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VASANTH RAMESH

VISHAG BASKER

Department of Electric Power Engineering
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Abstract

Today, electrified vehicles are usually equipped with an onboard charger. Although
it has the power to charge the high voltage battery, it’s size and weight is a matter
of concern for the electric vehicle. Hence an external charging system is suggested
in this thesis, which can replace the onboard charger.

In this master thesis, an external charging system used in the electric vehicle is
investigated. The power control is done using a totem pole bridgeless Power Factor
Correction (PFC) topology. Initially, the totem pole PFC is compared with the
conventional PFC based on the losses, components, and efficiency theoretically and
its selection based on the operation is motivated. The totem pole PFC is analyzed
in open-loop control where the switching characteristics are studied based on two
switch types - Silicon Carbide (SiC) and Gallium Nitride (GaN). The power control
of the totem pole PFC is done in closed-loop control where both voltage and current
are controlled in the totem pole PFC circuit. To avoid overheating due to high
current, a temperature analysis is also done in the totem pole PFC circuit using the
lumped thermal model network where the temperature analysis of both the switches
is studied.

The weight and volume estimation of the main components used in the totem pole
PFC circuit is also illustrated. A Life-Cycle Cost Analysis (LCCA) is done where
a cost comparison of two switches (GaN and SiC) is done. Finally, the efficiency of
the complete totem-pole PFC circuit is analyzed for various power levels by varying
the load and the overall efficiency of the converter at full load is found out to be
98.72 %.

Keywords: SiC - Silicon Carbide, GaN - Gallium Nitride, PFC - Power Factor
Correction, Totem-pole, Lumped thermal, LCCA - Life cycle cost analysis
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Introduction

1.1 Background

Electric vehicles are developing at a rapid pace in the automotive industry. They
can reduce the reliance on fossil fuels and eventually reducing the impact of emis-
sions caused by transportation. An Electric Vehicle (EV) is powered by an electric
motor by extracting power from a rechargeable energy storage device. They receive
electricity by charging from the grid and storing the energy in batteries. An EV
charger is an electrical device in which the alternating current is converted into di-
rect current and the converted energy can be stored in batteries. The EV chargers
can be divided into two types: on-board charger and off-board charger [1].

In this project, a portable off-board mobile charger will be designed. This will enable
the consumer to charge the vehicle wherever a power supply is available and also
there will be no extra installation cost which is an advantage. An external portable
(off-board) charger is suggested here to enable fast charging capability since it elim-
inates the power limitation due to the presence of an on-board charger. Since a
charging system is an important aspect in an EV, the control of power in the exter-
nal charger is essential. This encourages to design of a power control module in the
external charger and simulate the losses in the system which will be monitored by
a temperature sensor.

1.2 Purpose of work

The purpose of the work is to design, simulate and optimize the efficiency of the
SMPS circuit. A current and voltage control loop is designed to maintain the power
flow. Furthermore, the thermal behavior of silicon carbide and gallium nitride are
analyzed and a comparison is made to make a better selection of the MOSFET
switches and also to implement an efficient temperature control. Finally, a cost and
volume estimation, as well as a comparison of the converter circuits, are made to
motivate the selection of the topology and switches.

1.3 Scope

As the main aim of this project is to design a power control for an off-board charger,
certain considerations will be taken into account to make the scope of this project
feasible.
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o The components used in the simulation circuit will be defined manually from
the datasheets available to develop a more realistic model.

o All the losses in the system such as the conduction losses, switching losses,
core losses in the inductors and losses due to heat will be estimated to obtain
the efficiency of the circuit.

o Although the main aim is to build a charging system for EV batteries, the main
focus will be to construct a charger. This project will not focus on building a
practical battery model.

e A current and voltage control loop is designed based on the feedback from the
battery using a PI controller.

o The thermal behavior of the MOSFET switches will be analyzed by imple-
menting a lumped parameter thermal model.

e The volume is estimated by considering the weights of the components from
the datasheet. There can be some differences during practical implementation.

o The cost of the converter is also estimated according to the current market
prices. Hence there could be some deviation in the future.

o Even though it will be a working simulation model, immediate practical im-
plementation of the same can be difficult since the soft start of the switch and
other protection devices are not implemented which are important to meet the
IEC standards.
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Theory

2.1 Electric Vehicle Chargers

During recent years, electric vehicles have seen an increase in demand. They offer
good potential to reduce local air pollution, greenhouse gas emissions and resulting
climate change impacts, and the use of oil from the transport sector. When it comes
to electric vehicles, charging a battery plays an important role. The on-board charger
is predominantly used nowadays in electrical vehicles. But here, a portable off-board
charger is implemented and the necessary background about its implementation will
be explained in the following sections.

2.1.1 Portable off-board charger

A portable off-board charger is analogous to an on-board charger which is often used
in electric vehicles nowadays. A charger aids in the AC-DC conversion and helps
in the charging of batteries. The major advantage of having an off-board charger
is that the weight of the vehicle is reduced by 4 kg depending on the size of the
charger and vehicle. There is also extra space provided inside the vehicle due to the
removal of the on-board charger which allows room for new components inside the
vehicle or helps inefficient packaging of the components. Another major advantage
of the off-board charger is that the battery charging is not limited due to the ratings
of the on-board charger.

2.2 Power factor correction

The power factor correction circuit is widely implemented in AC to DC conversions.
Mostly the PFC stage is used as the first stage in the converter where the major
factors such as displacement and distortion factors could be improved so that the
minimum apparent power can be obtained from the supply. The major function
of the PFC stage is to make the input current drawn from the system sinusoidal
and in phase with the supply voltage. This enables the charger to draw minimum
apparent power from the supply, thus resulting in improvement of power quality
and overall efficiency of the system [6]. Hence here we use the PFC method to have
improved efficiency and the topology which is used to implement the PFC circuit
will be discussed subsequently.
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2.3 PFC Circuit Topology

Implementing a PFC circuit improves the efficiency of the system, and thus PFC
circuit topology with minimum power losses is designed.

2.3.1 Conventional PFC Topology

The most commonly used PFC topology is the conventional boost PFC topology.
The boost PFC topology uses a standard diode rectifier along with a boost converter
topology. This topology is most sought due to the simple construction and the
boost topology allows low distorted input current, thus helping in achieving a power
factor close to unity. See figure 2.1 for it’s circuit representation. But the major
disadvantage is that during any instant of time three semiconductor switches are
conducting which contribute to losses, thus reducing the efficiency of the system
[12]. Also, to achieve higher power and transient response, the switches need to
operate at higher frequencies which leads to higher reverse recovery losses. One
of the major components which are contributing to the power loss in the switching
power supplies is the front end bridge converter. Also, the bridge converter is termed
to consume 2 to 3 % of the output power at low line voltages and full load [7]. Hence
a totem pole bridgeless topology will be implemented here, neglecting the rectifier
bridge and additionally reducing the conduction loss as well.

L1 D5
. * Y Y N N

D1% D3

V1 +
</\> Q1 C1 R1
1 2

D2 D4

t

Figure 2.1: Conventional bridgless PFC Topology

IFT

2.3.2 Totempole bridgeless topology

The totem pole bridgeless PFC circuit will focus mainly on minimizing power loss
in the conduction path. It can be operated in three modes such as Continuous
Conduction Mode (CCM), Critical Conduction mode (CrCM) and Discontinuous
Conduction Mode (DCM). The boost converter is rarely operated in DCM as it
produces immense harmonics due to discontinuous current and hence it is not con-
sidered in this case. While CCM and CrCM are the most commonly used modes
for the PFC circuits. CCM has merit of lower current ripple applying less stress on
the semiconductors and inductors. CrCM on the other side enables Zero Current



2. Theory

Switching and Zero Voltage Switching due to that the current reaches zero every
switching cycle, reducing the switching losses. But the major drawback of this mode
is that it generates a large ripple current which is twice the average current and fur-
ther increases the stress of the components. Thus for high power applications, it is
common to operate in CCM, so that the components are not stressed severely [8].
Hence a CCM topology is implemented here for the PFC circuit.

2.3.3 Totem Pole PFC operation

The totem pole PFC operates in both the positive and negative half cycles of the
input AC voltage. The totem pole bridgeless PFC consists of four switches. The
switches in the first leg operate at a high switching frequency and the switches in the
second leg operate at a low frequency, usually operating at the same frequency as
the input AC voltage. Hence the two high-frequency switches along with the boost
inductor act as a synchronous boost converter and the other two low-frequency
switches help in rectifying AC to DC. The operation of the totem pole bridgeless
PFC in both the negative and positive half cycle is shown in the figure below.

Vi :+

at |J Q3 7 a |J 4[>Q3 7 7
L14t 1k T L14tT 1k ;
—:— = L - — lg ‘”@ _:— - B L::
Q2 '_l Q4 '_T T Q2 H Q4 |_T L T

ald %HT N als *HT« N

Figure 2.2: PFC circuit positive half cycle Figure 2.3: PFC circuit positive half cycle
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capacitor charging

4+—
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Figure 2.4: PFC circuit negative half cycle Figure 2.5: PFC circuit negative half cycle

capacitor discharging

capacitor charging
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As shown in figures above, the two low-frequency switches are on throughout the
entire half-cycle and the high-frequency switches act alternately thus forcing the
current in different ways to boost and rectify the voltage.

2.4 Semiconductors Description

The totem pole bridgeless PFC circuit will be implemented with the help of four
switches, where two switches will be used for the boost converters which will operate
at high frequencies. Initially silicon-based MOSFETs were used for these applica-
tions but later on, wide bandgap components emerged. These devices operate well
at high frequencies, high temperatures, and high voltages compared to silicon-based

MOSFETs.

The two most prominent wide bandgap devices that can be used for both switching
and high-frequency applications are the Gallium Nitride (GaN) and Silicon Car-
bide (SiC) MOSFETs [31]. The other two switches used are low resistance silicon-
based MOSFET’s which can eliminate the diode voltage drop, thus improving effi-
ciency. The conduction in the semiconductor devices takes place by pushing elec-
trons present in the top of the valence band to the bottom of the conduction band
and the energy is released. Materials that require energies more than one or two
electron volts(EVs) are classified as wide bandgap devices. The table below shows
the bandgap energy comparison for different semiconductors

Table 2.1: Band gap energy comparison

Material Band Gap Energy (eV)
Germanium 0.2
Silicon 1.1
Gallium arsenide 14
Silicon Carbide 3.3
Gallium Nitride 3.4

Figure 2.6 shows the power split up for different power devices based on different
operating frequencies. It can be seen from figure 2.6 that the Silicon carbide (SiC)
and Gallium Nitride (GaN) devices can operate at both high power and frequencies,
hence a focused study in these two devices are done.

6
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Figure 2.6: Power devices split up based on power rating and operating
frequencies by THS marketing firm [32]

2.4.1 SiC material

As shown in table 2.1 the silicon carbide material has a higher bandgap energy com-
pared to silicon. The increased energy required to move the valence band electron
to the conduction band enables higher electric field breakdown strength. This is
the reason that a silicon carbide Mosfet switch can withstand high temperatures
before the breakdown and it also has better thermal conductivity, about 3.5 times
compared to the silicon counterparts [32]. Also, the electron mobility of the silicon
carbide MOSFET is much better than the silicon-based MOSFETs which allows
silicon carbide MOSFETs to operate at higher frequencies.

2.4.2 GalN material

Both SiC and GaN have a superior relationship between on-state resistance and
breakdown voltage due to their higher electric field strength. GaN and SiC have
a higher bandgap and electric field strength that allows the devices to be smaller
for a given breakdown voltage requirement. Also, the GaN switches have the extra
advantage of enhanced mobility of electrons. This makes the GaN devices much

7
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smaller than SiC device for a given rating. For the similar on-state resistance, the
power losses will be much lesser compared to SiC [33]. Due to a fast turn on and
turn off time, the switching losses will be much lower which is attained by the very
low gate capacitance.

2.5 Control system of PFC circuit

Power factor correction is increasingly important due to the high regulation of con-
trolling the harmonic content on the supply side. The digital PFC is related to the
conventional boost PFC with the product of output voltage feedback combined with
input current and voltage to provide essential harmonic correction and a high power
factor for AC/DC systems. For the design of an apt control system, it is necessary
to know the parameters of the totem pole PFC circuit initially. Thus the parameters
needed for the totem pole PFC circuit is calculated and later they are implemented
to design a control system.

2.5.1 Calculation of parameters for totem pole PFC circuit

The design of a PFC circuit is much dependent on the dimension of the components.
A DC link capacitor will have a huge impact on controlling the ripple of the DC
link voltage. The apt choice of the transistor is necessary for any switched-mode
converter to operate efficiently. The boost inductance will state the slope of the
inductor current in every interval. It needs to be small enough to allow for the high
switching frequency and large enough to limit the current ripple to its maximum
allowed value [8]. Thus it is necessary to model the parameters with the right values
for an optimal design. Thus, various parameters for a totem pole PFC circuit which
needs to be designed is calculated as follows.

2.5.1.1 Calculation of Inductance

The inductor current ripple at any given point in AC mains cycle can be given as
[10],

1 D‘Tsw
" LJimo

where D is the duty cycle which can be calculated as,

A (t) vac(t)dt (2.1)

Dboost(p) =1- ‘/?/Z? (22)

As the switching frequency is higher than the fundamental frequency, it can be
considered as constant over one switching period giving,

Ts w
L

Now using the boost converter voltage ratio, taken from [9]

Aip(t) =

D(t)Vac(t) (2.3)

8
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Voe(t) 1
_ 2.4
Vac() ~ 1- D) (24)
Now by simplifying, (2.3) can be rewritten as,
. TswV)
Aig(t) = =ZPED()(1 - D(1) (2.5)

For the operation of a PFC in CCM at full load, the input inductor current is
designed to keep the current ripple under 20% of the maximum peak input current.
The maximum input current occurs at the peak input RMS voltage in full load and
based on these factors the inductance value can be calculated as,

I > D(l — D)V[)CvAC
- AZ.L\/§-Pomtfsw

V,ut is the DC output voltage, V¢ is the input voltage, P,,; is the output power
[11].

(2.6)

2.5.1.2 Calculation of Capacitance

The basic equation for the capacitor used to give a peak to peak voltage ripple of
20 V is depicted as [8],

Aopolt) =  [[ine(t)ds (2.7)

The fundamental component is always sinusoidal and hence the integral will be as
largest over one positive or negative cycle of ipc. Thus integrating over the positive
half period and inserting wt with dt= dwt/w, the voltage ripple will become [§]

1 s
Avpe(t) = el e Ipesin(wt)dwt (2.8)
2
=7 2.
= 29)

Due to input double-line frequency ripple on the DC link capacitor, it’s capacitance
is mainly determined by the output voltage ripple. It can be given by,

()

47 foriaAvpc

(2.10)

2.5.2 Closed control loop system

The Power Factor (PF) is defined as the ratio between an AC input’s real and
apparent power. PF can be further defined as the product of current distortion
and phase shift while assuming the input voltage to be a perfect sine wave. For the
consideration of this, two tasks are primarily necessary to be accomplished. Initially,
there must be a control of the inductor current while making the current sinusoidal
and in phase to the input voltage. Secondly, there must be a control of the output

9
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voltage to ensure voltage stability. This is done with the help of two control loops
such as the current control loop and voltage control loop. Furthermore, the detailed
functionality and theoretical modeling of the current and voltage control loops will
be discussed in the following subsections.

2.5.2.1 Current Control Implementation

The current control loop which is the inner control loop is implemented first since
it needs to be fastest to provide a proper response to the reference signal from the
outer control loop. Thus current control is developed first which is the inner control
loop.

+ -~ X+

. G (s G >

IAC,meas

Gfilter (s)

Figure 2.7: Current Control Loop

The laplace transform for the current control is shown in figure 2.7 where Gy,
Gpuwm, Gpuwr, Griiter represent the transfer function of a PI controller, pulse width
modulation, power stage and current measurement filter respectively. The general
transfer function for a PI controller is as follows,

Gpi = KPZ( T(S)

) (2.11)

where K, is the proportional gain of the controller and T;; is the integrator time
constant. Now the transfer function of the PWM is normally modelled as a switching
frequency time dependent delay where the time delay can be given as Tyeiay, puwm =
Tsw / 3. Thus the transfer function of PWM is given by,

1 1

b 1+ Tdelay,pwm<5) 1+ TSTUJ(S)

(2.12)

Since the fundamental harmonic current through the inductor needs to be controlled,

the power stage can be considered as an inductor. Thus the inductor current can

be expressed as,

VAc(S) — Vab<8)
RLL<S)

iac = (2.13)

10
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where Ry, is the equivalent inductor resistance. From the control point of view Vo
and V;;, can be visualized as disturbances. Hence from (2.13), the transfer function
of the power stage can be written as,

. VAc(S) . 1 1
O =T TR 6

(2.14)

The purpose of the current measurement filter is to suppress the switching high
frequencies going into the controller and generating more harmonics. Hence a simple
first-order low pass filter is used, with the transfer function,

1

Gritter(8) = ———— 2.15
filt ( ) 1 +Tfilter(5) ( )
where T’;i4e, is the filter time constant.
The open loop transfer function will become as follows,
Goti(s) = Gpi(8)Gpum(s)Gpuwr(s) G ritter(s) (2.16)
Ky, 1+ T
4 + Tuls) (2.17)

" TRy 5(1+ Ty (3)) (14 25 () (1 + Trier(s)

In order to simplify the equation we use T, = L/Ry and Tior; = Ty + Tritter
Hence, now the open loop transfer function in (2.17) can be given as,

Kypi 1+ T5(s
Gorils) = Tii;iL s(1+7-(s))(1 (—|—>Tt0t7l.(3)) (2.18)
- fPL 52(1 i 258)(5)) (2.19)
And finally the resulting closed loop transfer function can be found out as,
Gcl,i(s) L+ Tii(s) (2.20)

L Tls) + B + T ()

2.5.2.2 PI Controller parameters for current controller

The PI controller parameters can be chosen based on the symmetrical optimum
design equations which are taken from the reference compendium [14],

Tii = fTyor, 0 (2.21)

11
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L
K= —— 2.22
P \/Bﬂot,i ( )

1
B \/BT;fot,i

Here w,; is the crossover frequency and f is given by the phase of the transfer func-
tion that is shifted from (1/5T}0t,:) to Tiors-

Wei (2.23)

The current control loop is necessary to be at least half a decade slower than the
switching frequency to make the switches act based on the control signals. Hence
on consideration of this, the control parameter w,; in (2.23) is taken at a range of
107%%%w,,,, where ws,, is the switching angular frequency.

For determining the parameters of the controller based on (2.21), (2.22) and (2.23),
initially the filter time constant T, has to be known. The main use of the filter
time constant is that it reduces the ripple of the duty cycle generated and it allows
the control loop to maintain a quick response as well. The normal value chosen for
the ripple of the duty cycle can be in the range of 0.04 to 0.08, where the larger
ripple enables a quicker response [8].

2.5.2.3 Calculating the ripple of the control signal in Current Controller

The ripple of the control signal which is D is caused by the proportional gain and
will be limited by the integrator time constant. Considering this and neglecting the
integrator part of the PI controller and reference current which has no ripple the
following equation can be established based on figure 2.7 and (2.11), [§]

Dyippie(s) — K 1

, —_ 2.24
ZAC,ripple(s) b 1+ Tfilter ( )

However at the actual frequency the amplitude of the ripple can be expressed as,

DTipple(3> = Kpi \/1 n ( ! (AIL(WTipple)) (2-25)

2
Tfilterwripple>

Now substituting the value of K,; from (2.22) in (2.25) tends to give out the ripple
value as,

1 1
N \/BTtot,i \/1 + (Tfilterwripple)2

Dyippie(s) (0.5AT1L (Wrippte)) (2.26)

Now on substituting § in 2.26, with the value of w,; from (2.23), the final expression
for the ripple can be expressed as,
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1
L
\/1 + (Tfilterwripple)2

(0.5AIL((A}MM,[6)) (227)

Dripple(5> = Wes

From (2.27), we can see that there are two free variables w,; and T’;;., which are
responsible for deciding the ripple of duty cycle. As discussed in (2.23), the crossover
frequency w,; can be chosen at a range near to 10~°°xw,, where 3 can be in rea-
sonable limits from the range of 1 to 25 [§].

Hence, (2.27) can be solved graphically by plotting D;;ppie and T'ijer at the switch-
ing frequency where wyppie is equal to wg,,. Estimating and categorizing the quick
controller response compared to low control signal ripple, the amplitude of D,.ppie
can be chosen to be at 0.08. This is shown in figure 2.8,

10‘1: o o o —— o
C X 5.651e-07
Y 0.08052
102F E
@
Q
2
a
108 E E
10-4 Lol Lol ol Lol IR L Lol L
1070 10° 108 107 10° 10° 10* 10°

Tfilter [s]

Figure 2.8: Graphical solver for current controller

where T’i1e, is obtained to be 0.56 psecs at a chosen ripple of 0.08.

On substituting this in (2.21), (2.22) and (2.23), the control parameters could be
found to be as 8 = 6.5280, K,; = 0.8545 and T;; = 25.6 pusecs.

These values are implemented in the PI controller and the response of the current
controller is discussed in the results section.

2.5.2.4 Voltage control Implementation

The voltage control loop is the outer control loop which is slow as compared to the
current control loop. It has the major responsibility of controlling the output DC
voltage so that it is maintained at specified values. As the DC voltage is controlled
based on an AC grid voltage and since the chances of occurring complete alterations
in the voltage will be small. Hence the control of the voltage do not need to be
as quick as it will only respond to slow alterations. Although if there are large
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alterations, the slow voltage is enough to ensure that the DC voltage does not drop
below the minimum level. Furthermore, if there is a large voltage drop occurring on
an AC side for instance like a lightning strike, a surge diode can be added for the
protection by shorting the AC voltage to DC link capacitor when the grid voltage
is greater than the DC link voltage [8].

DC— DC
+ + Y - N
VDC, ?O+ Gp V(S) —I_> Geq/i (S) H . GPWI’ ) V(S) VDC’
- A ctrl / DC / c

VDC,measured

~(s)
filter,vol

A

Figure 2.9: Voltage Control Loop

The voltage controller is also implemented similarly as the current controller where
the transfer function is defined as follows,

Figure 2.9 shows the block diagram of the voltage control loop. The PI controller of
the voltage control loop is defined similar to a current controller and can be modeled

as,
Ti(s) + 1

Gp’U - KPU ZT‘ (S) (228)

As the voltage loop need not necessarily to be as quick as a current controller, and
hence a simple low pass filter is chosen and the transfer function for the chosen low
pass filter is given as,

1

= 2.29
1 + Tfilter,v<5) ( )

Gfilter,vol(s)

For simplifying things, we can approximate the equivalent first order transfer func-
tion to the current controller closed loop transfer function which has a delay of ¢, 7
= 2 ‘Tior,i, where Tyor i = Tpwm + Tritter,n- Hence the equivalent transfer function
becomes

1 1

- = 2.30
1 + Teqi(5> 1 -+ 27}0,571‘(8) ( )

Geqﬂ'(s)

The power stage of the voltage controller is given by the DC link capacitor. The
Laplace equation for the power stage transfer function can be given as,
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VDc(S) 1

Gpuro(5) = = s)  O(s)

(2.31)

On seeing figure 2.9 we can say that, the DC link voltage Vp¢ is governed by a
DC link capacitor current where i.= ipc - ipc_pc which implies that i.(t) = C
(dVpe/dt). As the ESR is negligible in a DC-link capacitor, it can be modelled as
a pure capacitance.

Now on combining (2.28), (2.29), (2.30) and (2.31) along with figure 2.9, the voltage
controller open loop transfer function becomes:

Gol,v<s) - Gvaeq,i(s)Gpwrw (S)Gfilter,vol(s) (232)

K, 1+ T5(s)

T T Cs2(1+ 2Trot.6) () (1 + Titrern(s)) (2.33)

Similar to current controller, the filter and PWM time constant can be combined
to one where Tiot v = 2 ‘Tyori + Trittern. Thus, the open loop transfer function
becomes,

Ky 14 Ti(s)

Go v =
YT T, C 2 (1A Thora(s))

(2.34)

Hence from the open-loop transfer function of the voltage controller, we can see that
the PI control parameters are unknown. This can be found out by using the method
of symmetrical optimum, similar to the current controller. This shall be discussed
in the following.

2.5.2.5 PI Controller parameters for voltage controller

As discussed in the section 2.5.2.2, the voltage control parameters can also be taken
from the reference compendium [14] such as,

Tiy = Bﬂot,v (235)
L
K,, = ——— 2.36
? \/Bﬂot,v ( )
1
e (2.37)

B \/Bﬂot,v

Since the bandwidth of the voltage controller is slower than the voltage controller,
the crossover frequency w,, is chosen to be at least half a decade slower than the
current controller frequency. The filter of the voltage controller can be designed
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similar to the current controller and the output ripple of the controller can be found
in an exact way as a current controller. It can be found out to be as,

1
C
\/1 + (Tfilter,vwripple>2

(0.5A0(wrippre)) (2.38)

Z‘7“1'101016(3) = Wew

where i,ippie is the output from the voltage PI controller. The major responsibility
of the voltage controller is to reduce the ripple in %, to reduce the harmonics
generated in the current controller. Since the crossover frequency is low, it is quite
hard for the controller to respond to quick changes. It would give a poor stability
performance of the controller.

ripple

Ll L L L L | L L L L | L L L NI V| ]
107 1074 107 1072
T [s]

fiter,v

Figure 2.10: Graphical solver for Voltage controller

While plotting ¢ippie and T'tijzer, in figure 2.10, we tend to see that i,;ppe never
exceeds 0.01. This low value will not be able to damp the ripple, as the current
controller is quicker. Thus, T¥ser ., can be chosen to be approximately 100 p secs
which will have the 3 value at an acceptable range of 1 to 25 of about 8.60. On
substituting this in (2.35) and (2.36), we tend to get K,, = 0.29 and T;, = 930 p
secs. These controller parameters can be used while designing the controller and the
obtained waveform for the voltage controller is illustrated in the results section.

2.6 Power losses in the charging system

The power losses in the circuit is an important aspect that needs to be consid-
ered while designing the circuit. The most predominant power loss components in
the charging system are the boost inductor, the power MOSFET, and a DC link
capacitor.
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2.6.1 Boost inductor losses

Boost inductors require a huge space in a PFC converter. For a compact PFC
converter, inductor design is needed to be taken into account. Furthermore, the
power loss associated with the inductor has a relationship with inductors size as
well. The inductor power loss is calculated based on the following equations which
are taken from reference [14],

Ploss - Pcore + PL,cu (239)

The core loss here is not taken into consideration as it is negligible. The inductor
current Iy, pys is found out by using the CCM boundary condition,

AT
Ir,rms = > (2.40)

where AT is the current ripple which is given by,

WD
 Lfw

Hence the inductor copper loss can be calculated by,

Al (2.41)

Pr.ow = (I rus)*DCOR (2.42)

where DCR is the DC resistance specification of the inductor which can be taken
from the datasheet [13] [14].

2.6.2 DC-link capacitor losses

While calculating the DC-link capacitor losses the reactance of the capacitance needs

to be determined .

X, =
27 fouC

After knowing the reactance, ESR of the capacitor can be calculated as follows

(2.43)

ESR =tandXc (2.44)
where tand is take from datasheet [20]. Now the losses can be calculated as

Pop=12.. .ESR (2.45)

c,rms

where I, is the rms output capacitor current.

2.6.3 Gate losses

A gate is an important pin in a Mosfet switch. It is capable of turning on and
off of the MOSFET switch. A gate driver loss is nothing but the energy required
to charge the MOSFET gate. The gate driver losses are frequency-dependent and
also depends on the gate capacitance of the MOSFET. Thus losses in the MOSFET
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switch increase as the switching frequency increases[30]. The gate driver loss is given
by
Pgate = QG(tat)VGfsw (246>

where Qgior) is the total gate charge, Vi is the gate voltage and fy, is the switching
frequency.

2.6.4 Power Mosfet Losses

The efficiency of the charging system highly depends on the performance of the
switching devices. There are two kinds of losses in the power MOSFET; the on-state
losses or the conduction losses and switching losses. In low-frequency applications,
the conduction losses will be dominant. But in high-frequency applications such
as SMPS circuits, the switching losses play a pivotal role in the efficiency of the
charging system.

The conduction losses in the power MOSFET can be expressed as
Pconduction = Rds,(m]gD (247>

where Rgs,, is the on-state drain-source resistance, the I; is the drain current
through the power mosfet and where D is the the duty cycle. The duty cycle of
the totem pole circuit can be calculated by using

_‘/o_‘/zn

D
Vo

(2.48)

where V,, and V},, are the output and input voltages respectively. The duty cycle for
a normal buck or boost converter can be calculated using

tOTL
D=— 2.49
- (2.49)

where t,, and T are the switching on-time and total switching time.

The switching losses of the power mosfet can be calculated using the following
expression,

Pswz’tching = 0'5‘/ds]dfswt (25())

where V, is the voltage between drain and source and f, is the switching frequency
and t is the switch on and off time. The total power loss in the Mosfet can be
calculated as

Ploss = Pconductzbn + Pswitching + Pgate (251)

The loss calculation mentioned above is done considering various approximations.
The other way to perform the same is to find the product of the actual voltage and
the current and to plot them in LTSpice and calculate the energy by integrating the
power waveform for the specified on, off and conduction time period. Now, the loss
can be calculated by dividing the energy by the total switching time period.
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2.7 Thermal derating of power electronic compo-
nents

The power electronic components are much dependent on the temperature. Their
performance tends to affect due to the influence of temperature. The main reason
behind this is that the resistance changes with temperature. The resistance of the
component is directly proportional to temperature. Any power electronic compo-
nent operation leads to different kinds of losses in the system which leads to an
increase in temperature. The increase in temperature also leads to an increase in
power losses which in turn reduces the total power dissipated by the MOSFET thus
causing derating of the MOSFET. Hence the temperature of the switch needs to
be maintained within the safe limits as mentioned in the component’s datasheet to
improve the efficiency and also to increase the longevity of the component.

2.7.1 Heat transfer modes

Heat conduction is the thermal diffusion via atomic level randomized interaction in
solids, as well as in stationary fluids and gases [21]. In solids, the mechanisms are
molecular lattice vibration and movement of free electrons and in fluids and gases
with randomly moving molecules by diffusion and collisions[21]. In power electronic
circuits the conductive heat transfer happens within the MOSFET switch like from
case to the thermal pad and heat sink. The heat transfer due to conduction is given
by
dT oT

cond = —AA— = —)\A
feond dx lihick

where A (W/mK) is the thermal conductivity of the material and A is the area of
the cross-section in m? and dT is the temperature gradient between the two parts
in K and [y, is the thickness of the material.

(2.52)

The convective heat transfer occurs between a surface and a moving liquid or air.
The process incorporates both conduction close to the surface interface where cooling
medium motion rate approaches zero speed, and heat transfer by the moving cooling
medium increases where the heat transfer rate increases with increasing fluid motion
rate [21]. If the heat transfer takes place by any external factor where the fluid
motion rate is increased by pumps, a fan is called forced convection else it is natural
convection. The convective heat transfer is given by

Qconv = hA<Tsurf - Tfl) (253)
where Ty, and Ty are the surface and fluid temperature respectively.

The thermal radiation is the heat transfer in the form of electromagnetic waves and
photon from the surface to the colder surroundings [21]. The thermal heat radiation
is given by

Graa = €0 ATy — Tory) (2.54)

surr

where 0 = 5.67801078 W/m?K* is the Stefan Boltzmann constant [13] and Ty, / ,
Tsurr are the surface and surrounding temperature in K
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2.7.2 Lumped thermal modelling

The temperature analysis of the MOSFET switch can be done in different ways.
Since Finite element Analysis (FEA) is not used in this project a simple lumped
thermal model is built to analytically determine the junction temperature. Heat
transfer, in reality, will be three dimensional. However, it is modeled in fewer di-
mensions for simplicity under the assumption of dimensional interdependence. An
ideally working thermal model must capture the main flows of heat transfer be-
tween the components. In a lumped thermal model thermal resistance of different
component are determined and these individual thermal resistances are lumped to-
gether so that it can represent the complete switch. These thermal impedances are
determined using geometric and material properties[21]. The thermal network is
analogous to an electric network where heat transfer represents the current flow and
temperature as voltage.

During the thermal steady state, the temperature difference between the two adja-

cent nodes can be described by the relation [21]
T,-T;=G7'P (2.55)

where P is the power loss injected into the power node and G is the thermal con-
ductance of the component. T;, in this case, will be the junction temperature and
T; is the ambient temperature.

2.8 Power losses for thermal analysis

As the on-state resistance of the MOSFET varies with temperature, the power losses
of the MOSFET tends to increase with temperature. To perform an efficient thermal
analysis, this condition has to be considered. Hence by performing a thermal analysis
with constant on-state resistance initial temperature values of the MOSFET can be
obtained. With these values, the change in resistance with temperature can be
obtained which will be explained late in the coming sections. By determining the
new varying resistance the power loss can be calculated accordingly. The power loss
calculation explained in section 2.6.4 can be used to calculate the power loss for one
switching period. But to calculate for the entire time period, the following equation
can be used [30]

Pconduction = Idst (256)

where I; is the rms drain current and R, is the on-state resistance.

Qgs + di
I

g

Pswitching = V;ls]dfsw (257)

where Qgs, Qg4 are the gate-source and gate-drain charges. I, is the gate current.
The gate drive losses are calculated as explained in section 2.6.4. Since there are
no drivers implemented for the MOSFET switches in Simulink the driver losses are
neglected.
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2.9 Cost Analysis

The cost of the product is the prior objective in any design. High production costs
may cause hindrance to use certain technologies which are highly useful for many
applications. It is necessary to optimize the converter within its costs. To make
a cost-effective comparison of two different materials, in this case, SiC and GaN
switches, a life cycle cost analysis (LCCA) is performed. Life cycle costs are all the
costs generated during the lifetime of an item [25]. The different costs occurred at
different time during the life cycle of the material is illustrated through LCCA. The
LCCA of a converter can be chosen based on the sum of initial cost, maintenance
cost and energy cost where the calculation of each cost is discussed further [24].

The initial cost is the purchase costs of the system components which include in-
ductor cost, capacitor cost, two silicon MOSFET costs, and two GaN or SiC switch
costs. It also includes the sum of heat sink costs, digital signal processing controller
costs, current sensor costs, two temperature sensor costs, two auxiliary power supply
costs, and three RCD relays costs. The energy costs are the total energy consumed
for a given year and it is calculated based on the function below, [25].

Nlife C A E
Cen _ elec,n loss,n 258
D Rk (25%)

where C,,, is the energy costs, Nj;f. is the operational life, Cejec,p is the cost of
electricity and Ej,ss 5, is the total energy loss in the nth year. The total energy loss
Eloss,n is calculated amount of energy lost per year in both SiC and GaN, which is
calculated from the power losses in the switch. Similarly v’ is the discount factor
and is assumed to be 2.5 % which represents the impact of interest and inflation
rate [25]. The cost of electricity is the constant value of about 0.199 SEK /kwh. The
maintenance cost is taken with an assumption of 250 SEK per annum. As this is
an off-board portable charger the installation costs are neglected. The operation
cost and the downtime cost are not considered for this analysis since it is analyzed
for household purposes. The LCCA is analyzed for 15 years period and the cost
is compared between SiC and GaN switches. The obtained results are discussed
further in the results section.
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Case Set-up

To implement control for an off-board charger, a PFC circuit is designed in an open-
loop and a closed-loop system. The open-loop design is done in Ltspice, while the
closed-loop is implemented in Simulink where a feedback loop involving a PI con-
troller for the control of the switches was designed. In an open-loop system, various
parameters are calculated and the difference between the SiC and GaN switch while
implementing is studied along with the gate driver circuit. The switching charac-
teristics of SiC and GaN are mainly studied when the open-loop design is made
in LTSpice. Finally, a lumped thermal model and various thermal losses will be
calculated to analyze the thermal performance of the switch.

3.1 Design of PFC circuit

In a totem PFC circuit, calculating and evaluating the values of the components
are necessary to the specification of the design of the circuit. The specification of
the design of the totem pole PFC is based on producing a prototype that has high
efficiency and power density. These specifications are tabulated as shown in table
3.1,

Table 3.1: Design Specifications

Specification Value | Units
Input Voltage - AC 230 Vs
Frequency 50 Hz
Input Current - AC 16 A
Output Voltage - DC 400 \Y
Output Power - DC 3300 W
Switching Frequency - PFC 100 kHz
Grid Frequency 50 Hz
Maximum Inductor Current Ripple 20 %
Maximum DC link Voltage Ripple 20 \Y

Several parameters such as inductance, capacitance will play a huge role in a change
in voltage and current of the circuit. Hence it is essential to model them with the
right values for the building of the basic simulation model of the circuit. The calcu-
lation of the parameters for the design specification is discussed in the following.
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3.1.1 Designing Inductance

Based on design specifications and the inductance derived in section 2.5.1.1, the
optimal inductance for the design can be calculated as

(0.19(1 — 0.19))(400)(230)
>
~0.2(+/2)(3300)(100k H 2)

— 152uH (3.1)

3.1.2 Designing Capacitance

Similarly the optimal capacitance can be calculated with the assumption of voltage
ripple as 20 V,

3300
(o)

(4750)20

= 0.65mF (3.2)

3.1.3 Choosing the suitable transistors

The apt choice of the transistor is required in any part of the design. Here the tran-
sistors are chosen based on switching frequency, keeping in mind the high-efficiency
requirement of the portable charger. The major importance of the transistor is the
ability to withstand a high peak current, RMS current, and peak blocking voltages.
Considering the heat sink as well, the transistor should handle its dissipated heat
without melting. When considering the different aspects of the switch, the other
major factor is that the current should be able to flow in both the directions of all
the switches. It also needs to handle high switching frequencies, around 100 kHz
with minimum losses and high-efficiency [8].

3.1.4 Modelling of SiC and GaN switches

As mentioned in the previous section, based on the constraints it is required to
design the control based on four transistors which are operating at a high-frequency
range of around 100 kHz. In the high-frequency range and with the required rating,
silicon power MOSFETs and GaN HEMTs proves to be the most suitable transistors.
They are efficient at high switching frequency due to the lack of minority carriers
required to be moved in and out of the transistor during switching whereas this is
a loss concern in BJTs and IGBTs. The high breakdown field of GaN allows for
the smaller physical embodiment of transistors compared to SiC and Si MOSFETs.
Hence they help in quicker switching transients and lower switching losses. GaN
HEMTs does not have a reverse body diode which significantly acts as an advantage
compared to other MOSFETs. As the reverse recovery losses are severe in CCM
operation of a totem pole PFC, the lack of a reverse body diode is beneficial for
reducing the losses [8].
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In this project, a comparison is to be made between Silicon carbide and Gallium
nitride MOSFET switches. The ratings of the MOSFET are chosen such that, it
can withstand the power of the rectifier circuit. The minimum and maximum limit
of different ratings for choosing the suitable MOSFET are shown in the table below.

Table 3.2: Maximum and minimum parameters for choosing the right mosfet

Parameters Minimum | Maximum
Blocking voltage 650 V 1200 V
Current 25 A 40 A
On state resistance 15mQ2 150mS
Temperature -55° C 150° C

Based on the limits mentioned in table 3.2, MOSFET switches from different com-
panies are surveyed to choose the suitable MOSFET for this study. It is found that
the silicon carbide switch from CREE and gallium nitride switch from Transphorm
fulfills all the limitations required for the circuits and also it is suitable from the
business perspective as the switches are cheap and reliable compared with other
manufacturers. The SiC and GaN switches are chosen in such a way so that the
ratings are similar to make a fair comparison. The rating of both the switches is
shown in the table below.

Table 3.3: SiC and GaN switch ratings

Parameters Cree C2M0080120D(SiC) | Transphorm TP65H050WS (GaN)
Blocking voltage 1200 V 650 V
Continuous drain Current 36 A 36 A
On state resistance 80mS? 60mS

LTSpice SiC and GaN models are used from these manufacturers to implement
the open-loop system in Ltspice to analyze the switching characteristics. A similar
method is used to model the other two silicon MOSFET. Since there are no readily
available silicon MOSFET models in LTSpice, an inbuilt model from LTSpice is
taken and their properties are modified to match the requirements mentioned in the
table 3.2.

The SiC and GaN HEMTs are modeled only in LTSpice, however, they are not
modeled in Simulink while performing the closed-loop. Thus they are implemented
in Simulink as MOSFETs with no reverse recovery charge or forward voltage in a
body diode. They are also implemented with the same on-state resistance. Further,
the MOSFETSs which are in the library of Simulink itself does not contain a parasitic
capacitance and thus the gate charge is assumed to be small. Hence the switching
will be much faster.

3.1.5 Implementation of gate driver circuit

Similar to any other switched-mode converter, in a PFC as well as in the gate driver
circuit and control systems it is equally important as they control the voltage and
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current across the switches by making them flow in the right way. Gate circuits act
as a link between a nonlinear behavior of the transistors and the linear behavior
of the converter. The gate drivers make the linear control signal to switch the
transistors on and off so that the voltages and current of the switching period behave
in the right way. The gate drive logic is implemented in Simulink. For a simple
understanding, the switches and delay blocks can be ignored as they do not affect
the logic perspective [8]. Two legs are used for PWM switching namely MOSFET
switching leg and GaN switching leg. The gate drive logic circuit for the PWM
generation is shown in figure 3.1,

Step for
.Gate Pulses
—
0s =0
High Mosfet
L .
V_AC - Mosfet 1
Comparator for . '
Mosfet Switches l }n_‘ N ()
Low Mosfet
Mosfet 2
— o —
Duty Cycle - o @
O—
w Q—-D— High GaN GaN 1
Absolute '
Triangular Comparator for J — .GaN 2
Waveform GaN Switches - e PWM signals
generated

Low GaN

Figure 3.1: Gate Driver Logic

3.1.5.1 Mosfet switching leg

The MOSFET switching leg alternates the DC voltage polarity sensed by the in-
ductor every main half-cycle according to AC voltage polarity. The comparator for
MOSFETs as seen in figure 3.1, will make sure that the DC voltage is always with
the same sign and the magnitude is higher than the AC voltage so that the power
flows in the same direction during both the half cycles [8]. When the AC voltage
is compared with the ground, it generates a high voltage when V4 < 0 and zero
when Vyeo > 0. Hence MOSFET 1 will always conduct during the negative cycle
and MOSFET 2 will always conduct during the positive cycle. Both the MOSFETs
are complementary to each other, i.e the gate signals need to be logically reverse
for the functioning. Hence we use the NOT operator for the switching. For a clear
understanding, the functioning of the MOSFET switching leg can be tabulated as
follows,
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Table 3.4: Functioning of Mosfet switching leg

Mosfets || State | Condition
mosfet 1(t) 0 Vac(t) >0
mosfet 1(t) || High | Vac(t) <0
mosfet 2(t) || High | Vac(t) >0
mosfet 2(t) 0 Vac(t) <0

3.1.5.2 GalN switching leg

The GaN switching legs are switched at a high frequency to shape the boost inductor
current. Here the comparator for GaN compares the positive signal of the duty cycle
to a reference triangular waveform with an amplitude of 1 generating an output
which is nothing but the gate signal. The gate signal is the gate voltage of the
boost switch. But the handling of the gate signal varies for the totem pole PFC as
compared to the regular boost PFC controller. Similar to the MOSFET switching
leg, these GaN switching legs are also acting complimentarily where one switch acts
as the boost switch while the other imitates the boost diode. There will be no
reverse body diode connected to the two switches which are at the GaN leg and
the complementary switch is operated effectively with the help of NOT operator
as shown in figure 3.1. Depending on the gate voltage amplitude which can be
represented as Vjqe, the functioning of the two GaN switching legs will vary [8].
The gate signal depends highly on the duty cycle which is strictly positive and the
functioning of these gate signals is tabulated as presented in table 3.5

Table 3.5: Functioning of GaN switching leg

GalN switches State Condition
GaN 1(1:) 1‘Vgate(t) VAc(t) >0

GaN 1(t) Vgate(t) VAc(t <0

GaN 2(t) Vgate(t) | Vac(

GaN 2(t) 1—Vgate(t) VAc(t <0

The gate voltages are logical signals true or false. That means the negative half cycle
gate signals can be achieved by logically inverting the positive half cycle gate cycles
[8]. Thus the gate signals for the negative half cycle can be tabulated as presented
in table 3.6,

Table 3.6: GaN switching leg for negative half cycle

GalN switches State Condition
GaN 1(t) Vyate(t) =1 — |Vyate(t) — 1] | Vac(t) <0
GaN 2(t) 1-Vgate(t) = |Vgate(t) = 1| | Vac(t) <0

From table 3.6, it can be seen that GaN 1(t) is of the form "1-u" and GaN 2(t) is of
the form "u" as that from the positive half cycle depicted in table 3.5. Now for the
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n n

gate voltages to function properly, it is necessary to handle "u" properly. An easy
way of handling "u" and creating gate voltages can be done by

GaN1(t) =1 — |Vyate(t) — mosfetl(t)] (3.3)

GaN2(t) = |Vyate(t) — mosfetl(t)] (3.4)

where these equations are implemented in figure 3.1, with the forward connection
from the mosfet leg to the GaN leg [8].

3.2 Set up of a control loop system

As discussed in section 2.5.2, two control loops i.e. the current control loop and the
voltage control loop are designed to have control of the inductor current and output
voltage. The control loops are designed based upon small-signal modeling and quasi-
steady-state approach, where the nonlinear voltage and currents are represented as
a linear voltage and current around the switching period average [8]. The control of
inductor current is done with the help of a current controller where the switching
period inductor current is controlled to be shaped sinusoidally in phase with the
supply voltage. Similarly, the control of the output voltage is done with the voltage
controller where it regulates the DC link voltage to be equal to a defined DC value.
PI controllers are used in both the current and voltage loop. The entire PFC control
system is designed in Simulink. The design and implementation of a feedback control
loop system in Simulink are further discussed below.

3.2.1 Implementation of feedback loop

According to the PFC theory, the arithmetic of the PFC can be categorized into
three parts such as:

o The external voltage control loop which ensures that the output voltage follows
the reference constant value of the voltage.

e The arithmetic reference which makes the current reference follow the sine
reference

e The internal current control loop which makes the input measured current
follow the reference current.

28



3. Case Set-up

ARITHMETIC REFERENCE

{] O Reference Voltage QENU’ i

Conslant Reference

o 1)

Duly cycle

Absolute

Pl Controller for

Voltage Control Pl Controller for

Current Control

[Measured Voltage

Qutput Volt
AU okoge 10C Fillr for . ’.‘ " : X
Voltage Measurement Current Measured Current

Filter for 1/1 Rated
Current Measurement  ~ Product2

VOLTAGE CONTROL LOOP CURRENT CONTROL LOOP
Figure 3.2: Feedback Control Loop

The implementation of the feedback loops for both the controllers are shown in fig-
ure 3.2. The current and voltage power stages are analyzed separately. The current
mode control is implemented by multiplying the output of voltage controller with
the reference of the current control loop where the output of the current control
is the duty cycle, which enables the PWM switches to act accordingly. Thus the
current control directly controls the duty cycle generated. The prior motive of the
current control is to shape the input current to be in phase with the input voltage.
Since the inductor current has the possibility of generating more harmonics, a cur-
rent measurement filter is added to reduce the harmonics. The filter time constant
is found according to the procedure discussed in section 2.5.2.1.

Similarly, a power stage of the voltage control is also implemented where a con-
stant value is given as a reference along with the step. The measured DC output
voltage is also filtered out with a time constant where the harmonics of the DC
output voltages are reduced. The output of the voltage loop control is multiplied
with the arithmetic reference where the input AC voltage is divided by the peak
value and feed as an input to the current controller. This is done to normalize the
loop gain and make it independent of the line voltage through the complete input
range. The second input to the multiplier is the instantaneous input voltage that
will shape the current reference in phase with the AC voltage to achieve the PFC.
The prior motive of the voltage control is to keep the output voltage within a range
of control.

3.2.2 Implementation of PI controller

The controller which is implemented is based on a basic current-mode PFC. Since it
enables the required CCM operation and constant switching frequency, it is highly
suitable for this high power application [8]. PI control is widely used and indeed
termed as classical in the control industry. Here, the voltage and current control
follow PI arithmetic. The PI control parameters in the PFC are responsible for the
power factor, total harmonic distortion (THD), overshoot, undershoot, rise time,
steady-state error and settling time. Tuning of the parameters is done by the sym-
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metrical optimum method as discussed in sections 2.5.2.1 and 2.5.2.5. The PI control
can adapt to different load and line conditions to improve the THD at various levels.
Since here we use a power factor based application, voltage, and current errors and
total harmonic distortion should be minimized yielding a high power factor and a
low THD. PI coefficients which have been derived are added to the PI controller so
that the controller is more optimal and yields an efficient result.

3.3 Power Losses Calculations

Based on the equations given in section 2.6, the power losses for various components
are calculated here.

3.3.1 Boost inductor

As discussed in section 2.6.1, the inductor loss is calculated here. We know the
inductor value which is found out to be 156 pH. The current ripple is calculated
from equation given in 2.41,

(110.4)(0.19)
I= = 1.344A 3.5
(156pH)(100kH z) (3:5)
The rms voltage of V7, is found to be as 110.4 V from the plots. The inductor current

can now be found by substituting AT as,

1.344
Ipus 2 5 = 0.6724 (3.6)

Now on substituting the I, rars in power loss equation we get,

Py cu = (0.672)2(0.052) = 0.0234W. (3.7)

where the DCR value is taken from the datasheet [13] for the rated near by induc-
tance used. As mentioned in section 2.6, the core loss is not taken into consideration

and the total power loss associated with the inductor will account to copper loss
only [14].

3.4 Implementation of lumped thermal model

As explained in section 2.7.2 the heat flows through different materials of the switch
which has different areas, material, thickness, and thermal conductivity. Hence the
thermal impedance of different materials needs to be determined. The junction to
case thermal resistance is available from the datasheet of the switch. Likewise, a
thermal pad made of silicon will be attached to the case of the switch to have better
thermal performance and also to prevent any short circuit between MOSFET and
heat sink. Hence the thermal pad resistance has to be determined to model the
conductive heat transfer between the case to the thermal pad. The thermal pad
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dimensions will be available in the datasheet and it can be calculated using the
following expression [21]

Ry, = (3.8)

where [ i the thickness of the material, A is the thermal conductivity of the
material and A is the area of the material.

In real devices, the heat flows through different layers in a switch. During the steady-
state, the thermal model will be represented by a simple resistive network, but in
reality, each material has it own specific heat capacity which is capable of storing
some heat and every layer has its own time constant. This can be represented by a
simple RC network as shown in figure 3.3. The storage capacity of the material can
be determined by

Cth = Csm (39)

where C; is the specific heat capacity of the material and m is the mass of the
material.

Rth_junction Rth_case Rth_thermalpad Rth_heatsink

P_loss w IVW

Junction_mass
|1
Case_mass
| 1
1]
Thermal-pad_mass
|1
|
|1

Heatsink_mass

Ambient_temperature

Figure 3.3: Lumped thermal model of a Mosfet switch

In a totem pole arrangement, there are four MOSFET switches and the temperature
of these four switches needs to be in safe limits to protect the system from failure as
well as maintain the efficiency of the circuit. To achieve this the thermal behavior
of the switch needs to be analyzed to implement an efficient temperature control.
For simplicity, a thermal model for two upper switches on both legs; 1 silicon and
gallium nitride switch are developed. Figure 3.4 shows the thermal model of the
MOSFET switches. The junction to case resistance is taken from the datasheet and
the junction mass is determined by calculating the volume and multiplying it with
junction material (GaN/Si). The thermal pad resistance is calculated as explained
above. A heat sink for each pair of MOSFET is assumed. The two MOSFET are
connected in parallel to the heat sink mount as shown in figure 3.4.
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Figure 3.4: Lumped thermal model of GaN and Si Mosfet switch

A normalized on-resistance plot data from the data-sheet is entered in a lookup table
so that it can determine the change in resistance with temperature. The power losses
from the MOSFET switches are injected into the thermal model and the junction

temperature can be estimated by placing a temperature sensor. The temperature
can also be estimated analytically as explained in section 3.3
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Results & discussion

4.1 Open loop characteristics

As explained in section 2.3.3 the output capacitor on the DC side charges and
discharges according to the switching pattern. This enables to have a DC voltage
and current with some ripple. Figures below shows the open-loop output voltage and
current waveforms for the silicon carbide and gallium nitride MOSFET switches.
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Figure 4.1: Open loop voltage waveform
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Figure 4.2: Open loop current waveform

Since the boost inductor and the DC side capacitors are the same for both the
switches there will not be any distinct difference in the open-loop current and voltage
waveforms. Both the switches are capable of providing 362 V maximum with a ripple
of 84 V. Likewise the current can reach up to a maximum of 8.7 A maximum with
a ripple of 2.5 A. As this is an open-loop setup the ripple in the output waveforms
are large, since there are no feedback to monitor the output voltage and thereby

adjusting the duty cycle.

4.2 SiC switching characteristics

The switching characteristics determine the turn on and turn off patterns of the
switch. If the current through the switch is high then it denotes that the switch is
conducting, otherwise, it is blocking or turned off. Figure 4.3 and 4.4 show the turn-
off and turn on characteristics of the silicon carbide MOSFET switch. It can be seen
from figure 4.3 that the time required to turn off the switch is 60 ns and the turn off
losses are estimated by calculating the energy consumed by the switch within the
time period by integration and the power loss is calculated by the multiplying with
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total time period as explained in section 2.6.4. The turn off losses is found to be 15
W. Similarly the total turn-on time of the switch is 60 ns and the turn off losses are
found to be 19 W. The conduction losses in the switch are found to be 63 W.
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Figure 4.3: SiC turn off switching charac- Figure 4.4: SiC turn on switching character-
teristics; Drain-source voltage (Green),Drain istic; Drain-source voltage (Green),Drain cur-

current (Red) rent (Red)

4.3 GaN switching characteristics

Figure 4.5 and 4.6 represent the turn on and turn off switching of the gallium nitride
switch. It can be seen from the figure that the turn off time of the switch is 45 ns and
turn-on time is 48 ns. The fast switching is due to the low gate-source and gate-drain
capacitance of the MOSFET switch which makes the switching instantaneously. The
turn-off and turn on losses are found to be 10.9 W and 11 W. The conduction losses
are found to be 14 W
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Figure 4.5: GaN turn off switching charac- Figure 4.6: GaN turn on switching char-
teristics; Drain-source voltage (Green),Drain acteristic; Drain-source voltage (Green),Drain
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4.4 Comparison of SiC and GaN

As mentioned in sections 4.2 and 4.3 it can be seen that that gallium nitride switches
have faster turn on and turn off time which makes gallium nitride more suitable for
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4. Results & discussion

operating at higher switching speeds also this makes it optimal to operate at higher
frequencies with lower losses.

Table 4.1: SiC Vs GaN Loss comparison

Loss type Silicon Carbide Power Loss (W) | Gallium Nitride Power Loss (W)
Turn On Losses 19 11
Turn Off Losses 15.2 10.9
Conduction Losses 63 13.3

It can be seen from the values presented in table 4.1 that the losses in the gallium
nitride switch is much lower compared with the silicon carbide. Hence the gallium
nitride is much preferred in areas where efficiency of the system is a major concern.
Also from figures 4.3, 4.4, 4.5, 4.6 the over-currents during turn on and turn off
can be seen to be much more prominent in GaN switches. This over-current is
caused due to the transfer of energy from the boost inductor on the AC side when
it is fully energized. Hence the gallium nitride switches cannot be operated without
extra protection circuits such as snubber circuits to suppress the over-currents and
over-voltages to prevent the switch from damage.

4.5 PWM control in a closed loop
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Figure 4.7: PWM control of Mosfet leg Figure 4.8: PWM switching of GaN
Switches switches in a zoomed view

The PWM logic is implemented as stated in section 3.1.5 and the results are verified
here. Figure 4.7 reveals the functioning of PWM switching of MOSFET leg switches
for one cycle period and figure 4.8, shows the PWM switching of GaN switches in
a zoomed view. We can see from both figures that the switches are acting comple-
mentary to each other. It could be seen from figure 4.7 that, MOSFET 1 is 0 and
MOSFET 2 is high, as the condition is Vac(t) > 0. As discussed in section 3.1.5.1,
we can notice that the MOSFET legs are acting based on the assigned states by
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checking the polarity change, and ensuring that DC voltage is the same irrespec-
tive of any change in polarity. We can also see from figure 4.7, that MOSFET 1
is conducting completely during the positive cycle and MOSFET 2 is conducting
completely during the negative half cycle.

Similarly it could be seen from figure 4.8, that GaN 1 and GaN 2 are acting in
states, 1-Vyare(t) and Vigee(t) respectively. Thus GaN leg switches with the assigned
states help in shaping the boost inductor current as stated in the section 3.1.5.2.
We can also notice that GaN 1 switch acts as the boost switch shaping up the in-
ductor current while the GaN 2 acts in a way of the imitating the diode (i.e) acting
complementary to GaN 1. Through this, we can see that at least one MOSFET and
one GaN is always turned ON at any instant for a given time period to generate a
boost control of the output voltage.

4.6 Current control loop

To verify the controller design, simulations are performed with the closed loop cur-
rent control system where the current controller is tuned with symmetrical optimum
as discussed in section 2.5.2.1. The current controller is implemented initially as it
is a quick controller, where the output of the voltage controller (current reference)
is taken as a constant.
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Figure 4.9: Reference current of the Figure 4.10: Measured current of the
Current controller Current controller

The obtained results are shown in figures 4.9, 4.10, 4.11 and 4.12 where the reference
current is the current generated from the arithmetic reference and the measured
current is the current measured from the inductor. The error is the result generated
from the difference between reference current and measured current. The error is
fed to the PI controller where the PI controller tries to compensate for the error and
generate the most optimal output which is required to operate the PWM switches.
The output of the PI controller is the duty cycle generated which is in the range
from 0 to 0.9.
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It can be seen from figures 4.9 and 4.10 that the inductor current which is then
measured current follows the reference current equally where both the currents are
sinusoidal. It is also noted from figure 4.11, that the error produced from the refer-
ence and measured current is governed by the switching frequency ripple. However,
we can see from 4.11, that there is a minimum error ripple. This may be due to a
small delay in the PWM switching and the time constant calculated in the current
measurement filter. This may be reduced by controlling the phase of the current
where a separate loop can be designed featuring the control of the phases. Since
there seems to be a good response of the controller for the symmetrical optimum
itself, a separate loop controlling the phases is not implemented here. Additionally,
we can see also ensure from figure 4.12, that the duty cycle generated is positive
and does not go to negative.

4.7 Voltage Control loop

As it is known for complete control design, a current control alone is not sufficient.
It is necessary to control the output voltage as well. Hence as discussed in section
2.5.2.4, a voltage control loop is also implemented and the results are obtained. The
voltage control is implemented in two cases: one with the constant reference voltage
and the other with an additional step to check the response of the controller for
fluctuation in reference voltage. The simulations for both cases are discussed in the
following subsections.

4.7.1 With Constant Reference

The simulation of the voltage controller for a constant reference voltage is shown in
figures 4.13, 4.14 and 4.15. It can be seen from figure 4.13, the measured voltage
is the output from the low pass filter which tries to follow up the reference voltage.
The reference is given as a constant without any fluctuations in the voltage. The
difference in reference and measured voltage is the voltage control error which is
the input to the PI voltage controller. The voltage control error as shown in figure
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4.14, is stable as the measured voltage except at the initial stage. This may be
because the capacitor is in it’s fully charged state initially and tries to discharge
when there is a current. The error of the voltage controller is given as an input to
the PI controller where the controller tries to compensate for the error and produce
a stable output as shown in figure 4.15. The output of voltage PI controller is ¢con¢ror
acts as a stable input to the arithmetic of the current controller. It is the control
signal to the current loop, on which the current control acts.
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4.7.2 With an additional step

The simulation for a 5% increase in a DC voltage is given in the form of a step and
the waveform is illustrated as shown in figures 4.16, 4.17 and 4.18 . The measured
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voltage is the per-unit output from the low pass filter of the measure DC output
voltage. It can be seen from figure 4.16 that an additional step is added at 0.1 secs,
where the measured voltage tries to follow the reference voltage. It can be seen
from the simulation that, the voltage can stabilize even when the step is added and
it is following the reference of the step voltage. Similarly, it could be seen from
figure 4.17, that the voltage control error is decreased after a step is added. The
PI controller compensates for the error, initially decreasing it and later on making
it more stable. The response of the controller could be slower because it makes the
AC voltage amplitude not to be larger than the DC voltage amplitude. Otherwise,
it would affect the boost operation until the AC voltage drops below.
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Figure 4.16: Reference and Measured voltage with a step reference

The output from the controller is i.on¢r01, Where it can be seen from figure 4.18 that
the controller produces a stable output after an step at 0.1 secs. The response of the
controller to make 7.,,40; more stable could also be easily achieved with the apt low
pass filter value. Meanwhile, for a quicker response, a high order low pass filter or
a band-pass filter can be used. These filters give out more precise filtering of ripple
frequency while passing through high frequency and thus giving a quicker feedback
loop. Another way of filtering is by having a voltage measurement filter where the
ripple is calculated based on average voltage and current and subtracted from the
measured signal. Here a simple low pass filter is enabled for a precise control of the
ripple frequency and making the system more stable.
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4.8 Complete Closed loop Simulation Results

For the verification of a complete PFC converter, simulations are done at system
level keeping the rated values in mind. It is necessary to check the functionality of
the closed-loop involving voltage and current control. The simulations are carried
out based on a closed-loop and the waveform involving the entire closed-loop is
shown here. As can be seen from figure 4.19, the input voltage and current are in
phase with each other. The power factor correction of the circuit is found out and
verified in section 4.10 further. The red waveform shows the inductor current and
the blue waveform shows the input voltage. The passive rectifier bridge rectifies the
voltage to the waveform of the absolute value of sine, and the current is scaled by the
voltage over the inductor. This current waveform is then shaped like a sine wave by
controlling the duty cycle of the switches implemented in the current control. With
the AC main current shaped like sine, there are harmonics and ripples in the AC
supply current. However, these harmonics are limited to the switching frequency
ripple which are compensated by low pass filter used in the current controller. Hence
as discussed in the section 3.2.1, the current controller is responsible for enabling
the input inductor current follow the input sine voltage wave.

It can also be seen from figures 4.20 and 4.21, that the DC voltage and current can
be operated at a rated value range over the whole main period without having a
huge DC link capacitor on the output of the rectifier bridge [8]. The output voltage
and current are stated when the capacitor is in the fully charged state where it can
be seen that it tries to get more stable after an initial oscillation along with the
rated output values. We can notice that the DC voltage is around 400 V and the
output current is around 8.5 A which is found to be as the rated output values of the
charger. It can also be seen that it took around 0.1 secs to reach the steady-state
value at the output. The higher input current impacts the overshoot which can be
reduced with a higher value capacitor. Meanwhile, we can also verify from figure
4.22 that the rated output power is 3300 W, which is also the rated power value of
the charger.
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4.9 Temperature analysis of SiC and GaN switches

As explained in section 3.4 a lumped thermal model is implemented. To have a
fair comparison, even though there is a difference in on-state resistance of the two
switches table 3.3 they are made equal to have similar conductive losses of the MOS-
FET. However, the other parameters such as the capacitance, normalized on-state
resistance will remain different. Initially, the junction temperature is estimated by
injecting the power from the Simulink MOSFET model and the ambient tempera-
ture is considered to be 80°C. For better analysis and viewing of plots, the injected
power is average power since the actual power creates a temperature transient in
the thermal model. Even with the transient, it is ensured that the temperature does
not exceed the limits. The junction temperature of the silicon carbide and gallium
nitride switch, considering that on-state resistance remains constant with change in
temperature is shown in figure [4.23,4.24].
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Figure 4.23: Thermal behaviour of GaN Figure 4.24: Thermal behaviour of SiC
switch without temperature feedback switch without temperature feedback

It can be seen from figure [4.23,4.24] that the thermal response of the silicon carbide
switch is much better than that of the gallium nitride switch. The temperature
reaches a steady state at around 82.25 °C for the silicon carbide switch whereas it
reaches a steady-state around 83.75 °C for the gallium nitride switch. This is due
to the poor thermal conductivity of the GaN switch and also due to higher junction
to case thermal resistance.

As this analysis considers that the on-state resistance remains constant with vary-
ing temperature, the power losses in the MOSFET is low. But in reality, the power
losses will be much higher if the temperature is taken into effect. Hence, power losses
in the MOSFET are calculated analytically as explained in section 2.8, considering
the temperature change due to losses. Hence the temperature from the previous
analysis is taken to calculate the change in the on-state resistance. This data is
available in the components datasheet [17, 18]. The junction temperature of the sil-
icon carbide and gallium nitride switch with temperature feedback is shown in figure
[4.25,4.26]. It can be seen in both figures that there is an increase in temperature
due to the increase in average power. Even though the power loss in the MOSFET
has increased, the silicon carbide MOSFET switch has better thermal performance
than the Gallium nitride. Hence a better cooling system has to be designed for the
gallium nitride switch to prevent any damage to the component and also to maintain
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Figure 4.25: Thermal behaviour of GaN Figure 4.26: Thermal behaviour of SiC
switch with temperature feedback switch with temperature feedback

the efficiency of the system.

4.10 Power Factor Correction of the circuit

The quality of power in the AC line can be quantified using the power factor (PF)
and total harmonic distortion(THD). The current harmonics can be reduced by
providing power factor correction circuits in the converters [37]. Hence, to obtain
the highest power quality in the converter, it is essential to enumerate THD and PF
of the converter. The Total Harmonic Distribution (THD) of the AC component is
evaluated in Simulink which is found to be,

THD =0.11 (4.1)

The phase angle of the fundamental AC current component is found in simulink as
well. It is computed to be as,

¢ = 3.14° (4.2)

where the equation for the power factor evaluation is taken from reference [8]. It is

calculated as,

1
PF = . =0.992 4.3
(1+THD?) cosl?) (43)

4.11 Volume and Weight Estimation

Several components are used for the design of a totem pole PFC circuit in an offboard
charger. Larger weighing components will have a huge impact on packaging and
production. Also, since this will be an off-board charger, the weight of the unit
should be kept as low as possible for commercial benefits. It is always essential to
reduce the size of large components such as the boost inductor, output capacitor,
and switching components. The volume of these components is dimension based
upon their geometrical figure. The main components which are used for the design
of a PFC circuit in an offboard charger along with their volume and weight consumed
are tabulated in table 4.2. The weight and volume of the components used are taken
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based on data from datasheets of the components [16, 17, 18, 19, 20, 24]. They are
not weighed actually for the purpose and based on the value of the components, the
closest data of weight and volume are assumed from datasheets. The components
are chosen based on the assumption that the inductor and capacitor are designed
in a cylindrical shape, the two switches and the current sensor are designed in a
rectangular shape. The controller is neglected while considering the weight and
volume as for the simulation purpose PI controllers are used.

Table 4.2: Volume and Weight Analysis of main components in an offboard

charger
Component Values Dimension[cm] | Volume[cm?] Weight|g|
Inductor 152 uH 1.21x1.4 6.44 18.23
Si Mosfet switches | 650V/130A | 1.53 x 1.97 x 0.47 | 2x1.417=2.83 | 2x38 =76
GaN switches 650V /36A | 2.085x 1.59x 0.5 | 2x 1.657 =3.314 | 2x 9.5 = 19
Output Capacitor 150 puF 1.5x25 4 x 17.67 = 70.68 68
Current Sensor 30 A 3.1x1.6x26 12.9 60.3
Total 95.664 241.53

Thus it could be seen from table 4.2 that, the total weight of the main components
used in PFC circuit is around 241 grams and has a volume of around 43 cm?.
However, in real-time additional components such as a DSP controller, an auxiliary
power supply, two heat sinks, NTC thermistor, and RCD relays are considered as
well. The weight and volume of the PFC circuit would increase accordingly in
real-time when these components are added. This is discussed in table 4.3,

Table 4.3: Practical Volume and Weight Analysis

Component Values Dimension[cm] | Volume[cm?] Weight|[g|
Auxiliary Power supply 12V 6.4x45x25 72x2=144 | 2x 125 = 250
DSP controller 3.3V 0.12x 1.5 x 1.5 0.27 0.72

Heat Sink TO-247 5.8x3.2x438 |2x81.3=1626| 2x71 =142
NTC thermistor 4.7K to 100K 0.425 x 1.68 2x095 =19 | 2x1.0=2.0
RCD relay 380 209
Total 688.7 603.72

The data of the components are taken from their respective datasheets which is
mentioned in reference [22],[23] and from [34] to [36]. Hence in real-time with the
inclusion of these components the weight of the PFC circuit in the charger would be
around 845 grams and volume would be around 784 cm3. It is to be noted that this
is an approximate estimation of weight and volume and there will be differences in
the final product. Since the EMI circuits and other measuring op-amp circuits are
not considered, an increase in the volume and weight is expected.
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4.12 Life Cycle Cost Anlaysis

As discussed in section 2.9, the life cycle cost analysis of both the SiC and GaN
switches are compared here. The characteristics of both the switches differ very
much and so do their costs. It is always essential to analyze the life cycle cost while
comparing the economic performance of the product rather than just comparing the
market prices of the product. Here the life cycle cost of both SiC and GaN switches
is analyzed for 15 years since the life expectancy of the switches is also 15 years. It
is shown in figure 4.27,
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Figure 4.27: LCCA of SiC and GaN

The initial costs of the GaN switch are lower compared to the SiC switch. The
cost of each switch is calculated for every year and plotted accordingly. It could
be seen from figure 4.27, that the LCC during the first year for the GaN switch is
around 13650 SEK which includes the initial cost, operation cost, maintenance cost
and also taking into account the change in rates (2.5 in percentage). It could also
be seen from figure 4.27 that during the fifteenth year the LCC is around 11410
SEK. Similarly from figure 4.27 the LCC of the SiC switch during the first year
is 14760 SEK and during the fifteenth year is 12300 SEK. The initial costs that
include the cost of the switch, capacitor, inductor, DSP main controller and the
components mentioned in table 4.2,4.3. It is noted that the GaN switch is much
cheaper compared with the SiC switch. It is also noted that the power losses in the
GaN switch are less compared with the SiC switch. The operation and maintenance
cost of the product is considered to be constant as the product has to be disposed
of in case of any fault or damage. As all the costs involved in the LCC analysis are
constant except for the cost of GaN switch and energy cost, the initial LCC of GaN
switch lower compared with the SiC switch due to the above-mentioned reasons.
A rate of discount of 2.5 %, as mentioned in section 2.9 is considered to calculate
the energy cost, thus the energy cost tends to reduce with time. Due to this, the
LCC of the switches reduces with time. Thus it is concluded that the GaN switch
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is less expensive compared to the SiC switch and also the GaN switch is much more
profitable in the long run. Hence it seems to be an ideal switch to be used for this
application.

4.13 Efficiency

The efficiency of the totem pole PFC is shown in figure 4.28. The efficiency is
plotted from 50% of the power i.e. from the half to full power. It could be seen
from figure 4.28, that the efficiency increases linearly when the output is increased.
It could be noticed that at 50% power output the efficiency is around 85.5% and
during 100% power output the efficiency is around 98.72%. In reality, the efficiency
does not drop linearly as shown in figure 4.28. This may be due to soft switching
which is not implemented in this circuit. Also, it does not have an input AC rectifier
bridge, the accuracy of AC voltage crossover detection directly impacts the current
waveform and THD. Tens of detection micro seconds error could result in shorting
the AC line and a high current distortion at the crossover area [15]. It could be
improved by an additional dead time circuit which enhances low THD. However,
this dead time circuit is not implemented in this circuit which could be the other
main reason for impacting the efficiency.
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Figure 4.28: Efficiency of a totem PFC circuit

Figure 4.29 shows the power loss split-up of the main components in the PFC circuit.
It can be seen that as the output power decreases losses in the component reduces
due to reduction in current in the circuit but on the other hand from figure 4.28 it
can also be seen that the efficiency of the charger reduces as the power decreases.
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Figure 4.29: Losses split up of main components in the PFC circuit
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Safety and Sustainability

5.1 Safety

Nowadays power electronics are entering more and more in technology which nor-
mally belongs to different engineering sectors. FElectric Vehicle charger is one of
those [27]. During recent times, the growth of EV’s popularity and several charging
methods has made it possible to charge a vehicle at home. Depending on the circum-
stances it is always worth invest to have a dedicated wall-mounted charger at home
[14]. However, it is necessary to keep in mind certain precautions when using the
charging cable for an EV from a wall-mounted plug as it draws high current (around
22 A). It is necessary to talk about a charging cable as people prefer it more than
obtaining a wall-mounted box in case it is expensive to invest in. Any application
with high current requires safety precautions while implementing practically. Hence
for this application also precautions are considered for its implementation which
would be discussed further here.

It proves to be more convenient for people to use home charging as many peo-
ple in Sweden tend to switch to EV recently. When it comes to portable charging,
the customers directly connect the charging cable to the wall socket which could
cause cable fires or any fluctuations in the cable. The charging cable must be able
to withstand a higher rating for a longer time. If that is not the case then the
possibility of a failure in the cable is very high. This can be prevented by following
the Original Equipment Manufacturing (OEM) standards of the cables. Through
these standards, the components inside the cable do not exceed the required ratings
and hence can be optimized for the design of the cable. The cables can also be
insured for the damages caused by insurance given by the company. The customers
can claim their failures easily through insurance [14].

The PFC board inside the charger must be tested in adequate test conditions with
consideration of all the aspects. The board should be designed with the accurate
specification needed for the charger as the components in the board should be able
to withstand higher ratings and higher temperature. When the charger is used, it
should also be ensured that it does not have any impact environmentally and exter-
nally.

Another important aspect to consider is when there is a sudden fault in the sys-
tem due to higher current, the system needs to stop instantly ensuring the detection
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of occurrence of a fault. This could be managed by having a Residual Current De-
vice (RCD) on the system which can break the current instantly to avoid faults from
leading to serious conditions. RCD also ensures complete protection against all kind
of leakage current and strong resistance against unwanted tripping [28].

5.2 Sustainability

As stated already for any EV, charging is highly important. To have sustainability in
charging, the power system should facilitate multiple connections to the wall sockets
at the same time. The power supply from the grid encourages a substantial increase
in communication and control at the customer side of the electric power grid. It
also introduces a high problem of overproduction yielding stability issues for the
utilities. To overcome this and for a sustainable perspective, the implementation of
the "smart grid” is gradually growing in many industrial countries. The smart grid
concept encourages more distributed renewable electricity production and increased
consumption flexibility of the customer [8]. Hence loads can be charged at different
times during the day and can be ensured the system is not under heavy load at the
same time [14].

Similarly, for a sustainable perspective, it is essential to find resources other than
coal and nuclear power in the future to achieve a high power availability for EV’s.
For this purpose, the bidirectional power supply could be used where the vehicles
are operated as batteries to supply to the grid so-called vehicle to grid operation [14].

For more vulnerable solutions in the future, it could be possible to redesign the
current AC to DC grid where the wall boxes provide DC supply. Through this,
the conversion of AC to DC can be neglected. This can reduce conversion loss and
thereby improving the sustainable nature of the system.
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Conclusion

This master thesis illustrated the power control of an external charging system for an
electric vehicle. Initially, the switching characteristics of the SiC and GaN switches
were studied and it was found that the power loss of GaN is less compared to SiC.
This was implemented through an open-loop control of a totem pole bridgeless PFC
circuit. The totem pole bridgeless PFC was also compared with the conventional
PFC circuit theoretically based on losses, components, and efficiency. Additionally,
a fundamental simulation model for the closed-loop control of the totem pole bridge-
less PFC was built in Simulink. The general equations for the current and voltage
control were developed considering the dimensions of the main components in the
circuit. The obtained results ensured that the output voltage is controlled to the
rated 400V DC and that the input current is in phase with an input voltage as well
as the rated output power of 3.3 kW is achieved with a power factor of 0.992. The ef-
ficiency of the PFC circuit is calculated and it is found out to be 98.72 % at full load.

Furthermore, a temperature analysis was also done in Simulink comparing SiC and
GaN switches. To perform temperature analysis, a lumped thermal model was imple-
mented initially for the MOSFET switches. It was found that the thermal response
of SiC was much better compared to GaN due to the poor thermal conductivity of
the gallium nitride. The volume and weight of the main components used in the
PFC circuit were also estimated considering the effect of PFC circuit in an external
charger. The volume of a GaN totem-pole PFC circuit is estimated to be 784.4 ¢cm?
and the weight of the circuit is estimated to be 845.3 ¢g. Finally, LCCA of both the
GaN and SiC was done for 15 years and it was found that the GaN switch is more
economical to use than the SiC switch.

6.1 Future Works

From completing the power control of the PFC circuit, the initial future work will
be to implement a bidirectional control of the PFC circuit for the vehicle to grid
operation. The temperature control of the complete PFC circuit can be done in the
future considering the effects of high current across the switches and high tempera-
ture in the PFC circuit. The PFC circuit also needs to be checked in a single fault
condition to ensure whether it meets the safety standards such as IEC standards
of the Electric Vehicle Charger. The single fault condition has to be checked by
designing the Residual Current Device (RCD). The RCD will act accordingly when
there is an occurrence of faults in the system ensuring complete protection of the
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system.

Additionally, a microcontroller needs to be implemented in the system for con-
trolling the voltage and current as the control logic here is implemented through
a PI controller only. It was also found that the efficiency could need to reach the
expected range from the above half load as the soft switching was not implemented
in the circuit. Hence it is necessary to implement soft switching in the circuit which
can be done as a future work of this project. Further investigation of reducing the
size of the components in the whole charger is necessary as it is the most beneficial
aspect of the charger. The thermal analysis is done considering each switch only
(one GaN and one MOSFET). It is necessary to perform thermal analysis of the
complete system with a high accuracy software such as COMSOL for better results.
The cooling system will also play a major role in the thermal analysis which is not
implemented here and maybe an important task to consider for the future of this
project.

Final future work will be to implement a prototype of the project so that it can be
tested with several external conditions. It is also necessary to analyze the duration
of the charging time of this charger where the battery model has to be implemented
separately.
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Appendix 1

A.1 Matlab Scripts

A.1.1 Current Controller

Ve=230 V;
Vacpeak: Sqrt<2>*vac;
Vdcma:c: 400 V7
Vdc: Vdcmaa:;

[,.= 16 A;

Iacpeak: Sqrt(z)*lac;
Pac: Vac*Iac;

fsw= 100 kHgz;
Wsw:2*pi*fsw;
fnormal: 20 HZ;
Kiripple: 027
eripple: 02;

— * .
ILpeak2peak— Kiripple Iacpeak;
VCpeakaeak: 20 V7

Vbase: Vdc;
Ibase:16*sqrt(2> A7
Rbase:vbase/lbase;

L= 151.69uH;
C=1.313 mF;

vbase: vdc;
Ibase:16*sqrt(2) ;
Rbase:vbase/Ibase;

Lpu:L . /Rbase;

prm: 1/(3*fsw);
fi= 100 — 0.8) * fou;
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Tji= 5.97¢-T;
Tsumi: Tfi+prm;

beta= 1/(2*pi*f; *Tsymi)?

Ti=beta* T gym;
K,i= Ly /(sqrt(beta)™ Tyym;)

A.1.2 Voltage Controller

Vg = 400 V;
C=1.641 mF;
Vbase: Vdc;

Ibase:16*sqrt(2> A7
Rbase:vbase/]:base;

Cpu: C/ Rbase;

fyria=50 Hz;

eripple: 02a

T sumi=4.2413 pus;

T 4, =100pus;

Tsumv: szv+2*Tsumz7
f.,=500 ;
beta,=1/(2*pi*f.,* T sumo )
wazla

Ti= beta, ™ Tyume

Ko =Cpu/ (K sqrt(beta, ) T symy)

A.1.3 Current Controller with filter

Vbase: vdc;
Lpase=16%sqrt(2);
Rbase:vbase/Ibase;
Lpu:L-/Rbase;
fsw= 100kHz;
fci: 1070% fsw;

T fistep= 1e-10;

Tfimax: 16'3;

Tfivectar: O:Tfistep:Tfimam;

Meripple= Zeros(]-7length(Tfivector));

for i= 1:length(T fivector)

maripple (1) :0-5*Kiripple*Lpu*Wci/Sqrt(1+ (Tfivector (1) *2*p1*fsw)2)7
end

closeall

figure

loglog(Tfivector amam'pple)

IT
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Xl&b@](’Tfilte,«[S]/)
ylabel(' Dyippil,)
set(gca,’ fontsize', 18)

A.1.4 Voltage Controller with filter

fyria=50 Hz;

V4.=400 V;

C=1.641 mf:

Vbase: Vdc;

Ibase:16*sqrt(2> A7
Rbase:vbase/lbase;

Cpu: C/ Rbase;
VCpeak2peak::20 Va
dec:VC’peakZpeak /Vdc;

W= 2%pi*500;

vastep: 16_8;

vamaa:: 18_2;

vavector: 1e'6:vastep:vamax;
icurrentripple: Z€ros ( 1 >length(vavector)) )
for i= 1:length(T fypector)
icu'rrentripple (i)20'5*dec*0pu*wcv/sqrt<]-+(Tfm;ector (1)*2*p1*2*fgmd>2)7
end

closeall

figure

lOQZOQ (Tf'uvector 7icurrentripple>
xlabel("T fiter v[s]")
ylabel("tyippic )

set(gcea,’ fontsize', 18)

A.1.5 Life Cycle Cost Analysis for GaN and SiC

Elossgan = 39420

Cpricegan = 0.199;

r = 0.025;

Cintgan = 610.18 + 123.7 + 239 + 141.5 + 10.76 + 595.98 + (3*173.73);
Cmaingan = 37507

forn = 1:15

years (n) = n;

Cengtotgan (n> = (Cpricegan*Elossgan)/(1+r)n;

Lccgan (n):Cmaingan + Cintgan + Cenggan (H),

end

ITT



A. Appendix 1

Cengtotgan :Oa

fori=1:15

Cengtotgan = (Cpm'cegan *Elossgan)/(1+r)i + Cengtotgan s
end

figure(1)

plot(years, LCCyqp, -**, 'LineWidth’, 1.5) Ejpsssic=43362;
Cpricesic=0.199;

r=0.025;
Cintsic=959.324123.74+239+141.5+10.76+595.98+(3%173.73);
Cmainsic:3750;

for n=1:15

years (n) = n;

Cengsic (n) = (Cpricesic * Elosssic)/ (1+I‘)n7

LCOSiC (D): Cmainsic+cintsic+cengsic (1’1),

end

Cengtotsic = OJ

for i= 1:15

Cengtotsic = (Cpricesic*Elosssic)/<1+r)i + Cengtotsics
end

figure(2)

plot(years, LCCsic, -*’, 'LineWidth’, 1.5)
figure(3)

plot(years, LCCgan, -*’, "LineWidth’; 1.5)

hold on

plot(years, LCCg;., -*’, 'LineWidth’, 1.5)

hold off

xlabel("Number of years [n] ’,” LineWidth’, 1.5)
ylabelCLCC [SEK]’,’LineWidth’,1.5)
legend(’GaN LCC’,’SiC LCC?);

grid on

IV
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A.2 System Level Simulations
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Figure A.1: Closed loop implementation of totem pole PFC in simulink
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Figure A.2: PWM implementation of totempole PFC in LTSpice

Figure A.3: Open loop implementation of totempole PFC in LTSpice
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