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Abstract

The main objective of the thesis is to design an onboard battery charger which consists of a
bidirectional ac <-> DC bridge and a bidirectional DC-DC fullbridge converter. The thesis is divided in
two parts: Power losses analysis and controller design.

Power losses analysis is performed for the transformer, inductor and switch losses. For different
switches, MOSFETs and IGBT types, losses are calculated and compared. Also losses, when the
synchronous rectification method is used, are calculated. Finally a comparison between the switch
losses of the bidirectional and the unidirectional converter has been drawn.

Using Fourier analysis to determine the flux harmonic components, it is seen that transformer core
losses contribute around 30% of the total DC-DC converter losses for this application. For a battery
voltage of 400V, the total switch losses for the best MOSFET and IGBT are 122W and 78W respectively
which corresponds to 78% and 67% of the total DC-DC full bridge buck converter losses. It is realized
that for this application, IGBTs have lower switch losses. Moreover, synchronous rectification does not
reduce the losses in this application significantly. While Schottky diodes have a generally lower voltage
drop than P-n power diodes and do not have reverse recovery losses, it is found that in some
MOSFETs, their fast body diode can perform as good as an external Schottky diode.

For the DC-DC buck converter, with the selected elements and cores, the total efficiency of 94.5-
96.5% is observed (for the output power of 3.6kW, it means 150W losses) and this value for the DC-DC
boost converter (in discharging mode) is 95-96.5%.

The whole onboard charger efficiency for charging and discharging mode is 93.5-94.5% and 93.3-
94.8% respectively (depending on the battery voltage).

The second part of the thesis consists of the design of a controller for the onboard charger. It is
composed of the design of controllers for the DC-DC converter, the rectifier and the inverter.

The ac< >DC bridge should satisfy the harmonic current limitations based on standards like IEC
61000. For the rectifier with a cascaded PI compensator, a THD of 2.5% and PF of 0.99 are achieved. For
the inversion mode, with utilizing PWM unipolar switching and PI compensator, a THD of 0.5 % and
PF of ~1 were obtained. For the DC-DC converter, with the help of a compensator, with high phase and
gain margin, the output voltage became overshoot free.
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1 Introduction

1.1 Background, definitions and basic concepts

Nowadays, due to oil price, and increasing need of energy sources on one hand, and
environmental issues on the other hand, there is a strong willingness, especially among
developed countries to reduce the portion of fossil fuel consumption. There is a great demand
in vehicle industry to reduce CO2 emission. Consequently some different energy sources have
been introduced. But still some of them have environmental impact and maybe not
economically acceptable for customers.

Hybrid Electric Vehicles (HEVs) are the most convenient kinds of HVs, because they have
some advantages over their competitors:

1. The amount of energy that batteries can store is increasing everyday and now HEVs
can travel some hundred kilometres with improved Lithium-ion batteries (LIB). By
introducing (Lithium-ion polymer) Li-Pol batteries in 2008, a major effect on Electric Vehicle
industries can be expected. [1]

2. A rough calculation shows that Electricity is much cheaper that oil for vehicle owners:

At the moment with 2kWh energy, a conventional hybrid car can reach 10 km and further
more' (At light traffic). The battery capacity, Wegattery Of such a car can be 20kWh (such as
some models of Toyota Pirus). It means that with a conventional Li-ion battery, 100km range is
not a wrong expectation. Electricity price, Ep is around 1kr/kWh:

Electricity price(for 100km) = Wggttery Ep = 20 X 1 = 20 SEK

This should be added to the battery cost. Based on Deutsche Bank claim, Li-ion battery
package price? for each kWh is as low as 3500 SEK [2] (Deutsche Bank forecasts that this price
will be reduced dramatically in near future) for a 20kWh battery this will cost around 70000
SEK. A battery should be able to work for around 7-8 years and with the rate of one deep

discharge cycle per day, it should be able to provide 2560-3000 cycles in its lifetime:

70000

Battery price (for 100km) = Battery price for each cycle = 3000 23 SEK

This results in total costs of 43 SEK for 100km travel
Currently oil price, Op in Sweden is around 12k#/litter.
While at the same time the price of petroleum to reach 100 km for a normal gasoline car
(with 7 litter consumption per 100km) would be:
Totlal price(100km) =7 X 0, = 7 x 12 = 84 SEK
Comparing these values show that latter case is around 2 times more expensive. [2]
3. Environment friendly.

1 Tesla Roadster with 53 kWh (Li-ion battery) capacity obtains Electric range of 393 km.While lighter cars like the EV1
use about 11 kWh/100 km (halved)

2 Package price Includes the wiring and configuring of battery packs into a battery array, plus the battery management
system that monitors and manages the battery performance

1



Bidirectional PEHV: Bidirectionality means the possibility of power flow in both directions:
from battery (Vehicle) to the grid (V2G) and from grid to the battery (G2V).

V2G operation is a key feature of the smart grid: Due to increasing oil price trend and the
environmental issues, there are strong motivations and inceptions towards using local
sustainable environmental friendly energy sources such as solar cells and micro turbines.
Utilizing Vehicle batteries as a local storage becomes meaningful in this frame. Car batteries
can help the grid stability and demand especially at peak hours.

A bidirectional PEHV needs a bidirectional charger to fulfil V2G operation, and
accordingly investigations around their design, functionality and efficiency is of at most
interest.

It is just recently that this topic becomes interesting for both industry and university. This
thesis deals with these state of the art chargers in academic level and discuses some aspects of
a bidirectional converter such as power losses and control stages.

1.2 Aim and layout of the thesis

The main objective of this project is to propose and design a bidirectional on-board
charger with the aim of charging a plug-in vehicle battery. More in detail, different parts of
the bidirectional onboard charger including a rectifier (PFC), an inverter, and a DC-DC
converter have to be designed and simulated. The target is to find the efficiency of each
converter and the total onboard charger as well.

Additionally, although in some articles different aspects of unidirectional full-bridge
converters have been studied, few of them thoroughly investigate the power losses in
bidirectional converters. Especially the effect of reverse recovery current of the diodes in the
full bridge topology is not fully formulated. The same can be said about the transformer core
losses, when immediate flux variations in a core can cause excessive losses. It is found out that
regarding switching and core losses, some general simplifications are not quite correct.

Finally, for each converter a robust and a simple controller have to be implemented and
the controllers’ back to back operation should be verified.

The charger have to convert 220Vac on the grid side to 300~400VDC on the battery side.

In Chapter 1 a short description about basic concepts and some benefits of using Electric
vehicle is presented. At chapter 2, more technical issues and different solutions are discussed
briefly and finally one of them is chosen to be our ultimate topology. In chapter 3, old theories
regarding different converters, filter design, transformer and inductor design criteria and
finally in the last part battery study which contains battery types, their pros and cones,
modelling and charging methods are included. Most of the materials in chapter 1, 2 and 3 are
gathered from different sources and they can be skipped if the reader already has some
command on them.

Chapter 4 discusses the sources of power losses in a converter. The effect of reverse
recovery charge is less known. If the components are not chosen wisely, the converter
efficiency can be reduced significantly. This chapter may be a key to understand next chapters
as some equations and concepts which will be used later, are introduced in chapter 4.



The focus in chapter 5 is on switch losses. The role of reverse recovery and two methods
to calculate it, is studied and the losses of 20 MOSFETs and 5 IGBTs are compared with each
other. IGBT thermal effect, P-n and Schottky diode losses and losses of synchronous
rectification method are investigated in this chapter.

The total losses and efficiency of the DC-DC converter in buck and boost operation mode
are investigated in chapter 6 and 7 respectively.

Chapter 8 discusses about the control design of the DC-DC full bridge converter and the
way to design a robust compensator, without any output voltage overshoot.

In chapter 9, a control system for ac <-> DC bridge is proposed which the simulation
shows that it can bring very good THD and PF. Comparing the harmonics with IEC 61000
standard proves the good performance of the controller.

In Appendix B the effect of different variables like core shape (including the effect of
airgap), material, frequency and voltage on transformer losses are studied.



2 Different topologies and previous work

ac <-> DC bidirectional converters can be implemented in several different topologies.
Some of the convenient ones that have been studied in different literatures and papers are
presented in this chapter. Each of these are useful for specific purpose and voltage/ power
ratings.

2.1 A simple Bi-directional ac <-> DC converter with active
power factor correction

Principle of operation:

This topology was discussed in [3].The topology consists of 2 modules as it can be seen in
Fig.2. 1:

ac-DC Bridge consists of bidirectional switches T'1 to T4 preferably SCR thyristors as they
are low cost and robust and also can be commutated naturally.

DC-DC Buck Boost Converter is based on D1,D2 and S1 and S2 (bidirectional switches).
Both of these topologies will be explained in chapter 3 thoroughly.

ac DC bridge Bidirectional DC DC converter

Fig.2. 1 a Bidirectional ac-DC converter topology

2.1.1 DC-DC boost operation, grid-> battery charging

L,D1 and S1 form a boost converter. L is charged when S1 conducts (path2 in Fig.2. 1) and
delivers power through D1 when S1 is off (Pathl). Pathl is represented by green dashed line
through Load, D1 and D2. Path2 is shown by black dashed line through D1, and 51.52 in the
boost operation should be off, all the times.



2.1.2 DC-DC buck operation, battery-> grid discharging

In this mode Load acts as a DC generator (or Battery). The inductor current follows in the
same direction as before. The S2 is turned on and D2 is reverse biased for all the times. As it
can be seen in Fig.2. 1 (path3) during S1 turn-on period, D1 is reverse biased by Load voltage
and the current passes through S1, load and S2 towards V. In this path, L is charged (I is
increased). When 51 is off, D1 takes the current and V;, = =V, (L is discharged)

2.1.3 ac<->DC Bridge

For G2L mode, Vs should be in phase of Is. The current drawn from the grid has ripple
due to the presence of inductance.

For L2G mode, T1 and T2 are operated in anti-phase with the operation in G2L mode, so
that power can be fed back to the ac power supply.T2 and T4 are turned on in the positive half
cycle of Vs while T1 and T3 are turned on in the negative half cycle. T1-T4 should be pre-
triggered. Pre triggering of opposite switches of inverter in L2G mode results in natural

commutation. (No extra control circuit)

2.2 A DC-DC converter with galvanic isolation

The DC-DC part is similar to the topology which is chosen for this thesis. This converter
is suitable for applications that galvanic isolation is needed. The DC-DC converter with a
galvanic isolation necessitates the use of a transformer. This topology can be seen in Fig.2. 2.

As it can be seen, the whole converter can be divided in two modules. Buck-boost
converter that (in motoring mode) decreases voltage to V4, (Vg2 < Vy) and Boost-buck full-
bridge converter that (in motoring mode) boosts the voltage to Vo. With two bidirectional
converters (with opposite functionality) in series, in theory we can vary the load voltage, Vo to
every desired value. The only difference between this topology and the chosen topology for
this thesis is the location of inductor which will be explained in more details in chapter3. We
will talk about functionality of each module and its overall principle of operation briefly in

chapter3.
Buck-Boost converter Boost-Buck full-bridge converter
o L[ I L
o Lswitch -
Ji‘l Y'Y Y Y Y Y » t L >
+ T3 T1 5 T 3JE‘} T IJE?h +
Vd() MZJ de::: %“% L Vo é
>
- ) J’Eb T4 J% T2 J$ T4 | -

. ~

Fig.2. 2 a Bidirectional DC-DC converter topology with galvanic isolation. Vo can be higher or lower than Vd



3 Mature Theory

3.1 DC-DC Buck, Boost and Buck-Boost converter

In order to understand a Bidirectional Full bridge converter, it is important to study the
Buck converter, Boost converter and Buck-Boost converter principle of operation before. Fig.3.
1 illustrates different DC-DC converters:

Buck operation: The current direction is from V; to V, and V; > V. During the period that
M1 is conducting, t,, = DT, inductor L is charged (M2 is reverse biased by V) and when M1
is off (t,rr = Ts- ton) inductance current will flow through M2. Fig.3. 1 shows the Buck
converter scheme.

Boost operation: The current direction is from V, to V; and V; > V,. During the period that
M2 is conducting, t,, = DT, inductor L is charged and when M2 is off (o5 = Ts— ton)
inductance current will be discharged through M1. Fig.3. 1 shows the Boost converter scheme.

Bidirectional Buck-Boost Operation: by combining two above converters a two quadrant
converter is obtained that can operate bidirectionally: From V; to 1, in Buck and from V, to V,
in Boost mode. Changing the position of L and M1 changes Buck-Boost converter to Boost-
Buck converter and that is the only difference between the Buck-Boost and Boost-Buck
converter. (It should be noted that bidirectional Buck-Boost converter topology is different from
conventional unidirectional Buck-Boost converter topology. The latter can be found on P:178 of

[4])

» -l

Buck converter Boost converter

Ml + VL — Ml - VL +
—— YN —i ~Y N
+ + + +
vd M2 = Vo vd M2 = Vo

Buck Boost converter
MI + VL —
fuon!

Y'Y Y
+ & +

vd J M2 frmnd Vo

Fig.3. 1 bidirectional Buck-Boost, Buck and Boost converter



3.2 DC-DC Full-Bridge converter

Generally for power rates higher than 500W, fullbridge converters are the most common
types of converters [5]. One advantage of them is the possibility to have galvanic isolation that
separates battery side from the grid side (protection and EMC reduction purposes)

3.2.1 Full-Bridge Voltage Source Converter (FBVSC)

A full bridge Voltage Source Converter structure is shown in Fig.3.2. As full-bridge

converters are supplied with a voltage source, they are voltage source converters. Voltage
source full-bridge converters are derived from step-down (buck) converters.

Transferred power
w
T Dl KT] D3x

vd —

D4, T4 D2

i\ &

Fig.3. 2 Full-Bridge Voltage Source Converter (FBVSC) with a centertapped transformer

A period (Ts) consists of four intervals:

N2 N2
T1,T2:on—>vm-=de—>vL=de—V;,
All switches:of f = v,; =0 - v, ==V,

N2 N2
T3,T4:0n — v, =de—> vy =de—%

All switches:of f = v, =0 - v, =-V,

Inductor current can be calculated in the following way:

1
iL = Zf UL.dt + iLO (31)

In Fig.3. 3 some important waveforms of a full-bridge converter can be observed:

Since in steady state, inductor voltage integration over a time period should be zero, the
output to input voltage ratio can be calculated as:
Vo

—ZDNZ D <0.5 3.2
vd "7 N1 '’ ' (32)
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b |
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4 Vo
ol f
|
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i
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z
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Irm
—T1 - Ty
ol |

Fig.3. 3 Buck Full-Bridge wave forms

For practical limitations, we have to consider a dead band to prevent the simultaneous
switching which can cause a high short circuit current. Normally D;,,4, < 0.45 is set to be the
maximum duty cycle boundary.

3.2.2 Full-Bridge Current Source Converter (FBCSC)

If an inductor is inserted at the input of full bridge circuit and switches operate with
D > 0.5 (which means simultaneous switch conduction) we will have a Full-Bridge Current
Source Converter which is derived from the boost (step-up) converter. Here, Inductor acts as a
current source.

Fig.3. 5 shows Full-Bridge Current Source Converter and the parameters used in the
following equations. In Fig.3. 4 the waveforms of FBCSC are demonstrated.

Like VSC, a time period Ts can be divided in four different time intervals:

o N1 N1
T1,T2:on—>v1=ﬁ%—>vL=Vd—mV;
All switches: on - v, =Vy
- N1 N1
T3, T'4:0n - vy =EVO - v, =V _ﬁ%
All switches: on - v, =Vy

The output to input voltage ratio can be obtained by zeroing the inductor voltage

integration over a time period. Eq. (3.3) describes the output to input voltage ratio:

Vo_NZ 1
vd N12(1-D)’

D >0.5

(3.3)

The principle of operation is explained in the next section (3.2.3.1).
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Fig.3. 4 Boost Full-bridge waveforms, Inductor current is shown in boundary conditions (between continuous and
discontinuous mode) the parameters are defined in Fig.3. 5

Transferred power direction

vd —
(battery side)

Fig.3. 5 Full-Bridge Boost Current Source Converter topology (FBCSC)

3.2.3 Bidirectional Double-Leg Full-Bridge DC-DC Converter

By combining the FBVSC and the FBCSC, in principle we can obtain a (2 quadrant)
BUCK-BOOST converter. In order to do this, the diodes of FBVSC and FBCSC should be
replaced with switches. This results in Bidirectional Double-Leg Full-Bridge DC-DC
Converter which is illustrated in Fig.3. 6.



Boost Operation (Generation mode)

Buck Operation (Motoring mode) + v
L —

T1 J%] T3 T3 T +

L ‘ “ Voi

vi©

T4 JE#] T2 | T2 T4_|

Fig.3. 6 Bidirectional Double-Leg Full-Bridge DC-DC Converter topology

3.2.3.1 Principle of operation (Duty cycle control)

Buck Operation: in buck operation or motoring mode, T1, T2 and T3, T4 are controlled
together. There is no need of any control on secondary side. All secondary switches
(T'1,T'2,T'3,T 4) should be off (no conduction by any switch) and only anti-parallel diodes
conduct. For example, when T1 and T2 are conducting in primary side, in order to have a
continuous current in inductor, the only way that current can flow in secondary side is via
anti-parallel diodes of T'1,T'2 (D'1 and D 2). (Refer to Fig.3. 2)

Boost Operation: In this operation mode, power (and so the current) is transferred from V,
toV; . In order to make it possible, V; should be higher than V, and that’s the reason it is called
boost operation mode. In boost operation or generation mode, T'1,T2 and T'3,T 4 are
controlled together. There is no need of any control on primary side. All primary switches
1, T2, T3, T4 have to be open and only anti-parallel diodes conduct. The whole period can
be divided in 4 phases:

1. First T'1 And T'2 conduct in secondary side, the only way that current can flow in
primary side towards the grid is via anti-parallel diodes of T1, T2 (D1 and D2). (Refer to Fig.3.
5) the inductor is discharged and V, would be negative (By refereeing to Fig 3.4 pole sign) the
inductor current decreases linearly (Fig.3. 2)

2. Then all switches have to be on to make a path for inductor current. At this interval
v, =V, , and this charges the inductor and the current increases linearly (For waveforms refer
to Fig.3 .2)

3.T'1 And T'2 conduct in secondary side. The only way that current can flow in primary
side towards the grid is via anti-parallel diodes of T'1, T2 (D1 and D2).

4. Finally again All switches have to be on to make a path for inductor current. At this
interval v, =V, and this charges the inductor and the current increases linearly again.

Based on parameters used in Fig.3. 5 we can sum up all four phases in equations below.

They are basically are the same as FBCSC equations. Just pay attention to parameters' naming.
([ T2 —v, -2y
T'2ion s vy =V, =15V
All switches:on — v, =1V,
. N1 N1
T3, T'4:0n - vy =EVO - v, =V, —de
All switches:on — v, =1V,
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3.3 Power Factor Correction (PFC) circuit

3.3.1 Introduction

As we know Power Factor (PF) is defined as ratio of the real power over the apparent
power. It is desired that this ratio be as close as possible to 1. In order to increase PF especially
in non linear loads such as rectifiers that distort the line current, Active Power Factor
Corrections (APFC) have to be utilized to counteract this distortion and improve the PF, while
in the linear loads, a Passive PFC (PPFC) is maybe enough.

3.3.1.1 Passive PFC vs. active PFC

Different passive PFC topologies with different performance and THD are discussed in [6]
one of the most convenient passive PFCs can be seen in Fig.3. 7(A). It consists of a diode
rectifier bridge and a Low Pass Filter (LPF) which removes the high frequency harmonics and
improves the line current drawn from the grid. It is obvious that we can’t have any control
over the amplitude of voltage in this method. Also Passive PFC needs larger inductor and
capacitor (heavier) in comparison with Active PFC as it works with power frequency.
Additionally, passive PFC cannot have a good THD, but still the total price of Active PFC
maybe higher due to control systems and utilizing switches (complexity)

In Active PFC, instead of LPF another stage is required: an ac-DC converter. An APFC
with a proper control strategy can reduce harmonic pollutions by keeping the power factor
close to 1. This means that the grid voltage and input current are in phase and the line current
is kept sinusoidal. With an APFC, current THD of 1% is feasible.

A unidirectional APFC circuit is illustrated in Fig.3. 7(B). It consists of two parts: (1) diode
rectifier (2) Buck, Boost or Buck-Boost converter (active wave shaping of input current). In
boost PFCs the input current has lesser high-frequency components resulting in lower EMI
and reduced filtering requirement [7]. So boost PFCs are more popular

Single phase rectifier bridge Low pass filter Single phase rectifier bridge Boost converter

|-t T T T T T T T T T T T T T "******j 77777777777777777777777

| eV — i [ 1

} H Y Y'Y ! } } ‘+ Vi — ‘

| \‘ \ | 1 Y YY), >t

} 'y + }\ + ‘ | MDI MD3 A +} ! !

1 I \ o | -+

|

| Vdi j \ i ! } }

| — Cd——Vd Cd —— > Viemax:
Wac ! —F } Vie ! i | | Vd & Viewax)

| 1} \ | P! !

t ‘ i o

& & |l o R B o

l ! | l L !

; i | Lo |

R E \ N S

(A) (B)

Fig.3. 7(A): Passive PFC circuit (B) unidirectional active PFC. For different topologies and comparisons see: [7]

3.3.2 Active PFC with bidirectional functionality

In order to have a bidirectional circuit (V2G and G2V) some modifications have to be
done in fig.3. 7(B): Instead of diodes, bidirectional switches have to be replaced. Fig.3. 8 (A)
illustrates the bidirectional realization of Fig.3. 7(B).
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Generally two types of bidirectional PFCs are more popular. These can be seen in Fig.3. 8.
A short description on their operation is given here:

3.3.2.1 Rectification mode (Boost operation (G2V))

Power Frequency Rectifier, PFR (Fig.3. 8 (A)): It consists of two stages: (1) a diode bridge
MD1 — 41 :‘When V. > 0, D1 and D2 conduct and when I[;, < 0 the opposite switches will be
turned on. (2) A switch mode DC-DC converter: By switching M1, the voltage over inductor
can be controlled, so the grid current, I; can be controlled in a way it is sinusoidal: When
Voe > 0, if M1 is turned on, V; =V, and inductor current rises up. If M1is off, V; = V.-V, <
0 (remember that Vg > V. max) and inductor current falls down. The same can be said for
Vae < 0.

The rectifier together with the boost converter forms an active PFC. For charging mode,
M?2 is turned off for all times and only its body diode conducts.

Switch Mode Rectifier, SMR (Fig.3. 8 (B)): As the inductor is placed in the primary side, this
converter is inherently a boost converter.

By controlling the magnitude and phase angle of V,.(1)2 desired values for the real power
supplied by the ac source to the converter, P and absorbed reactive power by the converter, Q
can be obtained. For the desired magnitude and direction of power flow, the magnitude and
phase angle (with respect to the line voltage) of V;.(;) should be controlled [4]. V; must be
greater than the peak of the input ac voltage.

For the rectification, diodes of MD1 and MD2 are utilized and V, can be controlled by
simultaneous switching of MD2 and MD4 (to guarantee that the inductor current flows during
zero crossing transient) When V. > 0, if MD2 is off, the body diode of MD1 and MD2 conduct
(. =Vy). If MD2 & MD#4 are turned on, the current direction would be through MD4 and body
diode of MD2, as it can be seen in fig.3. 8 (B) In this condition ¥, = 0and V;, =V,., so L is
charged.

3.3.2.2 Inversion mode (V2G)

Line frequency inverters: In order to transfer power to the grid, the inductor current should
be applied to the grid in anti-phase with the grid voltage. In this way, power can be fed back
to the ac power supply. MD1 and MD2 are turned on in the positive half cycle of Vac while
MD3 and MD4 are turned on in the negative half cycle.

The main drawback of this method is that the grid current (with opposite direction) is
distorted and have a very high THD.

Switch mode inverter: In order to limit the harmonics to the grid, switch-mode inverters are
widely used. The most well-known switching pattern is PWM switching. There are two
methods of PWM switching, unipolar and bipolar. Due to advantages of unipolar switching,
in this thesis unipolar PWM is used. The principle of operation is to control the magnitude
and phase angle of V,.(;) in anti-phase with I;;. In chapter 18 of [4] different PWM switching
patterns and a method to implement the controller for inversion and rectification mode is

given.

1 MD1 to MD4 can be seen in Fig. 3. 8. M1 refers to the switch, while D1 refers to the switch body diode.
2 V(1) is the fundamental frequency component of V;. in Fig. 3.8
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Fig.3. 8 Two different bidirectional APFC circuits. (A) Power Frequency Rectifer (PFR): single phase bridge rectifier
+Buck-Boost Converter both will form a Bidirectional ac-DC converter, (B) Switch Mode Rectifer (SMR)

3.3.3 Space state equations for single phase rectifier

The grid voltage is rectified to half sine wave by the diode rectifier. By choosing an
appropriate DC-link capacitor, this wave is smoothed more and an acceptable stiff DC voltage
is provided for buck-boost converter.

The diode rectifier in Fig 3. 7(A) can be simplified to the equation circuit in Fig.3. 9(A). By
applying KVL and KCL on this circuit, (3.4) and (3.5) will be obtained:

dig
Vac = Ls dt +Va (34)
dV, V4
ij =Cq— 3.5
ta = Ca— +Rload (3.5)

By rearranging the above equations in the state variable form for a half cycle, the state
matrix equation will be obtained:

b i R | AR G0
Tal 1= ———— 0
dt Cq CdeoadJ

This matrix can be implemented in MATLAB.

By increasing the size of the capacitor the output voltage will be smoother. But as this
capacitor is huge and expensive, there is always a tradeoff between the desired ripple and
capital cost. By assuming a ripple around 25~30% and by trial and error, a capacitor value is
found to be around C; = 1 mF. The effect of such a dc-link capacitor to build a DC output
voltage can be seen in Fig.3.9(B) will be obtained. As it can be seen the output voltage average
is increased to 311.5V. Without the capacitor, the average voltage of the half sine wave, V,,4
with amplitude of },, was:

Vavg = Va = 2V /1= 2 % 230V2/m = 206V
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Fig3. 9 (A) Simplified equation circuit of a Bridge Rectifier, (B)Output Voltage and current of a diode rectifier in
presence (green line) and absense (red dashed line) of Capacacitor

By providing the DC link voltage output by the diode rectifier, using the state space
averaging and linearizing the DC-DC boost converter a small signal transfer function between
output and duty cycle, 74(s)/d(s) can be obtained.

A common approach is to: (1) find a circuit state for switch on and one for switch off and
write a space state equation for each of them (2) average the state-variables in a period (3)
introduce small signal (4) and finally transform the equations in Laplace domain.(P:323 [4])

Although Space state equations can describe the power frequency rectifier behavior, it is
difficult to implement them for switching mode rectifiers, as linearization cannot be done
easily. The averaged state matrix! includes duty cycle and for each d, it varies and makes this
approach impossible. In Chapter 9, with a simple solution, the model is linearized.

3.3.4 The whole onboard charger topology

There are some reasons to choose the switch mode rectifier APFC circuit (Fig.3. 8(B)).
First, the numbers of switches are reduced (from six switches in power frequency rectifier to
four switches in switch mode rectifier). This means the lower capital cost and control circuit
for SMR. Switch losses comparison is not investigated in this thesis.

The final topology can be seen in Fig.3. 10. It includes two modules:

1. An ac <-> DC rectifier that converters 220Vac to around 400V DC.

2. A Full Bridge Buck-Boost DC-DC converter (with the Inductor in secondary side) that
steps down the DC voltage from 400V to 300~ 400V to supply the battery terminals.

a-p)

1A=A,D+ A,(1-D) = l 1-D Il“ l,)’( = [‘IIL] So the places of two poles in [SI-A] is varied by D
C

Cq CdRioad
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Fig.3. 10 The whole onboard charger topology, including an APFC module and a Bidirectional Full-Bridge DC-DC
Converter module

3.4 Output filter calculation for full-bridge converter

3.4.1 Buck full-bridge converter

As we know L and C in the output of DC-DC converter of Fig.3. 2 create a low pass filter
with cut off frequency:

1
= 3.7
Je 2mVLC G.7)
We also know that:
V,=—-Vo ton <t < (ton +4:Ts)(=0.5) (3.8)
N2
V=37Va Vo 0 <t <ty,(=DT,) (3.9)

Output voltage ripple is calculated based on basic equation of capacitor:
_AQ  11AIL1Ts

M=T=t3222
AT,

Al = tLSVo (3.10)
AV, 0.5— D)V,

AV, = —22 _ Vo (3.11)

T 16f2LC 16f2LC
A : Off time, A for a buck converter is equal to Ay = 1 — D and for a full-bridge buck converter is equal to A¢ = (1 —
2D)/2

As it can be seen, the voltage ripple is two times lower than the voltage ripple in a buck
AtVo
8f2LC

converter with the same L and C (AV,, . = ), which depicts a good advantage of the full

bridge converter.

L calculations:

We assume that all the output ripple currents (harmonics) will pass through Capacitor
and only DC (average value of) current will be delivered to load. This assumption enables us
using basic equation of inductors.

The reason is that by assuming infinite C, Z = ](,‘Lw will be so small and is a short circuit

pass for harmonics. By the help of Fig.3. 3, we can write:
ATy, _ (05— D)T,N2
0= —

Al == L N1

2DV, (3.12)
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AL(D) N2 (D — 2D?)
O I A
Aq: is defined as the ratio of the time that all switches are off over a period Ts. For a full-bridge buck converter is equal
to Ay = (1 —-2D)/2

The derivative of Al (D) with respect to D equals to zero at D = 0.25 suggesting that we

(3.13)

have the highest current ripple at that duty cycle'. It should be noted that we calculate the
inductor based on desired 10% current ripple (at max current)

C calculation:

Now by assuming huge inductor, L (these assumptions are valid only if f, << f;)
Z = jwL will be infinite and all voltage harmonics only see this huge impedance and will be
over the inductance.

So we can assume all voltage harmonics (ripple) are over the inductor Vi and so Vo will
be purely DC:

Based on AV, = Ac¥o

16f2LC

by defining the desired voltage ripple and having all the

parameters and L from previous calculations, C can be found.

In order to filter the switching frequency ripple, we need to have f, << f; so f, is set less
than 0.2 of f;. Based on (3.7) by having the inductance value, L, capacitance can be
recalculated. By inserting new C and L in to (3.11) new voltage ripple which should be less
than required voltage ripple is obtained.

3.4.2 Boost Full-bridge converter

In Boost operation the inductor size is different from the buck operation.

Referring to wave forms of Fig.3. 4, and parameters defined in Fig.3. 5 we can write:

oy T. ield o T.
Al =t Syg =8 [ =2ts
L Al

vd (3.14)

Where:
6;: is defined as the ratio of the time that all switches are on over a period Ts and is equal to §; = D — 0.5
Vd: Battery side voltage.
For Continuous conditions, ripple current, as a function of D can be obtained by (3.15)
N1
WVO(ZD -1 -D)

fsL

AL(D) = — (3.15)

Where:

Vo: Converter’s output voltage which is the inverter input voltage
N1, N2: Number of Transformer turns in primary and secondary side respectively (as defined in Fig.3. 5)

Equation (3.15) suggests that the maximum current ripple happens at D = 0.75
We can go further and see in which duty cycle, D we will have the highest output current
in boundary condition.

From (3.3) and by assuming P, = P;;, we can write:
Id N2 1

1 Later on we will see that our range of duty cycle is more than 0.25, 0.2813 < D < 0.375, suggesting that the current
ripple is even less that the expected value and this is proven in chapter 8
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Considering boundary conditions (Al = Iy peqk, Iigay = 0.5 I peak ) and remembering
that I, 5, = Id and by using equations (3.14, 3.15, 3.16), I, can be expressed as a function of
D.

2(1—=D)2 (D —0.5) (3.17)

N1\? T,V,
lo(D) = (ﬁ) L

(3.17) shows the maximum transferred current to the output occurs at D=0.666 as
depicted in Fig.3. 11

0.02
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0.012- 3

f(D)

0.01F i
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0.008 b

0.006- 3

0.004 B

0.002- 1

| | | | | | | | |
%.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Duty cycle, D

Fig.3. 11 Output current as a function of Din full bridge boost converter (boundary conditions)

3.5 Filter Inductor (choke) design

3.5.1 Introduction and basic concepts

A simple inductor is shown in Fig.3. 12 (c). If leakage inductance is neglected electrical
and magnetic equivalent circuit can be found in Fig.3. 12 (b) and (a) respectively.

Core reluctance Rc

RC
AN —_—
i)
o e \:‘
. N b .
v @) fo0) zm W TR o o N L

- > RE

-

(a) (b)
(]

Fig3. 12 Inductance: (a) Magnetic circuit, (b) Electric circuit model of inductor, (c¢) Simplified structure of filter
inductance.

Air gap reluctance, R; and core reluctance, R, can be calculated by (3.18) and (3.19)

respectively:
R Ly (3.18)
g HoAg .
_ L (3.19)
© HolrAc '
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Also from basic electromagnetic courses we know that:

N.i(t) = ¢.(Ry + R.) (3.20-1)
@ =B.A, (3.20-2)
Where
Lg: Length of airgap

L.: Length of the flux path inside the core which is called magnetic path

Ho: 1.25e -6: air permeability

U Permeability of the material

Ag = A.: Core cross sectional area which if fringing flux is neglected it can be assumed is equal to airgap cross section.

@: Flux in the core
B: Flux density

3.5.2 Four design Constraints

Maximum flux density
Based on I, and with the help of (3.18) and (3.19), Byqx can be found:

IMax
Bygx = N.——=—— (3.21)
Ay(Ry +R)

Biax should be lower than saturation flux density of the material.

We will see later that for inductor design, to have a low flux density we need either huge
core (large Ac) or using airgap (adding R,) . Using airgap will increase number of turns and
this, leads to higher copper losses.

Inductance value

The calculated inductance value must be obtained by:

N2
L=% TR, (3.22)

For transformers this formula gives Magnetizing inductance (Lw).

Winding area (please refer to Appendix B)

Winding resistance (will be discussed later)

3.6 Transformer design:

3.6.1 Modeling of Non Ideal transformer

Ideal transformer: In Ideal transformer, Core reluctance is assumed to be zero. MMF will be
zero aswell and F, = ¢.R =0 = nyi; + nyi,

Consequently, as there is no passive element, input power will be equal to output power:
Vilp = V2lp

The ideal model is not accurate enough most of times and for our simulations we have to

use non Ideal transformer model. Fig.3. 13 shows a simple structure of a non Ideal

transformer.

3.6.1.1 The Magnetizing Inductance

Magnetizing inductance can be calculated by:

NZ
=— (3.23)
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R equivalent core reluctance

N: number of turns, if secondary number of turns is used, it means we move Lu to secondary side and vice versa.

3.6.1.2 Leakage inductance and Eddy currents in winding conductors (winding
parasitics)

Due to externally-applied magnetic field over each winding (from primary winding on
secondary and from secondary on primary), and non ideal magnetic field coupling, eddy
currents will be induced and flow in a conductor. This non ideal coupling results in leakage
inductances and eddy current power losses in a conductor. (Fig.3. 13(left)). Leakage
inductances are inevitable but there are some methods to reduce their effects. In addition to
leakage inductance, there is a capacitance between windings themselves which is called inter-

winding capacitance. We neglect the effect of these capacitances in our model.

Dy Ryri nl n2 Rsec
) f \ B0 [ l I |

+ | I | | I | +

i
v (n O Do vy

S ' %
= MWATTY ! \‘} - v L= n?/R g”g vz

.
-,

\ J
N

Ideal

Fig.3. 13 Left: A transformer, windings and core, ¢ is the result of leakge inductance . Right: Non ideal model

of transormer (including an ideal model)

For simplicity, we assume that leakage only occurs on winding. This assumption is
especially correct when relative permeability of a material (such as ferrites) is much higher
than air’s. Too much Increase of the airgap will introduce a large flux leakage (flux fringing).
Flux pollution can result in Electromagnetic Interference (EMI)

Sectioning the windings can reduce the leakage inductance and using LITZ wires will
reduce Eddy current loss [8].

Generally speaking, in isolated converters, leakage inductance leads to switching loss,
increased peak transistor voltage, and that degrades cross-regulation, but otherwise, has no
influence on basic converter operation [9], [10] . We will see later that leakage inductance can
highly influence the transformer core losses.

By coupling coefficient, the degree of magnetic coupling between primary and second
windings can be evaluated. This coefficient is between 0 (total coupling) and 1 (no coupling).
Construction of low voltage transformers having coefficients in excess of 0.99 is quite feasible
[11].

3.6.1.3 Transformer Design Constraints:

The Constraints are the same as Inductor constraints. The only difference is that in order
to have a lower copper losses, it is desirable to have a lower number of turns and this leads to
lower magnetizing inductance. But this also means that higher current passes through Lvand
lower current enters the ideal transformer which means we will have lower current at output

than we expected before. (Distorted output current) so between these two, a compromise
should be reached.



3.7 Output capacitor design

3.7.1 Simplified capacitance model

The output capacitor is also a source of energy dissipation, but as the current ripple
through this capacitor is not so high, we don’t expect huge power losses. Fig.3. 14 shows a
conventional capacitor modelling.

RP
1
| SE—— |
D — L' Y ‘—I |—0 [
S e |
C

Fig3. 14 Conventional capacitor modelling.

Instead of all the resistances of a capacitor, the Equivalent Series Resistance (ESR) is
obtained in datasheets. The ESR sums up all the losses in the capacitor (resistive and dielectric
losses). The ESR is a temperature and frequency dependent. Another useful parameter for a
capacitor is the dissipation factor (tan d) which relates capacitance at a certain frequency to the
ESR. By definition the dissipation factor is the ratio between the ESR and the reactance of the
capacitor.

The power losses in a capacitor can be calculated by (3.24):

Peap = i&rms- (ESR) (3.24)

i is the current of the capacitor. The current ripple of the inductor flows in the capacitor
and the DC current flows to the load. So, the DC link Capacitor current does not have a DC
value.

There are several types of capacitors in the market with their own advantages and usage
areas! such as:

Aluminum Electrolytic Capacitors, Capacitors for AC Motor Run Applications,
Capacitors for Power Factor Correction, Capacitors for Power Electronics, EMI Suppression
Capacitors, Film Capacitors (Metallized Polyester (MKT), Metallized Polypropylene
(MKP/MEFP)) and Multilayer Ceramic Capacitors.

For this study, among above capacitors two of them are selected. Each of these two

capacitors (table 1 and 2) can be suitable:

Table. 3. 1 Metalized Polypropylene (MKP/MFP)
MODEL | Vrums Voc | Cr(uf) Irms ESL (nH) ESR (10kHz,mohm)
B32794 250 630 |25 4 24 14.1

Table. 3. 2 Aluminium electrolytic capacitor. Axial-lead capacitors

MODEL Vbc Cr (uf)100 Hz Ia, 10 kHz ESR(100Hz,0hm) ESR (10kHz,0hm)
B43698 | 450 6.8 1.26 72-12 5.5

Both of these capacitors exhibit very low power losses, thus in future calculations the

effect of Capacitor losses will be neglected.

1 www.epcos.com



3.8 Battery study: Importance and technologies!

3.8.1 Introduction

The very first step to design a battery charger controller is to find the battery type that can
satisfy the required specifications. L.e. an electric vehicle battery should contain high and
constant energy density during the discharge cycle, long working cycle and life time, without
having memory effect.

After choosing the battery, in order to increase the life time and the efficiency of that
certain battery type, its charge /discharge characteristics should be known and based on these
characteristics, a specific charging control strategy should be applied.

There are several types of batteries available in the market. But in Automotive industries,
Lithium-Ion batteries are replacing other types of batteries especially Lead-Acid batteries. The
reasons can be summarized as below:

1. Lithium-Ion cells have a fairly flat discharge curve which means delivering a
permanent power over 80% of discharge cycle. If the delivered power during the discharge
cycle falls progressively, for high power applications like HEV this can be problematic at the
end of cycle. (Li-Ion delivered power at the end of the cycle falls down drastically and this is
the reason we should never let the battery discharge completely).

2. Lithium-Ion shelf life time is much longer than other types (Zinc Carbon (Leclanché) 2
to 3 years, Alkaline 5 years, Lithium 10 years or more)

3. Lithium-Ion cells discharge rate are lower (Lead Acid 4% to 6% per month, Nickel
Cadmium 15% to 20% per month, Nickel Metal Hydride 30% per month, Lithium 2% to 3%
per month)

4. Fast charge and discharge is possible. Le. for discharge, up to 40C rate is possible.
(Very good for accelerating)

5. No memory effect

6. Partial charges and micro-cycles make the battery last even more than full charges that
makes it perfect candidate for hybrid use.

7. By changing basic cell chemistry, a desired performance can be obtained such as
capacity or rate performance.

8. the most important advantage of this type of battery is its superior energy density at a
certain power density as it can be seen in the Ragone chart” (Fig.3. 15). This means that for the
same capacity Li-ion batteries are generally much lighter than other types. For instance
despite containing nearly identical energy (16kWh), the Chevrolet Volt's Li-ion battery pack
(with the weight of 170 kg) is over 70% lighter than the EV1's original 590 kg AC Delco lead-
acid battery pack.

1 This thesis’s focus is not on batteries so a brief but necessary section is dedicated to it.
2 Ragone chart is a chart used for performance comparison of various energy storing devices. On such a chart the values
of energy density (in Wh/kg) are plotted versus power density (in W/kg)[Source:Wikipedia.org]
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Fig.3. 15 Ragone chart, superior energy density at a certain power density of Li-ion battery

3.8.2 Cell modelling

Inside the battery cell, the voltage between two electrodes (for simplicity) can be assumed
to be fixed by electrochemical characteristics of the active chemicals (constant voltage source).
But the actual voltage depends on several variables such as load current and internal
impedance which is changed by temperature, state of charge (5OS) and age of the cell.

The simplest way to model a Battery is to use a linearized mode. It means that a Li-ion
battery can be viewed as an ideal voltage source with a series resistance proportional to the
slope of the middle region of V-I. Fig. 3. 16 shows the battery V-Ah profile. The value of the
resistance and the Voltage source can be seen in that figure. In order to provide a time
constant for the voltage source a small capacitance is sometimes added to the model [12].
Thus a battery can be modelled as RC circuit (or in other words, first order system).

Maximum current carrying capacity of a battery is determined by its internal resistance.
There are several types of resistances but their equivalent resistance is replaced with them. As
higher current capacity is desired there are several manufacturing techniques to reduce the
internal resistance. A high internal resistance causes high losses during charging and
discharging which means lower available capacity of a cell especially at high power rates that
demands high current. But lower internal resistance causes the self discharge rate to increase.
Li-ion has relatively high internal impedance. One individual Li cell voltage is typically
around 4V (higher than NiMH (1.2V) and Lead acid (~2V) ) and this, makes this type suitable
for high voltage and power applications as it draws lower current which means less losses. By
paralleling and putting these cells in series, the required voltage and internal impedance can
be achieved.

An equivalent resistance in series with constant voltage source is the most convenient
model which can be implemented. Fortunately in SIMULINK the battery block model is
developed which can ease the effort.

3.8.3 Different charging rates

3 different charging strategies have been introduced in recent years.
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1. Slow charging (230V, 15A and charging time~6-8 hours, charging rate~0.1 C’)

2. Semi-fast charging (400V, 53A and charging time~100 min)

3. Fast charging (400V, 600A and charging time~10 min)

The advantage of strategies two and especially three is its convenience for owners as
battery charging does not take several hours. But it cannot be available at any household. Also
as of high power demand, if a few car owners at the same time charge their batteries there
would be a stability problem at LV and MV substations. Cell chemical constraints are also
another obstacle and advanced and expensive charging methods such as Burp charging (or
Negative Pulse Charging) are needed. As a basic rule, if electrical energy is pumped into the
battery faster than chemical process can react to it, it will damage the battery (depending on
Battery type around 20C).

On the other hand, with ordinary outlets, slow charging is possible. Researches also show
that for Li-Ion cells, effective capacity is increased if the cell is charged (or discharged) at slow
rates [12]. This means if we charge (discharge) the battery in a long period of several hours the
effective capacity can be doubled the specified capacity at C rate. A battery in EHV can be
charged/discharged by other sources (breaking=charge, accelerating=discharge) and that can
affect the effective capacity too, but as we just study the charger, we don’t consider their
effects. Le. if high current rates for hard acceleration and hill climbing are used, the range of
vehicle will be reduced. Super capacitors in this case can be helpful in future as they contain
very high power (though low energy) density.

3.8.4 Battery charging safety precautions

In order to understand charging schemes, we need to know what the worst conditions are
that should be avoided all the times.

Deep discharge: Cycle life decreases severely with Depth of Discharge (DOD). A cell can
be permanently damaged if it is fully discharged.

Overcharging: A good charger should detect the moment that a battery is fully charged. If
not, especially for Li-ion, charging a fully charged battery can seriously damage the battery
and reduce its life time because charging current generates great heat and this, releases some
gases that are not good for the battery.

For slow chargers, which are the simplest types, charge termination is set when a certain
upper voltage limit (termination voltage) has been reached.

Charging has 3 phases:

1) Charging the battery

2) Charging rate optimization (based on battery type)

3) Charge Termination (prevent overcharging)

1 C is the charge (and discharge) current of a battery. 1C means that a 1000mAh battery would provide 1000mA for one
hour (1C=1Ah)
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3.8.5 Charging methods

There are several charging methods such as Constant Voltage, Current, Taper current,
Pulsed, Burp, Trickle, float, Random or IUI charging. But as it is not the purpose of this thesis,
only relevant charging methods are introduced.

Constant Voltage Charger is the simplest charger: A DC power supply. Basically simple Li-
ion chargers use constant voltage method, with some circuitry to protect the battery and the
user [13]. This charger is a circuit that charges a battery by supplying only enough current (as
variable) to force the battery voltage to a fixed value.

Constant Current Charger is a circuit that charges a battery by supplying a fixed current
into the battery (by varying Duty cycle). In this method, battery voltage increases linearly.

Combined method is the most popular method of charging that combines two above
methods and is generally used in the fast Charging. As it can be seen in Fig.3. 19 Li-ion battery
charging has two stages:

Stagel. The greatest possible constant current is supplied to the battery while voltage
increases to termination voltage.

Stage2. Constant termination voltage is maintained while current decreases to trickle
charge.

Random charging (also: opportunity charging): Applications that the energy to the battery is
not controllable Like regenerative braking, can generate large power spikes which the battery
has to withstand. For these, special techniques have to be applied to limit the charging
current/voltage.

Constant Power Charging: in this charging method the product of the battery current and
the voltage remains constant. This is typically suitable for hybrid vehicle slow chargers with
huge and expensive battery capacity. In the slow charging, the main limitation is the single
phase outlet fuse current, so the maximum possible current from the outlet must be exploited.

3.8.6 Battery requirements for this thesis

The Constant Power Charging method is used in this thesis: While the battery voltage
terminal increases gradually from 300V to 400V during the charging time, the current is
reduced from around 12A to 9A to keep the injected power to the battery continuously
around 3600W. This can be seen in Fig.3. 17.
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Fig.3. 16 The battery discharge characteristics for 3 different discharge current (94, 124, 16A). The gray Area depicts
the extractable battery energy (which we chose to be around 17kW . h, this value is less than total battery energy).
Charge characteristics will be the opposite if we neglect the hysteresis effect of the battery

The battery capacity, like today’s conventional hybrid vehicles (like Toyota Pirus or
Chevrolet Volt's or EV1) is selected to be around 18kWh. This means that with constant power
of 3.6 kW, it takes around 5 hours to charge the battery with slow charging method. The red
line in Fig.3 .17 shows the charged capacity of battery (in Ah). It should be noted that the
battery should be never depleted completely.
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Fig.3. 17 Constant Power Charging method for a 18kW.h Li-ion battery
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4 Sources of L.osses in a converter

4.1 Switch losses

4.1.1 Introduction:

After some investigations, it is realized that for this power and voltage level and for
frequencies higher than 10 KHz MOSFETs! are good options. At low power applications and
voltages up to 400 or 500 V, the forward voltage drop is superior to the forward voltage drop
of minority carries devices and there is no need to mention that because of lower t,, and t,sf,
lower switching losses are deduced. Silicon used in power MOSFET plays important role on
reduced on-state resistance.

Without going deep in physics behind a MOSFET structure, some basics are illustrated
here.?

Although MOSFETS can be used for signal amplifying, it is the switching characteristic of
MOSFET that a power electronics designer is looking for. In Fig.4. 1 the elements that have the
highest influence on a switching event and switching loss can be observed. Each of these
elements effects will be discussed later. Also a simple driving circuit with important

parameters is depicted in Fig.4. 1.

Fig.4. 1 Elements that have the highest influence on switching even of MOSFET. Driving circuit dictates the gate current
which charges/discharges the MOSFET capacitances and these capacitances (esp. C;p) determine the switching time.
The larger the capacitances, the higher switching time thus switching losses.

4.1.2 Conduction losses

Losses on a MOSFET can be divided in 2 major losses: conduction and switching losses.
Based on Fig.4. 2 we can model a MOSFET output characteristic with a resistance
(Rps(on))- Due to on-resistance of MOSFET, the forward current through MOSFET leads to

conduction losses. The resistance increases dramatically by increasing the temperature.

1 Metal-Oxide-Semiconductor Field-Effect Transistor
2 More information can be found in literatures such as chap22 of [4] and [9]

27



Ip =f(Vps): T;=25°C
parameter: f, =10 s, Vgg
280

T 120 ~
/ I
40 /r BY

'
5V

T
20v
A ///I
pzaes
e
200 g [
™v
a 4
T e é |
V4 .
|
T
|

w

-

] 4 8 12 16 20 V 26
—= 'bs
Fig.4. 2 Straight red line: linearized model of MOSFET. We wish the MOSFET operates only in this line in Power
electronics applications. the reverse of the red line slope is Rpg(on) (Www.Infineon,.com SPW47N60C3)

For a switching mode buck converter, Provided that the current ripple is negligible, RMS
current can be calculated by (4.1)

Id,rms = Io\/5 (4.1)
Conduction losses of MOSFET can be calculated by (4.2) and alternatively (4.3)

Bon = Ié,rmerS(on) (4.2)

Pyn = 12 .D.Tps(om) (4.3)
Where:

Rps(on) : On- state resistance of MOSFET, It is function of Ip and Vg: by increasing I and Vg, Rps(on) increases and
decreases respectively. This resistance is highly dependent on temperature.

Iqrms : RMS value of the MOSFET on-state current
D: Duty cycle

Also the conduction losses of the body anti parallel diode of a MOSFET can be calculated
by modelling a diode with a DC voltage source (upo) and on-state resistance, Rp as it can be
seen from Fig.4. 3

In MOSFET datasheets, there is a graph that describes the anti parallel diode behaviour.

This graph for IRFPS40N50L can be seen in Figure below. The Figure self explains how to find
Rpand upg.
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Fig.4. 3 Modelling a diode with DC voltage source (up,) and on-state resistance. Cortesy of Infineon
(www.infineon.com)



4.1.2.1 Typical Source Drain Diode Forward Voltage and equivalent Diode
model

Based on the equivalent diode model from Fig.4. 3 the following equations for conduction
losses can be found:

UD = UDO + RDiF (44)
P = UDoiF,av + RD-Izms (4'-5)
Where

upo : Diode on-state zero-current voltage (Temperature dependent voltage source)
Rp : Diode on-state resistance.

4.1.3 Switching losses

Generally speaking, due to complexities and lots of conditions such as the effect of the
parasitic inductive components, an accurate evaluation on switching losses is impossible [14].
Here we try to have a fair estimation of switching losses. The switching losses in a MOSFET
depend on some parameters such as the voltage /current of MOSFET when a gate-source
voltage, Vs is applied and also the gate current and voltage (driving circuit).

This thesis does not cover transient behavior explanations and physics of switches. In
order to understand the source of switching losses, it is recommended to study the transient
behavior of a MOSFET during a switching event.

In each topology, the dynamics of transient behavior may be varied. In the first step, a
simple buck converter with a MOSFET and its free-wheeling diode in parallel with an

inductive load (that can be assumed as a constant current source, Io) is presented in Fig.4. 4.

Udd (or Vy)

_|_
|

v, =

(a) ®)

Fig.4. 4 a) Conventional Buck converter. b)The equivalent dynamic test circuit, suitable for studying the transient
analysis and the role of body diode, M1, note that we assume lo=cte for all the times.

Although different configuration of elements, the principle of operation of such a Buck
converter is similar to the conventional Buck converter studied before.

The waveforms of switching transient are illustrated in Fig.4. 5 and 4. 6
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4.1.4 Turn-on losses and dramatic effect of Reverse Recovery Charge

Switching losses in most DC-DC converters which the p-n diode also takes current in
some portion of a cycle are highly influenced by reverse recovery characteristics of the diode.
Unfortunately RR characteristics of MOSFET body diodes are not so good (at the moment)
Later on we will see that the reverse recovery charge can contribute a large amount of losses
of a converter.

From Fig.4. 4 we can say that during the current rise time interval, the drain current, i
increases to I, + I, instead of I, due to the reverse recovery current of the body diode and
this, in turn increases Uys beyond the expectedUgs; . When I, starts to reduce to zero, Uy

starts to reduce to its expected value,Ugs,, and by referring to equation ic, . = C %as the
voltage derivative is negative now, it can be inferred that this current will be added to i, to
flow to Cgq which (based on polarity definition in Fig.4. 4) it can be said that Vp; and Vpg
decrease very rapidly during the recovery interval, trr2 (Fig.4. 6). trr2 is generally shorter than
tfu. Vds may or may not reach to zero during trr2. The average value of Cyq4 affects trr2 +
tfu (It will be explained in the next section &Fig.4. 7)
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Fig.4. 5 Switching turn-on and turn-off transient and Losses of a MOSFET (without considering Reverse recovery)



4.1.4.1 Simplified estimation of Reverse Recovery (RR) losses (With no dvy/dt
optimization)

In Fig.4. 6, a simplified method for calculating RR losses is presented. In this method, we
assume that the diode voltage falls instantaneously from zero to its blocking voltage
(here Upp) (green line in Fig.4. 6) while MOSFET voltage falls during tf, to its conduction
voltage (Vpson) = Rpson)lL)- Although this assumption obviously violates the Kirchhoff
Voltage Law (KVL) it will help us to have the worst case losses calculation. (For both diode
and MOSFET losses)

Fig.4. 6 explains this transient process. The energy losses caused by RR can be divided in

2 parts:
V. Vobng e o
Usp .
bonthe simplified
lpo=IL

IDcr‘.

diffcit PECun) -
\l%
tri » trr
N tfu (realsitic) :
—Up bo— - —— = I

Fig.4. 6 MOSFET voltage (dark blue) and current(red) turn on transient and Diode turn-off voltage (Brown) and

current (black) turn-off transient. When Reverse recovery effect is taken to the account, the MOSFET /Diode voltage

tri+tfu
2

switching losses. The diode also introduces some extra losses; triangular shaded area: the worst case overestimated diode

energy loss' (Udd = Vd). Inreality, I, affects tf,, just after the current starts to decrease (realistic model) but for
simplicified model ¢f,, is assumed from the time ¢, is finished

/current waveforms change as it can be seen here. Then the equation Upplp,n cannot solely describe the total

1. Diode turn-off , Eqf5 p (corresponding to MOSFET turn-on, E,pmr) can be calculated by
multiplying the diode voltage, V, and the diode current, Ip,, during this transient.

Based on MOSFET waveforms in Fig.4. 6 we can extract practical equations for switching
losses. For simplification, we assume that in the diode, the reverse blocking voltage happens
simultaneously as is shown in green in Fig.4. 6

An interesting and important factor which is determinant in diode switching losses is soft

factor, S which is defined as the ratio of t,, to t,.1: S = brrz

trr1

Based on Fig.4. 6 and the triangular shaded area which represents the energy losses, we
can write:

1 As it can be seen from the Figure, dv/dt is finite in the real case, but in order to have the worst case condition,
dv/dt is assumed to be infinitive.



trrl 2
Qr‘r = % => Irrm = thT (46)

rr

t t
" rr le
Eoffp = f Valyr(8) dt = Vdf L (t)dt = %trﬂ (4.7)
0 trr1
VerrtrrZ S
=>FE =—F=V -_— 4.8
of f,.D trr errS +1 ( )
Only if typq =ty (or S = 1) then:
Val t V0
EOff,D = ;rm% => EOff,D = TTT (49)
Where for (4.6) to (4.9):

Qrr: Diode Reverse Recovery charge

Eofrp : Diode turn-off energy losses

I.rm : Max Reverse Recovery current

ter : Reverse Recovery time, defined in Fig.4. 6

The switching losses can be divided to 3 different losses.

1. Turn-on energy losses in power MOSFET (E,puy): As it can be seen from Fig.4. 6, a
MOSFET turn-on energy loss is sum of MOSFET energy losses without considering reverse
recovery energy loss, Eypy; (during tri + tfu) and the reverse recovery energy loss during
trr, EonM(trr):

Eonm = Eonmi + EonM(trr)

Where:
t,; +t
Eonui = Va I, "% (4.10)
Voltage fall time, tz,, can be calculated by (4.11):
Cep Cep
try = (UDD - RDS,onIDon)I_ = (UDD - RDS.onIDon) Rg U —U (4.11)
Gon Dr (plateau)

By changing the time origin to the beginning of t,,, MOSFET losses during t,, can be
found:

trr
EonM(trr) = f Vol (t) dt =
0

Where for (4.10) to (4.12):

Igon!: Gate current; Igon = (Upr — Uplateau)/Ra

Vd I rrm

trr
2 + [ Vatrry = VaQpr + [ Vgt (4.12)

Upp: Converter DC (and blocking) voltage (here the same as Vd)

Ipon: Drain current when switch is on (=I)

tri (tfi): Current rise time (fall time) during switch-on (off) transient (in datasheet: tr (tf))

tfu (tru): Voltage fall (rise) time

Q.r: Reverse recovery charge

Rgson: Drain-source on-state resistance

Up,: Driver output voltage (Fig.4 .1)

Uplateau: Plateau voltage (from datasheet)

Cgp (or Crss): Gate-drain capacitance, also known as Miller capacitance, which provides the feedback loop between the
output and the input

We saw that our calculations are based on the worst case. As for our case I;t,,; < Q. the
second term of E,pp(trr2) in future calculations will be neglected.

From (4.11) and Fig.4. 7 it can be deduced that the gate-drain capacitance affects voltage
rise/fall time and is strongly nonlinear. Crss is estimated by two-point approximation, Cspq
and Cgpz: If Upp/2 < Ups < Upp = Cep1=f(Upp) and if 0 < Ups < Upp/2 = Capa=f (IponRps,on)

1 The gate current, [,y through Cgp is calculated by the capacitance basic equation Igo, = CgpdV/dt. see [16]

32



Then approximated value for gate-drain capacitance C;p will be the average value of

Cep1+Ccp2
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Fig.4. 7 Drain-gate Capacitance as a function of Vjg; two point demonstration and final selected value: C;p

4.1.4.2 More realistic estimation of Reverse Recovery (RR) losses, with
optimized dv/dt

This method differs from previous method in two ways. Here

1. in time interval trr1, the MOSFET (IGBT) switch losses are not neglected.

2. It is assumed that during trr2, Vpg dramatically falls (green solid line in Fig.4.8). This
can be true if dv/dt is high enough that can drag the MOSFET voltage down to somewhere
around zero during trr2 (tfu = trr2). As it was illustrated before, tfu can be controlled by
Gate driving circuit (eq.(4.11)). The optimum value for dv/dt is when MOSFET voltage drops
to zero just at trr2. Shorter tfu will increase diode turn-off losses (like previous method) and
longer tfu will result in larger MOSFET turn on losses. (As it was assumed in previous
method)

From Fig.4. 8 we can divide the losses in 3 regions. The followings show how to find RR
losses which is the sum of all losses of all regions.

Region1:

Diode Losses=0
MOSEFET energy losses:

t.
Eonm1 = UDDID0n§ (4.13)

But we can write (4.13)

IL ID0n= IL IE
by = d_lf — Eopm1 = UDDTif (4.14)

at 2q@
Region2:
Diode Losses=0
MOSEFET energy losses: As before:

I
Eonmz = (% + 1) Vgt (4.15)
But for trr2 we can write
di I I
Y frrm _lrrm
T - =>ty = —di (4.16)
dt
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So we can rewrite (4.15) as below:

Irzrm Vd
Eonmz = 2 + I Lrm E (4.17)
dt

Region3:
Diode energy Losses: (time offset: beginning of trr2)
The diode current and voltage equation valid during t,, are:

I
In(t) = —Lym + t”m t (4.18)
12
v
V() = (— i )t (4.19)
rr2

By integrating the multiplication of (4.18) and (4.19) Energy losses will be obtained:

trr2 2 3 4=
Eoffpz = f Ip(t) Va(O)dt = irrm% a~ Viiﬂm% =
0 rr2 72
Valrrmt 1 S
EoffD3 = % = §Verr S—-I-l (4.20)
Where:
Ip: Diode current
MOSFET energy losses:

With the same procedure MOSFET losses for region3 can be calculated:
I L Irrm)
rr2

Eonmz = Va (E +—

: (4.21)

4.1.4.2.1 The Turn-off transient time and regions of activity [15]
Based on KVL and KCL we know that
Vp =Vps+Vp
I=1Ip+1y
It is important to find out in each region which element influences the current of the other
element.
During tri + trrl, Switch current dictates the slope of the diode current (should be found
in datasheet and be corrected by rescaling the value)
During trr2 the diode current dictates the slope of the switch current.

< tri e trr2 o
1 1 1

<t

Fig.4. 8 Up: MOSFET Voltage and current during turn-on transient. Down: Diode voltage and current transient during
MOSFET turn-on(=Diode turn-off)
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4.1.5 Turn-off energy losses in power MOSFET, E¢fy

Switch Turn-off in most cases corresponds to diode turn-on. Diode turn-on energy losses,
Eonp in most cases is neglected as we do not have reverse recovery on diode turn on. Thus it

is only MOSFET turn-off energy losses which can be found by (4.22):
by + tfi
Eorrm = Upp Iposr — (4.22)

Again like tf,, in previous part, t,,, is calculated based on Cgp, and Cgp, - The formula is

more or less the same. The only difference is in I,y :
loogy = —— 22t (4.23)
G

4.1.5.1 Scaling the current time from reference (datasheet) value to case value

In MOSFET datasheets, only current rise and fall time ( t,. and t; respectively) are
provided which these values are measured in a certain operating point (v, and L..f) [16]. In
order to find correct time values at desired voltage and current level, an approximation
should be done. By assuming constant slope during the switching transient (Fig.4. 9.(B)), we
can find new current rise and fall time.

From Fig.4. 9.(B) , new current rise time, t,,,, can be expressed as below:
Vreflref _ VaiewInew

=>
tref thew
I/;Lewlnew
t =—F- 4.24
new Vref Iref ref ( )
Where:

trer: Current rise time in datasheet under the condition of V¢ and I ¢
thew : New current rise time when Vy,y, = Vpp and I,y = Ip

With the same method current fall time can be found as well.
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Fig.4.9. (A) Switch waveforms and energy losses (tor, = tfy, + tri, toff = tri + try,) , (B) Scaling of current rise time
based on reference value, t,.; switching losses



4.2 Inductor / transformer Losses

4.2.1 An introduction to available core materials

4.2.1.1 Choice of core material:

Most of magnetic core materials are made of Iron alloys; consequently they are good
electrical conductors. This means ac magnetic fields will lead to electrical eddy current which
in turn this eddy current causes R.I? losses in the resistance of the core material. Eddy
currents are dominant especially at high frequency applications [11].

Generally four types of materials can be used for inductor and transformer cores:

Silicon steel and similar materials: they have a high saturation flux density (between 1.5
and 2 T) but they have a high core loss because they have low resistivity. Even with laminated
or ribbon cores still exhibit high power losses especially at high power applications. [11]

Iron alloys contain ferromagnetic particles. Diameters of the particles are small enough to
limit eddy currents. Powdered iron and molybdenum Permalloy powder cores saturate at flux
densities around 0.6 to 0.8 T. These materials show lower core losses than silicon steel
laminated materials. These cores have relatively low permeability. Powder cores can be used
as filter inductors in high frequency (100 kHz) switching converters.

Amophous alloys have lower hysteresis and eddy current losses than two upper materials
but still have higher losses than Ferrites.

Ferrite Materials are ceramic materials with low saturation flux density (0.3 to 0.5 T) Due
to their higher resistivity; they have much smaller eddy current losses. Manganese-zinc
(MnZn) ferrite cores are widely used in power inductor and transformer application with
switching frequency of 10 kHz up to 1IMHz. Nickel- zinc materials can be used at even higher
frequencies. Ferrite materials are widely used in power applications these days. These
materials most advantage is their lower power losses. Especially at high magnetic flux levels,
hysteresis losses for these materials are minimized.! By nature, this causes an increase in the
permeability level of such a material. In power applications, this will usually have positive
effects. The price and low saturation is the reason they cannot be used in high power
applications.

4.2.2 Core losses

In any magnetic cores two types of losses happened. One is due to the material
characteristic which is generally referred to core losses and one is based on flowing current on
copper wires and is called copper losses. Each of these two types of losses is caused by
naturally different phenomenon.

4.2.2.1 Hysteresis losses

When an external magnetic field is applied to a ferromagnet, the atomic dipoles align
themselves with the external field inside the magnet. Then if the direction of magnetic field
changes, these dipoles need to rotate to align to new direction and this rotation is associated
with friction which is the source of hysteresis losses. So the main reason is the changing of

1 http://ferroxcube.com/appl/info/3C94.pdf, Introducing the new power ferrite 3C94
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magnetic field (variable source). Generally the area under B-H curves is equal to Hysteresis
losses if H variations are so slow (i.e. very low frequency)

4.2.2.2 Eddy current and Eddy losses

Magnetic core materials are relatively good electric current conductors. Due to the flow of
the flux inside the core, a current is induced perpendicular to the flux direction to (according
to Lenz low) oppose the changes in the core flux. This current, known as Eddy current tends
to prevent the flux to penetrate into the core.

In addition to frequency and flux level, eddy losses depend on molecular structure of the
core material. Although ferrite cores have high resistivity, but their resistivity is not infinite so
eddy currents are induced into the core by changing the magnetic flux. As described before
adding semi conducting grain crystallites with a thin isolated layer (such as 0.001 Om for
MnZn, and 30 Om for NiZn) reduce eddy currents. Resistivity and permeability of grain
crystallites are strongly dependent on frequency and temperature. The reason is that by
increasing temperature and frequency, grain crystallites and insulation are bypassed by the
capacitances between grains and in practice their effect is reduced. An example is 3F3 ferrite
which its resistivity increases severely from 0.3Om to 2.10Om and relative permeability
reduces from 110000 to 60000 by increasing frequency and temperature from 10kHz to 1IMHz
and 25 °c to 100 °c, respectively [8]. This makes this material more suitable for higher
frequencies. (as we will see later)

4.2.2.3 Total core losses
Total core Losses (Hysteresis and Eddy losses) in ferrite materials depend on frequency (f
in Hz), flux density (B in T)) and temperature (T in °C). The relation between total core power
losses (with sinusoidal excitation) and these quantities can be found by Steinmetz equation [8]
, [17], [18]:
Poore = Cn f* Bz’eak(cto —ctyT + ct,T?) [mW /cm3] (4.25)
Every material has its own Cn, X, y, cto, ctl and ct2 which have been found by curve fitting
of measured power loss data and in some cases are obtained in the data sheet of the particular
material (Table.4.2). cto, ct1 and ct: are dimensionised in such a way that at T = 100°C ,
(cty — ct4T + ct,T?) will be equal to 1. For simplicity for further calculations we assume that
T =100°C and (4.25) Can be simplified as (4.26) (for T = 100°C )
Peore = Ci fx Bgeak [mW /cm3] (4.26)
Equations (4.25) and (4.26) are only valid if the excitation is sinusoidal without DC
component. But later on we will see that transformer and core flux density more or less look
like Fig.4. 12
Mulder in [18] modified Steinmetz equation in a way that it can be used for different
types of flux density wave forms. For a piecewise linear current shape, the modified equation
is expressed as (4.27,28) [8], [19]

v W] (4.27)

1 x—-1 pY
P.ore = 1000 TSCT” fe T B oak

K 2

2 By — By_4 1
2 ( )

k=2

fsineq = (4.28)

Bmax - Bmin Uk — T

Where
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Bmax : Maximum flux density during switching period (without considering DC part) (T)
Bmin : Minimum flux density during switching period (T)

Bk :Flux density at tk (T)

tk: time instant k (s)

K number of sub periods in the switching period

Ts: Switching period

Ve: Core effective volume [m3]

F_sin_eq:Equivalant frequnecy of sine

Bpeak: half of the peak to peak value of the ac wave form

It should be noted that the hysteresis losses depend on both B,. and B;.. But By has a
dominant influence on core losses in actuality as it is shown in [20] (Fig.4. 10). This can be
explained in Fig.4. 11, where minor B_H loop area (ac part of B) indicates the total core losses.
Referring to Fig.4. 12.(a) , By, is defined as a peak to peak value of the ac wave form .If the
flux density has time average B;. then the appropriate value to use is By = Bpqx — Bac

In data sheets Bpqi is widely used and it is half of the peak to peak value of the ac wave

form and shouldn’t be mistaken with total peak flux, Bqx(= Bgc + Bac)
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Fig.4. 10 Left: Low loss dependency on the DC part of flux (esp. at low Bac) Right: high dependency on acpart of flux.
From Figures 6 and 7 of [20]

4.2.2.3.1 Inductor core losses
The reduced size formula which is valid for the inductor of a full bridge DC-DC converter

(without considering the DC component of flux density) can be extracted from (4.27) and
(4.28), as (4.29) and (4,30):

2 [ /B,\* 1 -B,.\? 1 B,.\* 1
s =2 (2 5+ 2 s (62 o
e 2\ \B,./ DTs By / (0.5—D)Ts \B,./ DTs

4 (Bac i ! 4.29

(Bac) (0.5—-D)Ts (4.29)

2 1
1 _nzfs D(0.5— D)

fe (4.30)
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4.2.2.3.2 Transformer core losses
Despite the inductor core losses, the transformer core losses will be much more severe as
equivalent frequency, fsin,,, is high. This can be testified by (4.31). The reason is due to a very

sharp flux density during transient At (from Fig.4. 12.(b))
2 By /2\*) 1 2 1
foineg = = {4( = ) } = (4.31)

n? Bac te—tr T2t — tig
Here for simplicity it is assumed that the flux remains constant during DT's.
The leakage inductance Ljeqxqg. mainly creates the transient time interval At = tj — tyx_4

LoD
ty — tg—q = At = Lleakage (I)/
d
2 12 Va 432)
- m? Uk =t m? Lleakage ioDC .
Although higher leakage inductance can lead to higher switching losses (as we will see

f SiNeq

later) but regarding transformer core losses it will reduce the core losses.
In chapter 6 we perform Fourier analysis on the flux density waveforms and will find the
main harmonic frequencies and their amplitude and then will plug these values to (4.26) to

find the core losses of a given core material.

B(1)

Minor B-H loop,

~B-H loop,
large excitation

Fig.4. 11 Hysteresis loops: When Baygis greater than 0, let’s say 0.7 p.u, hysteresis loss is the shaded area known as
asymetrical minor loops. Fluctuation of B creates the shaded area (Hysteresis losses)

Binductor

(a)

Fig.4. 12 Typical Flux density waveform of (a) inductor (b) transformer. In the inductor, the DC component of flux is
neglected. For transformer, dB/dt in switching transients is so high. The effect of leakage inductance can be seen. (core
permeability within its limits is considered as constant) The simulation results also complies with [10]

39



4.2.2.4 A glance into different ferrite materials:

In this part, different Ferrite materials and their characteristics is studied. Table.4. 1

shows different ferrite material specifications.

Table.4. 1 General Characteristics of Low and middle range frequency ferrite materials

Ferrite i at Ma £+ 25%at Bsa(mT) Tc | p(ohm.m)| Ferrite Py (kW/m3)
material 25°¢ 100 °c 25kHz, at 25 °¢ “©Q type at 100 ° ¢ 25kHz,
200mT (1200 A/m) 200mT
3C30 2100 5000 500 240 2 MnZn 80
3C90 2300 5500 470 220 5 MnZn 80
3C92 1500 5000 520 280 5 MnZn 50!
3C9%4 2300 5500 470 220 5 MnZn ?
3C9% 3000 5000 530 215 5 MnZn ?

3C90: General purpose material (for low frequency application?)

3C94: General purpose material with Lower power losses than 3C90 and 3C85.3

3C92 is a low frequency, high Bs«: power material which can be used in power inductors.
As inductors have mainly dc current with a small ac ripple, core losses are generally not the
tirst worry. High saturation flux density makes high dc current possible without too much
inductance loss. 3C92 for high flux density applications has an increased Curie temperature
compared to the general purpose power material 3C94. Because of this, 3C92 has a higher
saturation flux density. Losses are the same as for 3C94. [21]

3C95 is suitable for a broad range of temperature and power loss density versus
temperature curve is very flat. (Lower dependency on temperature)

3F30 is optimized for high frequency applications. (Lower losses and leakage @ high
frequencies)

Unfortunately for different materials, it is not easy to find their parameters
(Cm, X, Y, Cty, cty and ct,) and most manufactures prefer using the graphs which are not so
accurate. The best way to obtain these coefficients is by experimental setup. It should be
considered that these formulae can’t provide the exact value for power losses and it can be
valid only in a limited range of frequencies and flux level. Table.4. 2 shows C,,, x and y for
some Ferrite Materials.

Table.4. 2 Ferrite material parameters made by Feroxcube to calculate the core loss density [17]

Ferrite| f (kHz) Cm X y
3C30 20-100 7.13e-3 1.42 3.02
3C90 20-200 3.2e-3 1.46 2.75
3C92 20-200 2.37e-3 1.42 2.75
3C9%4 20-200 2.37e-3 1.42 2.75
3F3 300-500 2e-5 1.8 25
3F3 <300 0.25e-3 1.63 2.45

1For 3C92 Pvat 100 ° ¢ 100kHz, 100mT
2 Here the frequency does not necessarily mean switching frequency but the frequency of flux variations.
3 http:/ /ferroxcube.com /appl/info/3C94.pdf
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Based on material parameters on table.4. 2, Figs.4. 13 and Fig.4. 14 can be obtained.
Plotting power losses versus By qx shows that, 3C30 has the lowest losses at low peak flux
densities below 0.15 T (which is our operating point for inductor)

We will see that inductor core losses are very low even independent of ferrite material. In
transformer design which core losses are much higher, core material selection becomes an
important factor in core losses. At B = 0.2 T and above, 3F3 is the material with the lowest

core losses.
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Fig.4. 13 core losses as a function of flux density

In general, for filter inductor design copper losses are dominant because in inductor,
current variation is not so much and core losses can be neglected in continuous conduction

mode in ferrite materials [9] as we will see soon.
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Fig.4. 14 core losses as a function of frequency (sine wave)

4.2.3 Winding losses

4.2.3.1 Low frequency copper power losses in inductors
Low frequency copper power losses (Winding losses) are the main losses in chocks.
Py = R. I (4.33)
R=0c—
ACu
L =N X Lengthof turn
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Where:

N: Number of turns

o = 1.7e — 6 ohm.m : resitivity of copper
R: resistance

L: Length of copper wire

Acy: copper cross section

We will see later that increasing air gap leads to increasing number of turns and this,
results in higher copper losses.

4.2.3.2 Transformer copper power losses

For transformer copper losses, (4.33) needs to be modified a bit:
Py = Rpri- I;ri,rms + Rgec. Iszec,rms (4.34)
In order to find R,,;, number of turns in primary, N1 should be known. N1 can be

expressed by
NI R B, A
B=— =>N1=$ (4.35)
e
Where:

Rsec Rpri: secondary and primary resistance, their calculations are the same as inductor.
Bpri: the flux density for a particular material refered to primary side.

Equation (4.35) gives us the number of turns and subsequently the length of copper wire
of primary side to be used for calculating the copper resistance and copper losses. Increasing
N1 results in higher copper and core losses (due to lower B). But N1 should be high enough in
order to have adequate magnetizing inductance.

4.2.3.3 Skin effect at high frequency and Litz wires

If the wire is carrying high frequency currents, depending on its diameter, the skin effect
may affect the distribution of the current across the section by concentrating the current on the
surface of the conductor. The reason is the eddy current that opposes the main current. The
main current inside the core is cancelled to some extent in the center of conductor and moves
towards the surface. This skin effect plays an important role in Switched-mode power supply
transformers where the wires carry high currents and high frequencies (between 10kHz and
1MHz). Often in those transformers, the windings are made of multiple isolated wires in
parallel with a diameter twice the skin depth and which are twisted together to increase the
total skin area and to reduce the impact of the skin effect. These types of wires are called LITZ
wire. Even properly constructed Litz wires will exhibit some skin effect due to the limitations
of stranding. Wires intended for higher frequency ranges require more strands of a finer
gauge size than Litz wires of equal cross sectional area but composed of fewer and larger
strands.!

4.2.4 Total inductor and transformer losses and their dependency on
core volume and geometry

For an inductor with inductance of L, for a certain core material with relative

permeability, u, we can write:

1 MWS Wire Industries, http://www.mwswire.com/litzmain.htm
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T =>B = NI 4.36
L it 7> (4.36)
A,
L,
= 4.37
UM Ae (4.37)
N =+LR (4.38)
By plugging (4.37) and (4.38) into (4.36) we can extract (4.39):
NI 1
B = =1L — 4.39
RA, VL popr e (4.39)
1
B ox — (4.40)

vVe
This relation for transformer is a bit different as the inductance value is not of interest and

the number of turns is in our hand:
B NI NI NI 1 441
= = = —_ X — .
A, I Hoktr = 7 (4.41)
HolirAe

In case of the cores with circular cross sections (like EC70) the copper losses for an

inductor can be expressed by

A
Lo, = N X Length of turn = N 21 f?e = 2N.[74, (4.42)
— 20 ’Ln Le
_ 2 _ ULC‘LL 2 _ 20— T[Ae 2 _ .uo.ur 2
Pcu,ind - Rculrms - A Irms - I— N Irms - I— Irms
cu rms rms
] j)
20j |L Le 1 (4.43)
oty '
Pcu,ind x \/L_e (4-44)
While for transformer core losses:
oL 20./mA )
Pcu,trans = Rculrzms = A_Culgms = I—e N Irzms = 20_] N JmAg Irms (4-45)
cu _rms
]
Pew trans & \/Ae (4.46)

Where:

R¢u Copper resistance

R: Reluctance

N: Number of turns

L: Inductance [H]

Lcy: Copper length

A.y: Copper wire cross section

V,: Effective volume which is the multiplication of L, and A,
L.: Effective length

A.: Effective cross section

j: Current density (we assume J=3A/mm?2)

For core losses of an inductor, in the previous section we found out that

Pore & Bgeak V, . Asin (4.40) we saw that B « 1/\/79, we can write:

241
P core,ind x e

25<y<35 (4.47)
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Equation (4.47) suggests that for most Ferrite materials by increasing the volume the core
losses of an inductor will be slightly reduced.

While for transformer core losses, it can be written

Pore < Ag LY 25<y<35 (4.48)

So by increasing the volume, depending on the material core losses may change slightly
or may not change at all (if y=3)

From above, we can deduce that the best way to reduce the total transformer losses is to
increase L, (to reduce core losses) while preserving A, (to keep copper losses constant)

From inductor copper and core losses equations, it can be deduced that by reducing L,
(which results in lower copper losses) and increasing volume (by increasing cross section
which leads to lower core losses) total core losses can be optimized. Just keep in mind that the
winding area should be also considered as a constraint.

To illustrate inductor total losses using a numerical example can be helpful. Let’s say we
scale a particular core by factor of 2. This means each dimension increases twice and the
weight (volume) increases 8 times. Reluctance R is halved and Flux density is reduced 2v2
times. Depending on the level of the flux density this may or may not result in significant core
losses changes but generally it should be expected that Core losses reduce (see Fig.4. 13). Also
copper losses increase V2 times.

Adding an airgap can increase reluctance dramatically which this corresponds to reducing
the equivalent permeability. In datasheets a new equivalent permeability, u; for each airgap is
given. Increasing the air gap reduces the flux which results in lower core losses (for both
transformer and inductor). But about copper losses, based on N = VRL, in an inductor (with
constant inductance) the airgap will cause higher copper losses, while transformer copper
losses is not affected by the airgap length (in transformers as N is constant, L reduces)

4.2.4.1 Different Core shapes!

The shape of cores can affect the equivalent permeability and this can change the total
core losses. As a rule of thumb, with the same material, the cores with circular cross-section
have a slightly lower permeability. L.e. u; of EC70 (127g) and E552825 (130g) is 1580 and 1860
respectively (for 3C90). The reason is maybe due to the fact that EC cores do not have sharp
ends, resulting more uniform flux inside the core.

There are different core shapes in the market that will be explained briefly:

EE: possibility to have huge airgaps. Simple, with high mass and volume, suitable for
large inductances.

EC: like EE cores air-gaps are provided, but in smaller sizes. Also winding leg has a
circular cross section. They have large Winding area.

ETD: like EC cores they have circular cross section. But no air gap is possible.

EI: No air gap is possible, but huge sizes are available

Planar ER: lower effective length and larger effective area which means much lower
reluctance. It seems good option for especially high frequency applications.

PM cores: especially used for higher power ratings (high current). They are the biggest
possible ferrite cores.

1 based on www.ferroxcube.com
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5 Switch losses: case setup

5.1 Introduction: case setup and investigated MOSFETs and
IGBTs parameters-Buck operation

In chapter 3 the DC-DC converter topology was studied. It was decided that due to high
power demand, it should be a fullbridge converter with galvanic isolation which is realised
with a transformer. The final topology can be seen in fig.3. 12. In this chapter we are going to
calculate losses of the DC-DC full-Bridge converter based on equations introduced in previous
chapter. In order to do so, we need to fully understand the voltage and current that each
element is exposed to.

Table.5. 1 demonstrates the case set-up that is applied in this section.

Table.5. 1 The specifications of the DC-DC full bridge converter

Parameter Description
Vd =400V input dc link voltage from rectifier
Pin = 3800 W Input power from the rectifier
Dyax (Buck operation)= 0.38 max duty cycle of each switch of full bridge
n=N2/N1=4/3 turning ratio of transformer: secondary/primary
fs = 20000 Hz Switching frequency
Vp1 =400V Max voltage over a Switch (during turn-off)
Vo = 300~400V Battery side voltage variation

By referring the battery current and voltage profile (Chapter3), we can say that in the
battery side, voltage increases from 300V to 400V. In slow charging method, the current is well
below the maximum battery current capacity and the only limitation is power drawn from the
outlet'. The output power from an outlet should never violate its constraints and this can be
done by varying the drawn current. By assuming 200W of losses during the operation (which
means efficiency of 95% and later on we will find out is close to reality) the battery current, Io

can be found:

Pomax — Pin - Ploss — 3600 —

Vomax Vomax 400

lo, max = Pomax — Pin - Ploss — 3600 - 124
VOmin VOmin 300

After realizing our case static parameters, we compare the different MOSFETs based on

94

lo,min =

their losses.

1A 20A mains fuse can deliver up to 4.5 kW and to be in safe margin and with considering peak current transients it is
decided that the charger rating be below 4kW
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These Switches! and their parameters can be found in Appendix A. All These MOSFETs
are chosen among MOSFETs available in the market. Some of the available MOSFETs are
disqualified at the very first look. After a long search on internet it can be claimed that they
are among the best available MOSFETs, suitable for our case. All the data in Appendix A
about the MOSFETs and IGBTs are extracted individually from their datasheets.

Current calculation in this part is based on V' , = 400V, which corresponds to /0,,;, = 94

For MOSEFET losses, we need to know their average and RMS current as well as voltage
over a period. In order to have a good understanding of losses we need to equip ourselves
with two tools: wave forms and formulas. In chapter 3, we discussed about the waveforms
and the needed equations.

Fig.5. 1 shows the Buck Full-bridge converter topology. In Fig.5. 2 the waveforms for each
diode and switch and also for the inductor is presented.

Buck Operation (Charging mode) —>
e
iTl ;.. .y .y i,L%]%\ + Tt + H
WO L H S
v
T4 T2 T2 TR - _

Fig5. 1 Full-bridge bidirectional converter, when it operates in buck (charging) mode

5.1.1 RMS and MEAN values of current of each Switch and Losses

5.1.1.1 Secondary side current calculation

The current waveform of each diode on secondary side (Fig.5. 2.c) during a period can be
simplified to Fig.5. 3.

In previous chapters we saw that with ideal components? by choosing n =4/3 =>
Dppay = 0375

Bear in mind that as we have two legs, the average current through each diode should be
halved.

1 The list of compared MOSFETs: IRFPS43N50K IRFPS40N60K IRFPS40N50L IRFPS38N60L
IRFP31N50L IRFP460 FDH27N50 IRFPS37N50A IRFP22N50A IRFP32N50K
IRFP23N50L STW26NM50 STF25NM50N IRFP460A SPW32N50C3 SPW52N50C3
[PW60R045CP SPW47N60C3 IXFR48N60P

Vo Pout

2 Full-Bridge Buck converter: D = =
2nvd 2lopcn Vd
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= Fig.5. 2
| L 1 Voay DC-DC fullbridge buck converter
waveforms. The topology can be
vd le/Nl - Ar All seen in Fig.3. 2(unidirectional)

v | switches OFF and Fig.5. 1 (bidirectional). The
e /4_[)3,% o — principle of operation is explained
-— — — —Ts in section 3.2.3
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Fig.5. 3 The Simplified current profile of D3 & D4 on the Secondary side, a period can be expressed by 2A + 2D =1
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IODC 9
If,D,avg = T = E = 45A

As mentioned before, 10% output current ripple should be satisfied:
Alo = 0.1Tope = 0.1 X9 = 0.94

Based on Fig.5. 2, the instant current just before switch turn-off can be found to be
Alo

lopc — v Alo
Loggp = 2 =Ifpavg — 4 (5.1)
=45-0.22=422A
Alo
lopc + =~ Alo
Ion,D = T = If,D,avg + T (5.2)

=45+4022=472A
Based on Fig.5. 3, RMS forward current of each diode in secondary side, Ifrms can be

calculated as follows:

1 (% 1
If rms = /Ff IFr(©) dt => IPfps = F(O X DT, + 2A%AT, + 4A%DT,) = 2A%(A + 2D)
sJ0 S

< 242
Ip,avg=A4A
——= I rms =28+ 2D) s papg = V1 + 2D Ir p apg < V2 15 p avg (5.3)

It yms < 4.5V2 = 6.364
The simulation shows that the real RMS current is around 6A which complies with (5.3).
When Dy = 0.375, Ifpms = 4.5vV1+2x0.375D = 5.96

5.1.1.2 Secondary side: body diode power losses calculation!

As it was illustrated in Chapter3 and based on Fig.5. 1, on the secondary side MOSFETs
are switched off for all the times, which means in the secondary side there is neither
conduction nor switching losses regarding MOSFETs switching. In other words, only diode
turn-on or turn-off and conduction losses occur in secondary side.

Turn-on Switching losses happen when the current in the diode rises to Io (and voltage
falls to Vi;.) at turn off losses occur when the current goes down to zero and voltage rises up
(to Vo).
5.1.1.2.1 Diode Conduction losses:

To have a numerical demonstration on the dimension of the diode losses lets pick
SPW47N60C3 and check its anti parallel body diode chars and losses. The forward
characteristics of the body diode can be seen in Fig.5. 4

Referring to chapter 4, we recall that conduction losses can be calculated by (4.5)

At high temperature of T = 125°C we can write:

Peondseerss = Upo-Ig p,avg + Rp If prms = 0.6 X 4.5 +0.025 x 62 = 3.6W
For lower temperature (T = 25°C) however, conduction losses will be
Peondgpers = Upo-If,p,avg + Rp If prms = 0.8 X 4.5 +0.0044 X 6 X 6 = 3.76W
Where

1 Due to the lack of several parameters which are not provided in the datasheet, the reverse recovery losses calculation
in this chapter is based on simplified model (chapter3) unless otherwise mentioned. However a comparison between
these two models will be done at the end of this chapter

2 Diode forward voltage, that is mostly between 0.6 to 1.5V
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Upoy Diode on-state zero-current voltage
Rp Diode on-state resistance
I¢p rms» Ifp,avg: RMS and average current pathing through a diode during conduction
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Fig.5. 4 Forward characteristics of body diode, T=150 => typical. Uyo = 0.6, Rp = % = 0.025 ohm .For T=25 =>
0.04

Upo =0.8, Rp = - = 0.0044 ohm Cortesy of Infineon (www.infinion.com)

This means that although the on-state resistance and constant voltage depend on
temperature significantly, but the conduction losses don’t vary so much with the temperature
variation and this trend can be observed more or less in most diodes.
5.1.1.2.2 Diode switching losses

Turn-off energy losses (caused by switching of an opposite pair of switches in the
primary side) in the anti parallel diode E, s, consists of the reverse recovery energy. From
(4.9) diode turn-off losses can be found:

Posfp.sec = 0.5 QurUppr fs = 0.5 X 23 X 1076 x 400 x g X 20000 = 122.6W
Upr:Diode blocking voltage which in sec side is equal to V,; = V4 N2/N1

But this value is just too high and maybe several times higher than real case. The reason is
that Q- in datasheets is measured in certain condition and operating point. Le for this
MOSFET, @, is 23uC for the diode continuous forward current, I ;= 47A. Later on (in
Fig.5.18) it will be seen that @, in P-n diodes is highly dependent on I¢. Obviously it is not
possible to find a general equation that describes this dependency for all the diodes, but it can
be said that as our current is much lower than I, (around 10 times smaller) the actual turn-

off energy losses will be smaller than what is calculated based on I, .This can be seen in

Fig.5. 20.

It is such a pity that none of the MOSFETs manufacturers provide the accurate data
regarding the body diode reverse recovery of their MOSFETs products and this lack of data
makes the reverse recovery energy losses evaluation unreliable.

Diode turn-on energy losses generally are small and in most power electronics
applications in industry are neglected [16]. In [22] the diode turn-on energy losses are
discussed in more details and is explained that most of the turn-on energy in diode is stored
in its package inductance and is delivered to the load during the diode turn-off and is not
decapitated at all.

Thus the total power losses in the diode can be expressed as
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Py = Pysfpsec t Peona,,. = 122.6 +3.6 = 126.2 W

5.1.1.3 Primary side current calculation

DC input current at highest input power can be simply expressed as

e N2 _ Nt 9—124
loge N1 _~ '@ Opc = -

N1 3
14 is the transformer input current and /op¢ is the secondary transformer current that
flows towards the transformer whenever each pair of primary switches conduct. Secondary
side ripple current will be Ald = 1.24
Input current at the moment that a switch turns off is at its peak (I,75) and vice versa (as
it can be seen from Fig.5. 2) the maximum and minimum input current can be expressed as
(5.4) and (5.5) respectively:

Alo
laofs = Idmax = Idpe + (T) (5.4)
= 12406 =12.64
Alo
Laon = 1dmin = Idpc = (=) (55)

=12-0.6 =11.4A4
Maximum RMS and average currentof EACH switch in primary side, during a period can
be calculated by (5.6) and (5.7) respectively:
Idrms = lay/Dmax (5.6)
= 120.375 = 7.354
Idpe = Dmax-Ia (5.7)
=0375x12=454

5.1.1.4 Input-output Power balance in Duty Cycle Control method
The switching pattern used in this thesis is called “Duty Cycle Control”. The reason is
that the current to the output is controlled by duty cycle.
To verify that the current calculation is correct, we have to check if the input power, Pin is
equal to output power Pout
For max Duty cycle (Corresponds to max Battery voltage, 400 V):
Pin(pmax) = 14(2 Dmax)Vd = 12 x 2 X 0.375 x 400 = 3600 W
Poutpmaxy = lopc.Vout =9 x 400 = 3600 W
And for minimum Duty cycle (= minimum Battery voltage, 300 V):
Pinpminy = 14(2 Dmin)Vd = 16 X 2 x 0.2813 x 300 = 3600 W
Poutpminy = lopc.Vout = 12 X 300 = 3600 W

5.1.1.5 Total switch losses in primary side !
As it was shown in chapter 4, MOSFET losses in primary side can be expressed by:
MOSFET Conduction losses in primary side
The MOSFET we study in this part is SPW47N60C3 (Rpsen = 0.05 ohm). Conduction
losses can be calculated by (4.2)
Peonam = Rpsonldms = 0.05x 7.352 = 2.75 W
MOSFET switching losses in primary side

1In order to understand the equations in this part, it is recommended to skim chapter4

50



In Chapter 4, We found some suitable equations that can help us to calculate switching
losses by each MOSFET datasheet. First we need to find voltage fall and rise time.

Upps Rps,on» Cep1, Cop2, Upr tri And Q- all can be extracted from a MOSFET datasheet.
(See Appendix A). Referring to Fig.5. 2.b we can see that before the turn-off transient,
MOSFET voltage is Vd /2.

But what about I;,,,?

Igon = Vys/Rg = Var/X R is the current needed on a MOSFET gate that will turn it on. As
(4.11) suggests, increasing I;,, reduces the voltage fall time and this ultimately reduces the
Switching losses. So we desire to have a relatively high gate current. But this current depends
on the MOSFET driver circuits.

There are lots of available driver/buffers in the market. Here we introduce two of them,
both from MICROCHIP Company. Both of them can deliver Supply Voltage (Vs5) up to 20V:

TC1411/TC1411N: The TC1411/TC1411N is 1A CMOS buffers/drivers.

MCP1415/16: The MCP1415/16 is high speed MOSFET driver capable of providing 1.5A
of peak current.

So having I;,, = 1.24 is feasible; by tuning V,, (up to 20V for some drivers) and total gate
resistance, };R; (by adding series resistance to MOSFET gate resistance, R;) we can produce
Igon = 1.2A. From Fig.4. 7 C¢p is found to be 530 pF. For simplicity we assume tz,, = t,,

By plugging our case values into (4.11), (5.8) is obtained:

UDD CGD
tfu =ty = ( - RDS,on Id,on) (5-8)
2 Igon
_ 400 0.05 x 11.4 530 x 10712 g7
- ( 2z ' ) 12 o'm

The datasheet provides t,;,.r = 27 ns based on its defined conditions. From (4.24) the

new current rise time t,; ¢, is calculated based on our case values:

Voewld on 400/2 x 11.4
ri,new Vreflref riref 380 X 47 ns

Total turn-on time consists of voltage fall time and current rise time:
tnew,on = tru + trinew = 87 + 3.44 = 90.4 ns

As discussed in chapter 4 and based on Fig.4. 6, RR charge influences significantly
MOSFET turn-on switching losses. In full-bridge topology the maximum current through each

switch will be I; + 2 Z—ilﬂm (doubled I, is compensated with halved voltage of each switch

in RR losses calculation) this will be explained in section 5.2.1. By the help of (4.10), (4.12),
MOSFET turn-on losses for our topology can be expressed as (5.9)

vd t vd Vvd
Epny = 71‘1,0,1 ne;”on + (2Qrr) > + 7ld,0ntrr (5.9)
400 90.4 x 107° e 400 L
EonM=TX11.4Xf+2X23X10 X200+TX11.4X580X10
=0.0106 [f]

On-state Power losses then can be calculated:
Pyum = Eonmfew = 0.0106 X 20000 = 213 W
Turn-off losses in power MOSFETSs E, ¢ ¢y can be calculated with the same steps:

Vnewlaoff 400/2 X 12.6

Erimow = triror = e =2 8 = 1.13
finew =Ty ey 7T T T 380 x 47 ns
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tnew,off = tru + tfi,new =87+ 1.13 =88.13ns

Upp tnew,off
PoffM = T Id,off %fsw =21W

As it can be seen, turn on losses are 100 times higher than turn off losses! Total MOSFET
switching power losses then will be the sum of these 2 sources of energy losses:
Protsw = Posfm + Ponm = 2.1+ 213 =215 W
And the total MOSFET losses, Py, is:
Py = Protow + Peonay = 215+ 2.75 = 217.85 W
Then total switch losses of the whole DC/DC stage will be:
Por = 4(Py + Pp) = 4(217.85 + 126.2) = 1376 W
This is of course much higher than our expectation and MOSFET thermal limitations will
cause failure, suggesting that this cannot be a good MOSFET for this application. It should be
noted that these calculations are overestimations and the real losses will be less than these
Values. In the next part, we will compare different switches and will find the most suitable

5.1.2 A short presentation on IGBT losses calculation

5.1.2.1 Conduction losses:

In practice an IGBT can be modelled similar to a diode: a constant voltage source in series
with a (variable) resistance. This is a linear model of output characteristics of an IGBT as can
be seen in Fig5. 5 Based on the equivalent IGBT model the following relations can be found:

Viger(ic) = Veg,o + Riger,onic (5.10)
Pon = Vegolcav + Rigar,on-1.rms (5.11)
Where

Icav s Icrms : Average and RMS collector current during a period respectively
Vcgo: IGBT on-state zero-current voltage (Temperature dependent voltage source) and
RigeT,0n: IGBT on-state resistance.

Based on Fig.5. 5 conduction losses at T; = 125°C in primary side would be:
Pon = VCE,OIdDC + RIGBT,on-Id%”ms =0.75x 4.5+ 0375 x 7352 = 23.6W

Output characteristic (typical) Voe= 15V
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Fig.5. 5 Infineon BSM50GB60DLCL Gray line: linearized output characteristic, here Vego=0.75 V,
Riceron=0.75/20=0.375 ohm (for Tvj=125) (www.infineon.com )

5.1.2.2 Switching losses
In previous part we saw that huge reverse recovery energy losses on secondary side is

problematic.



In contrary with MOSFETs, IGBT datasheets provide adequate graphs that simply
describe switching losses dependency on Rg, V¢g ,temperature and Collector current (Fig).
IGBTs chosen in this study have V¢, ;= 400V which is the same as our case so we don’t need

to study the switching Energy losses as a function of V.

Although reducing R; (which means increasing of I;) from its recommended value will
reduces the switching losses, but sharp voltage and current transient may causes some
oscillations and higher diode turn-off losses. It can be said that R; in each datasheet is the
optimized value thus we don’t investigate on IGBT driving circuit.

Fig.5. 6 is taken from BSM50GB60DLCL datasheet. From there we see that for currents up
to 20A, total switching losses will be:

Esy = Eon + Eopp + Eyec = 014 0.4 4 0.8 = 1.3 x 1073[/]
Py = Egpfow = 1.3 % 1073 x 20 x 103 = 26W

So total losses in this IGBT is:
Proticer = Pow + Peona = 26 + 23.6 = 49.6 W

Switching losses (typical) Roon® 2,78, R on= 2,70, Voc= 300V, T, = 126°C

2,5

ey

1,5 tommmmmmmmm o

E [mJ]

P
e i it~ i

. R R I —

0.0

0

le [A]

Fig.5. 6 Infineon BSM50GB60DLC switching losses as a function of collector current. E,...: Recovery losses
(www.infineon.com )

5.1.2.3 Switching losses and temperature dependency on IGBTs

In reality, switching losses depend on several parameters. The most important
parameters that affect the switching losses are temperature and collector current. The 3D plot
in Fig.5. 7 can show this fact.

The most important conclusion which is valid at least among investigated IGBTs (The list
of IGBTs can be found in Appendix A) is that at low I, the energy losses dependency on
Junction temperature is so low and for simplicity we can claim that at low currents switching
losses is not dependent upon variations in junction temperature. However this claim is not
true for high collector current. On the other hand, the energy losses are highly dependent on
collector current variation especially at higher temperatures and can be neglected.
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Fig.5. 7 Total switching energy losses as a function of collector current and temperature for the “IKW30N60H3” IGBT
atR; = 10.5

5.2 Transient current flow and other losses

Unfortunately it is difficult to fully understand the switching transients of complex
topologies and there are few simulation softwares that can provide us with correct reverse
recovery process simulations. In this part turn-off and turn-on transients will be discussed in
more details.

5.2.1 Reverse recovery current propagation

During the turn-off of a secondary side body diode, its reverse recovery current can pass
through on-state MOSFETS, T3, T4 in primary side as it can be seen in Fig. 5. 8.

As T1(D1) and T2(D2) are reversely biased (Vd/2 over them), Current cannot pass
through D1 or D2. So it will choose to pass through T4 and T3. As mentioned before it is the
MOSFET who dictates dif /dt of the body diode current turn-off. It is because of T3 and T4
turn-on event that D'1 and D’2 in secondary side are forced to turn off.

The difference between a full-bridge converter topology and a Buck converter studied in
chapter 4 is that the maximum current through switch (T4) will be I} + 21, instead of I} +
Liym. This can be realized by referring to Fig.5. 8 (blue line indicates I,.). This excessive current
leads to higher switching losses as it was observed in previous parts.
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Fig.5. 8 The direction of reverse recovery current in primary side (blue dashed line) As the inductor current cannot
change suddenly, the reverse recovery current dose not pass through the inductor in secondary side (see section 7.4.1)

5.2.2 Effect of leakage inductance on waveforms

After a pair of primary side switches in Fig.5. 9 are turned off, let's say T1 and T2, ideally
no current has to pass through the transformer. But leakage inductance makes this
assumption invalid. The leakage inductance causes current to flow for a while before it
reaches zero. This can be seen in Fig.5. 9. While all the switches in the primary side are turned
off, D4 and D3 should supply this leakage current. As Vi, =0, —Vd is applied over the
leakage inductance, resulting a very steep current fall. It also means that primary body diodes
experience turn-off losses. (reverse recovery losses) Simulation observations verify this

process. (Chapter 8)

]
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Transferred power direction ~
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K
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Fig.5. 9 Transformer leakage inductance forces the diodes of primary side to turn-on

5.2.3 Gate losses

There is another source of losses associated with MOSFET driving circuit: gate losses [23].

(5.12) describes this type of losses:

_ UDT
Po = Qo2 fow (512)
Dr
Where
Qg Total gate charge!
Rpr External gate drive resistance
Up, Gate drive voltage

! range: 70~250 nC depending on MOSFET model

55



By reducing Rp,, P;increases, but at the same time the MOSFET switching losses
decrease. We neglect Gate losses as @ is so minute.

5.3 MOSFETs or IGBTs; Comparison and Conclusion

A comparison between Turn-on and Turn-off energy losses in MOSFETs shows that the
contribution of term Q,,.Upp in switch losses in MOSFET is so high. ie. for MOSFET
SPW47N60C3 more than 80% of switching losses is because of the reverse recovery charge, Q,,
and body diodes with lower Q,, are more suitable for applications that the anti parallel body
diode is involved in losses. The calculations illustrated in Fig.5. 10 and 5. 11 support this
claim. This is also in accordance with [24].

In the power and voltage range of some kilo watts and some hundred Volts and in
applications that the anti-parallel diode conducts (like full bridge case) the reverse recovery
charge of MOSFET becomes problematic. On the other hand IGBTs, in general have slightly
higher conduction losses due to their constant voltage source as it can be seen in Fig.5. 10.

STGP19NC60. 3|
IKW30N60H3* )
IKW20N60H3*

IKW20N60T* 7

BSM50GB60DL..
IXFR48N60P
SPW47N60C3
IPW60R045CP 3
SPW52N50C3 8
SPW32N50C3
IRFP460A
STF25NM50N
STW26NM50
IRFP23N50L
IRFP32N50K
IRFP22N50A
IRFPS37N50A
FDH27N50
IRFP460
IRFP31N50L
IRFPS38N60L
IRFPS40N50L
IRFPS40N60K
IRFPS43N50K

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0
Losses [W]

Fig.5. 10 Primary side, switching losses (Switch turn-on and off) and Conduction losses for a single switch ( *
represents IGBTs) (Pout=3600W). Switching losses based on I;,,, = 1.24 for all switches(simplified model)

W Psw(pri) M P_cond(pri)

Another interesting issue is that MOSFETs should not be judged by their glamorous
trademarks. An obvious example is COOLMOS Power Transistors (such as SPW47N60C3 or
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SPW35N60C3) Some models of these transistors despite the claim of having very low
conduction and switching losses exhibit huge switching losses. This proves that they should
be used in the switching frequencies much lower than 20kHz. In applications where no
reverse current occurs, just based on MOSFET conduction and switching losses, COOLMOSs
are better than other MOSFETs as it can be seen in Fig.5. 10.

Yet it is possible to find MOSFETs with good body diodes. Referring Appendix A, It can
be seen that Q,, varies dramatically in different MOSFET models i.e. in IRFP23N50L: Q- =
9.8 x1077C and in SPW52N50C3: Q,r = 2.0 X 107°C . Q- In latter model is more than 20
times bigger than the former. Fig.5. 11 shows that some IRF MOSFETS (IREF31N, IRFP32N,
IRFPS40 and IRFPS38 from International Rectifier with their “Super Fast Body Diode” can
effectively reduce RR losses.

Fig 5. 12 shows the total switch losses of a single switch in primary and the same switch
on secondary side of the DC-DC converter. ( * in their name represents that the switches are
IGBT). This Figure is the sum of Fig.5. 10 and 5. 11

The total switch losses of the DC-DC converter for the best MOSFETs and IGBTs with the
lowest losses can be seen in Fig.5. 13. We can claim that IRFP31IN50L is the MOSFET with the
lowest losses and STGP1INC60W has the lowest losses among IGBTs. The total efficiency (and
losses) of the DC-DC converter will be assessed and compared based on these two switches.
IXFR48N60P
SPW47N60C3
IPW60R045CP
SPW52N50C3
SPW32N50C3

IRFP460A
STF25NM50N
STW26NM50 N Poff D
IRFP23N50L
IRFP32N50K
IRFP22N50A
IRFPS37N50A
FDH27N50
IRFP460
IRFP31N50L
IRFPS38N60L
IRFPS40N50L
IRFPS40N60K
IRFPS43N50K

® Pd_cond

I T T T

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
Losses[W]

Fig.5. 11 conduction losses and turn-off losses of diode in secondary side, the sum will be total secondary losses.
(Pout=3600W) Switching losses based on I;,, = 1.24 for all switches (simplified model)

From Fig 5.13 it can be said that even the MOSFET with the lowest losses has larger

switch losses than most investigated IGBTs.
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It should be reminded that the output power (voltage and current) for all of these
topologies assumed to be constant (3600W) and the input power is the sum of output power
and total losses. On the other words, switch losses are based on constant current and voltage
for each switch.
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IKW30N60H3* 4
IKW20N60H3* 4
IKW20N60T* 3

BSM50GB60DLC* 4
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IPW60R045CP
SPW52N50C3
SPW32N50C3
IRFP460A
STF25NM50N
STW26NM50
IRFP23N50L
IRFP32N50K
IRFP22N50A
IRFPS37N50A
FDH27N50
IRFP460
IRFP31N50L 4
IRFPS38N60L
IRFPS40N50L 4
IRFPS40N60K
IRFPS43N50K

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0
Losses [W]
Fig.5. 12 The total switch losses of a single switch in primary and the same switch on secondary side (*represents
IGBT) (Pout=3600W (Switching losses based on Ig,, = 1.2A for all switches (simplified model)
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Fig.5. 13 Total switch losses of DC-DC full bridge converter ( * represents IGBTs) (Pout=3600W) Switching losses
based on I;,, = 1.2A for all MOSFETs
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5.4 Bidirectional vs. Unidirectional: losses comparison

By studying the previous part and observing the huge losses caused by body diode, other
solutions for bidirectional functionality may cross readers mind:

1) Instead of one bidirectional circuit, we can have 2 unidirectional (one quadrant)
converters that the rectification is done with the diodes, (two separate circuits: one for buck
operation and one for boost operation) with a common transformer and inductor. Obviously,
this solution is too expensive.

2) Using an external diode (D1) instead of switch body diode, anti parallel with each
switch as demonstrated in Fig 5. 14. Please note that we need a small diode in series with each
switch (in each side) to prevent the reverse current flow through the switch body diode.
Generally switch body diodes have very small Vo and in absence of D2, reverse current
prefers to pass through body diode. D2 can be a small Schottky diode! (which needs to have a
blocking voltage of few volts) which is protected by a Zener diode in parallel with it. This
topology has one drawback: during switch turn-on, in addition to M1, D2 exhibits conduction
losses too.

3) Utilizing synchronous rectification on Secondary side switches (will be explained in the

next part

In this part we try to analyze the external diode
power losses in secondary side instead of MOSFET body
diode. ‘

We study two types of diodes and compare their
losses with MOSFET body diode.

a) SiC power Schottky diode

b) P-n junction Power diode (with Silicon ultra fast

soft recovery)

541 SChOttky diOdeS Fig.5. 14 A circuit to prevent current
passes through body diode

Advantages:

+ No reverse recovery: No reverse recovery time, t,, due to the absence of the minority
carrier injection, which means the switching losses are negligible.

+ The wide band-gap of SiC allows higher operating temperatures.

+ No significant voltage overshoots during device turn-on.

Disadvantage:

- This type of diode is not ideal for high-voltage applications, where the leakage current
and the forward-voltage drop can be much higher (may have higher conduction losses)

The proposed Silicon Carbide Schottky diodes can be seen in table.5. 2
Table.5. 2 Two Silicon Carbide Schottky diodes

MODEL IDT16S60C (Infineon) STPSC1206
It (avg) 16A 12A
V; (T=25) 600V 600V

11e. STPS15L25D/G
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5.4.1.1 CONDUCTION LOSSES

Fig.5.15 a) represents a typical diode forward characteristic. As discussed before, for
secondary side, the conduction losses for diodes can be calculated by
Pcondsec = UDO-If,D,avg + Rp I},D,rms
For IDT16560C (Infineon) conduction losses would be:
Peond,,, = 0.9 X454+ 0.025X 6 X 6 =495 W
Similarly, the conduction' losses for STPSC1206 is 8.1W
For our Small Schottky diode in primary side and in series with the switch (see Fig.5. 14)
the losses will be:
Pcondp”. =0.275x45+0.01x735%x735=18W

5.4.1.2 Switching losses in Schottky diodes

The switching losses in Schottky diodes are due to the energy loss caused by the junction
capacitance charge at given operating voltage over one switching cycle and multiplying by
the switching frequency. But in most references it is neglected [24], [25]. Referring Fig.5. 15 b)
this can be proven: Based on Fig.5. 15 b) the diode switching losses at f = 20KHz is only

0.18W, which is much smaller that the conduction losses.
paramster: T, Ec=f(VRr)

25

20

20

15 4

e 1A]

E. b

10 1

4=

0

0 0.5 1 1.5 2 25 3 0 1clo 260 atlm 4clo 5!1'-0 500
a) Ve V] b) V=Vl

Fig.5. 15 a) Upg = 0.9V,Rp = 0.04 ohm (T=25°C) b) switching losses in Schottky is only because of junction
charge (capacitor). For (Vg, E.) = (400V,8u)) = Psw = 0.16W (STPSC1206, Infineon)

5.4.2 P-njunction power diode (with Silicon ultra fast soft recovery)

Normally Power diodes are oversized due to the excessive reverse recovery energy loss.

Models and their specifications that are studied in this part can be seen in Table.5. 3.
Table.5. 3 P-n power diodes which are studied in this section

Model (company) V, Ifavg(25°C) Rp = dVy/dly Vbo

IDB30E60 (Infineon) 600V, 30A 0.35/10=0.035 0.8

1 The datasheet of STPSC1206 suggests to use the following equation for conduction losses evaluation: P.y,q =
1.2 Igayg + 0.0751F 106
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STTH12R06 (ST) 600V, 12A (@ all temperatures) Peond = 1.16 Igayg + 0.053 Ifz_rms

IDB23E60 (Infineon) 600V, 41A 0.2/10=0.02 1

IDBO9E60 (Infineon) 9 0.5/10.5=0.048 1

5.4.2.1 P-n diode switching losses and its dependency on dir/dt?

In previous parts we discussed about MOSFETs and IGBTs body diodes and their turn-
off losses. On MOSFETs, due to the lack of information about the body diode behaviour
especially at turn-off, we had no choice but to use simplified equations to estimate the body
diode turn-off energy losses. Despite MOSFETs and IGBTs datasheets, most diodes datasheets
provide adequate information about the diode switching time,Q,,, I, and even Softness

factor, S all as a function of turn-off current slope, dir/dt. This also can be seen in Fig.5. 16
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Fig.5. 16 Qrr and S as a function of dif /dt for /[DB30E60. Courtesy of infinieon (www.infineon.com) Adition to S
and Qrr, Irr and trr are also affected by dif /dt. By increasing dif /dt, Irr increaes while trr decreases. This can be
observed for all p-n diodes.

5.4.2.2 Determining turn-off current slope, dip/dt

dip/dt can affect the total losses and even the current and voltage noise of the whole
converter. As it was discussed in chapter 4, the turn-off energy losses can be calculated by
(5.13):
ViQrrtrra S
Eoff.D = tTT == VerrS 1 (5.13)

rr
Please note that this equation is not accurate in high dir/dt as the current and voltage

cannot be assumed linear anymore and both diode current and voltage experience oscillations
at high dir/dt. This can be observed in [22]

From Fig.5. 16 it can be simply understood that by increasing the dir/dt, Q,, increases
and at the same time S decreases; the two opposite elements in (5.13). By having these two
graphs, we have to be able to calculate the energy losses as a function of dir/dt .

Although not easy to predict, it can be claimed that at lower ir/dt , diode turn-off energy
losses are minimized. Fig.5. 17 can validate such a claim. Lower dir/dt also prevents what it is

1 di¢/dt also known as Current Slew Rate, Rate of Diode Forward Current Change Through Zero Crossing
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called “snappy recovery” that leads to voltage and current oscillation after diode turn-off
which increases the generated EMI [22].

But it is only half of the story: The diode turn-off current and current slope in most
transient time regions during a switch turn-on time interval (in Primary side) is dictated by
the switch current on the primary side. In other words, it is the switch current that dictates
the slope of the diode turn-off current (dir/dt ) [15].

digw(on) _ _ dif(off)
dt dt
We will later see that for the fullbridge topology (with duty cycle control) (5.14) looks like

this:

(5.14)

digy(on) 2nZ dig(of f)
dt  “nl dt
So lower value of dip/dt means it takes more time for opposite pair of switches in

(5.15)

primary to turn-on and this, in turn increases the MOSFET/IGBT switching time and so turn-
on energy losses [26].

What is behind the formation of dig,, (on))/dt is the drain lead inductance of a switch in
series with the switch (which is around a few tens of nH) [27] . In [28] it is mentioned that
although it may be possible to reduce diyy,, (on)/dt by introducing an external inductance in

series with a switch, in full and half bridge power modules it may not be feasible.

—e=|DB30EGO @ I = 15
===|DB23E60 @ |=11.3
——STTH12R06 @ | =12
3 —

Tum-off power losses W] @ 400V

T 1 | | | | | | [
0 100 200 300 400 500 500 700 800 900 1000
di, /dt [Alus]

Fig.5. 17 turn-off power losses of 3 different diodes as a function of di;/dt

Finding the best value of dip/dt requires a precise modelling of switches and whole
topology in a certain operating point which is beyond the scope of this thesis. What we use for
diode current derivative comes from some papers which suggest that the optimum
commutation point should be between 200 to 300 A/us ( [22], [29])

The rest of this part and future analysis is based on dir/dt = 200 A/us
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In Fig.5 .18 Q,, for 5 different diodes (listed in table.5. 3) as a function of diode forward
current, Iy (at dip/dt =200 A/us) from their datasheet is extracted. This shows that by
increasing Ir, @ will significantly increase. This is also true for Softness factor, S as it can be

seen in Fig.5. 19.
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Fig.5. 18 Reverse recovery charge as a function of diode forward current at dir/dt = 200 A/us (SP: extrapolated lines
for I = 5~104)
f

Fig.5. 20 obviously suggests the diode that has the lowest turn-off losses and that is
STTH12R06. A very interesting feature of this diode is that its switch losses are not so much
dependent on dif/dt as it can be seen in Fig.5. 17. For this diode turn off losses (at Iy = 54)

will be:
0.2

0.2+1

S .
Eor.p = VaQrr 51 = 400 X 175 X 107 X =1.17 x 1072 [mj]

Poff,D = fswEoff,D =0.2333 W

Table.5. 4 shows the conduction and switching losses of the investigated diodes. It can be
seen that STTH12R06 (ST) has a slightly lower total losses.

Table.5. 4 Switching losses (turn-off) and conduction losses of 4 investigated diodes (Vd=400V)

Model (company) Conduction losses [w] Switching losses (@ I, = 5 A) [w]
IDB30E60 (Infineon) 4.64 5

STTH12RO06 (ST) 7.131 0.233

IDB23E60 (Infineon) 5.2 4.5

IDBO9E60 (Infineon) 6.21 3

1 The datasheet suggests to use the following equation for conduction losses evaluation: Peong = 1.16 Iy +
0.053 I s
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Fig.5. 19 Diode turn-off energy losses of 4 differet p-n diodes as a function of forward current @ dif/dt=200

5.5 Comparing the RR losses with 2 methods presented in
chapter 4

Findings in section 5.4 enable us to have a better understanding on di/dt effect and
improve the calculation method of reverse recovery losses.

Fig.5. 20 can help us to understand the current and voltage transient during a switching
instance for the full-bridge converter.

In this part, MOSFET IRFP31N50L which is proven to have very low losses is chosen for
the comparison of different methods of calculating RR losses.

First, based on t,; (= 115 ns) of the current reference, I, (=31 A) , the slope of the switch

current turn-on in primary side, dig, (on) /dt is calculated:

dig,(on) 31
T = E = 269 A/U,S

For this switch, Qrr = 570 [nC], trr = 170[nS], 79 < Irrm < 12A@ i, = 314

By the help of (5.15), we see that the slope of diode current on secondary side

diz(of ) /dt = 269/2 (3/4) = 100 A/us

For region3, as discussed before, the diode dictates t,,, and this time as was seen before,
is highly dependent on current slope dif /dt. Quite luckily in this MOSFET datasheet, the
values for dif /dt = 100 A/us are also provided: trr = 220 ns,Qrr = 1200nC. So new I,
would be:

QTT

I =2—=1094
trr

TTMnew condition
The maximum current, I,,,,,can be found:

n2 4
ILmax = lgon + ZH Loym =114+ 2§ 109 =114+29=4044
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Fig.5. 20 MOSFET Voltage and current during turn-on transient. Down: Diode voltage and current transient during
MOSFET turn-on(=Diode turn-off) secondary side of full bridge DC-DC converter

First, we need to find t,; and t,. (5.16) can be deduced from Fig.5. 20.

I 10.9
tyrg = % =Tog = 109ns (5.16)
dt
t,r1 can be calculated as follows as well, with similar result:
n2
2 ni Irrm 29
trr _W_ﬁ_ 108 ns
dt

tyy = trr — tppy = 220 —109 = 111 ns
Based on Fig.5. 20, equations (4.13) to (4.23) will be modified as below:
Regionl1&2 :
MOSFET energy losses in primary side (caused by RR, in secondary side)
In Region 1 and 2, the diode losses is zero. The switch dictates the rise time of the
current in regions 1 and 2, t,; + t,,-1, which can be calculated by (5.17)

_ Lmax _ 40.4 — 150 c 17
fn“"frm—m—ﬁ— [ns] (5.17)
dt
1V,
Eoan,Z(pri) = E?Imax(tri + tyr1) (5.18)
1400 .
Eoan,Z(pri) = ET X 40.4 X 150 = 606 [u]]

5.5.1 Gate current control to mitigate the switching losses (dv; control)

Region3:
In the simple method introduced in section 4.1.4.1 we made a simplification which can be
quite wrong, but will give us the worst case losses. tz, starts just after Irrm reaches it peak

and starts to recover to zero, thus the assumption that it occurs after t,,, is wrong. In fact,

65



when the current during ¢,,, decreases to zero, Vj, starts to decrease rapidly and this causes
extra current, more than I;,, passes through C,4 resulting a very rapid drain source voltage
drop during t,,,. So as it can be seen, during t,,, drain source voltage has a faster voltage
drop than it was anticipated [4]. Thus assuming that t;,, begins when reverse current reaches
its peak is quite correct.

By controlling the gate signal, I ,,, with the help of (4.11) we can make tr, = t,, thus the
time that the switch/diode current reaches its final value (=t,;) and the time that the
switch/diode voltage (=ts,) reaches its final value become equal. Then region3 looks like what
is seen in Fig.5. 20. Thus in region 3, both diode and switch exhibit losses, but after that, the
switching event is finished (no more losses after that). The current duration, t,,,is dictated by
the body diode of the secondary side, while the voltage duration, t, is dictated by gate

current of the switch in primary side. From (5.8) we can write:
Upp Cep (200—-0.15x 11.4)
Igon = (T - RDS,on Id,on)tf_u = 111

So the gate current pulse amplitude must be 1.78A. But as discussed before, an additional

= 1.784

current more than I¢,, passes through Cy4 during t,,,, meaning that for satisfying t¢,, = tyy,
Igon must be less than 1.78A. Here, we assume that by trial and error, the correct gate current
is found and is applied to the switch.

Diode turn-off enerqy Losses in Secondary side (from (4.20))
1 n2 Va ertrrz

EoffDB,sec = § H trr (5.19)
14 12x111

Porfp3,sec = 33 400 x TZOOOO =215WwW

MOSFET energy losses (caused by RR, in primary side) (from (4.21))
Vd Id, n2 I

EonM3,pri = 7 (% + 2 E %) T2 (5.20)
400 (11.4 4109 ]

Eonmzpri = T(T +2 §T) 111 = 341 [uj]

Then total MOSFET turn-on energy losses in the primary side would be:
Ponm = fswEonm = fsw(Eoan,Z(pri) + EonMB,pri) =20000(606 + 341) = 18.9W

While with the simplified method!, when I;,, = 1.2A (ref: Chapter 5, equation (5.9)) from

Fig.5. 10 we saw that MOSFET turn on losses was:

le t+t

fu vd Vd
Ponm pri = fsw(5 la,on ———— + QQrr) — + —laon trr) = 21.5W
From (4.9), as can be seen in Fig.5. 11, diode turn off losses was:
n2
ni VaQrr
Poffp3,sec = fsw — =3.04W

The conduction losses and the MOSFET turn-off losses would not be changed. So in the
simple method, the total switch turn-on energy losses (equal to sum of diode turn-off in

secondary side and MOSFET turn-on energy losses in primary side) would be:
P = Ponipri + Posfpasec = 947 + 107.5 = 21.5 + 3.04 = 24.54 W

TTsimple
While with the more realistic model introduced here, we can write:
= Pynt + Popfpasec = 18.9 +2.15 = 21.05

Prrrealistic model

1 Please note that in simplified method, typical values are read from datasheet.
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5.6 Synchronous Rectification (a unidirectional solution)

In Synchronous Rectification, SR, the switches operate as diodes. In other words, the
switches are turned on just like diodes. This method is especially used for low voltage
applications when the constant voltage drop of a diode during the conduction can affect the
total efficiency and functionality of a circuit significantly, or when reverse recovery losses in
body diode is excessive. By utilizing MOSFETs and firing them in the right moment, this
problem can be resolved as MOSFETs do not have constant voltage drop.

SR can also be used in our full-bridge DC-DC converter, when secondary side diodes
cause huge RR losses. By SR, we can get rid of RR losses.

Although from the physics electronic point of view, may using a single MOSFET as a
bidirectional switch (ability to turn on at any moment) be feasible, it was not possible to find
any source which validates such functionality. Although MOSFETs can conduct in both
directions, it is only one direction that can have a switching mode .In some sources a
configuration presented in Fig.5. 21 was the proposed solution. This configuration doesn’t
solve our RR losses problem and it also introduces MOSFET losses. So we drop this solution.

From above, we can conclude that SR cannot be used in bi-directional circuits. So it is
classified as unidirectional solution. The switch loss calculation on the Secondary side obeys
the same principle as primary side with some minor differences in switching voltage and
current. Just bear in mind that we don’t have the reverse recovery charge as diodes don’t
conduct.

MOSFET conduction losses in secondary side

The MOSFET we study in this part is SPW47N60C3 (Rps on = 0.05 ohm)
Peonamsec = RDS,onl?rms =0.05x6>=18W
MOSFET switching losses in secondary side

Based on equations found in chapter 4 and secondary side current and voltage
waveforms in Fig.5. 2 (c) we can write:

For turn-on switch losses, tg, with I, = 1.24 can be found as below:

CGD
tru_sec = (Tl Upp — RDS,onlon,D) ? hy
on | —
= (533.3 - 0.05x 4.72) 530 x 1077 235 ’I:
= . . . 12 = ns _| H‘

n UDD Ion,D 533.3 x4.72 |—|-
trinew sec = W riref = T3a0 % 47 27 =38ns |_,.
thew,on_sec = tfu_sec + tfi,new_sec = 238.8ns _| l“'

2 ;
EonMs =n UDDIon,D % l_
z a0 x b g 23881070 N
onM_sec — X § X &lax 2 = 0.3 [mj] Fig.5. 21 bidirectional
On-state Power losses then can be calculated: switching
Ponm_sec = onM_secfsw =03 [mj] X 20[KHz] =6 W

Turn-off losses in power MOSFETSs E, ¢y can be calculated with the same steps:
Cop 530 x 10712

trusec = (M Upp = Rpsonlofs.p o= (5333~ 0.05 x 4.22) ————— ~235 ns
on .
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nUDDI D 533.3 x 4.22
tfi,new_sec = —Off tfi,ref = W 8=1.01ns

tnewoff_sec = tru_sec T trinew sec = 236.1ns

tne Ooff
Poffm_sec = M Upplors,p WTfSW =531W

Total secondary side MOSFET switching power losses then will be the sum of these 2

Vreflref

sources of energy losses:
Prot,sw_sec = offM_sec T Ponm_sec = 531+6=1131W

The MOSFET losses in the primary side will be the same as before with one major
difference; as there is no reverse recovery charge, E,,, would be:

UDD t ‘
Eyuy = : Iaon ne;v on
90.4 x 107°
Py = 200 X 11.4 X ———— x 20000 = 2.06 W

2
Turn-off and conduction losses were calculated in previous parts:

Pogsm = 21 W, Peonam = 2.75W
Ptot,sw_pri = of fM + PonM =21+206=416W
The total switch losses of the whole DC-DC converter with utilizing synchronous

rectification would be:
PtOt = 92.3W

5.7 Summery and conclusion

5.7.1 The results, comparison and conclusion about SR method

The total losses of SPW47N60C3 with SR method are around 7% of the total losses of
when the body diode was used in the secondary side. While this MOSFET losses was the
worst (highest) in the bidirectional circuit (when the body diode conducts) due to the very
low conduction losses, this switch is among the best choices for SR function.

Fig.5. 22 shows a comparison between the body diode switch losses (sum of switching
losses and conduction losses) and the switch losses when SR is utilized, in the secondary side.
It can be seen that for most of the switches, SR results in lower losses. But it cannot be
generalized. I.e IRFP31N50L, suffers higher losses with SR method.

SR reduces the switching losses of MOSFETs in primary side significantly. Fig.5. 22
studies only the secondary side losses. Fig.5. 23 compares the total switch losses of SR method
with switch losses of body diode.

SR requires a complicated control system to detect zero crossings and to control the
secondary side switches. The driving circuits also exhibit losses which we did not take to
account. Additionally these control circuits will increase the weight of the whole charger
which is important. More importantly we lose bidirectional functionality with SR. Fig.5. 23
shows that despite the fact that with the SR method, the total switch losses for most cases are
reduced, but there are still some switches that are good enough. For instance, the 3.6kW DC-
DC converter with IRFP31IN50L MOSFETS exhibits 144W switch losses (corresponds
efficiency of 96%), while this value for IPW60R045CP with RF method is 88.5 W (corresponds
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efficiency of 97.5% without considering control circuit and gate losses on secondary side).

Thus it is not worth to use SR in this application.
IXFR48N60P
SPW47N60C3
IPW60R045CP
SPW52N50C3
SPW32N50C3
IRFP460A
STF25NM50N
STW26NM50
IRFP23N50L
IRFP32N50K
IRFP22N50A
IRFPS37N50A
FDH27N50
IRFP460
IRFP31N50L
IRFPS38N60L
IRFPS40N50L
IRFPS40N60K
IRFPS43N50K
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11 Psec (Body diode
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Fig.5. 22 comparison of synchronious rectification switch losses and body diode losses in the secondary side, for a DC-
DC full-bridge converter (output power:3.6 KW)

It should be noted that this conclusion was possible to draw only after studying of large
verity of switches.

IXFR48N60P
SPW47N60C3 [ 25
IPW60R045CP 'ﬂﬂl.--...l-l.-l--.-.-l.
SPWsaNsocs 000l kLT T —— bl
SPW32N50C3 9 955.19
I
IRFP460A =R ‘ 6
----
STE25NM50N 20332 546.48
STW26NM50 2 425. M Total losses with Sync
IRFP23N50L ---i! “II Rec
L |
IRFP32N50K
I —— Total losses with body
IREPIINSOA e otal losses with bod
diode(20 KHz)
IRFPS37N50A
FDH27N50
IRFP460
IRFP31N50L
IRFPS38N60L
IRFPS40N50L
IRFPS40N60K 936.82
IRFPS43N50K 935.03 Losses [W]
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Fig.5. 23 Total switch losses of the DC-DC full-bridge converter with and without Sync. Rec (output power:3.6 KW)
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5.7.2 Findings

Switch losses of 19 MOSFETs and 5 IGBTs were compared and the best MOSFET and
IGBT were found. It was realized that generally, IGBTs for this application have lower total
losses.

Losses of these MOSFET body diodes were compared with external Schottky and p-n
diodes. It was found out that although Schottky diodes do not have RR charge and are better
than p-n diodes, still some MOSFETs with very low losses can compete with them!. Also it
was seen that Synchronous Rectification method can be a solution but still some MOSFETs’
body diodes exhibit lower losses than the SR method. These can be seen in Fig.5. 24

Two different methods for calculating the reverse recovery losses were presented. It was
realized that with dvy/dt control the losses can be reduced. Also in section 5.5 we showed that
realistic model shows lower losses than simplified model.

RR losses dependency on dif /dt was studied and it was revealed that increasing dif /dt
generally results in higher turn-off losses and also diode turn-off losses can be minimized by
optimized the gate drive as it is the switch that dictates the diode turn-off time.

IGBT switching losses dependency on temperature was studied and found out that at low
temperatures, the energy losses is independent upon junction temperature. The switching
losses in IGBT are highly dependent on the collector current.

SPW47N60C3 (Sync. rect.)
IXFR48N60P(Sync. rect.)
IRFS40N50L (Sync. rect.)
IRFP23N40L (Sync. rect.)
IRFP31N50L (Sync. rect.)

SPW47N60C3 (MOSFET Body diode)
IXFR48N60P (MOSFET Body diode)
IRFS40N50L (MOSFET Body diode)
IRFP23N40L (MOSFET Body diode)
IRFP31N50L (MOSFET Body diode)

STPSC1206 (Schottky diode)
IDT16S60C (Schottky diode

126

9.9

)
IDBO9E60 (p-n diode) 11
IDB23E60 (p-n diode) 11,5
STTH12R06 (p-n diode) 9.16
IDB30E60 (p-n diode) 11/44
1 4 16 64
losses [w]

Fig.5. 24 Single switch losses comparison (on secondary side) between SR method, p-n Diodes, Schottky diodes, and
MOSFET body diodes (Vd=400V)

From Fig.5. 24 it can be seen that on the secondary side between SR method, p-n Diodes,
Schottky diodes, and MOSFET body diodes, body diode of IRFP family MOSFETs exhibit the
lowest losses, while Cool MOS can be very good for Sync.Rect. method. One important note is
the effect of RR charge on turn on switch losses which cannot be seen in Fig.5.24 (Ref: Fig.5.23)

1 For diodes, the blocking diode losses on primary side is also included.
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6 Total DC-DC converter losses: Buck
operation

6.1 Inductor losses

6.1.1 Inductance value for BUCK and BOOST operation

In section3.5, we saw how to calculate the inductance. If 10% of current ripple is desired,
it means Al;, = 0.1 /o = 0.1 X 9 = 0.94 we saw that at D = 0.25, maximum ripple occurs. So by
using (3.13) we can write

N2 (D —2D?) 4(0.25 — 2 x 0.25%)
T N1 ALMD) %73 0.9x20000

With this value of inductance, it is guaranteed that the ripple current is always less than
0.9A.

Examining this inductance value in the boost converter shows that ripple current is

400 = 0.0037 H

almost half of the criteria (at maximum value, less than 0.5 A as it can be seen in Fig.6. 1)(refer
to (3.15))
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D, Duty Cycle for BOOST operation‘
Fig.6. 1 Current ripple in boost operation as a function od duty cycle, when L;,,4 = 0.0037 H

This shows that inductor current of buck operation should be used to guarantee that
ripple current, both in boost and buck operation is always below its limits.

6.1.2 Effect of length and cross section of a core on inductance losses

As discussed in section 4.2.4 the inductor losses is highly dependent on the core
geometry. Core geometry in theory means effective length, L, and cross-section 4,. The
product of these two is effective volume, ,. Some people think that by increasing the whole
volume (thus weight) with a certain scale factor the lower losses may be obtained. However It
is not completely true. In Fig.6. 2 we see that by increasing L,, core losses decrease, while at
the same time copper losses increase. The result in Fig.6. 2 (down) shows that core-cross
section is a determined factor of total inductor losses so there is no need of increasing L,
(unless for other constraints like winding area, flux density etc). By only increasing 4., the
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lower core losses can be obtained. (so apply a certain scale factor for all the dimensions is a bit
naive!)

It should be noted that there are some manufacturing constraints regarding 4, /L, ratio.
Thus not all 4, and L,in Fig.6. 2 are feasible to manufacture in practice. As we will see,
maximum allowable flux density, By,4, is the main constraint that should be satisfied and this
is done by widening the cross section.

Core losses in Fig.6. 2 is somehow mountainous, esp. at very small volumes. The reason is
the quantitative value of number of turns: Referring to (4.39) and (4.47) we see that by
increasing A4, at constant N, flux density and so core losses reduce. But when N reaches the
next quantitative value, suddenly flux density jumps up resulting higher core losses. (Esp. at
low number of turns)
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Fig.6. 2 Inductor losses vs. Cross-section and Effective length, for L;,4 = 0.0037 H, Material: 3C90

6.1.3 Inductor losses calculation procedure and core selection

Fig.5. 2 shows inductor current and voltage waveforms.
Two problems make the finding of the appropriate core for this inductor difficult:

1. Relatively high current, means higher flux and also higher needed winding area.

2. Relatively high inductance value which means higher number of turns (higher flux)
and also higher needed winding area. By increasing the frequency, L can be reduced.
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In this study in order to find a core with the lowest losses, a comprehensive and massive
research over most available cores in the market has been done. From 54 cores (different core
shapes and air-gaps can be seen in appendix B), the ones that could satisfy B < Bgg, are
presented in table.6. 1. Then the core with the lowest power losses is selected.

For all the cores based on each core geometry and airgap, core total reluctance can be
found . Then, the number of turns can be calculated by N = VL R.

At the next step based on each core geometry the length of each turn is found. By

knowing N and length of turns, copper losses can be found. For copper losses calculation,
there is one technical consideration. Generally, to be in the safe side, assuming current density
of around | = 3 A/mm? is reasonable.
By N.i(t) = ¢ (Rg + R.), Flux density and flux variation can be calculated. In chapter 4
different losses, their nature, concepts and equations were thoroughly discussed. It was
observed that the core losses vastly depend on the flux variations (ac flux) and also core
geometry and volume.

Table.6. 1 Inductor losses for the cores with the lowest total losses. The full list of cores can be found in Appendix B

Core E552825E100 | E653227E100 | E713332E250 | E713332E160 | E713332E100
Airgap (mm) 0.01044 0.01438 0.00528 0.00962 0.01780
Rior 20011674.3 | 21420788.5 6277312.2 | 11360767.6 | 20942026.7

B (T) 0.394 0.297 0.434 0.322 0.237

dB (T) 0.03284 0.02473 0.03615 0.02681 0.01979

Pre (W) 0.04 0.03 0.10 0.04 0.02

Reu (0hm) 0.147 0.182 0.105 0.141 0.192
Peu (W) 23.195 28.842 16.673 22.374 30.442
Prot (W) 23.232 28.868 16.769 22.417 30.460

The most challenging part of filter inductor design with high values of L is to keep the DC
Flux density in the acceptable range. If it is done correctly, the flux variation which is the main
reason of core losses can be neglected as ac Flux density is always a small fraction of the DC
Flux density (ac part based on requirements in this theses is around 10% of DC flux).

It is important to mention that empirical core losses equations introduced in chapter 4,
cannot be verified for high flux densities and are only valid within acceptable flux density
range. (No saturation)

6.1.3.1 Voltage variation and inductor losses

As it could be seen in table.6. 1 copper losses are the main source of losses in an inductor.
E713332E250 is chosen as the inductor core. We expect an inverse linear correlation between
the losses and output voltage (higher voltage corresponds to lower copper losses) and this can
be seen in Fig. 6. 3.

1 For equations and description refer to chapter4
2 Total core reluctance, Ry which is sum of R, + Rgap
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Fig.6. 3 Inductor losses as a function of output voltage (Core: £713332E250, Airgap: 5.28mm) at P,,,; = 3600W and
fsw = 20kHz (core losses are close to zero)

6.1.4 Frequency and inductor value

By referring (3.13), it can be seen that by increasing the frequency, the value of the
inductance is reduced and as a consequence, the number of turns and accordingly core and
copper losses will be reduced. This can be seen in Fig.6. 4. (On the other hand, the switching
losses and transformer losses will be higher.)

Respective inductance values for f = 20, 60, 100kHz can be seen in table below.

Table.6. 2 inductance values for different frequencies.

=20 KHz L=0.0037 H
=60 KHz L=0.0012 H
=100KHz L=0.0007 H
18
1 [ | [—f=20KHZ
777777777 L777777777\77777777777777777777\7---f=50KHZ
16 l | --f=100KHZ
| |
| |

-
IS

-
\S]

-
(@]
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Inductor power losses [W]

»

340 3
Output voltage

Fig.6. 4 Total inductor losses as a function of output voltage in 3 different frequencies (Core: £713332E250, Airgap:

5.28mm) at P,,,; = 3600W

6.1.5 Conclusions and deductions on inductor losses

1. Unless the zero airgap case, (which due to the very high flux density is not a practical

case for Inductor cores) copper losses are the dominant reason of losses So by increasing the
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core size, the length of copper wire, L, is increased and this leads to higher copper losses.
This validates the calculations of chapter 4 (4.2.6).

2. Increasing the air gap leads to increasing Reluctance and hence the number of turns
and this, results in higher copper losses. While core losses maybe reduced a little but it does
not have any effect on inductor efficiency. In this application airgap is needed to reduce the
flux density below Bgg;.

3. Core material can affect on the total (copper) losses a little. Core materials with higher
permeability increase the copper losses like what airgap does. But as the reluctance is highly
affected by the airgap, it can be said that core materials have a very minute influence in
inductor losses.

6.2 Transformer design

6.2.1 Finding an appropriate turning ratio, N

As observed in chapter 3, for a Buck Full Bridge DC-DC converter we can say:

For practical limitations, we have to consider a dead band to prevent the parallel

switching which can cause a high short circuit current. Normally D4, < 0.45 this means:
N2 400 1
"TN1T 200 2045
Which means N can be equal to N2/N1 = 4/3 = 1.33 or 5/4=1.25 or 6/5=1.2. For example
for N=4/3, the difference between 1.11 and 4/3 will be corrected by tuning the duty cycle.

=111

Then with N=4/3, the minimum duty cycle (for steady state) will be when the Battery is in

its minimum voltage:
VoominN1 300X 3

D, = = =0.2813
min 2.VAN2 ~ 2x400x4

D _Vo,male_ 400 x 3 — 0375
max T 2 VdN2 & 2x400x4

6.2.2 Transformer losses

In chapter 4, core and copper losses were thoroughly discussed. It was realized that the
transformer core losses become problematic especially at the beginning of each switching
event when the inductor current should vary with a very high rate (which will cause high
voltage jumps). This will cause a very high equivalent frequency (fsin,,) for modified
Steinmetz equation. The transformer current waveform with leakage inductance of 1uH can
be seen in Fig.6. 5.
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Fig.6. 5 Transformer current (flux density) waveform and the switching transient (leakage=1uH)

As it can be seen, equation below which is used in some publications, is not applicable for

finding the transformer flux in fullbridge configuration as the flux doesn’t build up during
DTy. This can be seen in Fig.6. 5 and Fig.4. 12

V,DT;

max —
AeNmin

6.1)

What we do is to use Fourier transformer on the transformer current (by assuming a

constant permeability) the flux waveform is proportional to transformer current as it can be

seen in (6.2). For four voltage levels, the main current harmonics are found (only harmonics

higher than 9% of fundamental) and are presented in Table.6. 3. As it can be seen for each

duty cycle the harmonics spectrum may differ significantly.

Table.6. 3 Transformer current harmonics for 4 different voltages.

V=306 (D=0.3)

Fundamental(@ 20KHz) = 16.19 peak (11.45 rms)
Total Harmonic Distortion (THD) = 34.36%
60000 Hz (h3): 12.08%

100000 Hz (h5): 24.49%

180000 Hz (h9): 10.40%

220000 Hz (h11): 9.3%

V=334.5 (D=0.326)

Fundamental = 15.54 peak (11.0 rms)

Total Harmonic Distortion (THD) = 30.72%
100000 Hz (h5): 21.06%

140000 Hz (h7): 13.28%

220000 Hz (h11): 9.86%

V=361 (D=0.35)

Fundamental = 15.2 peak (10.75 rms)

Total Harmonic Distortion (THD) = 28.12%
100000 Hz (h5): 15.34%

140000 Hz (h7): 15.79%

V=399 (D=0.385)

Fundamental = 14.45 peak (10.22 rms)
Total Harmonic Distortion (THD) = 28.00%
60000 Hz (h3): 16.68%

140000 Hz (h7): 12.44%

180000 Hz (h9): 11.70%
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As the frequency spectrum shows, harmonics frequencies even 10 times larger than
fundamental still contribute a large portion of THD. So it is important to choose a core
material suitable for 200 kHz and higher. That is the reason we choose 3F3 for transformer
core material. From Fig. 4.13 and Fig. 4. 14 (at 20 kHz) it can be said that 3F3 exhibits lower
core losses.

Flux density for each harmonic can be found by:

RA, o L, '
By plugging (6.1) into (4.24) for each voltage level, core losses can be calculated by:
n
Paore = Cn 9 FO* B [ (63)
& peak cm3

Where:

h: Harmonic order
B(h) and I(h): Flux density and current for each harmonics

Although (6.3) utilizes the summation rule which means the linearization of losses and
this is maybe not quite correct (i.e. the area under hysteresis loop of a signal with several
harmonics is not equal to the summation of the areas of each harmonic of that signal), but the
author believes this method gives the worst case losses. Still the experiment should support
this claim.

There are several mathematic models that try to predict the losses, like modified

Steinmetz equations, or more recently [30], but all of these models fail to give a correct values
of losses when the time that flux is built-up becomes minute. For example, in [30] the model
error can reach to 40% and more.
In appendix B we compare losses of 50 cores at 400V (assuming sine wave flux, Steinmetz
equation is used for core losses). Based on that, the core with lowest losses is selected which is
EC70. This core has a large winding area that can house up to 87 turns in primary and 96
turns in secondary side (with filling factor of 0.7, for more details refer to appendix B)

6.3 Total losses of DC-DC Buck Converter

In the full-bridge DC-DC converter with galvanic isolations, three source of losses were
investigated in previous parts: (1) Transformer core and copper losses, (2) Inductor core and
copper losses, (3) Switch losses (switching and conduction losses of four switches in primary
and four switches in secondary side, totally 8 switches. )

For each of these elements the one with the lowest losses were selected as it can be seen in
Table.6. 4. Information about all these elements can be found in Appendices A and B

The total losses for the best MOSFET, IRFP31N50L and the best IGBT, IKW30N60H3 are
calculated and presented in Fig. 6. 6.
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Table.6. 4 final chosen components for the DC-DC converter

Transformer core EC70
Inductor core E713332E250
IGBT switch IKW30N60H3

MOSFET switch IRFP31N50L

With these components the total converter losses and efficiency when the output voltage
varies from 305V to 400V is presented Fig.6. 6.

As it can be seen, with IGBT IKW30N60H3, efficiency is improved around 1% at 300V
while at higher voltage the efficiency improvement is only 0.5%.

When the battery voltage is 400 V, The total switch losses for the best MOSFET and IGBT
are respectively 144W and 78W which corresponds to 78% and 67% of total DC-DC buck

converter losses.
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Fig.6. 6 (left-up): DC-DC full bridge buck converter losses. (left -down): Total efficiency of the converter. (right):total
switch losses as a function of voltage with two different switches. One IGBT (IKW30N60H3) and one MOSFET

(IRFP31N50L)
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7 Total DC-DC converter losses: Boost
operation

7.1 Prerequisites and assumptions

After choosing elements with lowest losses for buck full-bridge converter in previous
chapters, in this chapter the designed converter is exposed to boost operation mode and the
losses for this mode will be estimated. It should be noted that the buck operation (charging
mode) is the common operation mode, so elements are selected based on buck mode.

As now the direction of the power/current flow is from the battery towards the grid, the
transformer primary and secondary side is defined based on this new direction, meaning that
the winding connected to the battery side is now primary and the other is secondary. It must
be remembered that the number of turns and turning ratio was selected for buck operation
and based on the opposite current direction.

The specification of the DC-DC converter for the boost operation can be seen in table.7.1.
It is assumed that if the battery can deliver 4kW. With around 150-200W power loss in DC-DC
stage and 100W losses in the inversion stage, around 3750-3700W is expected to be delivered
to the grid. These values, later on will be checked and modified. The elements which were
selected for the buck operation can be seen in Table.6. 4.

The topology of the DC-DC full-bridge boost converter (current source converter) can be
seen in Fig.7. 1.

Table.7. 1 The specification of the full bridge DC-DC converter for boost operation

Parameters Description

Vo =400V Output dc link voltage to the inverter

Pin = Py, = 3950 W

Power from the Battery

Dpax (Boost op.)=0.72

Max duty cycle of each switch corresponding Vin = 300V

Dpin (Boost op.)=0.63

Min duty cycle corresponding Vin = 400V

Npoost = N2/N1 = 3/4

Turning ratio of transformer: secondary/primary

fs = 20000 Hz Switching frequency
V1 = 400V Max voltage over a Switch (during turn-off)
Vin = Vpge = 300~400V Battery side voltage variation
Pioss = 200W Assumed power losses of boost full-bridge stae

Current ripple=10%

Battery current ripple (preferably 5%)

Voltage ripple=20%

Battery voltage ripple (preferably 10%)

The principle of operation is discussed in chapter3, so the repetition is omitted here.
Based on parameters introduced in Fig.7. 1, different voltage and current waveforms are

displayed in Fig.7. 2
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Fig.7. 2 DC-DC fullbridge Boost converter
waveforms. The topology can be seen in
Fig.7. 1

the principle of operation is explained in
chapter 3

a)Inductor current (iL) and voltage (VL)
waveforms

b)Body diode current and voltage
waveforms (on secondary side)

c)Switch current and voltage waveforms
(on primary side)



7.1.1 Current calculation for each element

7.1.1.1 Switch current in primary side

As it can be seen in Fig.7. 2 (c) a switching period can be divided in four intervals.
(1 — D)Ts which a pair of switches are off, (1 — D)Ts which another pair of switches are
off, and 28; Ty which all the switches conduct. §; can be defined as:
6 =D-05 (7.1)
Inductor average current would be:
P bat

) = 7.2
s = (7.2)
From Fig.7 2(a) ripple current would be

Vinst
Alp = 7.3
r=7 (7.3)
The maximum and minimum current of the inductor would be
Aly
Mg =217,y = 14+ 5F) (7.4)
Al
ITmin =2 ITon =1Id — (T) (75)
Current value just before the switch turn-off and turn-on transient respectively would be:
Tmax
Itprr =5 (7.6)
T .

Iy =-—min 7.7

o = 2 7.7)
Average value of the switch current would be:

P 7.8

g = 22 (7.8)

RMS current can be calculated by its classic equation. Just bear in mind that current ripple
is neglected.

1 & 2 2 1 2 2
Irrms = |3 fo By dt => Pf s = Fs(zath 13, +4, (1- D)TS)

> Iryms = Ig, V3= 2D (7.9)

7.1.1.2 Switch current in secondary side

In secondary side, anti parallel diodes conduct. So based on Fig.7. 2 (b) output current
towards the inverter can be found:

o = avg 7.10
0= (7.10)
Ripple current in secondary side (output) would be:
Al
Diodes turn on and turn off current would be:
Alo
[10may = Idan = Jo+ (T) (7.12)
Alo
Iomin = Idaff = Jo— (T) (713)

In the secondary side during (1 — D)Ts diodes conduct. So we can say that the average
current of the body diode in secondary side can be found by (7.14)
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Iy, =10 (1= D) (7.14)
Also RMS current of body diode in secondary side would be:
loyjms =lovV1—D (7.15)
7.1.1.3 Transformer current

The average value of primary and secondary current is zero.
During (1 — D)Ts, the current is flown towards transformer windings. So the RMS
current value of the primary side would be:

Lyri = 11,,,,+/2(1 = D) (7.16)

7.2 Inductor losses

With assuming around 4kW output power of the battery, the average value of the
inductor current can be found between:

I __Par _ 4000 _ 104 717

Lmin — VBat'max - 400 - ( . )
Pgar 4000

I =54 - —1334

b Ve atmin 300

Inductor losses calculations were discussed in previous chapters. When the battery
voltage reduces (discharging) the current (in constant power) increases which leads to
increasing the total inductor losses.

Core losses can be found out by (4.27) and (4.28). The only difference between buck and
boost is the equivalent frequency that is needed to be calculated based on new conditions.
From (4.28) the equivalent frequency can be found to be:

2 Bgo\? 1 Bgo\? 1
o 22 () () b
a [ B,./ (1 —=D)Ts B,./ (D —0.5)Ts
2 1
= ?fs(1—D)(D—0.5) 1>D>05 (7.18)
By plugging required values into (4.27) the core losses can be obtained. The result in

Fig.7.3 shows that like the buck operation, core losses are so low and can be neglected for our

case.
25 } 1
—Total inductor losses
——Inductor copper losses
20 #——Inductor core losses
g |
8 15 ST T e ——
|
g M
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e 1
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Sp--------- e
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:900 320 340 360 380 400

Battery voltage [V]

Fig.7. 3 Inductor losses as a function of battery voltage (Core: £713332F250, Airgap: 5.28mm) at Py, = 4000W and
fsw = 20kHz (core losses are close to zero)
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7.3 Transformer losses

Transformer losses were discussed in previous chapters. In chapter 6 we found out that
the best transformer core is EC70.

Copper losses for boost operation can be seen in Fig.7. 4(right). Core losses with two
different methods, Steinmetz equation (based on sine wave) and with harmonics summation
method as explained in chapter 6 are compared and the results can be seen in Fig.7. 4(left)

In order to implement the harmonics summation method, for 5 different battery voltage, a
Fourier table of transformer current harmonics is established as it can be seen in table.7. 2

Table.7. 2 Transformer current harmonics for 5 different voltages (boost operation)

Vbat=400, V0=400, D=0.63 Fundamental = 11.78 peak (8.327 rms)
60000 Hz (h3): 13.06%

60000 Hz (h5):9.15%

60000 Hz (h7):14.63%

60000 Hz (h9):10.76%

60000 Hz (h15):7%

Vbat=375, D=0.652, Fundamental = 12.06 peak (8.525 rms)
THD =29.11%

60000 Hz (h3): 6.18%

100000 Hz (h5): 15.70%

140000 Hz (h7): 15.83%

260000 Hz (h13): 8.45%

Vbat=350, D=0.68 Fundamental = 12.62 peak (8.921 rms)
THD =31.87%

100000 Hz (h5): 22.02%

140000 Hz (h7): 12.27%

220000 Hz (h11): 10.53%

260000 Hz (h13): 5.26%

340000 Hz (h17): 6.87%

Vbat=325, D=0.703 Fundamental = 12.9 peak (9.119 rms)
THD = 35.65%

60000 Hz (h3): 12.83

100000 Hz (h5): 24.70%

140000 Hz (h7): 5.47%

180000 Hz (h9): 11.09%

220000 Hz (h11): 9.06%

300000 Hz (h15): 8.18%

Vbat=300, D=0.726 Fundamental = 13.14 peak (9.293 rms)
THD=40.52%

60000 Hz (h3): 22.13%

100000 Hz (h5): 24.44%

180000 Hz (h9): 14.48%

260000 Hz (h13): 9.50%

340000 Hz (h17): 6.03%
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Fig.7. 5 Transformer total losses as a function of battery voltage (Core: £C70, Airgap: 1.83mm) at P, = 4000W and
fsw = 20kHz

7.4 Total losses

7.4.1 Reverse recovery and switch losses in boost operation

The reverse recovery current occurred during the body diode turn-off time interval, finds
its way to the primary side as it is shown in Fig.7. 6.

Like the buck operation, inductor current cannot be changed suddenly. As D’1 is
reversely biased, the reverse recovery current, I, in the primary side can only pass through
T’1. But as it can be seen in Fig.7. 6 and Fig.7. 2, when D1 and D2 in the secondary side are
turned off, T'1 and T’2 are still conducting, meaning that no switching losses will occur in 7°1

and T’2. But in 7’3 and 7’4 the turn on losses will significantly be affected by D1 and D2 turn-
off.
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As before, the MOSFET we study is IRFP3IN50L. In chapter 5 it was seen that for this
MOSFET, disw,,ri /dt = 269 A/us, meaning that the current derivative in the secondary side ,

(7.19)

dif,pc/dt is:
difsec _ Hswprs 358.6 —
us

dt
This current derivative can be too high and there is a risk of snappy recovery and EMI
problems. As it was studied in chapter 5, by increasing the current derivative, Q,, increases

slightly, I, also increases, while trr and S reduces (Ref. to diode data sheets and Fig.5. 16)

The MOSFET datasheet only provides the value of Q.. trr or I, for % =100 A/us and it
forces us to use such values for dif /dt = 358 A/us. Unfortunately this will result in some
errors in power losses calculations. The values for the boost operation power losses

calculation are:
tyr =170 ns

Qrr =1.2uC
I, = 144
The equations for calculating the switching losses for the boost operation are quite similar
to the buck operation (5.18 - 20) By the help of Fig.7. 2 and Fig.7. 6 we can find the turn-on
switching losses of the MOSFETs in the boost operation. Turn-on losses in the switches of the

primary side in the regions 1,2 and 3 (see Fig.5. 20)would be:
1/Vo
Eonwn 2 =5 (—) (Iryy; + 1 by ) (et + tr71) (7.20)
Vo\ (1d I
Eonmz = (7) (?+ n r;m) trr2 (7.21)
(7.22)

On the secondary side, diode turn off losses would be:

£ 1 (VO) 0 (trrz)

of fD3 — 3\ 2 rr trr
Where:

I Current value just before the switch turn-off

n: turning ratio, for the boost operation it will be n=3/4
Vo: output voltage of the DC-DC converter that is kept constant: (400 V)

Voi

Battery

Fig.7. 6 the reverse recovery current propagation from secondary side towards primary and the direction of it

Two switches from chapter 6 were selected and compared for boost operation. These two
switches are MOSFET IRFP3IN50L and IGBT IKW30N60H3. Their specifications can be found

in appendix A

The total losses of these two switches as a function of battery voltage can be found in
Fig.7.6 (right) as it can be seen, the MOSFET exhibits more switching losses.
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Fig.7. 7 (left-up): DC-DC full bridge boost converter losses. (left -down): Total efficiency of the converter. (right):total
switch losses as a function of voltage with two different switches. One IGBT (IKW30N60H3) and one
MOSFET(IRFP31N50L)

7.5 Conclusion

It was observed that like buck operation, in the boost operation, inductor losses are
mostly due to the copper losses, while an opposite can be observed for transformer losses.

It is interesting to see that in boost operation the MOSFET exhibits higher losses. Totally
utilizing IGBTs can improve the total efficiency of around 0.5% in the boost operation as it can
be seen in fig.7. 6(left)

Fig.7. 6(left) also shows that at lower battery voltage, when the battery energy is
depleting, the losses are higher than when the battery is fully charged. This difference is
around 60W for the IGBT and 80W for the MOSFET (corresponding ~1.5% of the efficiency)

Another interesting result arises when the total efficiency (and losses) of boost operation
(Fig.7. 6) is compared with the total efficiency (and losses) of buck operation (Fig.6. 12).

It can be seen that that total loss for the boost operation vary between 150W and 210 W
(Pingomperter = 3950 W), while for the buck operation this value (for IGBT) switch is between
140W and 200W (P = 3600W), suggesting that the total efficiency for the buck
operation is only around 0.25% to 0.5% higher. Thus it can be claimed that generally the

Nconverter

operation mode does not influence the total losses significantly.
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8 Controller design and Simulations

8.1 DC-DC converter

8.1.1 Buck operation, Open loop operation

Simulation results of the full bridge buck converter operation can be seen in Fig.8. 1. The
waveforms comply with what is expected. An undesirable overshoot of 30% in output voltage
can be observed.

600 ; ;
| | PR
500 | | | s
| | | —.
400 | | | |
1 : : : I ‘ ‘ | | ‘
300o 2000 4000 6000 8000 10000 © — _ _ —

1 1 1
895900 9920 9940 9960 9980 10000 9900 9920 9940 9960 9980 10000
Time (uS) Time (uS)

Fig.8. 1 Simulation result of the DC-DC converter and its waveforms, in buck operation mode (charging) when the
battery voltage and input voltage are 400V. (Input power from rectifier is around 3650W) (resitive load)(a) Battery
voltage, (b) Sec-side body diode current, (c) pri-side switch voltage, (d) Sec-side body diode voltage, (e) pri-side
switch current (f) Transformer pri & sec side voltages, (g) Inductor current, (h) Transformer pri & sec side currents
(currents are in A and voltages are in V)

* the transformer in this simulation has two windings in series in secondary side and in Fig.8. 1.(f), the voltage of each
of the secondary windings is presented. The actual secondary side voltage is the summation of these two voltages.
(twice the appeared voltage in Fig.8. 1.(f) )

As it was mentioned in chapter3, the output voltage (battery side) was a function of duty

cycle. This equation can be seen below:

Vo _,pM2  poos
vd "7 N1’ '

But in reality due to switch, inductor and transformer resistance, and also constant
voltage drop of diodes, equation above is not quite correct. This can be seen in Fig.8. 2(left) It
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is also worth mentioning that the converter should never work beyond D=0.5 because it leads
to simultaneous switching which can short circuit the capacitance (primary side).

In chapter 3, we proved that the maximum current ripple occurs at D=0.25 and this can be
verified in Fig.8. 2(right).

One interesting point about buck operation is that it is always stable, making the
controller design simple and robust.

: T T 10 .
533} e
f 18
400} R : ]
e ; ; 6t
E 3001 ' i
> |
200+ 4
—— Anticipated V 5
—— Obtained V
0k i i i 1 i 0 i i i i
0 0.1 0.2 03 0.4 0.5 0 01 0.2 03 0.4 05
Duty cycle Duty cycle

Fig.8. 2 Open loop performance of buck DC-DC converter. Black area indicates the operation area in which the battery
voltage may vary (from low SOP to full charge) The width of I; represents the expected ripple at corresponding duty
cycle

8.1.2 Boost operation, Open loop operation

Eq. (3.3) describes the output voltage as a function of duty cycle. But Fig.8. 3 shows that (3.3)
is only valid for the duty cycles less than 0.7 (500V). Beyond D=0.7 the output voltage fails to
follow the required voltage, thus a control system should be implemented.

Simulation results for the boost operation can be seen in Fig.8. 4. The waveforms comply with
the calculations.

— Anticipated Vo
— Observed Vo by simulation
> 500
. _%.. //,,/
D -
400 S
- r/
JOO l 32
0.55 0.6 0.65 0.7 0.75

Duty cycle
Fig.8. 3 Open loop performance of fullbridge boost DC-DC converter in a range of duty cycles ; The observed output
voltage diverges from anticipated output voltage esp. At higher duty cycles.
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Fig.8. 4 Simulation result of the DC-DC converter and its waveforms, in boost operation mode (dicharging) when the
battery voltage and output voltage are 400V. (input power from battery is around 3950 W) (resitive load) In absense of
any compensation, large voltage overshoot is abserved.

(a) Capacitor /output voltage, (b) sec-side body diode voltage, (c) Inductor current (in pri-side), (d) Sec-side body
diode current, (e) pri-side switch voltage, (f) Transformer pri & sec side voltages, (g) pri-side switch current, (h)
Transformer pri & sec side currents (currents are in A and voltages are in V)

8.2 DC-DC fullbridge converter- Buck operation

In previous part we saw that although the plant (and buck converters in general) is stable,
it cannot follow the desired output voltage very well. Fig.8. 2 and Fig.8. 3 show that the
Steady State Error, ESS increases by increasing the output voltage.

8.2.1 Transfer function of DC-DC converters

NOTE!

For simplicity some assumptions have been made:

(1) Transformer leakage inductance and resistance, on-state resistance of switch and
inductance and ESR of capacitance, all are neglected due to very small values. I.e. ESR will
introduce a zero on transfer function but as it is very small, the place of the zero can be
assumed to be in infinite and this does not have any obvious effect at practical gain.

(2) The battery load is assumed to be purely resistive.
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In order to design a robust controller for the converter, the first step is to find the plant
transfer function. There are several methods for doing this such as Mason method which is
implemented in [31], but as we are only interested in ¥,(s)/d(s), the small signal method
which was briefly explained in section 3.3.3 will be used.

In [4], a step by step procedure of obtaining the power stage and output filter transfer
function of a DC-DC converter, T,,(s) = #4(s)/ d(s) is explained. A common approach is:

1. For each state (switch on and switch off), find the corresponding circuit state and state-
space matrix equations. The circuit state for switch on and off can be simplified to Fig.8. 5

I L I L
L
Vd n2/nl = Cd RLoad Vo - 4 Cd RLoad Vo
A1) Each pair of switches on: 2DTs A2) All switches off: (1-2D)TS

Fig.8. 5 circuit state of (A1) switch-on, and (A2) switch-off

Based on Fig.8. 5.(A1) and by assuming (8.1) and (8.2) we can write (8.3) , (8.4):

x2=v,=V, (8.2)
Van . .

~ + Legx1 4+ 1rx1 4+ Rypga(x1 — C4x2) =0 (8.3)

—x2 + Rjpaq(x1 —Cyx2) =0 (8.4)

By rearranging the above equations in the state variable form as (8.5), for a half cycle the
state matrix equations (8.6-8) will be obtained:

X = Ax + By,
Vy = Cx } (8.5)
di T, 1
% %1 [_TL L ‘ x17 | |17
av,| =2l = 11 [l [z ni|Va (86)
dt | Ca CaRioaa
Where
- 1 1n2
L L -—
Al=] ,; 1 and Bl = [L nl]
| C_d a CdaRioad ] 0

As the only difference between Fig.8. 5.(Al) and Fig.8. 5.(A2) is the voltage source, we can
directly write:

_n _1
= Y landB2=0
| C_d B CaRioad ]
For both circuits:
Vo = Ripga(x1 — C4x2) , Vo = x2 (8.7)
So we can write:
ve=Vo=[0 1] [g] (8.8)

Comparing (8.5) and (8.8) we can find C1 and C2
Cl=C2=[0 1]
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2. Average the state-variables in a period. To average description of the circuit over a
switching period, the two state equations obtained above should be time weighted and
averaged. The results can be seen in following equations:

A=A12d+ A,(1-2d)=>A=A1
B =B,2d + B,(1—-2d) =>B = 2d B1 (8.9)
C=0C2d+ C(1-2d)=>C=C1
d: duty cycle.

So (8.5) can be written as follows:

X =A,2d+ A,(1—2d) + 2dB1V, }
Vo=Clx

3. Introduce a small signal. Small ac perturbations for state variables,x1 and x2, output
voltage, V, and duty cycle, d are introduced. So each of these variables contain a DC value
(capital letter) and ac value, (with “tilde” ~ above them).

(8.10)

x=X+X
v, =V + 17, (8.11)
d=D+d

Using (8.10) and (8.11), the steady state equation (8.12-1,2) can be obtained by (below):
%=X+ %=AX+ BV, + A% + [(A1 — A2)X + (B1 — B2)V,]d)
= AX + BV, + A% + [(B1)V,]d

(8.12-1,2)
7, = Cx + [(C1 - C2)X]d = Cx

So we can divide x to DC and ac values as is expressed in (8.13) and (8.14):

X = AX + BV, (8.13)

X =A% + [(B1)V,]d (8.14)
But as X is a DC value, we can say:

0 = AX + BV, (8.15)
Using (8.15) and (8.5) the steady state dc transfer function is obtained:

Yo =—CA™'B (8.16)

Va

By plugging the parameters in (8.16), (8.17) is obtained:
A D N2
Rload

(8.17) is more accurate than what was found earlier and can explain why there is a
difference between our anticipated output voltage and what we observed.
4. Transform the equations in Laplace domain. By using Laplace transformation in (8.14)
and with the help of (8.12-2) we can write:
. g—lc1-cnxld 7 . .
X(s) = v =7 = [sI — A]7'[(A1 — A2)X + (B1 — B2)V4]ld (s)  (8.18)

where [ is a unity matrix. So from (8.18) the desired transfer function Tp(s) in general
term can be obtained:

T _ D4(s) _ 1
o (s) = O C[sI — A]"Y[(A1 — A2)X + (B1 — B2)V,] + (C1 — C2)X (8.19)
And for this case Tp(s) would be:
T _ D4(s) _ 1
o(s) = = = C[sI — A]"}[B1V,] (8.20)
d(s)
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8.2.1.1 Power stage and PWM transfer function
Using A = A1, [sI — A]™! can be obtained. This term is especially important as it gives the

places of poles.

S+ ! !
_ 1 CqR L
[s] —A]"t = - T - 1 ‘i load " (8.21)
S+ S|lm7——+7) +77 — =
(cd Rioad L) C,L C, S+7
Finally the power stage transfer function (including the output filter):
D4(s) n2 g 1
Vg(s 1
Tp(s) = =2 = 1l - - (8.22)
d(S) LCd 5‘2+S(—+r_l4) + -
Ca Rioaa ~ L/~ G4l

(8.22) can be written in the standard form of second order systems. Cut-off frequency, wo
and damping factor, { are defined as (8.23) and (8.24) respectively.

1
wo = 8.23
i (8.23)
1 09
_— + —
Cd Rload L
— -4 _toad — 8.24
¢ 00 (8.24)
So the standard form of Tp(s) can be expressed as (8.25)
y(s) n2 wo?
Tp(s) =—=——==—Vd (8.25)

d(s) nl ~S2+2{S + wo?
The theoretical transfer function of PWM is startlingly simple as it can be seen in (8.26). (While
in practice, it always comes with some time delay) [4]

Tm(s) = ) _1 (8.26)

AQ) V;

Where:

V,.: Peak saw-teeth voltage; In this work: V, = 1
7.(s): Control voltage (which is always 0 < ¥.(s)< V,
T (s): The transfer function of PWM modulator.

The open loop block diagram of the system, without compensator (T;(s)) can be seen in
Fig.8. 6.

Ty - 22
Ve (s)

0 7= 1
| d(s) S|
RCE po = 22
| v (s) d (s) |
Ve (s) PWM d(s) | Power Stage | -
+ + —f—-—> o (
i Controller Output Filter | vl
- I

Fig.8. 6 The open loop block diagram of the DC-DC converter

8.2.2 Open loop analysis of the system

8.2.2.1 Some basic concepts!

Open loop Transfer function, Toy (s) is defined as follows:

1 For more details refer to the corresponding literatures.

92



Tor(s) = Tc(s) T1(s) = T (s)Tp ()T (s)

Closed loop transfer function, T¢y(s) based on Fig8. 7 would be
ToL(s)

Ter(s) = 1+ TOL(s)
Where T¢(s) is the amplifier transfer function.
Cross over Frequency is the frequency in which |Tol(s)| = 1, (the crossover which magnitude of
bode diagram meets frequency axis). This frequency should be a fraction of switching
frequency (between 1/5 to 1/10 of switching frequency is recommended) [31] but also not so
low to slow the system response.

Ti(s) = —
Ve (s)
r T~ 1
| d - |
| Ty () = — (s) o) = vi, (s) |
T, (s) l ve(s) d(s) I
U ref(s) = 0 Compensated | o, (s) d(s) | P St | -
o, ref — Error ic PWM owe:_ e i U, (8)
Amplifier | Controller Output Filter |
- _

Fig.8. 7 Closed loop block diagram

Bandwidth is related to the cross over frequency. It is inversely related to the transient
response time.

Phase margin (PM) is the difference between the phase of an output signal and 180° as a
function of frequency. Positive PM is a "safety margin" that ensures proper operation of an
amplifier [32]. PM is related to the damping of the system. Low PM causes oscillatory
transient response. Generally, PM should be higher than 45 to be immune to system
turbulences.

Gain Margin: Gain is changed according to the variation of circuit components and it shows
the robustness against gain variations.

8.2.2.2 Observations and objectives
By plugging the corresponding values to the transfer function obtained in the previous part,
the open-loop transfer function can be obtained by (8.27):

LGS = T ()T (5) To(s) 3 1.44e10
S) = 1p(S)Ipy(S _ﬁc(s)_52+40305 +2.71e7
1.44e10

= 8.27
(S + 2013 — 4800/)(S + 2013 + 4800j) (8:27)

Two complex poles mean a high oscillation in the step response. This can be seen in
Fig.8.8(down). The bode diagram of the open loop and closed loop system (without any
compensator) can be seen in Fig.8. 8. Based on Figs.8. 8 and Fig.8. 9, we can observe that:

Observations:

- Very low phase margin (1.93°)

- Magnitude of the closed loop bode diagram is much higher than 1 dB, esp. at switching
frequency, while it shouldn’t. (rectangular area should be eliminated)
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- Very high oscillation of the closed in the step response.
- High open loop overshoot (~35% overshoot)
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Fig.8. 8 Top left: Root locus plot of the plant when K=1, The red squares are the closed-loop poles; x indicates open
loop poles. Right) Open loop bode diagram. P. M = 1.9°, w,,oss = 1.2e5 rad/sec. Down left) closed loop bode diagram
of the system.

The open loop gain at relatively low frequencies is Vd n2/n1. So the final value would be
533.3. (i.e. when D = 0.5, the frequency in theory would be zero). This proves that the
calculated transfer function is correct. I.e. at D = 0.375 the output voltage would be V, =
2D Vd.n2/n1 = 0.375 X 2 X 533 = 400 which is what we expected to have for such duty cycle.

By using a closed loop system, the gain is reduced to unity, (refer to closed loop transfer
function equation)

We desire to have a system with following specifications:

Objectives:

+ Phase margin higher than 60°

+ Gain margin higher than 20dB

+ Over shoot less than 5%, (high overshoot is not suitable for batteries)

+ Steady state error less than 1%

+ Appropriate bandwidth
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Fig.8. 9 The step response of the transfer function of the full-bridge DC-DC converter, T1(s) when T; = T,,,(s) = 1

8.2.3 Compensator design

Using a proportional compensator can improve the system performance significantly but
it is not possible to satisfy all the objectives with only a proportional gain.

A very poor phase margin shows that the phase should be boosted preferably more than
150°

This “phase bump” can be achieved by “type 3 compensators” [33]. The method we
design our compensator is called K-factor method which is widely used in industry.

8.2.3.1 Type 3 amplifiers
A Type 3 amplifier has a pole at the origin, but in addition to the integrator, it has two
zero-pole pairs, both poles and zeros are coincident. The pole in the origin maximizes the gain
at frequencies below the crossover frequency (to minimize the steady state error in power
supply output) and minimizes it above crossover frequency (this doesn’t allow the high
frequency noise and switching to pass). So the frequency of zeros should be before the cross
over frequency to create a boost in phase and poles should be located after the crossover to
reduce the gain immediately. This means that the compensator is a LEAD type. Each pole-
zero pair in theory can boost the phase up to 90 degrees (if they are located far from each
other) but in practice not more than 75 can be expected to be boosted. With type 3 amplifier, in
theory the phase boost of 180 is possible. The voltage transfer function of type 3 amplifiers can
be seen below:
1/S+27Z\?
e = K5(55)

The bode diagram of the amplifier we used can be seen in Fig.8. 10.

(8.28)
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8.2.3.2 Venable K-Factor Calculation

The preliminary steps to design a compensator are well explained in reference [33]. We
briefly mention and implement them here:
1. Make Bode Plots of the Modulator, T1(S)

Bode diagram of type 3 compensator
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ol AR [N [ [ [N [N [
) e A N B e A RN
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g I S B Y Y B A S N A BN
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Fig.8. 10 The bode diagram of the type 3 amplifier as a funct n of frequency (rad/sec), based on the final values found
and plugged in (8.36)

2. Choose a Cross-over Frequency: By trial and error it is found that the best cross over
frequency is weyoss = 20000 rad/sec. This is well below the angular switching frequency
ws = 2mfs = 1.25e5 rad/sec but still high enough.

3. Choose the Desired Phase Margin. The desired phase margin is set to be PM = 100°

4. Calculate the Required Phase Boost: The Phase Boost, Ph. B can be found by (8.29)

Ph.B = PM — P —90° (8.29)

Where:

PM: desired phase margin
P: Phase margin of modulator T1(s) which based on Fig.8. 8is-179°

So the required phase boost would be:
Ph.B =100 — (—179) — 90 = 189°
5. Find the Venable K-factor: The K factor for type 3 compensators can be calculated by
(8.30)

K = tan? (ph_.B + 45) (8.30)
2 :

So, K = 625, (WK = 25)
6. Place the zeros and poles around the crossover frequency: By (8.31) & (8.32) each zero-pole
pair is placed around the crossover frequency. This can also be seen in Fig.8.11

1)

w, = % (8.31)
20000

W, = —e— = 800 rad/sec

Wp = Weross VK (8.32)

wp = 20000 x 25 = 5e5 rad/sec

Weross = JWpw, = 200007rad/sec (8.33)
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Fig.8. 11 The location of zero-pole pairs, as well as cross over frequency in type 3 amplifier

7. Determine the required amplifier gain at cross-over.

If the gain is expressed in dB, then the amplifier gain should be simply the negative of the
modulator gain. In the other words, the open loop gain in dB should be zero at cross over
frequency. This is expressed by (8.34) and (8.35)

. 1
TGl |a)cross -
IT1(jw)l

=> (8.34)

a)CTOSS

Log|Ty (jw)l = Log|Tc(jw)| + Log|T1(jw)| =0 (8.35)

a)CTOSS a)CTOSS

wCTOSS

By the help of SISOTOOL toolbox in MATLAB different amplifier gains and pole-zero
locations around the designed values were examined and finally the one which was fast
enough and didn’t have any overshoot was selected. The controller parameters and transfer
function can be seen in (8.36) (fig.8. 10)
1 (§+873)2
S (S + 4.58¢5)?

As it can be seen, the location of poles and zeros are close to the values found earlier. But

T (S) = 7e4 (8.36)

cross over frequency (by changing the gain) is now w,,ss = 8000

In another attempt, cross over was set to w055 = 8000 and based on this value, the
compensator was designed but in the SIMULINK, a very slow response proved that the
location of zeros and poles should be as it was found in (8.36).

This amplifier can be implemented by an op-amp (assumed to be ideal) and sets of
resistances and capacitances as it can be seen in Fig.8. 12. The corresponding parameters in
Fig.8. 12 can be found by (8.37) to (8.41) [33] :

1
C2 =— [Farad 8.37
oo G RI LFOTad] (837)
€1 = C2(K - 1) [Farad] (8.38)
N
R2 =— [ohm 8.39
omans €1 LOFM (839)
R3 = =2 [ohm] 8.40
=x_1 lohm (8.40)
1
(3 =——— [Farad] (8.41)

Weross \/R R3
Where:
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Wcross: Chosen cross-over frequency in rad/sec

G: Amplifier gain at cross-over (a dimensionless ratio (not dB)) (based on Fig.8. 10, this value is =50 = 20logG =>
G =0.0032

K: K factor ( dimensionless ratio)

R1: amplifier input resistance, it is inverse proportion to the current. All componetes scale in direct proportion to R1.

For the initial guess we set R1 = 1000 ohm. By plugging the corresponding values to
(8.37) to (8.41) the suitable values of resitances and capacitances can be obtained:

1
CZ_8000*0.0032*1000_3'96_5’ C1=0.024, R2 =0.1302, R3 = 1.6,
C3 = 3.12e—6
G
l/
R3 C3 Rz C1
J—’\/\/\/—{%'—’\/\/\ﬁ@-
fe! AAVAY: >
Vf Rl —0 V
O +
V

ref

Fig.8. 12 Electrical implementation of type 3 amplifier

The Bode diagram and Root locus of T,; as well as the bode diagram of T, in presence of
the amplifier can be seen in Fig.8. 13.

From Bode diagram of open loop it can be seen that the P.M and G.M are as expected
(P.M =103,G.M = 45.7 dB). From the bode diagram of the closed loop it can be seen than the
closed loop gain before the crossover frequency (which due to the reduction of the over shoot
is set to be 8000 rad/sec) is around or less than zero and unlike Fig.8. 8 we don’t have any
gain bump. From Root locus diagram in Fig.8. 8, we can see that there is no more complex
closed loop poles.

8.2.4 Voltage controller response in presence of non ideal DC-DC
converter

As it was observed in Fig.8. 2, a steady state error was inevitable in open loop control.
The main objective of the control system is to obtain a correct duty cycle to compensate this
voltage error. As it was discussed before:
d=D+d
_ Ve
2nVy
d should be generated by the output of error amplifier and D is the direct duty cycle.
These two values will be added and will generate the corrected duty cycle, d to be compared
with a saw teeth wave (with amplitude of unity.)
Fig.8. 14 shows the voltage control method and block diagrams.
In order to observe the system behavior, att = 300 uS, a step with magnitude of 300V,
and at t = 3600us another step with the total magnitude of 100V are applied. The system
response can be seen in Fig.8. 15. From Fig.8. 15 it can be said that there is no overshoot. Other

specifications are tr = ts = 700 us, ESS =0
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9 ac<->DC bridge: Control and simulation

9.1 ac->DC bridge rectifier (Active PFC)

9.1.1 Control design and nonlinearity

The principle of operation of a power frequency and a switch mode rectifier was
discussed in section 3.3.2. For the bidirectional onboard charger, the switch mode rectifier, as
it can be seen in Fig.9. 1(A) is chosen. In section 3.3.3 it was discussed that as the state matrix
of the converter is dynamic, linear control theories should be slightly modified.

The equation circuit of the switch frequency bridge rectifier can be seen in Fig.9. 1(B).
Based on that we can write:

dig dig
Vs =V, + VT=LE+VT=>VT Vs — LE 9.1)
l l Ibrl’__
+
+ Vi -
L + + -
Vac _S —— Vde L A
A K Vs v,
JG MD4[ MDz[ — =
(A) B)

Fig.9. 1 (A) ac-> DC bridge rectifier (B) The equation circuit of the switch frequency bridge rectifier

By the help of the equation circuit, the rectifier block diagram can be found out as it can
be seen in Fig.9. 2. f(d) is the transfer function of the switching stage that its input is ac
inductor current and the output is bridge current (ref to fig.9. 1(A)) and this is the nonlinear
part that we should deal with. If we can linearize the topology in a way that the controller
does not see the nonlinearity (by cancelling out the nonlinear part) the problem is solved. The
output of the current controller produces only the inductor voltage drop required to maintain
the sinusoidal source current [34]. So the output of the current controller should be linearized
in order that the output current of the converter becomes a first order linear system. This can
be done as follows:

The input voltage of the rectifier I}. can be expressed by the duty cycle and the output
voltage, V4 (refer to section 3.3.2). If MD2 & MD4 are off, V. = V; (body diodes conduct) and if
MD2&MD4 are turned on, V,. = 0. So we can write:

Vo= (1-d)Vg=>

d=1-—— (9.2)
Vdc
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By (9.2), linearization is possible. Now we can apply linear control theory (with some
additional parts for cancelling the nonlinear part). This can be seen in Fig.9. 2

Vs I Vs The rectifier block diagram [
| 1/ Rload |
!
i |
Vooret PL | lref Es,| PI i e /N i Vo
voltage current s f(d) U 1/CS H :
[

Fig.9. 2 The rectifer block diagram and the linear control system by assuming linear transfer function of rectifer

The controller is divided in 3 parts: the current controller, the voltage controller; and the
linearizer. The controller is cascaded suggesting that the inner controller, being a current
controller, should have a higher bandwidth than outer controller, which is a voltage
controller. In this manner, it can be assumed that the inner control loop is ideal and the outer
control loop cannot see it. (The outer control loop sees the gain of inner loop as 1)

The output of the current controller produces the inductor voltage drop to maintain the
sinusoidal source current. From the output of the current controller, by utilizing (9.1) and (9.2)
the linearizer can be formed. The output of linearizer is compared with a saw teeth career
waveform and PWM switching pattern is generated.

The voltage controller input is the output voltage error (the difference between the
reference and the measurement) and the output would be inductor current reference which
should be then becomes half sine wave in phase with the voltage, and the reference inductor
current should be compared with the measured inductor current to be fed to the input of the

current controller.

9.1.1.1 PI current controller parameters
A rule of thumb suggests that:
Ws > Agi > Ay (9.3)
Where:

ws: Switching angular frequency
a.i: Current controller bandwidth
ay: Voltage controller bandwidth

From (9.1) it can be said that the transfer function of the input current over the bridge
voltage for the converter,T¢; is in order of one as it can also be seen in Fig.9. 2. So a PI
controller works well. With assuming that the linearizer can linearize the system, we make the
closed loop system to be a first order low-pass filter. Then the PI controller transfer function,
T, would be:

1
T ch-m aa-/S (9 4)
C,i = = .
1+ ch-% 1+ac/s
Kic
TCC = Kpc + T = aa-L (95)
Where

Kpe Kic : proportional and integral coefficient respectively.

Tc;: Current closed loop transfer function

L: ac inductor value [H] like the DC-DC converter inductance is chosen to be 0.003 H
aci: Current controller bandwidth
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Current controller bandwidth, a.; by trial and error is chosen to be a.; = % = 2512, so

K, = 7.5398. Also K;. is introduced which can improve the system speed. (Although too high

K;. can cause oscillation and even instability.)

9.1.1.2 PIvoltage controller parameters

As the voltage controller bandwidth is much smaller than the current closed loop first
order system, it cannot see it (much slower). From Fig.9. 2 it can be seen that the output
voltage (Vpc) to the output current (I,,;) transfer function,T¢ ,, is in order of one. If the voltage
controller is slow enough (with smaller bandwidth than the current controller) it can be
assumed that the closed loop system should be a first order low-pass filter with bandwidth of
acy. Then the PI voltage controller transfer function, T, would be as (9.7).

T Rload

T = " 1+ R1paaCS  _ Acy/S 9.6)
ey 14T Rioaa 1+a./S '
Y6 14+ RipaaC S
Rload _ Acy _

LelTR 5~ 5

load

a 1 K;
Tye = ac,C + led < = Kpy +% (9.7)
oa
Where

Kpy, Kjy: proportional and integral coefficient respectively.
Tc,y: Voltage closed loop transfer function

Ripaq: the load is assumed to be purely resistive. Rjg,q = 40
Cq: output capacitor

By trial and error, the best value for a, is found to be 39. Thus K, = a,, (4 = 39 X

1.9¢ —3 = 0.0754. K;;, = R?id = % = 1 which works well, but at K;,,=9, the response time will

be improved, so the final value for Kj, is 9.

III Pulse1

@ D
Input ac Current Abs1
inductor current] L
( ) = PID — >
Pulse3
PID current controller de
a— i_ref DC
Bridge Output L I Comparatori
riangle
Voltage,Vdc FID voltage controller
o -
voltage reference
R + Ha Pulsed
input vo e
P g 11230/5qrt(2) Abs
Comparator3

hos II|_>-
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Fig.9. 3 The block diagrm of the cascaded controller of the rectifier, the inner loop: PI current contoller, outer: PI
voltage controller

9.1.2 Losses evaluation of rectifier

Bu investigating IGBTs on table A-5 in Appendix A, it can be realized that IGBT
BSM50GB60DLC has the lowest conduction losses. To find the total losses of the fullbridge
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rectifier, the easiest way is to subtract the input and output power, the result would show the
total rectifier losses. The losses at two different output voltage can be seen in table.9. 1

Table.9. 1 Total losses of the rectifier based on different output voltage and constant input voltage

Output power at 400V (Output power: 3800 W) Input power: 3890 W
Losses:90 W
Efficiency: 97.7%

Output power at 450V (Output power: 3800 W) Input power: 3900 W
Losses:100 W
Efficiency: 97.4%

This suggests that the rectifier total losses, including the resistive losses of the inductor,
are around 100 W which means the rectifier efficiency is more than 97% when the output
power is 3800W.

9.1.3 The results and performance

The RMS value of the fundamental inductor current is found tobe i;; = 24.83 A
Total Harmonic Distortion, THD is found to be 2.5%. By knowing the THD and with the
help of (9.8) Distortion Power Factor, DiPF can be found as below:

1 I1,rms
DiPF = == (9.8)
V1 + THD? lrms
1
DiPF = ———— = 0.9997
V1 + 0.0252

This definition of DiPF assumes that the voltage stays undistorted (sinusoidal, without
harmonics). This simplification is often a good approximation in practice too.

With ¢ = (4V; — Ais(l)) = 5.4, the Displacement Power Factor, DpPF, which is the cosine
of the angular displacement of the input current waveform from the grid voltage waveform
can be calculated as expressed below:

DpPF = Cos ¢ = Cos ( 4V, — 4i5q)) = 0.995

DpPF is often incorrectly referred to PF. As power quality plays more of a role in power

engineering, total power factor, PF will become more common. The PF can be found by (9.9)
PF = DpPF x DiPF 9.9)
PF =0.9997 x 0.9955 = 0.995

This PF is well above most standards. But we should also take a look on harmonics
magnitudes and check if the rectifier can beat the standards. IEC 61000-3-2, being used wildly
for household appliances, is the best choice here. This standard assesses and sets the limit for
equipment that draws input current < 16A per phase. The onboard charger is classified as
class-A household appliances. Allowable maximum harmonic currents under IEC 61000-3-2
class-A regulations are shown in Table.9. 2 [35]. In this table, the rectifier current harmonic
order is also presented.

Table.9. 2 harmonic currents limits of class A equations under IEC 61000-3-2

H order | Max. permissible harmonic current [A] | Obtained
Odd Harmonics 3 2.3 1.19

5 1.14 0.485

7 0.77 0.42
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9 04 0.36
11 0.33 0.30
n<39 0.15* 15/n

Even Harmonics 2 1.08 0.004
4 0.43 ~0
6 0.3 ~0
n<40 0.23*8/n

In comply with the standard, the waveforms also show the excellent behavior of the
converter. This can b seen in Fig.9. 4. As discussed in chapter 18 of [4], the capacitor (and
output) voltage ripple is inevitable and its frequency is twice the line frequency. The
magnitude of the output ripple can be reduced to the desired value by increasing the output
capacitor. Fig.9. 4 shows that the selected capacitor can reduce the ripple voltage to less than
5% (18V ripple) which satisfies the criteria defined in Table.7.1. Maximum input current ripple
is around 4% (less than 1A) as it can be seen below.

40 T T T T T T T
H H H Tyria
25 o i
—%*% 24 :
Z 20 m'JM\NM :
Ans Omﬁﬁ :
g
i= / \ /
i 400\
0%
as
390 |
oo 20 HH H i . H H \Hu
56 ) |
3 \m il
0.40 0. 0.42
tlme [s]
Fig.9. 4 (Up) the input current and grid voltage, (middle) output DC current, (down) Bridge current in DC side, (ref
Fig.9. 1.(A)

9.2 DC->ac bridge inverter

The principle of operation of a switch mode full bridge inverter is discussed in [4]. From
[4] and [36] it can be realized that unipolar switching pattern has several advantages over
bipolar switching mode. (I.e. lower harmonics, lower current ripple in zero crossing, lower
switching losses and half voltage jumps). Thus we also use PWM unipolar switching pattern.
Fig.9 .5 shows the inverter topology.

In unipolar switching pattern, two opposite sine waves are compared with a saw teeth
carrier wave and each switch will be turned on and off separately (in contrast with bipolar
switching that switches are turned on and off in pairs). As a consequence, in unipolar PWM,

anti-parallel diodes also conduct (in contrast with bipolar switching)
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Fig.9. 5 the topology of the inverter in discharing more, when the power is transmitted from DC side to the grid

9.2.1 Controller design: PI current controller

Similar to ac-> DC rectifier, an inverter also has a nonlinear transfer function. To design
an inverter controller, there are different control methods such as d-g, online trained neural
network controller, Predictive Control Method, hysteresis Control Method and PID controller
[36], [37]. As the inverter is a grid- tide inverter, meaning that the ac side voltage is dictated by
the grid, a PI controller can work perfectly and there is no need of voltage controller. The
benefits of PI controller are its robustness, simplicity, inexpensiveness and lightness which all
are important factors for an HEV onboard charger [37]. The main drawback is lack of reactive
power controllability which is not the case as the HEV owners’ willing to deliver reactive
power to the grid (which ages the car battery without any tangible benefit) is a question.

The steps of the design of PI controller were discussed earlier in this chapter. Here we just
set the parameters. As it was seen in (9.3), a rule of thumb suggests that the current controller
bandwidth should be smaller than the switching frequency:

wg > A
From (9.5) , we saw that a PI controller transfer function, T,. would be:

K.
Tpe = Kpo + —
cc pC S

Although the PI current controller parameters of the rectifier can work here, but by trial

= aa-L

and error it is found out that K, = 37.5 results in better waveforms (Proportional coefficient
of PI current controller of the rectifier was K. = 7.5). K; for both of inverter and rectifier
remains the same.

Based on the desired output power, the reference peak current is determined. Later on we
will see that when the battery input power to the onboard charger is 4kW, the losses of the
charger is around 250W, suggesting that the onboard charger output power is around
P,y = 3750W

r P2 _3750V2
Sref Ty, 230
Fig.9. 6 shows the block diagram of the controller, including the PWM switching pattern

generator of the inverter.

Referring Fig.9. 7, it can be said that the output current is quite sinusoidal. The ripple
current is only 0.154, while for rectification, it was around 1A. This shows that the rectifier
requires higher value of the inductance and if the inductor is designed for the rectifier, it will
work well for the inverter. The measurements verify that the inductor value is calculated

correctly.
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Fig.9. 6 The block diagram of the controller including PWM switching pattern generator of the inverter.
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9.2.2 The performance and losses evaluation of inverter

The RMS value of fundamental inductor current is found to be Iy, = 22.8 A. Total
Harmonic Distortion, THD is found to be 0.6%. With the help (9.8), DiPF can be found as
below:

L b L 999
VI+THD? lms V1+0.006%
With ¢ = (4V; — Ais(l)) ~ 0, the Displacement Power Factor, DpPF, can be calculated:
DpPF =Cos¢p = 1
The PF can be found by (9.9):
PF = DpPF X DiPF = 0999 x1=0999 =1
To find the losses of the inverter, input and output power is read. The difference between

DiPF =

these two quantities represents the total losses of inverter.

With the input power of F,, = 3766W (the power injected to the grid) and inverter input
power of Ppc = 3708 W (in DC side), the total losses, including switch losses and inductor
losses, would be 57.3 W, which corresponds to the efficiency of 98% in the inverter.
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10 Conclusion and future work

10.1 Conclusion and the charger performance

The objectives of the thesis and the outcome will be discussed in the last chapter.

Firstly, the feasibility of the scheme was a question. The simulations showed that the
charger can work in both directions.

The simulations approve the back to back operation of the rectifier and DC-DC converter.
The waveforms are more or less the same as before, for each separate module.

The charger performance is highlighted below:

1. PF and THD in charging and discharging mode:

Charging mode (rectification): Current THD of 2.5% and PF of 0.99

Discharging mode (inversion): Current THD of 0.5 % and PF of ~1

2. Efficiency of the onboard charger, in both directions is between 93.5% and 94.8%
depending on the battery voltage. This can be seen in Fig.10. 1

0.952—— ! ‘ r ! ‘ ; T
0951  Meharging i | | i | | i

nd|schargmg

0.948

0.946

0.944

iency

0.942

Effic

0.94

0.938

0.936

0,934

0.932

I I i I I i I I i
310 320 330 340 350 360 370 380 390 400
Battery Voltage [V]
Fig.10. 1 The total efficiency of the onboard charger in both directions, depending on the battery voltage

3. The DC-DC converter efficiency for the both directions is between 94.5% and 96.5%
(Depending on the battery voltage)

4. ac > DC rectifier efficiency is around 97.4% and this, for the inverter is 98.4%. This
means that the rectifier contributes 38~45% of the total onboard charger losses (in charging
mode). The contribution of the inverter losses is around 20~30% of the total onboard charger
losses (in discharging mode). Thus it can be said that the DC-DC fullbridge converter is the
main source of losses in the onboard charger.

107



5. In the DC-DC converter, transformer losses conduce to 30%, Switch losses (of eight
IGBT switches) to more than 60%, and nductor losses to less than 10% of total losses.

MOSFET or IGBT?

It is found that although IGBTs exhibit a bit less losses in power rating of 3.7 kW and
voltage of 300- 400 V, but there are some MOSFETs with ultra fast body diodes, namely IRFP
models that are also good. On the other hands, COOL MOS MOSFETs are not suitable for this
application. Generally it can be said that for these ratings, IGBTs have lower switching losses
while MOSFETs have lower conduction losses. (Fig.5. 10)

10.2 Future work

The software used for this study was MATLAB SIMULINK. This software had some
limitations: (1) Different solvers can lead to quite different results, making the selection of
proper solver difficult. (2) In the diodes, reverse recovery current (charge) cannot be set, thus
the effect of this on losses, as well as on the waveforms cannot be studied. The same can be
said for MOSFETs as well. Le. it is not possible to set Cy4 or drain lead inductance in the
parameters settings. MATLAB scripts were written to find the losses. Thus for the future work
it is not recommended to use SIMULINK SIMPOWER for the losses assessment, as the result
could be unrealistic. But the control tools are handy, accurate and easy to use.

A lack of an accurate mathematic model of transformer core losses, especially at short
time transients, suggests that the core losses is better to be analyzed by FEM softwares, where
the role of more elements can be considered in the losses.

Furthermore the newer transformer materials, like Nono-crystalline may reduce the
transformer losses significantly and can be a good topic to study.

It was shown that the switching losses are a big problem, as the usage of snubbers is not
easy. In [4] it is explained why the diode turn-off snubbers cannot be used in fullbridge
configuration. Capacitive snubbers, suitable only for reducing EMI and dv/dt in fullbridge
configuration, cannot be used, as the diodes in secondary side in discharging mode short
circuit the paralleled capacitors.

One of the main topics of this work was to investigate the reverse recovery effect in
MOSFET switch losses, while for the IGBTs, the switch turn-on, turn-off, and diode turn-off
losses are only given based on switch current. But besides switch current other elements also
affect the losses. The investigation of accurate switch losses of IGBTs can be done by following
this thesis.

The last but not least, the implementation and practical issues are the most important and
challenging parts and we are looking forward to see the day of its implementation and hope
this report can be helpful.
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Appendix A) List of MOSFETs and IGBTs

Table A-1 List of investigated MOSFETs

Model IRFPS43N50K | IRFPS40N60K | IRFPS40N50L | IRFPS38N60L | IRFP31IN50L
V-1(25)-1(100C) | 500-47-29 600-40-24 500-46-29 600-24-38 500-20-31
Rs,.! 0.08 0.11 0.1 0.12 0.15
Vadref 250 300 250 300 250
Tgrer 47 38 46 38 31
R¢ 1 43 0.85 12 43

Crss? 1.25e-09 1.050e-09 1.50e-09 1.250e-09 1.0e-09
t 140 110 170 130 115
tn 74 60 69 69 53
Qrr (typ@ 25C) | 1.40E-05 1.40E-05 7.05E-07 8.30E-07 5.70E-07
Volat 5 5 5 5 5
Ves 10 10 10 10 10
Rp 3 0.02 0.015 0.025 0.03 0.025
Voo 0.58 0.65 05 05 0.55

Table A-2 List of investigated MOSFETs

Model IRFP460 FDH27N50 IRFPS37N50A IRFP22N50A IRFP32N50K
V-1(25)-1(100C) 500-12-20 500-19-27 500.000 500-22-14 500-32-20
Rys,, 0.27 0.19 0.1 0.21 0.2
Vdd ref 250 250 250 250 250
Idref 21 27 36 22 32
Rg 4.3 2.15 4.3 4.3 4.3
Crss 5.0e-10 1.5e-10 1.0e-09 5.5e-10 2.5e-10
ty 81 54 98 94 120
e 65 54 80 47 54
Qrr (typ @ 25C) 3.80E-06 9.20E-06 8.60E-06 6.10E-06 9.00E-06
Vplat 5 5 5 5 5
Vs 10 10 10 10 10
Rp 0.033 0.01 0.02 0.02 0.0175
Vbo 0.6 0.7 0.55 0.6 0.65
Table A-3 List of investigated MOSFETs
Model IRFP23N50L STW26NM50 STF25NM50N IRFP460A SPW32N50C3
V-1(25)-1(100C) 500-23-15 500-30-18.9 500-22-14 500-20-13 560-32-20

L MOSFET On-state resistance obtained from output characteristics graph at Junction temperature, Tj = 25°C

2 Crss is derived from its respective graph as explained in chapter 4 (two-point approximation method)

3 Body diode on-state resistance Obtained from respective graph at Junction temperature, T; = 25°C

4 Body diode on-state Constant voltage source Obtained from respective graph at Junction temperature, T; = 25°C
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Rys,, (25) 0.235 0.12 0.1 0.22 0.075
Vdd ref 250 250 250 250 380
g ref 23 13 11 20 32
R 6 4.6 4.7 43 2.7
Crss 5.0e-10 5.0e-10 1.25e-09 5. 0e-10 1.0e-09
ty 94 15 23 55 30
tsi 45 19 22 39 10
Qrr (typ @ 25C) 5.60E-07 5.50E-06 6.90E-06 5.00E-06 1.50E-05
Volat 5 5 5 5 5
Vgs 10 10 10 10 10
Rp 0.02 0.0025 0.02 0.02 0.026
Vbo 0.55 0.75 0.7 0.6 0.6
TableA-4 List of investigated MOSFETs
Model SPW52N50C3 IPW60R045CP SPW47N60C3 IXFR48N60P
V-1(25)-1(100C) 560-52-30 650-60-38 650-47-30 600-32-?
Rgs,, 0.05 0.045 0.05 0.1
Vdd ref 380 400 380 300
I ref 52 44 47 32
R, 1.8 3.3 1.8 2
Crss 5.0e-10 5.0e-10 5.0e-10 1.25e-09
ty 30 20 27 25
tg 10 10 8 22
Qrr (typ @ 25C) | 2.00E-05 1.70E-05 2.30E-05 8.00E-07
Vplat 5 5 5.5 0
Vs 10 10 10 0
Rp 0.005 0.0125 0* 0.015
Vbo 0.8 0.7 0 0.65
Table A-5 List of investigated IGBTs
Model BSM50GB60DLC IKW20N60T | IKW20N60H3 IKW30N60H3 STGP19NC60WD
V-1(25)-1(100C) 600-75-50 600-40-20 600-40-20 600-60-30 600-40-22
RiGBT on 0.034 0.02 0.05 0.035 0.15
Vad ref 380 380 380 380 380
Tdref 47 47 47 47 47
Vg0 0.75 1 1 1 0
Etot [mj]? 0.14+0.44+0.8=1.3 0.5 0.4 0.35 0.18
Rp 0.0125 0.04 0.035 0.05 0.085
Vbo 0.8 1 0.75 1 1

1 Total switching losses, Eg,, is the

Egw = Eon + Eoff + Erec at Ty = 25°C and I¢ = 7~10A
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Appendix B) Transformer cores and
losses

B.1 Some useful concepts

Current density

In the domain of electrical wiring (isolated copper), maximum current density can vary
from 4A/mm? for a wire isolated from free air to 6A/mm? for a wire in free air. However in our
calculations in order to prevent excessive temperature rise, we assume j=3 A/mm?

Fill factor

Number of turns, N times copper cross section; Ac, will give us total copper area. For
some reasons A,, > N.A., : first, most of times the cross section of wire is circular and this
makes impossible to completely fill winding area because there are some spaces between
circles. Second, each wire has to have a thin insulation layer and this layer occupies some

space of winding area. Fill factor, k¢, is a ratio of total copper area to core winding area [4]
e, = N
Cu — Aw
Normally Fill factor for round conductors is around 0.5 — 0.6. But after studying different
Litz wire manufacturers, we decide to use Profile Litz wires in square or rectangular section.
This makes optimum use of the available winding space and cut wasted space in windings.
(Fig.3.14)

Fig.B. 1 an example of Profile Litz wire with 65-80% copper fill factor which enables winding without bobbin (self
bonding enamel / acetate silk) with max available cross section of 1 mm2 Cortesy of RUPALIT®1

Scale Factor, SF

Sometimes the cores we are looking for are not available in the market. With SF, we scale
the available cores to fit our needs. It means each dimension is multiplied with SF, so the new
volume/ weight of the core is proportional to cube of SF.

Core datasheet:
Core Datasheets provide useful information on effective length, volume, airgap length
(Lal-ror Lg), cross section and material permeability. With effective Length (L,) and cross

1 http://www.pack-feindraehte.de/en/products/litzwire /produkt.php?produkt_id=7
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section (4,), a core can simplified to a cylinder with L, length and A, cross section. For
example for E71/33/32-E250 core (material: 3C90):

Table B. 1
Core Ve(m®) | Le(m) | Ae(m?) | m(kg) | ur Lair(um) | d(mm) | b(mm) | h(mm) | ¢(mm)
E713332E250 | 0.000102 | 0.149 | 0.000683 | 0.26 1880 | 5280 48 22 21.9 32

B.2 Finding the winding area, length of turn and maximum
winding turns

Winding window area depends on the core shapes. For example, according to Fig.4.16

winding area for E type core can be calculated as follows (without considering bobbin area):
a=(d-b)/2
A, = 2ah

A, : Winding area

Considering SF, the new winding area would be:
Ay new = 2ah SF?

Copper wires are winded around the Bobbins and in fact they are coil formers. Bobbins,
while in most cases seem necessary have the drawback that they reduce the winding area.
They also increase the length of each turn (and so copper losses).

Unfortunately in most core datasheets, the area that a Bobbin occupies is not mentioned.
Here, a method to estimate the occupied space is introduced and applied to all the cores that
the winding area is not given.

To check the validity of the method, the result of the method is tested with the E55/28/21
core. Based on the data sheet, length of turn is 116 mm (table...):

- 56.2 3, -
d 87.5735 e
0
b |17.2 03|
R<06 185h
| 275
v 40.3

Il
|
! 210 C
|
|

rRIAmas

Fig.B. 2 Gray area, Bobbin area. These values are for half core. For full core h should be doubled. From the E55/28/21
datasheet

Average Length of turn =2[(b+a) + (c+a)] = 2b+ 2c + 4a

d—b_375-172 .
2 = 2 = . mm

Length of turn = 2(c + d)

a =




Length of turn = 117 mm
Bobbin area: Bobbin occupies certain space. It is supposed that the difference between data
sheet and our calculated area is occupied by Bobbin (gray area in Fig.B. 2)
We assume bobbin reduces the actual size of winding area, 4,, which is:
A, = 2ah = 375.5 mm2
In the data sheets, generally the winding area is for total core not half core.
winding area in data sheet = 250~277 mm? (Depending on the chosen bobbin) For the
worst case calculation we can find bobbin area, Sg,ppin to be:
Skobbin = 375.5 — 250 = 125.5 mm?2
By assuming the same thickness x in all the bobbin sides, we can estimate x:
Spobpin = 2x(a + h) = 125.5 mm?2
x = 2.18mm
In this thesis it is assumed that this width is applicable for all the cores that the winding
area on the datasheet is not given.
Let’s check E65/32/27 core (d = 44.2,b = 20,h = 22.2 mm)
The winding area without considering bobbin can be calculated by:
A, = 2ah = a(d — b) = (44.2 — 20) 22.2 = 537mm2
Based on previous calculations and the same bobbin thickness for all cores, bobbin area
would be:
Sgobbin = 2ax + 2hx = 2x(a + h)
=2x12.1%x2.18+ 2 % 22.2 X 2.18 = 149.5 mm?
So available winding area should be:
Swinding = Aw — Spobpin = 537 — 149.5 = 387.5 mm2
The Winding area in data sheet is 394 mm?.
In the cores with rounded cross section (like ETD, PM and EC cores) we add thickness x
to the radius, r and calculate the winding area based on the new increased radius.

B.2.1 Finding the Maximum number of turns

Winding area provides the space for primary and secondary windings of a transformer.
By assuming constant current density, j for both primary and secondary side, we can say:
_ L4 . i=jr=3 Al mm? _
NI, =N,I, = N, jA =N, j,A, —== >N, A =nN,A,
A1(Az2): copper cross section needed on primary(secondary)
S, Needed winding area, can be calculated:
Kcu
Kcu: Filling factor that can be up to 0.8 for chosen type of LITZ wire. Here we assume Kcu=0.75
And the maximum number of turns that can be fit in available winding area is:
N 25K,
LMax ™ A1 + n4,
Sisa winding area of a half core that can be found in most datasheets. For EC70, § = 465 mm?

For EC70, which is the chosen core for the transformer, Ny ,,4,can be found:
N _ 28Ke, 2 X 465 x 0.75
WMaxX A +nd, 4 B

4473

87
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B.3 Initial transformer losses calculation

Initially, more than 50! cores were investigated to have a general understanding about the
dimension of transformer losses. The flux density is found by (6.1) and Steinmetz equation is
used to find the core losses. As we saw in chapter 6, the losses obtained by (6.1) and Steinmetz
equation, for transformer losses is not quite correct, but at least it can be a good guide to find

the cores with the lowest losses, as are presented in table
Table B.2 Comparison of transformer cores and their losses with two different materials

E552821 E653227E100 ETD59 ETD54 EC70

Py 8.96 7.63 7.84 9.32 9.45
P/,(3€90) 75.02 134.69 87.80 60.53 34.18
P, (3€90)3 83.98 142.32 95.65 69.85 43.63
P/, (3C92) 36.25 65.09 4243 29.25 16.52
P,,.(3€92) 4522 72.72 50.27 38.57 25.97

Comparing Core losses, based on two materials, 3C90 and 3C92, shows that in contrast
with inductor losses, in transformers, material can affect the core losses dramatically.

Table B.2 suggests that EC70, with its large winding area is a good candidate for this
project.

In the next section, the parameters of a transformer core which affect the transformer
losses will be studied. The losses in the next section are found based on the summation
method, introduced in chapter 6.

B.4 Transformer parameters and core losses

Number of turns and transformer losses

Both core and copper losses increase by increasing the number of turns. For copper losses
this increase (as was proven in chapter 4) is linear. While for core losses, as it can be seen in
(6.2) increasing N will increases B and this will increase total core losses.

On the other hand, magnetizing inductance, Ly, ,is desired to be high enough to not
distort the transformer output current. So N1 should be high enough.

Fig.B. 3 shows transformer power losses as a function of N1 for four different voltages. It
can be seen that copper losses can be neglected esp. at N1 > 20. Based on Fig.B. 4 N1 is chosen

1 The list of these cores are:

E552825
E562419
E653227
E713332
E803820

ETD54 EE641050

EC70-A1000
PM8770_3C94

2 Total copper losses: P., = P,
3Pt = Pre + Peu

E552825-E400
E562419-E400
E653227-E630
E713332-E630
E803820-E630

EC70-A630
PM11493_3C90

Clpr

+ P,

CUsec

E552821-E315
E552825-E315
E562419-E315
E653227-E400
E713332-E315
E803820-E315

EC70-E400

E552821-E250
E552825-E250
E562419-E250
E653227-E250
E713332-E250
E803820-E160

EE641050A2500 EE641050-E1000 EE641050

EC70E250

PM11493_3C94 TX7849
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E552821-E160
E552825-E160
E562419-E160
E653227-E160
E713332-E160
E803820-E100

ER641351

E630-E630

E552821-E100
E552825-E100
E562419-E100
E653227-E100
E713332-E100
E1006028

EC70

ETD59

PM7459 PM8770_3C90



to be 30 (so N2 = 40). Depending on the output voltage total losses will be between 20 and

Pfe@Vo0=306

326
361

Pfe@Vo0=399

Pfe@Vo
—— Pfe@Vo

306
60

Pcu@Vo=326

Pcu@Vo=361
399

Pcu@Vo
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Fig.B. 3 Transformer core and copper losses as a function of number of primary turns when the core is EC70

2000) (log scale)

(airgap = 1830 uM , ursp3

It should be noted that with N1 < 55 flux never exceeds 0.4T as it can be seen in (6.2).

(Decreasing N reduces the flux density.)
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As discussed in chapter4, airgap length highly influences the (DC) flux density. This can

Airgap and core losses

be seen in Fig.B. 5. Fig.B. 5 shows that in order to prevent the core saturation (that results in

very high current) which for 3F3 is around 0.4T, airgap should be higher than Imm.

still core losses are so high. This can be seen in Fig.B. 6

4

Even if the airgap is Imm

(although copper losses are not affected by airgap as N is constant)

308
326
361

B @Vo
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Fig.B. 5 Flux density as a function of airgap length when the core is EC70 (N1 = 30, ur3g3

EC70 manufacturer! doesn’t provide airgap wider than 1830mm for this core. Large

airgaps increase flux leakage and this may cause EMI problems.

Also as it can be seen, beyond 2mm, the losses reduction is not that significant. So the

chosen airgap is 1830mm.
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1 Feroxcube.com
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Core size and core losses

As discussed in section 4.2.4, one way to reduce the total transformer losses is to increase
the effective length, L, (to reduce the core losses) while preserving A.(to keep copper losses
constant). Fig.B. 4 depicts that by increasing the effective length (half core weight) from
144mm (127 g)(original values) to 720mm (1016g) transformer losses will reduce to half.
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Fig.B. 7 Total transformer losses as a function of core effective length when the core is EC70 (N1 = 30, airgap =
1830um, urspz; = 2000)

Effect of Frequency and output voltage on transformer losses

By increasing the frequency, the harmonics spectrum will not change. In this part, 3
different frequencies will be studied: f;,, = 20,40 and 60kHz. It is obvious that by increasing
the frequency the total losses will increase. This can be seen in Fig.B. 8.

Increasing the voltage should generally reduce the transformer losses as the current
(=flux) will reduce in higher voltages. But core losses depend on harmonics order and their
amplitude corresponding to each voltage level as well. L.e. when V5, = 399V the harmonics
orders are higher than when V. = 361V and this causes slightly higher core losses at
Vyar = 399V. (Although the THD is more or less the same)
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Fig.B. 1 Transformer losses as a function of 6uti)ut ;éltage (Battery voltage) for different frequencies
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