859e+3 | 1.8859e+3 | 1.8859¢+-3
840 2.1015e+3 | 2.1015e+3 | 2.6126e+3 | 2.6126e+3
560 1.6875e+3 | 1.6875e+3 | 1.2609e+3 | 1.2609e+3

4.1.2 Total Module loss for 'DAB-LL and SS’

Similarly, the total losses per module in the DAB converter during ’DAB-LL and
SS’ model are presented in Table 4.4 and Table 4.5. Table 4.1 shows the result for
the on-state resistance of 8 m{2 whereas Table 4.2 shows the result for the on-state
resistance of the 12 m£2. The losses in the primary side modules are higher than the
secondary side modules at the output voltage equal or less than the dc link voltage
as soft switching considered. On the other hand that’s are opposite for voltages

higher than the dc link voltage.

Table 4.4: Total loss at each module for soft switching of DAB loss less model for

R =8 m)
Output voltage | Module 4 | Module 5 | Module 6 | Module 7
(V) (Watts) | (Watts) | (Watts) | (Watts)
700 463.4380 | 463.4380 | 390.2972 | 390.2972
840 458.9093 | 458.9093 | 598.5113 | 598.5113
560 491.3120 | 491.3120 | 255.3650 | 255.3650
Table 4.5: Soft switching R = 12 m{Q), PS = 49.75 °C
Output voltage | Module 4 | Module 5 | Module 6 | Module 7
(V) (Watts) | (Watts) | (Watts) | (Watts)
700 D78 578 397 397
840 597 597 603 603
560 592 592 266 266
Table 4.6: Soft switching R = 12 mf), PS =90 °C
Output voltage | Module 4 | Module 5 | Module 6 | Module 7
(V) (Watts) (Watts) (Watts) (Watts)
700 1.3947e+3 | 1.3947e+3 | 984 984
840 1.5336e+3 | 1.5336e+3 | 1.3002e+3 | 1.3002e+3
560 1.2646e+3 | 1.2646e+3 | 715 715
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4.1.3 Total module loss for ' DAB-CL and HS’

Now the total losses per module in the DAB converter during 'DAB-CL and HS’
model is shown in Table 4.7 which is for the on-state resistance of 8 m{2. Secondary
side switches are stressed more if the output voltage is not the same as the dc link

voltage.

Table 4.7: Total module loss for hard switching of DAB Conduction loss model

Output voltage | Module 4 | Module 5 | Module 6 | Module 7
(V) (Watts) | (Watts) | (Watts) (Watts)
700 887.89 887.89 897.59 897.59
840 986.00 986.00 1.531e+03 | 1.531e+03
560 863.66 863.66 484.21 484.21

4.1.4 Total module loss for ' DAB-CL and SS’

Finally, the total losses per module in the DAB converter during 'DAB-CL and SS’
model is shown in Table 4.8 which is for the on-state resistance of 8 m{2. Secondary
side switches are stressed more if the output voltage is more than the dc link voltage.

Table 4.8: Total module loss for soft switching of DAB Conduction loss model

Output voltage | Module 4 | Module 5 | Module 6 | Module 7
(V) (Watts) | (Watts) | (Watts) | (Watts)
700 602.09 602.09 426.74 426.74
840 725.24 725.24 772.89 772.89
560 557.50 557.50 209.06 209.06

4.1.5 Total Module loss of ACDC rectifier

In the ACDC rectifier, Table 4.9 shows the conduction losses, switching losses, and
the per module losses. These losses are estimated as per the conditions mention in
the previous chapter.

Table 4.9: Conduction and switching loss of ACDC rectifier

PcM
122.54

PcD | Ps
13.86 | 107.89

Module 1
488.59

Module 2
488.59

Module 3
488.59

Pacpe
1.4685e+03
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4.2 Efficiency of the system

The calculation of the efficiency of the system includes the losses in each component
of the system. The losses across the inductor and the transformer are calculated
based on the conduction current in considered models of the DAB. They are men-
tioned as Pgry and Pr respectively. There are 20 W of loss considered as auxiliary
power loss of the system during the efficiency calculation of the system.

The efficiency of the ACDC part is calculated considering the power factor equal to
1,0.95, and 0.90. The procedure is mentioned below. The apparent power is given
by S = 3VrmsIrms. And Considering S = 105 kV A, Irms is calculated. The peak
value of current is v/2Irms. Based on this peak value, switching loss is estimated.
The result of the ACDC rectifier is tabulated in table 4.10.

Table 4.10: Efficiency of ACDC rectifier considering different system power factor

PF (cos¢) | Pin (kW) | Ploss (kW) | Efficiency (%)
1 105 1.47 98.60
0.95 99.75 1.46 98.53
0.90 94.5 1.47 98.44

The efficiencies of the DAB converter are shown in Table 4.11 and Table 4.12 whereas
Table 4.11 shows the result for the on-state resistance of 8 mf2 and Table 4.12 shows

the result for the on-state resistance of 12 m{2. The best case efficiency occurs during
the SS techniques for both CL and LL models.

Table 4.11: DAB efficiency for Rgson = 8 mf2

Rds,on Psepap | Prr | Pr P,. | Pin Efficiency
= 8 mf) (kW) | (kW) | (kW) | (kW) | (kW) | (%)
Lossless HS | 3.070 0.083 | 0.158 | 0.020 | 98 96.60
Model SS | 1.707 0.083 | 0.158 | 0.020 | 98 97.99
Conduction | HS | 3.0795 | 0.083 | 0.159 | 0.020 | 98.807 | 96.62

loss Model | SS | 1.7146 | 0.083 | 0.159 | 0.020 | 98.807 | 98.00

Table 4.12: DAB efficiency for Rys o, = 12 mS2

Rds,on Psepap | Prr | Pr P, | Pin Efficiency
=12 mQ (kW) | (kW) | (kW) | (kW) | (kW) | (%)
Lossless HS | 3.5595 | 0.083 | 0.158 | 0.020 | 98 96.10
Model SS | 1.9518 | 0.083 | 0.158 | 0.020 | 98 97.74
Conduction | HS | 3.5744 | 0.083 | 0.159 | 0.020 | 99.068 | 96.13

loss Model | SS | 1.9644 | 0.083 | 0.159 | 0.020 | 99.068 | 97.75

The system efficiency is estimated and presented in Table 4.13 and Table 4.14. Here,
HS is for hard switching and SS is for soft switching. The efficiency is calculated
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based on the nominal operating point meaning DC link voltage is considered 700 V/,
and the output voltage is considered 700 V' as well.

The best efficiency should be around 96% at the nominal operating point. It will
decrease if the power factor decrease and increase if the DAB output voltage de-
crease.

Table 4.13: System efficiency considering Rgs on, = 8 mf2

RdS, on PDAB PaugC PAC’DC Pin Efﬁciency
= 8 mQ) KW) | (kW) | &W) | kW) | (%)
HS | 3.3128 | 0.020 | 1.55 105 95.43
DAB-LL SS | 1.9493 | 0.020 | 1.55 105 96.73
HS | 3.3228 | 0.020 | 1.55 105 95.42
SS [ 1.9579 | 0.020 | 1.55 105 96.72

DAB-CL

Table 4.14: System efficiency considering Rgs on, = 12 mf2

Rds, on Ppag | Puwe | Pacpe | Pin | Efficiency
=12 m<2 (kW) | (kW) | (kW) | (kW) (%)
DAB.LL HS | 3.8014 | 0.020 | 1.55 105 94.96

SS | 2.1936 | 0.020 | 1.55 105 96.50
HS | 3.8181 | 0.020 | 1.55 105 94.95
SS | 2.2081 | 0.020 | 1.55 105 96.48

DAB-CL

Table 4.15: Effieciency of DAB and the efficiency of the system based on unity
power factor

Ploss | Pin Efficiency | Ploss Pin Efficiency
(DAB) | (DAB) | (DAB) (ACDC) | (ACDC) | (System)
Lossless HS | 3.070 | 98 96.87 1.55 105 95.6
Model SS | 1.707 | 98 98.26 1.55 105 96.89
Conduction | HS | 3.551 | 98.807 | 96.41 1.55 105 95.14
loss Model | SS | 2.057 | 98.807 | 97.92 1.55 105 96.56

4.3 Conclusion

Based on the models in Chapter 3, losses are calculated and presented in this Chapter
4. The efficiency of the ACDC converter is more than 98%, and it is between 96%
to 98% for DAB converter. However, the best case system efficiency is about 96%.
Based on the loss calculated in this Chapter, the thermal analysis of the system will
be done in the next chapter.
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Thermal design of fast charging
station

5.1 Introduction

This chapter represents the design of the cooling system for the investigated fast
charging station (FCS) based on the losses calculated in the previous section. It has
designed a power module (PM) and a cold plate in finite element method (FEM)’s
simulator using the available datasheets parameters. It also verified the PM by
comparing thermal resistance with a 14 stages RC thermal model obtained from the
manufacturer. Finally, the thermal performance curve is found out for the system.
The recommended fluid flow can be in between 6 to 8 liter per minutes (LPM) with
a pressure drop of 187 to 314 mbar to control the maximum junction temperature
below 129 °C for 6 LPM, 124 °C for 7 LPM and 110 °C' for 8 LPM throughout
the operating region.

5.2 Description of the thermal system

The thermal system
under study has three
main parts that are
clod plate (CP), lig-
uid pipe (LP) and the
single power module
(PM). The LP is pass
through the CP and
carry the coolant with
specific inlet tempera-
ture and velocity. Be-
sides, there are seven
identical PMs sit on
Figure 5.1: 3D view of the thermal system of FCS the CP, and the base/-
case of each PMs at-
tached to CP through thermal interface material (TIM). Figure 5.1 shows the whole
thermal system of the FCS representing CP with LP and seven PMs on it. The
TIM layer is in between CP, and PMs.
Moreover, each PM consists of two semiconductor switches named as an upper
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5. Thermal design of fast charging station

switch and a lower switch. Each switch includes one MOSFET and one DIODE.
Six identical MOSFET chips manufacture each MOSFET, and similarly, six similar
DIODE chips construct each DIODE. Figure 5.2 shows the top view of a single PM
shows the die or chip location that has been provided by the manufacturer. It also
shows the dimension of the PM. Each PM holds 106.4 mm width, 61.4 mm depth,
and 6 mm height. Furthermore, it has multiples layer inside of it.

106.4 mm

A O O

»
'

A

MOSFET chip

[ e Y

61.4 mm

DIODE chip

—

v O O PM Base

AL

Figure 5.2: Die/chip location of a single PM

Finally, Figure 5.3 shows the dimensions of CP and position and radius of LP inside
the CP. The CP is 570 mm long, 150 mm wide, and 20 mm in height. On the
other hand, the LP has an inlet pipe and an outlet pipe connected to each other at
the end of the cold plate. Inlet pipe passes through the CP and below the upper
switches of each PMs. Similarly, outlet pipe passes through the CP and below the
lower switches of each PMs.

—> Cold plate ——» Inlet Pipe
P4 - Y 570 mm >
he
;;: 1 o) 5] [o o] [0 o| [o o| [0 ol | /o) o] [6 o)
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E } f t } , !
- R=6mm PM1 PM2 PM3 PM4 pMs  Outlet Pipe pme PM7

Figure 5.3: Dimension of cold plate and position of liquid pipe and PMs
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~<— Chip Metal: Aluminium
- » Chip: SiC

<——» Chip Solder: SnAgCu
DCB Upper Layer: Copper

<«—» DCB Layer: AIN

<_|—> DCB Lower Layer: Copper
DCB Solder: SnAgCu

PM Base: Aluminium
— TIM: Thermal grease

i LP: Ethylene glycol

<» CP: Aluminium 6060

Figure 5.4: Layers information of the system

The dimension of layers of the thermal system is the essential parameters for the
study of thermal performance. The thickness of the layers influences the thermal
performance of the system. So, proper choice of thickness is necessary for having the
excellent performance of the system. Figure 5.4 shows the vertical cross-section of
the system and depicts the layers of the system. There are 11 layers of the system.
CP and LP inside of it consist of two layers. The third layer is the TIM layer
which is in between CP and each PMs. Besides these, eight layers form a single
PM. Generally, an only PM like CAS300M17BM2 in this context has three crucial
layers. These are a base layer, a DCB or DBC layer (double copper bounded-DCB
or DBC), and a chip layer. A ceramic substrate which is bounded by lower and
upper copper layers form the DCB layer. And the DCB layer is connected to the
base through DCB solder layer. Each MOSFET or DIODE chip has one layer of
semiconductor material. Plus there is a chip solder layer below the chip layer and a
chip metal layer above the chip layer [16].

Table 5.1: The thickness of the layers of the system

Layer Thickness Comments
(mm)
Cold plate (CP) | 20
Liquid pipe (LP) | 12 Diameter
TIM 0.05
Base plate (BP) | 6
DCBSol 0.1, 0.25 DCB Solder
DCBLcu 0.3 DCB lower layer copper
DCB 1 AIN
DCBUcu 0.3 DCB upper layer copper
ChipSol 0.1 Chip solder
Chip 0.38 MOSFET and DIODE
ChipMet 0.004 Chip metal
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The actual dimension of the DCB layer of the PM is not available because of the
confidentiality issue. Hence, this thesis uses the typical combination of the thickness
of copper and ceramic layers which is in table 5.1. The thickness of the chip is from
the manufacturer datasheet. Therefore, there are some fixed thicknesses of the layers
which are CP, LP, DCB and its copper layers, silicon carbide (SiC) chip, and chip
metal layers. The thicknesses of the layers such as TIM layer, DCB solder layer, and
chip solder layer are optimized to keep the maximum junction temperature as lowest
as possible. Table 5.1 shows the thickness of all layers with the essential notes.

5.2.1 Materials properties

Table 5.2 records the nominal value of the essential materials properties such as
heat capacity or specific heat capacity, C,, density, p, and thermal conductivity, k
of all the materials used in the system. The layers and its corresponding elements
of materials are shown in figure 5.4 of earlier section. The time-dependent thermal
properties of the listed items are not crucial for performance analysis, but it can not
be ignored in the reliability and the lifetime assessment analysis of the system.

Table 5.2: Materials properties of the module

. Heat capacity, C, | Density, p | Thermal conductivity, k
Materials (J/(kg.K)) (kg/m®) | (W/(m.K))
Aluminium 6060 | 900 2700 209
Ethylene glycol
(50/50) 2400 1112 0.252
TIM 2600 1200 3
Copper 385 8960 400
SnAgCu 7370 220 57
AIN 3260 740 180
SiC 690 3216 490
Aluminium 900 2700 238

The only temperature dependents material properties considered is for the coolant,
Ethylene glycol (50/50) solutions. Figure 5.5 illustrates these properties.

.06 — 2700 o -
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Figure 5.5: Temperature dependent properties of the liquid Ethylene glycol
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5.2.2 Heat source

The power losses in the system that mainly contribute to the thermal performance
analysis of the system are the power losses in the power modules of the ACDC
converter and the DCDC DAB converter. All others losses in the system are ignored
in the thermal analysis by this report. The power losses considered in the thermal
performance analysis of the system are tabulated in the table 5.3.

Table 5.3: Power loss in ACDC converter and DCDC converter for thermal analysis

Power loss in ACDC converter

Components Loss in W | Descriptions
sPM13 230.4334 | Loss per switch in the PM 1 to PM 3
dPM13 13.8612 Loss per diode in the PM 1 to PM 3

Power loss in DAB converter
Components (SS) | Loss in W | Descriptions
s1PM4 = s2PM5 281.01 equal in cross switches of PM4 and PM5

dPM45 8.86 Loss in each diode of PM4 and PM5
s2PM4 = s1PM5 279.83 equal in cross switches of PM4 and PM5
sPM67 120.24 Loss in each switch of PM6 and PM7
dPM67 81.87 Loss in each diode of PM6 and PM7
Components (HS) | Loss in W | Descriptions

hPM4 889 Loss per module

hPMb5 889 Loss per module

hPM6 900 Loss per module

hPM7 900 Loss per module

There are fixed losses in the ACDC converter throughout the operational ranges.
But the losses in the DCDC DAB converter vary during the soft switching (SS)
and the hard switching (HS) technique as well as at the different operating points.
Therefore, thermal performance analysis uses two different cases of heat sources.
One is the SS heat source, and other is the HS heat source. In both cases, power
modules of ACDC converter have the same heat sources as mentioned earlier. Table
5.3 shows heat sources in each MOSFET and its corresponding anti parallel DIODE
for all of the modules with two different switching technique. There are no losses or
heat sources in the DIODE during the HS technique, and all of the MOSFETSs in
the same module share the equal power losses. Hence, the per module power losses
listed in table 5.3 is divided equally into the two switches of that module. Moreover,
the power loss of each switch or each diode distributes into each chip of that switch
or diode equally, because there are six chips in each switch or each diode mentioned
before [19],[20].

5.3 Verification of PM: Choice of solder thickness

The classical simplified linear equation used to calculate the junction temperature
if the case temperature, junction to case thermal resistance, and the power loss are
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know, is shown in equation 5.1.

7} - Rth,jcPLoss + Tc (51)

The further modification of the equation 5.1 gives the junction to case thermal resis-
tance as a temperature difference between them or equal to the maximum junction
temperature. It can be achieved by considering power loss equal is equal to one
watt, and case temperature is equal to 0 °C and shown in equation 5.2.

AT},
PLoss

Using the equation 5.1 and 5.2 and ignoring the others factors, the modeled PM
is verified with the available 14 stages RC thermal model of the PM [21]. The 14
stages RC thermal model of the PM is shown in figure 5.6, and values of each RC
components are considered from the datasheet. The standard junction to the case
thermal resistance of the PM is 0.067 ° K/W, and the maximum value is 0.071 °K /W
described in [25].

Rth,jc - (52)

Figure 5.6: 14 stages RC thermal model of a MOSFET

The simulation for verification of the PM model is done using 1 W heat source
on a MOSFET switch of a PM with 0 °C case temperature. The result gives the
thermal resistance from junction to the case as a maximum junction temperature.
The location of the points for the temperature measurements and the temperature
distributions are shown in figure 5.7.

LRSS

Case point || Chip point |<—

Figure 5.7: Thermal distribution over the PM and the point locations for temper-
ature measurement
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The simulation considered three different cases to get the closest value of the junction
to the case thermal resistance for the modeled PM and plot against the chip numbers.
In the first case, chip solder thickness and DCB solder thickness were 50 mm and
100 mm respectively, and the result shown in figure 5.8.

Thermal resistance for MOSFET chip at 50um solder
0.0640

0.0630

0.0630 0.0630
0.0620
0.0610
0.0611
0.0600
0.0596
0.0590
0.0580
0.0570
2 3 4 H ]

MOSFET chip number

Junction to Case Thermal Resistance K/W

Figure 5.8: Junction to case thermal resistance for DCB solder thickness 50 um

Thermal resistance for MOSFET chip at 100um solder
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0.0670
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0.0665
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0.0640
0.0630
0.0620
1 2 3 4 5 6

MOSFET chip number
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Figure 5.9: Junction to case thermal resistance for DCB solder thickness 100 um

Figure 5.9 shows the result of the second case which used both the chip solder
thickness and DCB solder thickness as 100 mm. The last case used the chip solder
thickness of 100 mm, and DCB solder thickness of 250 mm and figure 5.10 shows
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the result of it. In all the cases above, other thicknesses remained fixed as described
in Table 5.1.

Thermal resistance for MOSFET chip at 250um solder
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0.0660
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Figure 5.10: Junction to case thermal resistance for DCB solder thickness 250 um
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Figure 5.11: Maximum junction to case thermal resistance for PM

Figure 5.11 shows the summary of the results of three different cases. The reason
for resulting different thermal resistance is due to the thermal cross-coupling effect
among the chips of a single switch [16]. Hence, maximum temperature, as well
as the maximum temperature difference, occurred at the second and the fifth chip
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among the six chips of a single switch. The other chips surround both of them
that’s why maximum thermal resistance happened in one of them. It also shows
that closest value of thermal resistance result for both solder thicknesses of 100 mm
or the chip solder and DCB solder thicknesses combination of 100 mm and 250 mm
respectively. The earlier one is a bit lower than the datasheet value, and later one
is a bit higher than the datasheet value. The first one is chosen for the system
performance analysis in coming section.

5.4 Temperature margin

The simulation has used a single PM without CP and LP to find the temperature
margin at the case or base of the PM. It is essential to know the maximum possi-
ble case or base temperature to estimate the maximum junction temperature and
to estimate the required temperature difference between the liquid coolant and the
base. The maximum ambient temperature considered during the simulation is 50
°C'. Hence, the inlet temperature of the liquid is fixed at 50 °C". On the other side,
maximum junction temperature is evaluated for the different case or base temper-
ature and the various power losses. The minimum power loss in a single switch is
about 120 W during soft switching, and the maximum power loss in a single switch is
about 450 W during hard switching. So, the power loss per module in the simulation
is varied between 400 W and 1000 W, and the case temperature is changed between
60 °C and 100 °C' to see the maximum possible junction temperature. Figure 5.12
shows that the maximum junction temperature results below 125 °C' for maximum
case temperature of 90 °C' and power loss per module of 1000 W'.

—e—PD 400 —#—PD 600 PD 800 PD 1000
150

130
110
90
70
50

30

Maximum junction temperature

10
60 70 80 90 100

Maximum case temperature in degC

Figure 5.12: Thermal margin for the case and the cold plate
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Therefore the temperature margin for the case could be 30 °C' considering case
temperature in between 60 °C' and 90 °C' for any power losses per module below
1000 W. Furthermore, the temperature difference between the coolant and the case
should be 10 °C' to 40 °C' which must be maintained by the proper liquid flow rate
and pressure drop.

5.5 Temperature distribution: TIM thickness

Once the verification of PM is done, and the inlet temperature of the liquid is
selected, it is time to optimized the TIM thickness. The whole system is built in
the FEM simulator. It includes seven PMs on the cold plate, and seven individual
TIM layers between each PM and CP. The coolant enters the LP with specific inlet
temperature and flow rate. Figure 5.13 shows the temperature distribution for TIM
thickness of 100 um and figure 5.14 shows the same for TIM thickness of 50 um.
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Figure 5.13: Maximum junction temperature for TIM thickness of 100 um, left:
HS, right: SS
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Figure 5.14: Maximum junction temperature for TIM thickness of 50 um, left:
HS, right: SS

The temperature at the terminal points of each layer was measured and plots in
the figure 5.13 and 5.14. The left side plots of both figures show the temperature
distribution considering the power losses during HS. Similarly, the right side plots
consider the power losses during SS. Moreover, it shows that the maximum junction
temperature for TIM thickness of 100 um is about 115 °C' and 90 °C' for HS and
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SS respectively. Similarly, the maximum temperature is about 112 °C' and 87 °C
for TIM thickness of 50 um. Therefore, thermal performance analysis uses the TIM
thickness of 50 um in the upcoming section.

5.6 Cross coupling: Selection of hottest chip

The temperature induced in the neighbor switch because of the heat source in a
switch considered as cross-coupling. The maximum temperature among all the
switches in one module with cross-coupling effect is supposed to investigate the
performance of heat sink. Hence, it is essential to check the cross-coupling in a
single PM [16].

A single PM is placed on the cold plate with TIM layer, and the upper MOSFET
is powered with a heat source of about 500 W. And the lower MOSFET, as well as
both anti-parallel DIODE, remained unpowered.

Coupling Effect (m151): Temperature Rise in Chip
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Figure 5.15: Temperature rise in switch two due to the heat source at switch one

The surface middle point of each chip of both MOSFETs and DIODESs are selected
to measure the maximum temperature. Similarly, six points, which are below the
six chips of upper MOSFET), inside the inlet pipe and six points, which are below
the six chips of lower MOSFET, inside the outlet pipe are chosen to measure the
minimum temperature. Then the temperature differences are calculated between
chips temperature of the upper switch and selected points temperature of the inlet
pipe. A similar procedure is followed for the chips of the lower switch and selected
points of the outlet pipe. The rise in temperature in each chip of MOSFETs and
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DIODEs are shown in figure 5.15.

Finally, the percentage rise of temperature in the unpowered chips of MOSFETs and
DIODES are calculated based on the temperature in the chips of powered MOSFET.
The results show in figure 5.16.
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Figure 5.16: Percentage temperature rise in switch two due to the heat source at
switch one

The result shows that there is cross coupling effect of about 40% at the DIODE chips
(%TRdAS1), which is the antiparallel diode of the powered MOSFET (m151). On
the contrary, it’s almost 11% at the antiparallel DIODE (%T RdS2) of unpowered
MOSFET and about 6% at the unpowered MOSFET (%T RmS2).

As a result, showed that the cross-coupling effect was less than 6% at unpowered
MOSFET of the same PM which is below the 10%. Hence, cross-coupling effect is
negligible in this case.

As there is negligible cross-coupling between the switches of each PM, the thermal
performance of the system is done based on the hottest chip in each switch of the
PM. Therefore, there are 14 hottest chips for seven PMs, one chip from one upper
switch and one chip from one lower switch of a single PM, and corresponding points
inside the LP are considered for the thermal performance analysis.
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5.7 System performance analysis

The goal of the performance analysis is to find the system performance thermal
resistance between junction and liquid, Ry, (JL) and required pressure drop for dif-
ferent liquid flow rate in LPM. The is achieved by following two steps.

In the first step, the simulation ran for the verified

Selected Chip and optimized thermal system and measured the hottest

O Switch 1 o  chips temperature in each switch of each PM. There are
[ 14 temperature points whereas seven are in the upper
]DD DDD switches of PMs and seven are in the lower switches of
PMs. Similarly, there are 14 temperature points inside

N the LP below the hottest chips whereas seven are at the
inlet pipe and seven are at the outlet pipe. Based on

/N | | ) the selected locations, the temperature distribution over
]D DDD the layer was found for different fluid flow rate in LPM.

y Figure 5.18 shows the selected point in the liquid pipe,

O Switch 2 O  which are below the chosen chips of PMs. There are
Selected Chip PM1 seven points inside the inlet pipe and seven points inside

the outlet pipe at 10 mm above the origin. Figure 5.17
shows the PM1 and its switches with the selected chips.
The second chip is selected for the upper switch, and the
fifth chip is selected for the lower switch. The second
chip of each upper switch of PMs experiences the highest temperature because of
the cross-coupling by neighbor chips. The liquid is also getting heated when flowing
from the inlet towards the outlet. For the same reason, the fifth chip of the lower
switch of PMs experiences the maximum temperature.

Figure 5.17: Selected
chip of each PM

[nlet pipe <—

v

Selected point inside the pipe

Outlet Pipe =

Figure 5.18: Selected points inside the pipe which are below the selected chip of
the switch (dimension are not accurate)

In the second step, the junction to liquid thermal resistance, Ry, (JL) was derived
by dividing temperature rise in each switch by the total power loss in it. There is
14 thermal resistance calculated for 14 switches of seven PMs.

Finally, the similar procedure is followed for the SS power losses and HS power losses
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5.7.1 Temperature distribution over the layer

The temperature distribution across the layer at upper switch side of each PM and
across the thickness at lower switch side of each PM with different fluid flow rate
are depicted in figure 5.19 and 5.20. The figure 5.19 is for the soft switching (SS)

power losses whereas figure 5.20 is for the hard switching (HS) power losses.
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Figure 5.20: Temperature distribution, based on hard switching losses, over the
layer of all PMs in different switches and for different liquid flow rate. In (a) upper
switches and 6 LPM, (b) lower switches and 6 LPM, (c) upper switches and 7 LPM,
(d) lower switches and 7 LPM, (e) upper switches and 8 LPM, and (f) lower switches
and 8 LPM liquid flow rate

Figure 5.21, and figure 5.22 show the location of selected points and their maximum
temperatures. The minimum temperatures happen in the liquid pipe, and maximum
temperatures occur in the chips. So, the top lines are for the temperature of the
chips, and bottom plots are for the temperature of the liquid for different fluid flow
rate. Figure 5.21 is for the SS heat sources, figure 5.22 is for HS heat sources. In
both cases, lower switches of the fifth PM experience the maximum stress.

47



5. Thermal design of fast charging station

95

Lowest temperature inside pipe and highest temperature inside upper switches
T T T T

————— a
/9- N\ — & — Temperature for U1
- - S SN — & — Temperature for U2
20 - - - - : o === 0\1\\\ — & — Temperature for U3 -
PR NN
——e T BN
- - RN
85 - ___.—--“‘e ﬂﬂﬂﬂﬂ °2_7 RRENRN B
O - AR NS
G.--"_’_'_(._-e' W N
[C ol \\ N
80 \\\D _____ -
Y
(8)’ B m - -©
i) G- _ ©
E75 —
e
=
o
E B -
& 70
S
@
=
65 [ -
-0
60 [ I i
e _—— =0
Y I
o _ -0 T -7
55 g____._-f: —-——T - i
Fﬁéég‘:‘iz‘_‘_
e==="
50 | | | | I | | | |
50 100 150 200 250 300 350 400 450 500

INLET pipe length or location of each hottest chip per module (mm)

550

(a) Temperatures at hottest chip of each upper switches and inside the inlet pipe
below that chips.

Lowest temperature inside pipe and highest temperature inside lower switches
T T T T T T T T

105 T
—_——
100 |- [l AN -
re———"" e“\, S~
e N o ———- )
95 - Sy ~ - ~ . -
///// S & o-———- o
At Te————— - ———= -
90 - sy N
i //
Ry
g ® 70
= s
© e -O{// — & —Temperature for U1
5 sor e~ ____.-r-d/ — © —Temperature for U2 S
g o - of — & —Temperature for U3
£ o
E 75 |
i
70 —
e{_____,#-e———'——'"g
s e o g—————® i
B &—- e ——®
& ———— (= -__O‘_____._.e— F_'__eﬁ_,____--a
60 o-————— G-~ a—-—-—-——F —
G-——=— " & —-=
55 1 1 1 1 1 1 1 1 1
560 500 450 400 350 300 250 200 150 100

QOUTLET pipe length or location of each hottest chip per module (mm)

50

(b) Temperatures at hottest chip of each lower switches and inside the outlet pipe
below that chips.
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layer temperature at the each switches of the power module, based on soft switching
losses, for different liquid flow rate (a) shows the inlet pipe and upper switches, and
(b) shows the outlet pipe and lower switches of all PMs.
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Figure 5.22: The minimum layer temperature inside the liquid pipe and maximum
layer temperature at the each switches of the power module, based on hard switching
losses, for different liquid flow rate (a) shows the inlet pipe and upper switches, and
(b) shows the outlet pipe and lower switches of all PMs.
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For SS heat source, the lower switch of the fifth PM experienced the highest tem-
perature, which is about 95 °C', 98 °C, and 102 °C for the 8 LPM, 7 LPM, and 6
LPM fluid flow respectively. The outlet temperatures of the liquid are 60, 63, and
67 °C with 8 LPM, 7 LPM, and 6 LPM respectively.

Similarly, for the HS heat source, the maximum temperatures are about 110 — 120
°C', 124 °C', and 130 °C at the lower switch of the fifth PM with 8, 7, and 6LPM
respectively. Moreover, the outlet temperatures are almost 65, 70, and 75 °C' re-
spectively for 8, 7, and 6 LPM.

The crucial points in the result being that there is 10% extra power considered dur-
ing the simulation in both SS and HS heat source. Hence, the recommended flow
rate should be 7 LPM to keep the maximum temperature around 100 °C' for SS
and below 120 °C' for HS. But in the practical device, HS does not occur frequently.

5.7.2 Thermal resistance (Junction to liquid)

There are 14 thermal resistances for the junction to liquid calculated to evaluate the
performance of the system. One thermal resistance is for one switch. Hence, each
PM gets two thermal resistances. R1 and R14 are for the PM1, R2 and R13 are
for PM2, R3 and R12 are for PM3, R4 and R11 are for PM4, R5 and R10 are for
PM5, R6 and R9 are for PM6, and R7 and R8 are for PM7, whereas R1 to R7 are
for the upper switches and R8 to R14 are for the lower switches.

Figure 5.23 and figure 5.24 show the performance thermal resistance of each module
along with the pressure drop of the system. Figure 5.23 is for the SS heat source
and figure 5.24 is for the HS heat source. Figure 5.25 and Figure

5.26 show the performance thermal resistance for all upper and all lower switches
together with pressure drop. Figure 5.25 is for SS heat source, and figure 5.26 is for
the HS heat source. The pressure drops for the system during the SS are 198, 254
and 314 mbar respectively for the liquid velocity of 6 LPM, 7 LPM, and 8 LPM.
These quantities are 187, 238, and 294 mbar respectively for 6 LPM, 7 LPM, and
8 LPM with HS heat source.

The result shows that the thermal resistance curve intersects with the pressure drop
plot in between 7 LPM and 8 LPM velocity for the first, second, and third PMs.
It happens in between 6 LPM and 7 LPM velocity for the sixth, and seventh PMs
of the system. Almost 6 LPM results for the PM4.

The PM1 to PM3 sits at the beginning of the inlet pipe and the end of the outlet
pipe of the LP. They get the coolant having the lower temperature across the upper
side switches, and higher temperature at the lower side switches. Their heat source
remains fixed for the both SS and HS heat source consideration mentioned before.
The losses in PM1 to PM3 are smaller than the losses in PM4 to PM7.

On the other side, PM4 and PM5 get the preheated coolant from PM1 to PMS3.
That coolant is passed through the PM6 and PM7 and return through outlet pipe
in reverse order.

There is also a tendency of increasing thermal resistance at high velocity in the lower
switches of the PM1 and PM2.
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Figure 5.23: Thermal performance of the system based on soft switching losses,
and different flow rate of the liquid. In (a) for PM1, (b) for PM2, (c) for PM3, (d)
for PM4, (e) for PM5, (f) for PM6, and (g) for PMT.
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5.8 Conclusion

This chapter explicitly presented the modelling of the power module in the FEM
simulator. It also verified the module and designed the cold plate for the FCS. The
performance of the cooling system is presented and shows that the 6 to 8 LPM
liquid flow rate is enough to keep the maximum junction temperature 15% below
the permissible limit within the whole operating range.
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Conclusion

In this study, the analytical loss calculation of a fast charging station (FCS) is
presented explicitly. Based on the losses, a thermal cooling system is designed in
FEM simulator, and its performance analysis is done. Besides these, the PM model
is verified with its datasheet parameters. Hence, the first two aims of the project
are completed and exhibited in chapter 3 and chapter 4. The remaining goals are
achieved in chapter 5. Finally, this design would be suitable for the investigated
FCS with 6 to 8 LPM liquid flow rate, 50 °C' inlet temperature, and 187 to 314
mbar pressure drop.

6.1 Future work

In this study, only the steady-state losses are considered, based on the losses, the
thermal system is designed, and its performance is analyzed. Hence, the transient
loss analysis and performance of the thermal system for that could be one of the
future studies on this project. Furthermore, the reliability analysis of the PMs and
the lifetime study of the system are the interesting cases for the further research.
Moreover, The cross heating effect of combining three 100 kW module could also
be examined. Finally, different layouts of the cold plate could be investigated for
improvement of the thermal performance of the system.
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