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Key words: Power electronics, isolated full bridge DC-DC converter, synchronous rectifier,
electric vehicle (EV), hybrid vehicle (HEV, PHEV).

INTRODUCTION

The large number of cars around the world that use fossil fuels for propulsion generates
serious environmental problems and affects people's comfort and health, the impact of which
even becomes severe in large urban agglomerations. Given the increasingly rapid depletion of
natural resources, battery-powered electric cars (BEV — Battery Electric Vehicle) and hybrid
cars (HEV — Hybrid Electric Vehicle, PHEV — Hybrid Electric Vehicle Plugin) are becoming a
solution of interest for the replacement of conventional cars.

We are currently seeing a sustained increase in the number of electric cars sold globally.
It is estimated that by 2040, 35% of the total number of newly sold cars will be electric
according to Bloomberg [1]. The main driver of this increase will be the continuous decrease
in the cost of batteries and the significant increase in the use of electric cars for public transport
and future autonomous cars. This paper aims to make important contributions in the field of
design and optimization of DC-DC power converters used in electric cars. The DC-DC
converter plays an essential role in the proper functioning, safety and efficiency of an electric
car. The role of this converter is well defined, being highlighted in the block wiring diagram of
the car.

Block electrical diagram of an electric car

In Fig.1 the typical electrical diagram of an electric car is shown.

i Generator Calculator bord
g i (HEV) 1 pC Sistem franare
: — d Airbag
: Hv: 400V, 600v, soov | umini
S S — Etc.
Motor/ DC DC
— Generator "
Electric AC DC
Baterie Bat'e_rlev
Tractiune Auxiliara
’ 12v

Fig. 1 Typical block electrical diagram of an electric car.
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It can be seen that the electrical network of an electric car is complex, containing several
blocks as follows:

Electric motor — ensures the conversion of electricity into mechanical energy necessary
for propulsion. In general, the electric motor is designed to allow working in generator mode in
order to recover the braking energy.

Inverter — is a DC-AC converter that converts the continuous voltage of the main
(traction) battery into a three-phase alternating voltage required for the electric motor. Most
often, this converter is bidirectional to allow the brake energy to be recovered and stored in the
main battery by using the engine in generator mode.

On-board charger —is an AC-DC converter that ensures the charging of the main battery
of the car from the grid electrical network. More recently, this converter can also be
bidirectional, allowing the transfer of energy from the car to the electrical network through a
concept called V2G (vehicle-to-grid) [2].

DC-DC converter — ensures the conversion of energy from the main battery to the

auxiliary low voltage battery (12V) supplying vital consumers of the car such as:

= On-board computer;

= Airbags; Braking system;

= Steering system;

= Lighting system;

= Fans, pumps, actuators;

= Infotainment (GPS, multimedia systems, etc.).

Due to these functions, the operating, reliability and safety specifications of this
converter are very strict. Failure to function properly or failure of this converter can lead from
the limitation of performance to the immediate stop of the car.

Thesis content

This paper is structured as follows: introduction, six chapters and general conclusions:
» Introduction

CAP. 1 —Topologies used for DC-DC conversion

CAP. 2 — Dimensioning of power components and calculation of efficiency

CAP. 3 — Design and optimization of the leakage inductor

CAP. 4 — Analysis and optimization of magnetic components

CAP. 5 — Parallel connection of full bridge converters

CAP. 6 — Practical realization of the converter

General conclusions

VV VYV VYV

v

In CAP. 1 the main DC-DC conversion topologies are reviewed and evaluated according
project specifications. In the first section, the topology for the primary side is chosen and in the
second section the optimal topology for the secondary side (rectifier) is selected. Selection of
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topologies is done after evaluation of the advantages and disadvantages of alternative
topologies. In the end, the electrical schematic was designed and the concept was verified by
simulation.

In CAP. 2 a new calculation method for sizing the power components of the
phase-shifted bridge converter is presented. Thus, starting from the project specifications, it
was proceeded to choose the transformer ratio, to calculation of the output inductors, the RMS
currents and the power dissipated on the power elements of the converter. After calculating the
voltage and current stress for each section of the converter, the semiconductor and magnetic
components were selected. In the last section of this chapter, the total losses were calculated
and the efficiency curve for different input voltages was drawn.

In CAP. 3 anew method for calculating the leakage inductance for the full-bridge phase-
shifted converter is proposed. The proposed method takes into account most of the parameters
of the converter such as: input voltage, output voltage, output current, magnetization
inductance, equivalent series resistors of power semiconductors and magnetic elements . After
calculating the minimum value of the leakage inductance, its value is optimized by adjusting
the magnetization inductance of the power transformer.

In CAP. 4 the design and optimization of the magnetic power components using the
finite element (FEM) method was done. This method is used to evaluate and optimize the
performance of the power transformer, the leakage inductor and the output inductior. Using the
FEM method, the parameters and losses of the magnetic components were determined and
basing on these parameters, the optimal configurations were selected. The main advantage of
this method is that it allows the analysis and optimization of magnetic components without the
need for a physical prototype.

In CAP. 5 the main methods of balancing output currents between parallel-connected
DC-DC converters were analyzed. Thus, after comparing the advantages and disadvantages of
the various known methods, the optimal current balancing solution was chosen. This solution
was first implemented at the simulation level and then it was experimentally verified on a
functional prototype.

In CAP. 6 the implementation of the converter designed in the previous chapters was
carried out with the aim of evaluating its performance. In the first two sections, the block
diagram was presented and a picture of the prototype detailing the functional blocks was
presented. In the third section, measurements of the converter waveforms were made in static
and dynamic mode, then an infrared scan of the top surface of the prototype was presented to
highlight the temperature distribution. In the last section, efficiency measurements were done
at three input voltages (minimum, nominal and maximum).
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CAP. 1 TOPOLOGIES USED FOR DC-DC CONVERSION

For DC-DC conversion of energy, a wide range of topologies is available which can be
used. They can be split into two categories, non-isolated and isolated. Non-isolated topologies
assume the existence of a common connection between the energy source at the input of the
converter and its output. Isolated topologies involve galvanic isolation between the input and
output of the converter by using a separating transformer.

The selection of the topology is an important step in the design of the converter. It is
chosen according to the application, aiming to meet the requirements of the project:

- Nominal output power;

- Galvanic isolation (if needed);
- Efficiency;

- Input/output voltage range;

- Output nominal current.

1.1 Non-isolated topologies

Table 1.1 shows the main types of converters used for DC-DC conversion without
galvanic isolation [3], [4]. At the same time, we also find the transfer function in continuous
conduction mode depending on the duty-cycle (D), where the duty-cycle is given by the
relationship below:

T

D=-21 1.1
T (1.1)

It was noted with T, the duration during the switch is controlled in ON state (in

conduction), and with T the commutation period expressed by the relation:
T =% (1.2)

where, f is the converter switching frequency.

When choosing the topology of the converter, the aim is to use a minimum number of
power switches with nominal voltages and currents in order to lead to an optimal solution from
technical and cost point of view, at the same time respecting the project specifications.

Considering the transfer function and the duty-cycle D that has values between 0 and 1,
we can deduce that the Buck topology is a step down converter and the Boost is a step up
converter. Therfore, the output voltage is always lower than the input voltage in the case of
Buck and higher than the input in the case of Boost converter.

Buck-Boost, Cuk and Sepic topologies can be both step down (D<0.5) and step up
(D<0.5) depending on the value of the duty-cycle. As can be seen, the output voltage can have
the same polarity as the input voltage (Buck, Boost, Sepic) or opposite polarity (Buck-Boost,
Cuk).
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Table 1.1 Non-isolated DC-DC converter topologies

Topology ;I-Jg Qtsil;enr Switch voltage stress
Buck D Vo1 =V,
Boost 1—1D Vor =Vi
Buck-Boost —ﬁ Vo1 =Vi +Vo
Cuk _% Vo1 =V —V, +Vc1_2riplu
Sepic 5 Vor =V +Vo +Vc1 _2rip|u

1.2 Isolated DC-DC topologies

Table 1.2 shows the main topologies used for DC-DC conversion that ensure galvanic
isolation [3], [4]. In order to have galvanic separation it is necessary to use an isolation

transformer between the primary and secondary switching circuits. Galvanic separation is
mainly used when:

It is desired to isolate the secondary circuit from the primary one for safety reasons;

The ratio of the input and output voltage is high resulting in a very low duty-cycle
ratio (D < 0.2);

Multiple output voltages with the same polarity or opposite are required.

Table 1.2 Isolated DC-DC topologies

Topology IJsgégenr Switch voltage stress
Flyback %E—: Vo1 =Vi +V, ::—:
Forward D :::—: Vo1 =2+
Push-Pull 2D :3:—: Vo1 =2V,

Half Bridge D E—: Vo1 =V
Full Bridge 2D IZI_: Vo1 =V
e | ol | v
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In addition to the notations in the previous section, it was noted with Np the number of
turns of the primary winding and with Ns the number of turns of the secondary winding of the
isolation transformer.

The Flyback, Forward and Push-Pull topologies lead to a voltage stress for power
switch up to twice the input voltage of the converter. Flyback and Forward converters are
mainly used at low power (<200W) and Push-Pull converter is generally used when the input
voltage of the converter is below 200V.

For input voltages higher than 200V and powers above 0.5kW, half bridge, full bridge
or full bridge phase shifted converters are preferred because they lead to optimal use of power
switches.

1.3 Selection of the topology for the primary circuit of the converter

Given the range of the input voltage (240V... 430V), the output power level of 3.2kW
and the need for galvanic separation, for this application the full-bridge phase shifted converter
will be selected. It ensures an efficient use of the transformer, a voltage stress equal
(theoretically) to the input voltage and most importantly, the possibility to achieve zero voltage
witching (ZVS) for the power switches by using of stored energy in the parasitic circuit
elements.

1.4 Secondary rectifier circuit

Given the topology already selected for the primary circuit, the optimal variant for the
secondary rectifier circuit [4], [5] must be selected. Since for bridge converter the voltage
available at the terminals of the secondary winding of the transformer is bipolar, a full wave
rectifier is needed for the secondary side. In Fig. 1.1 two types of full wave rectifier circuits are
presented: center taped and current doubler rectifier [5].

iDl D1 i|_ L |S

— > —> —> iLl L, _|5>
. Y . .
T °
¢ up C Us
S1 . D1
v A T o gsl Ur c l
S2 | U, L D2 L, i Ug
D2 - . l
— L2

Ip2 —

Fig. 1.1 Full wave rectifiers topologies.

A comparison of the two variants is given in Table 1.3. Analyzing the advantages and
disadvantages of the two rectifier structures, the current doubler rectifier is be selected.

10
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Table 1.3 Center tapped and current doubler topologies comparison

Center
Type tapped Current doubler
Magnetic components | S: ‘ S |L| S ‘ L1 ‘ L2
Switching frequency % fe %
Primary no. of turns N N
Secondary no.ofturns | 1 | 1 - 2 - -
RMS currents Lk Ig Is s Is
2 2 2 2 2
Output inductor - - L| - <L | <L

1.5 Simulation of the Full-Bridge Phase Shifted converter

Two possible implementations will be analyzed, the rectifier made with diodes and
synchronous rectifier.

1.5.1 Diode rectifier

For the beginning, the full-bridge phase shifted converter with diodes rectifier will be
evaluated. This type of rectifier is very common in DC-DC converters due to its simplicity.
The simulation schematic diagram is shown in Fig. 1.2 [6], [7].

. l ULl
aee = O
L1
J T P A |

o
ude + X Lu
350\]7 = op
—r ST
Gy o y

]
2]
¥
]
2

TTT.
g
_—
g8
TTT.
B
—
g
=
=
[

Fig. 1.2 Electrical schematic for simulation of the full-bridge phase shifted converter with diode
current doubler.

The diode rectifier is a simple solution and is recommended in situations where the rated
output current is small enough so that conduction losses on diodes due to power failure are
acceptable. At high currents, this solution becomes impractical.

1.5.2 The full-bridge phase shifted converter with synchronous current
doubler rectifier

The implementation of a synchronous rectifier is achieved by replacing the rectifier
diodes D1 and D2 in the power schematic with power semiconductor devices such as

11



Isolated step down DC-DC 3.2kW converter for electrical and hybrid vehicles

MOSFETs (METAL Oxide Semiconductor Field Effect Transistor) devices. he
MOSFET switches exhibit very low ON resistance and high switching speed compared
to bipolar or IGBT transistors. The electrical diagram is shown in Fig. 1.3. For the
converter simulation, the following values for the converter components were
considered: CA-CD = 120pF, Co = 120puF, Lm = 80uH,  Fsw = 200kHz.

=3

ude + B N >°U
— Ip up
350V Eor w .
> 05uH g1

%@B L.

IFT.
()
=]

!
I
a
=]

Fig. 1.3 Electrical simulation schematic of the converter

The electrical control diagram can be found in Fig. 1.4. It also contains the activation
signals of the two power switches QE and QF.

ppppp

.o» (@5 >0
> @] [

31.08 IiL1y L) I(Rs)

0.007505 o 51 0007514 0.007452 0.00745 0007506 1} 0007515 0.00742

Tirne (s} Time (s)

a) Primary side waveforms b) Secondary side waveforms
Fig. 1.5 Simulation of full-bridge converter with synchronous current doubler rectifier.
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The simulation results of the full-bridge converter with synchronous current doubler
rectifier are shown in Fig. 1.5.

1.6 Conclusions

In this chapter, the main topologies of DC-DC converters were evaluated and the
optimal topologies were chosen for the two sections of the converter, primary and secondary.

CAP. 2 DIMENSIONING OF POWER COMPONENTS AND
EFFICIENCY CALCULATION

For the sizing of the components, various methods are found in the literature [8], [9]. In
general, the calculation of components is done without taking into account the loss of duty-
cycle due to the leakage inductance, series resistances in conduction of power switches,
transformers and inductors in the power circuit. This can lead to the design the power
transformer with inadequate tunrs ratios and to insufficient output voltage under maximum load
[107, [11], [22], [13].

The high efficiency at light load makes the design of the converter based on a single
power module very difficult to achieve because no load losses are proportional to the rated
power. In order to be able to achieve the efficiency targets, the total power of the converter will
be divided into two identical power modules [14]. The power schematic of the converter with
two modules connected in parallel, is shown in Fig. 2.1.

Qﬁ% QS%
Lk T
o e T

Np Ns
®pd Cgl

iCDl 0

o,
0
vV

icol

)
T
Rt il

Fig. 2.1 The power schematic of the converter with two modules connected in parallel.

Co=

IL2 £

The division of the converter power schematic into two identical modules sized at half
of the rated output has the following advantages:
- easy cooling due to the uniform distribution of losses;

13
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- high efficiency at low load by turning off one module;

- redundancy if one module fails;

- reduced current ripple through the input and output capacitors by using the phase
shifted control for the two modules.

2.1 Converter final specifications

In Table 2.2, the final specifications of the converter are given, considering the division
of the power schematic into two identical modules.

Table 2.2 Final specifications of the DC-DC converter

Specification Module 1 | Module 2 | Modules 1+2

Output power 1.6kW 1.6kW 3.2 kW

Input voltage 345V (260 V- 420 V)

Output voltage 14V (12V-16V)

Output current 115 A 115A ‘ 230 A
90% Io=0.15'In

Efficiency 93% lo=0.5In

92% Io=1.0-In

2.2 Power transformer turns ratio calculation

The turns ratio can be deducted from the converter transfer function:

D 2.1
s~ Vo D (2.1)

where, Vingi, is the minimum input voltage, Vo, IS the maximum output voltage,

Ns/Np is the turns ratio iar Dy,, the maximum allowed duty-cycle.

2.3 Deduction of the ideal and effective duty-cycle

The ideal duty-cycle can be found by replacing the nominal operating parameters in the
converter transfer function in Table 2.2.

p=Yo Np 2.2)

Vin Ns
Since the equation (2.2) refers to the ideal duty-cycle, voltage drops on the leakage
inductance Lk and non-ideal circuit elements are not considered. If all these voltage drops are

taken into account, the effective duty-cycle become:

3 Vo +6Vo Np
Vin—oV|y —0Vrr —0VRgson NS

De (2.3)
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where, was noted with 6V, the voltage drop on leakage inductance, with 6Vyg voltage
drop on power transformer windings, with 6Vgyson the voltage drop on the power switches
during conduction and with 6Vo the voltage drop on output inductor.

2.4 Dimensioning of the output inductor

In this section, the output inductance value, the peak and the effective current through
inductor as well as the maximum core flux density are calculated.

2.4.1 Output inductor value calculation

The output inductance value is calculated according to the relation below:

. Ns
Vin-—>.D.(1-D
in N ( )

Lo=— P (2.4)
Al o - Fsw

where, was noted with Aij 4 the inductor ripple current .

2.4.2 Calculation of the peak and RMS inductor current

To calculate the RMS current, the waveform of the current through the inductor will be
used during a commutation period. Thus, the maximum (lLo_max) and minimum (lLo_min) values
of the current through the output inductors of the converter are:

lo AiLO

| =—+ 2.5
Lo _max 2 2 ( )
lo AiLO
I Y _~lo 2.6
Lo_min 2 2 ( )
The inductor RMS current is given by the equation below:
T 2 2
I in_ +1 +1 | i
. 2 Lo_min Lo_max Lo_max " 'Lo_min
lLo_rms = I (iLo(®) dt:\/ = = 3 = = (2.7)
DT

2.4.3 Selection of magnetic core and calculation of maximum flux density

The maximum flux density in the magnetic core is calculated according to the peak
current thorugh the inductor, the number of turns and cross section of the core. The value of the
maximum flux density in the core is calculated with the relation below:

Lol o max
—_ L0 _max 2.8
M Nig-Ac (28)

where, Ny, is the number of turns of the inductor and Ac is the area of the core.
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For this application, a ferrite type material 3C90 from the Ferroxcube manufacturer was
selected [16] due to the high switching frequency and high saturation flux density.

2.5 Dimensioning of the power switches from the secondary circuit

When choosing the type of power switch, the switching frequency, the voltage at the
terminals during the operation, the peak and RMS current values through the switch must be
considered.

2.5.1 Calculation of maximum and RMS currents in the secondary circuit

The rectifier circuit is a full wave type having two branches with two power switches
QE and QF. The current through each branch of the rectifier is equal to the sum of the output
inductor currents.

The value of the RMS current passing through the power switch of the rectifier circuit is:

2 2
Isr _RMS =\/D' Isk rRms _on“+(0.5-D)-lsg rms Fw (2.9)

2.5.2 Selection of the power switch for synchronous rectifier

A power switch which fits well to this application is for example AUIRF7669L2 from
the manufacturer Infineon Technologies [18]. This MOSFET power switch is small in size and
has low switching time and equivalent low drain-source resistance (4.4mQ @ Tj = 100°C).

2.6 Dimensioning of power switches for the primary circuit

For selection of power switches for the primary side, the same parameters of the
converter as those of the secondary circuit will be considered: the switching frequency, the
maximum operating voltage, the maximum and effective value of the current through the
device.

2.6.1 Calculation of currents value through power switches from the
primary circuit

In order to determine the currents through power switches from the primary side, the
waveforms of the voltages and currents in the primary of the transformer [15] is analyzed.
During converter conduction interval [0, DT], when the energy is transferred from the input
source to the secondary circuit, the RMS current in the primary winding is:

I P> + 1 P + 1 Py - |
|prms_ON:\/ Prnin pmax3 Pnin ** Prnax (2.10)
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During freewheeling interval [DT, (0.5-D)T], the energy stored in the leakage
inductance (Lk) will circulate through both the primary and secondary circuits, so the RMS
current during this interval is:

| Prrin 2>+ 1 P> + 1 Prin 2 - |
|prms_FW=\/ Pmin 2 pmax3 Pmin2 - ! Pmax 2.11)

Taking in the account the duty-cycle, it is possible to calculate the RMS current through
power switch in the primary circuit:

2 2
IpR _RMS :\/D'|prms_ON +(0.5-D) Iprms_ Fw (2.12)

By using the below equation, the value of the RMS current from the primary winding
of the transformer is obtained:

IPRMS = \/lprms2 + |prms2 (2.13)

2.6.2 Selection of the power switch for the primary circuit

A MOSFET device optimized for this type of application will be selected. One such
device is IPB65R110CFDA in CoolMOS technology from the manufacturer Infineon
Technologies [19]. According to the specifications, this power switch has a nominal voltage of
650V, a drain-source resistance of 180mQ and a nominal current of 19.7A@100°C.

2.7 Calculation of available energy in leakage inductance

Under nominal operating conditions, the current in the primary winding of the
transformer before the polarity change is lpminz. Therefore, the energy stored in the leakage
inductor is:

1
By = L Pmin2” (2.14)

2.8 Output capacitor calculation

The capacitance value of the output capacitor is determined according to the maximum
accepted ripple of the output voltage of the converter. The maximum ripple of current through
the capacitor is given by the sum of the currents of the two output inductors and is reached
during the conduction interval [0, DT]:

5ICO =Ai|_1+Ai|_2 (215)
The required minimum output capacitance is:
olc
Copjg =——— 22— 2.16
MM~ 8. AUs - Fsw- 2 (2.18)
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2.9 Calculation of converter losses

In order to calculate the efficiency of the converter, it is necessary to calculate the power
losses on all the circuit elements of the converter.

2.9.1 Losses in the output inductors

Power losses in the output inductors consist in losses due to resistance of the windings
and due to magnetic core.

PLo =Pbcr_ Lo * Feore Lo (2.17)

It was noted with Ppcr_Lo the power loss due to DC resistance of the inductor winding
and Pcore_Lo the power loss in the magnetic core.

2.9.2 Power losses on power switch from the primary circuit

The power dissipation on the power switches in the primary circuit is equal to the sum
between conduction and switching losses.

Per = Feond PR *+ Psw_ PR (2.18)

2.9.3 Power dissipated on power switches from the secondary circuit

The losses on power switches from the rectifier circuit are calculated similarly to those
for primary circuit:

PsR = Feond _sR + Pew_sR (2.19)

2.9.4 Losses in the power transformer

Similarly to output inductors, losses in the transformer are composed of losses due to
the resistance of the windings and losses in the magnetic core:

Pt="PFes prim + Pres_sec + Plcore (2.20)

2.9.5 Power consumed by control circuits

The power consumed for activating and deactivating power semiconductor devices is:
Porv =Vee (4Q0pR +4Q0sR ) - Fsw (2.21)
where, it was noted with Vcc the supply voltage of the control circuit, with Qgpg,

Qgsp the gate charge of the primary and secondary power switches which must
charged/discharged during each switching cycle.

18



Isolated step down DC-DC 3.2kW converter for electrical and hybrid vehicles

2.9.6 Power dissipated due to voltage stress limiting circuits

In order to prevent a possible situation where the voltages may exceed the nominal
voltage power switches, containment measures must be implemented. A simple method is to
connect a series RC (resistance-capacitor) circuit to the terminals of the element to be protected
as shown in Fig. 2.3 [20]. The power dissipated on the resistor Rs can be calculated with the
relation below:

2
. N
Psnubberzz'cs'[Vm-N—:] -Fsw (2.22)
oL L1

e ]

TS CI

—>L2 —

—

1YY
S

Iz

Fig. 2.2 RC circuit series for limiting the voltage stress (Rs, Cs).

2.10 Loss balance and efficiency calculation
The total power dissipated under nominal operating conditions is given by the sum of
the losses on all elements of the converter previously calculated:
Pd=2- PLO +4. PPR +2.- PSR +Pt+ PDRV + Psnubber (226)

In Fig. 2.3, the balance of the power losses on the main elements of the converter at
nominal output power and at nominal input voltage is presented. The loss balance is also
represented in percentage pie graph.

Section Power loss e
Output inductors 20.28 W
Primary power switches 33.96 W P o s ol
Secondary power switches 36.96 W
Transformer 15.04 W
Control circuits 191W . :
Voltage stress limiting circuits 0.46 W T
Total power loss 108.6 W
Output power 1610 W
Efficiency 0.936

Fig. 2.3 Power losses at nominal operating conditions.
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Fig. 2.4 Calculated efficiency of the converter according to the output current and the input voltage.

From the analysis of the efficiency graphs in Fig. 2.4, it can be seen that the efficiency
of the converter varies significantly with the supply voltage especially at low and medium
output load. At large output currents, close to the rated current, the efficiency of the converter
is much less dependent on the input voltage.

2.11 Conclusions

In this chapter, a calculation method for a full-bridge phase shifted converter equipped
with a double current rectifier was presented. Starting from the specifications of the DC-DC
power converter, it was proceeded to the choice of the transformation ratio, the calculation of
the output inductors, of the RMS currents and power dissipated on the power elements of the
converter. After calculating the voltage and current stresses for each section of the converter,
the semiconductor and magnetic components were selected.

CAP. 3 Calculation of the leakage inductance value

In this chapter, a method for calculation of the optimal value of the leakage inductance
is presented. An optimal value ensures ZVS performance conditions in the primary circuit over
a wide range of converter operation and with a minimum duty-cycle. The advantage of
switching in ZVS mode is that the energy from the leakage inductance is transferred to the
parasitic capacitances without power dissipation. With this mechanism, the total losses on the
primary circuit are greatly reduced and the efficiency of the converter increases significantly
[21], [22], [23], [24].

3.1 Deduction of design equations for the leakage inductance

In Fig. 3.1 the electrical schematic of the full-bridge phase shifted converter with the
parasitic capacities of other semiconductor devices (CA, CB, CC, CD) is presented. The sizing
of the additional leakage inductance must be made in such a way to obtain ZVS for the primary
power switches over a wide range of output current, input voltage and output voltage [15].
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v e

Fig. 3.1 Converter power schematic with highlighted parasitic capacitances.

To calculate the leakage inductance value the following parameters of the converter will
be taken into account: the drain-source parasite capacities of power switches, the parasitic
capacitance of the power transformer, the minimum and maximum input voltage, the minimum
output current from which the ZVS mode is desired.

The condition for achieving ZVS in the primary circuit is that the energy stored in the
leakage inductor Erk is greater than or at least equal to the energy stored in the parasitic
capacitance Ecqp Of the primary circuit.

Eik = Ecap (3.1)
The energy stored in parasitic capacitance is:
1 2
Ecap = E(Zcoss +Cyr ) Vin (3.2)

It was noted with Coss the parasitic capacitance of the primary power switch and with
Ctr the parasitic capacity of the power transformer.
The energy stored by the leakage inductor is given by the relationship:
1
ELk =§|—k|f (3.3)

where, Lk is the leakage inductance and I is the current value just before the state of the
primary switch changes.

In the worst-case situation, Ik equals lpmin2 Which is the instantaneous value of the current
through primary winding of the transformer just before the voltage polarity changes.

The value of Ipmin2 is given by the relationship below:

NS
(Vin'Np‘Voj'D 50Ty
o + e K + Vi

Ns Vin-D_
Np I-o":sw Lp'st

1
IPmin2 =§' (3.4)
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The total energy stored in leakage inductance available to achieve ZVS is obtained after
replacing the result from (3.4) in equation (3.3).

1 2
Epk :ELk -(1Pmin2) (3.5)

According to equation (3.4) the energy stored in the leakage inductance available to
achieve ZVS depends on several parameters: the equivalent series resistance of the power
switches and inductors, the magnetization inductance of the transformer, the output inductance,
the input/ output voltages, the output current and the switching frequency.

3.2 Leakage inductance design

The relationships deduced in the previous section will be used to find the optimal value
of the leakage inductance. According to equation (3.2) the maximum energy stored in parasitic
capacities in the primary circuit corresponding to the worst case conditions is:

Ecap :%(2%53 +Cir ) Vi max :%-(2-120 pF +100pF )-420V 2 ~304C (3.6)

ZV'S switching of the power switches in the primary circuit is possible only if the energy
available in the leakage inductance is at least 30uC. In Fig. 3.2a equations (3.6) and (3.5) are
shown in graphical form. From this graph one can extract the minimum value of the leakage
inductance. This can be found at the intersection of the energy curve of leakage inductance E«
with the energy stored in the parasitic capacitances Ecap.

In order to achieve ZVS on a wide load current range (20A — 115A), the value
corresponding to the minimum current will be selected, this point is at Lx = 3.15uH.

120

0.02 120

— ELk @ Io=1154 — Ecap
103 ELk @ Io =204 007 05— Elk @ Vo =12V
ool [— Ecep o ool |— ELk @ Vo =14Y
[-- D ELE @ Vo =16V

73 005 5

&0 04 s

Energie [W]
&0
Energy [|J]

45 003 4

1 002 kL
15 / o L5

]
DD ns 1 15 P 25 k) 35 4 45 9 0 0 20 30 40 50 &0 70 20 90 100 110 120

Lk [1H] Tout [4]
a) ELx dependency of Lk b) EL« dependency of the output voltage lout

Fig. 3.2 Energy stored in the leakage inductance

According to the graphs in Fig.3.2b, reaching the ZVS switching regime depends
significantly on both the load current and the programmed level of the output voltage. Fig. 3.3a
shows the graph of the energy stored in the leakage inductance as a function of L, but for a
magnetization inductance value Lp of 100uH. In this case, the minimum leakage inductance
required to achieve ZVS is 2.5uH.
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Fig. 3.3 ELx as function of the Lk for Lp = 100uH.

Fig. 3.3b shows the graph of the energy stored in the leakage inductance as function of
output current and output voltage of the converter for Ly = 2.5uH and L, = 100uH. The graph
looks very similar to the one from Fig. 3.2 although the leakage inductance have been reduced
by 25%. Increasing the energy stored in Lk by this method has the advantage that the energy
required to achieve the ZVS is obtained with a lower voltage drop on leakage inductance.

3.3 Simulation of the converter at various values of Lk

In Fig. 3.4, the simulation results of the converter with the leakage inductance of 0.5uH
and 2.5pH are presented.

400
200

400
200

n oA ol -
1 E E E E . : ; : ;
T T e e
0005012 0005015 000502 0005012 0005014 0005016 0005018 0.00f
Time (z) Time (5]
a) Simulation with L= 0.5pH, Lp = 147uH b) Simulation with Ly=2.5uH Lp = 100pH

Fig. 3.4 Converter simulation for two values of Lk at Vin= 420V, Vo= 12V, l,= 60A.
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According to Fig. 3.4a, the energy stored by the leakage inductance is not sufficient to
charge/discharge the parasitic capacities of QA and QB (see highlighted areas) for Lx = 0.5uH.
For this reason, the power switches from the primary side cannot switch in ZVS mode, resulting
in significant switching losses.

In the case of Lk = 2.5uH from Fig. 3.4b, both arms of the primary bridge are switching
in ZVS mode. Compared to Fig. 3.4a, the voltage at the terminals of QA is pushed to zero
before the activation command arrives, so the power switch is activated with zero voltage at the
terminals. Similarly, when deactivating, the voltage at the terminals of QA is brought to the
level of the supply voltage before the deactivation command comes, so in the same way an
effortless change of state for the power switches from the primary circuit.

3.4 Conclusion

In this chapter, a new calculation method for the leakage inductance for the full-bridge
phase shifted converter was presented. The proposed method takes into account the main
parameters of the converter: input/output voltages, output current, equivalent series resistors of
the power elements and magnetization inductance.

CAP. 4 Analysis and optimization of magnetic components

In this chapter, the power magnetic components of the full-bridge phase shifted
converter will be analyzed and optimized. This study will be carried out using numerical
simulation with a simulation program that allows finite element analysis (FEM).

The FEM has been and is successfully used in the low-frequency range for modeling
high-voltage three-phase transformers, asynchronous motors and generators [25], [26], [27],
[28]. The method is also used at high frequencies to evaluate the performance of wireless power
transfer [29], [30], [31], [32]. Fig. 4.1 shows the power electrical schematic of the converter
where the magnetic components to be analyzed and optimized using the FEM method are
highlighted.

QAJ E}

1)

Fig. 4.1 Electrical power schematic of the converter.
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The FEM method allows for an accurate evaluation of complex phenomena such as
proximity and skin effects. The main advantage of this method being the possibility to evaluate,
modify and optimize magnetic components without the need for a physical prototype.

4.1 Power transformer

The power transformer ensures the galvanic separation and energy transfer of the
converter from the primary to the secondary circuit.

4.1.1 Transformer specification

The transformer specifications can be deducted from the specifications of the converter
which are shown in Table 4.1.

Tabel 4.1 Converter specifications

Parameter Notation Module
Output power Po 1.6kW
Input voltage Vin 260 V—-420V
Output voltage Vo 12v-16V
Output current lo 115 A
Magnetizing inductance Lp 100pH
Transformer ratio Np/Ns 7

4.1.2 Selection of magnetic core material

Since the switching frequency of the converter is 200kHz, it is necessary to use a high
frequency ferrite material. For this application, the 3F3 material from the Ferroxcube
manufacturer was selected [33]. The datasheet of this material is presented in Fig. 4.2.

3F3 SPECIFICATIONS

Amedi ; F 4 MBW048
medium frequency power material for use in power 10 —r T =
and purpose trar s at fraquencies of = T=100% 3F3
0.2-0.5 MHz -
Py 'z -4
3 -
SYMBOL| CONDITIONS VALUE UNIT (kW/m*) 13 & & 1l
W 25 °C; <10 kHz; 2000 +20% / / g3
0.25 mT 108 LAY Sy
i 1
™ 100 °C; 25 kHz; - 4000 s ’;' F } —H
200 mT / i g
B 25 °C; 10 kHz; =~ 440 mT Ly JI o
1200 A/m / (/1
100 °C; 10kHz; |- 370 / / / /
1200 A/m 102 4 4
Py 100 °C; 100 kHz; | <80 kWim3 7 i
100 mT foo /
7 7
100 °C; 400 kHz; | =150 [ FAV 1WA
50 mT FARVAWINAlIVA
p DC; 25 °C -2 om 4 /
Tc =200 °C 10 P 3
A
density ~ 4750 kg/m3 1 10 10° B (mm) 10

Fig. 4.2 Datasheet of the 3F3 magnetic material.
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The 3F3 material has a saturation flux density of 370mT and the Curie temperature of
200°C and is suited for the operating frequency range 200kHz — 500kHz. The specific losses
are ~230kW/m? at a core flux density of 100mT.

4.1.3 Selection of the size and model of the magnetic core

In order to find the optimal solution, three planar core models are proposed to be
analyzed using numerical simulation. Constructive models and their dimensions are presented
in Table 4.2 [35].

Tabel 4.2 Models of planar cores proposed for the power transformer

Core model | Corearea | Core volume | Bobbinwindow
E43/10/28 229 mm? 13.9cm? 13.3 mm
ER51/10/38 314 mm? 25.8cm? 10.9 mm
E58/11/38 308 mm? 24.6 cm® 21.1 mm

4.1.4 Numerical simulation of the power transformer

In order to perform numerical simulation, it is necessary first to define the conditions
and simulation models for each proposed core variant. It is considered that all three constructive
transformer variants have the same turns ratio (N = 7) and are built in planar technology on a
six-layer PCB (printed-circuit-board).

For FEM numerical simulation, the Ansys Maxwell software from the Ansys
Electromagnetics suite will be used. For the analysis, an adaptive mesh will be used. The
adaptive mesh means that the mesh density is high in areas where the distribution of the
magnetic field (e.g. airgap) is non-uniform and lower density in areas where the magnetic field
is uniform. This type of mesh allows to significantly reduce the simulation time without
sacrificing the accuracy of the results. For all FEM simulations performed, a maximum error of
2% was imposed.

Simulation models of the transformer

The FEM simulation models of the three core variants for the transformer are
shown in Fig. 4.3.

T ——

a_) 0 15 30 (mm) b) 0 15 30 (mm) C) A % i

Fig. 4.3 FEM simulation models for the power transformer (E43, ER51 and E58).
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The windings connections and distribution across PCB layers is presented in Fig. 4.4.

— S RERERER
Sec_1 Sec_1 . . . N
Sec_1 ~Sec_2 -Sec_3 -Sec_
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a) Sec_. P b) Sec_2 P C) p

Fig. 4.4 Windings connection and distribution over PCB layers.

Eddy currents simulation

The Eddy currents simulation assume sinusoidal excitations for current and voltage
accross transformer windings. This provides important information about transformer, such as
winding inductances (Lp, Lsec), leakage inductance (L), maximum flux density (Bmax), coupling
factor (K), ac winding resistances (Rprim, Rsec), and power losses in the core and windings.
Table 4.3 show the transformer parameters and the values of the losses from the FEM analysis
for the three core variants proposed.

Table 4.3 Transformer parameters obtained from Eddy simulation

Freq[kHz] Lp[uH] Lsec[uH] Lk[uH] Rprim[mOhm] Rsec[mOhm] K Bmax [tesla]

1 10.00 106.44 2.16 0.83 21417 b.76 0.99633 1.532

2 100.00 104.37 212 0.72 521.28 11.48 0.99675 0.157

a) 3 200.00 104.28 212 0.71 581.54 1267 0.99678 0.078
Freq[kHz] Lp[uH] Lsec|[uH] Lk [nH] Rprim [mOhm] Rsec[mOhm] K Bmax [mTesla]

1 10.00 102.74 2109 168.08 T0.77 0.71 0.99918 243247

2 100.00 102.65 2109 124.39 113.74 174 0.99939 24410

b) 3 200.00 102.79 2.09 113.81 134.54 219 0.99945 122.07

Freq[kHz] Lp[uH] Lsec[uH] Lk [nH] Rprim [mOhm] Rsec[mOhm] K

1 10,00 101.356 2.06 420.39 167 .47 217 0.99792
2 100.00 100.75 205 407 85 24150 389 0.99797
C) 3 200.00 100.74 205 403.52 279.65 430 0.99799

Fig. 4.4 shows the distribution of the magnetic field in the core together with the
distribution of the current density in the windings. According to results, the flux density in the
magnetic core E43 is around 80mT, in the case of ER51 is 122mT and for E58 is 60mT. The
average current density in the windings for the E43 core is around 60A/mm?, for ER51 is
9A/mm? and in the case of the E58 configuration it is 8A/mm?.
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c)

Fig. 4.4 Distribution of magnetic field and current density.

Transient simulation of final transformer version (E58)

In order to obtain a clear picture about the transformer performance, a transient
simulation coupled with FEM model will be performed according to the electrical schematic
from Fig. 4.5. The simulation results are presented in Fig. 4.6 and the distribution of power
losses over transformer components are shown in Fig. 4.7.

1.25uH

Switch Diode

.

—Co

120uF

lo

Rs
0.1220hm

Fig. 4.5 Transient simulation schematic for E58 transformer configuration.
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Fig. 4.6 Results of transient simulation for E58 transformer configuration.
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Fig. 4.7 Power losses distribution across E58 transformer.

According to the results of Fig. 4.6 and Fig. 4.7, the losses averaged over the time
interval [160us, 175us] are:
o Losses in primary winding =4.97 W;
o Losses in secondary winding =2.88 W;
o Core losses =213 W;
o Total losses =9.98 W.

Additionally, the losses distribution over the PCB layers can extracted in order to
check for losses concentrations in windings structure. The distribution of losses per layer for
the primary and secondary windings is presented in Fig. 4.8.
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Fig. 4.8 Losses distribution over the PCB layers of the E58 transformer configuration.

According to the results from Fig. 4.8, the power losses in layers one and four of the
primary winding are greater than ones from other two layers. This was expected because the
number of turns per layer is larger. In the case of secondary winding, a similar difference is
observed between the two layers. This difference occurs because the top layer is closer to the
air-gap where the leakage magnetic field generates losses through Eddy currents. The Table 4.4
show the summary of losses for the three variants of cores analyzed. According to the results,
the E58 core configuration is optimal due to the low core and windings losses. Given that the
E58 variant offers the best performance, this configuration is selected for the design of the
power transformer.
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Tabel 4.4 Losses summary for transformer core configuration

Configuration | Core losses | Winding losses Total

E43/10/28 2.18 W 19.55 W 21.73W
ER51/10/38 8.21W 45T W 12.78 W
E58/11/38 213 W 7.85W 9.98 W

4.2 Leakage inductance Lk

In this section, the material, core model and the air-gap will be selected and the losses
will be calculated for each proposed configuration using FEM analysis.

4.2.1 Leakage inductance speficication

Based on the results from the previous sections, the specifications leakage inductance are:

0,

** Lk = 2.5 U.H, ILmax = 15A, Fsw = ZOOkHZ, Bmax =125mT.
where, lLmax IS the peak inductor current.

4.2.2 Core material selection

As the operating conditions are similar to those of the power transformer, the same type
of material will be chosen for the magnetic core (3F3).

4.2.3 Selection of the size and model of the magnetic core

In order to select the optimal configuration for the leakage inductance core, two planar
core models will be evaluated. They are shown in Table 4.5.

Table 4.5 Models of planar cores proposed for leakage inductance.

Core model Core area | Core volume | bobbin window
E22/6/16 78.5 mm? 2.4 cmd 5.9 mm
E32/6/20 130 mm? 4.56 cm?® 9.2 mm

4.2.4 FEM analysis of leakage inductor

Definition of simulation models

a)

FEM simulation models of leakage inductor are shown in Fig. 4.9.

S
b) A T

i

Fig. 4.9 FEM simulation models leakage inductor.
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Eddy simulation

Table 4.6 gives the main inductor parameters for both variants obtained from FEM
analysis. The simulation was performed at several air-gap values in order to choose the
optimal size.

Table 4.6 The main parameters of the leakage inductor as function of the air-gap.

E22
Sgap [um] L[uH] RL[mOhm] Coreloss[W] Solidloss [W] Total Loss [W] Imax [A] Bmax [mTesla]
1 700.00 322 B80.78 1.09 571 6.30 15.00 139.98
2 750.00 3.04 51.69 0.96 5.82 877 15.00 131.54
3 800.00 2.88 52.42 0.85 5.90 B8.75 15.00 12498
4 850.00 273 53.55 0.76 6.02 878 15.00 120.15
&5 900.00 260 B54.22 0.68 6.10 678 15.00 113.93
a) [ 950.00 2.48 5537 0.61 623 5.84 15.00 109.30
E32
Sgap [um] L[uH] RL[mOhm] Coreloss[W] SolidLoss [W] Total Loss [W] Imax [A] Bmax [mTesla]
1 650.00 3.06 21.19 1.39 238 377 15.00 104.41
2 F00.00 2.88 21.26 1.21 239 360 15.00 95.43
3 750.00 272 2153 1.07 242 349 15.00 93.10
4 800.00 258 21.80 0.95 248 3.42 15.00 4g.24
5 850.00 248 21.99 0.85 247 333 15.00 44.34
] 900.00 235 2214 0.77 249 328 15.00 80.14
b)

According to Table 4.6, in the case of E22 core the total losses of the inductor are
approximately constant for the air-gap value in the range [0.8mm — 0.95mm]. Since for the
converter a higher leakage inductance is beneficial, the value of the air-gap equal to 0.85mm
will be chosen for performing the transient simulation. At this value, the inductance is equal to
2.73uH and the total losses are 6.78W. In the case of E32 configuration, the total losses are
constant for the air-gap range of [0.7mm — 0.8mm]. Therefore, an air-gap of 0.75mm will be
selected. At this value the inductance is 2.72uH and the total losses are 3.49W.

The Fig. 4.10 shows the distribution flux density in the core and the current density in
the windings.
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Fig. 4.17 Magnetic field and current density distribution for leakage inductor (E22 and E32).
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According to the results, for E22 configuration the flux density in the magnetic core is
120mT and the average current density in the windings is 15A/mm?. In the case of the E32 the
flux density is 90mT and the average current density in the windings is 10A/mm?.

Transient simulation

The results of the transient simulation coupled with FEM analysis of leakage inductor
for both core variants are shown in Fig. 4.18.
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Fig. 4.18 Main converter waveforms from transient simulation of leakage inductor.

According to the results, the averaged power losses over the range [160us, 175us] are:

o Core losses E22/E32 =1.17W/1.58 W,
o Windings losses E22/32 =5.32W/2.24 W
o Total losses E22/E32 =6.49W/3.82 W.

Studying the losses summary show that the total losses are significantly lower for the
E32 configuration compared to the E22. Although both configurations can be used, the selected
core variant is E22 due to the limitation of the PCB space.

4.3 Output inductor Lo

The output inductor together with the output capacitor realize the filtration of the output
voltage of the DC-DC converter.

4.3.1 Output inductor specifications

Based on the results in the chapter two, the output inductor specifications are the
following: L = 1.2 pH, I.max= 80A, Fsw = 200kHz, Bmax = 380mT.
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4.3.2 Selection of magnetic core material

Since the output inductor has a small ac flux swing, a material that has a higher
saturation flux density can be selected, such as material 3C90 [34].

4.3.3 Selection of the size and model of the magnetic core

For this inductor, a planar core E32/6/20 was chosen. It has a bobbin window width
equal to 9.2 mm and an effective cross section area of 130 mm?,

4.3.4 FEM analysis of output inductor
Definition of the simulation model

The FEM simulation model of the E32/6/20 core output inductor together with the
mesh are shown in Fig. 4.19.

| —
0 10 20 (mm}) 0 10 20 (mmy)

Fig. 4.19 FEM analysis model of the E32/6/20 core output inductor.

Magnetostatic simulation

Due to the significant DC current bias, the FEM magnetostatic analysis will be
performed. In Fig. 4.20 the graph of peak flux density as a function of core air-gap at
ILmax = 80A is presented.
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Fig. 4.20 Inductance L and flux density Bmax as function of the core air-gap.

33



Isolated step down DC-DC 3.2kW converter for electrical and hybrid vehicles

In order to limit the maximum flux density to a reasonable value, an air-gap of 0.85 mm
will be selected. At this value of the air-gap the inductance is 1.16 pH.

Transient simulation

The results of the transient simulation of the inductor are presented in Fig. 4.21.
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Fig. 4.21 Inductor waveforms during transient simulation.

The distribution of losses by layer is highlighted in Fig. 4.22. Analyzing the results, a
good balance of the dissipated power over the PCB layers is observed.

Curve Info avg
1 — Loss_Layer!| 1615
5007 Loss_Layer? 1.042
— Loss_Layer3| 0.6392
Loss_Layerd 0.B87
Loss_Layers D.B72
Loss_Layerd 0.675

1.00 =44

hi' S

A

e

X XTI

1 S

o A\
000

— = I e e e B I —
250.00 255.00 260.00 265.00 270.00 275.00 280.00
Time [us]

Fig. 4.22 Distribution of the inductor windings losses per PCB layer.

4.4 Conclusions

In this chapter, the main scope was the optimization and selection of power magnetics
components for the converter by using the FEM analysis.

CAP. 5 DC-DC converter parallel operation

In this chapter, the main methods of current balancing are investigated and a new
balancing method will be proposed for the full-bridge phase shifted converters. In order to
validate the concept, the new current balancing method is analyzed using simulations and
experimental verification on a functional prototype (see Chapter 6).
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5.1 Methods of parallel connection of DC-DC converters

Connecting the power converters in parallel has many advantages, but it also poses an
important difficulty. This consists in ensuring equal current sharing between converters in both
static and dynamic mode.

5.1.1 Current limit method

This method involves the use of converters connected in parallel in the current limit
mode. In this way, when one of the converters delivers the maximum current that it can provide,
its output voltage decreases and the second converter begins to deliver current. When the second
converter reaches to its current limit, the third one will start to deliver current. This method
does not always ensure an equal sharing of the output currents of the converters unless they all
operate in current limitation mode.

5.1.2 Droop method

This method of parallel connection involves the design of converters with a finite output
resistance so that the output voltage will decrease linearly with the increase in current. In this
way, if the converters are initially adjusted individually for an operating point, they will
contribute equally to the total output current over the entire operating range of the converter.
Although this solution is simple to implement, it offers a low output voltage accuracy due to
high converters output resistance.

5.1.3 Common feedback method

This method involves the use of a single feedback loop for all modules connected in
parallel to stabilize the output voltage. In this mode, the control block (regulator) will provide
the same duty-cycle ratio to all modules connected in parallel. If the power modules are
identical built, their output currents will be equal and the total current will be delivered in the
load. In practice, it is almost impossible to achieve this objective because the tolerances of the
components and production process.

5.1.4 Average current mode method

This method consists of implementing a current regulator for each module connected in
parallel. These regulators communicate the current information with each other and adjust the
individual duty-cycle so that the average output currents of the converters are equal. This
method provides the best balancing for output currents of the modules connected in parallel in
static operation, but also redundancy in case of failure of a module. In dynamic mode, however,
because the regulators operate with the average current value, they are not fast enough to
equalize the converters current during steep load changes.
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5.1.5 Peak current mode method

This method involves stabilizing the output voltage of the converter by controlling the
peak value of the current in the output inductors. Given that the regulator imposes the same
current reference for all modules connected in parallel, the current sharing between modules is
very precise in both static and dynamic mode.

The main advantages of the peak current mode control are:

- precise balancing of the output currents of the modules in static and dynamic mode;

- elimination of the DC component at the transformer terminals that allows the
elimination of the DC blocking capacitor;

- intrinsic overcurrent protection;

- uniform power losses on power semiconductor devices;

- very fast dynamic response;

- does not require a current sensor at the output, the regulator can be implemented
with a current transformer on the power path of the primary circuit.

Due to the advantages mentioned above, especially for the precise current sharing and
the possibility of removing the DC blocking capacitor and current shunts, this concept will be
selected for the parallel connection of two DC-DC full-bridge phase shifted converters with
1.6kW nominal power.

5.2 Simulation of the peak current mode control for one module

The power electrical schematic is shown in Fig. 5.1 and consists of an input filter
(Ls, Cin), current transformer (CT), primary bridge (QA,QB,QC,QD), power transformer (T1),
synchronous rectifier (QE, QF) and output filter (Lo1, Loz, Co1).
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Fig. 5.1 Converter simulation schematic in PSIM software.

The electrical schematic of the control circuit is shown in Fig. 5.2. It consists in four
main blocks. The output voltage regulator, ramp generator, clock signal generator and PWM
module.
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Fig. 5.2 Peak current mode control schematic in PSIM software.

5.2.1 Simulation of the peak current mode control in static mode

The results of the simulation are shown in Fig. 5.3. As can be seen, the Up voltage across
primary winding of the power transformer is formed by overlap of the conduction interval of
two power switches from diagonals of the primary bridge QA, QD and QB, QC. The duty-cycle
is determined by the intersection of the Ipeax_ref reference given by the voltage regulator and the
peak value of the input current given by the CT current transformer and the shunt resistor Rsh.
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Fig. 5.3 Simulation of a single module in static mode la Us = 14V, lo = 115A.
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The currents of the inductors are noted with o1 and Iz, the output current is
represented by lo and the output voltage is noted with Us. For this particular case, nominal
operating conditions were considered: Uqc = 345V, Us = 14V, lo= 115A.

Analyzing the results, it can be observed that the peak current mode control works
properly on this type of topology. In this way, the amplitude of the peak input current is
controlled on both polarities, this guarantees the cancellation of the DC component in the
primary of the power transformer.

5.2.2 Simulation of peak current mode control in dynamic mode

The results of the simulation in dynamic mode are shown in Fig. 5.4. The graph reveals
the dynamic behavior of the converter in the case of a load transition from 50% to 100% of the
rated current. This means a current step from 60A to 115A.

As can be seen from the waveforms in Fig. 5.4, the current reference ("lpeak Rref") force
the peak value of the input current be the same on both polarities. During current transitions,
the output voltage varies by a maximum of +2V.

Ipeak_Ref CS_Ramp

0.0076 0.0078 0.008 0.0082 0.0084
Time (s)

Fig. 5.4 Dynamic response for load step from 50% to 100% of nominal current.

5.3 Simulation of the peak current mode control for two DC-DC modules in
parallel operation

For the simulation, a second module will be added in the schematic and connected in
parallel with the first module. By using the same peak current reference for parallel connected
modules, the current sharing between modules is ensured. The Fig. 5.5 shows the power
electrical schematic used to simulate the two DC-DC converters in parallel configuration.
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The implementation of the peak current mode control for DC-DC parallel operation can
be done in two ways. The first possibility is to use the same clock signal for all modules
connected in parallel (synchronous operation). The second possibility involves the use of two

clock signals with a phase delay (Interleaved operation). In the interleaved operating mode the
PWM clocks have a phase offset of 90°.
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Fig. 5.5 Schema electrica de putere a doua convertoare DC-DC Tn punte conectate n paralel.

5.3.1 Simulation of two DC-DC modules operating in parallel with
synchronous PWM clocks

Synchronous operation requires that the clock signals of the two PWM modules of the
DC-DC converters connected in parallel are in phase.
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Fig. 5.6 The waveforms of the converter consisting of two modules connected in parallel with the
synchronous PWM clock signal at rated load, Us = 14V, lo = 230A.
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In Fig. 5.6 CLK1, CLK?2 are the clock signals of each module, Up1, Uy, are the voltages
across primary windings of the power transformers, CS1, CS2 are the signals from the current
transformers (CT1, CT2), lpeak Rref is the common current reference provided by the voltage
regulator, IRs is the total output current and Us is the voltage on the load. Although it is simpler
to implement, the synchronous operation conducts to significant ripple of currents through the
input/output filter capacitors.

5.3.2 Simulation of two DC-DC modules connected in parallel with
interleaved operation in static mode

Interleaved operation requires that the clock signals of the two DC-DC modules
connected in parallel are delayed in phase by 90°. The simulation results for the interleaved
operation are presented in Fig. 5.7.
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Fig. 5.7 The main waveforms of the converter with two modules connected in parallel in "interleaved"
mode at rated load, Us = 14V, lo = 230A.

5.3.3 Simulation of two modules connected in parallel in dynamic mode

The Fig. 5.8 shows the simulation results of dynamic behavior for both operating modes
(synchronous and interleaved). After analyzing the dynamic response, it can be seen that there
are no visible differences between synchronous and interleaved control modes, both of have the
same response time and the same amplitude of the voltage drop/increase during the transitions.

In order to inspect in detail the current sharing during load step, the current transitions
were extracted and they can be viewed in Fig. 5.10. By analyzing the results, one can see a very
good current sharing between the output currents of the two modules during the transitions for
both control methods. In the case of the interleaved mode, some current ripple is observed on
the output currents of each module (lo1, lo2). They occur due to the phase shift between the
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PWM clocks of the two modules. Since the ripples are out of phase (180°), they cancel each

other at the connection point and are not visible in the waveform of the final output
current (IRs).
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a) Synchronous operation b) Interleaved operation

Fig. 5.9 Dynamic response of the converter working with two modules in parallel at an output current
step from 115A to 230A.
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Fig. 5.10 Dynamic converter response during positive load transition.

5.4 Conclusions

In this chapter, the main current sharing methods for DC-DC converters connected in
parallel were analyzed. The goal was to find the optimal solution for parallel operation of two
full-bridge phase shifted converters. According to simulation results, the peak current mode
control proved to be the optimal solution in terms of complexity and performance. The
experimental verification of the peak current mode control concept as well the parallel operation
of two modules are presented in Chapter 6 of this thesis.
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CAP. 6 Prototype realization

In order for the converter application to be implemented in practice, several additional
blocks must be added to the power electrical schematic such as: Microcontroller (uC), voltage
regulator, protection circuits, driver circuits, communication interface and filters.

These blocks ensure the proper operation of the converter, communication with external
equipment and protection in case of short circuit at the output, overload, overvoltage and
overtemperature. The protection circuits are necessary to prevent events that could generate a

hazard situation in the car such as a major failure or even fire.

6.1 Converter block diagram

The block diagram of the converter containing the two DC-DC modules connected in
parallel with the additional blocks is shown in Fig. 6.1.
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Fig. 6.1 The block diagram of the converter composed of two modules connected in parallel.

6.2 Prototype description

In Fig. 6.2, a picture of the prototype of the converter composed of two modules of
1.6kW connected in parallel is shown. For easier understanding, the converter has been divided

into sections as follows:

- Input voltage terminals (Vin);
- Primary side modules 1 and 2;
- T1,T2 power transformers;

- Control circuits together with driver and protection modules;
- Rectifier modules 1 and 2;

- L1, L2 output inductors;

- Converter output terminals (Us).
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Fig. 6.2 Block diagram of the prototype.

As can be seen, both DC-DC modules are built symmetrically on the same PCB on a
small volume (19.5cm x 15.5cm x 4.5cm). The small size is mainly due to the use of planar
technology to make magnetic components and cooling mode. The cooling of the power
components is done directly through the PCB with the help of an aluminum heatsink and a
thermal interface material with electrical insulator properties.

6.3 Waveform measurements and parallel operation

The Fig. 6.3 shows measurements of the main waveforms of the converter for two
operating points. In Fig. 6.2a the converter operates with a single module at an output current
of 100A. In Fig. 6.2b the two modules are both active and operate in parallel having a total
output current of 200A. In both cases, the input and output voltages are nominal
(Vin =350V, Us = 14V).

The dynamic converter response to a current step from 100A to 200A can be observed
in Fig. 6.4. The results confirm that the method of peak current mode control is effective in
regards of current sharing being verified both by simulation and experimentally.

In Fig. 6.3 and Fig. 6.4 the following notations were used for the measured signals:

- PWM1A to PWM1D, PWM commands for primary bridge of DC-DC module 1;
- PWM2A la PWM2D, PWM commands for primary bridge of DC-DC module 2;
- PWML1E, PWM1F, PWM commands for rectifier module of DC-DC 1,

- PWMZE, PWM2F, PWM commands for rectifier module of DC-DC 2;

- Upl, Up2, voltages in the primary of power transformers;

- CS1, CS2, signals from current transformers;

- Utl, Ut2, secondary voltages of power transformers;
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Us, Is the output voltage respectively the output current;
Is, the total output current of the converter.
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6.4 Efficiency measurement

In Fig. 6.5 the efficiency of the converter as function of the output current at three input
voltages (minimum, nominal, maximum) is shown.

0.94
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0.90
0.88
0.86
0.84 Module 1 ' Module 1 + Module 2
0.82

0.80
OA 10A 20A 40A 60A 80A 100A 120A 140A 160A 180A 200A 220A

s \/IN = 260V s \/in = 350V  emmm\/in = 420V

Fig. 6.5 Converter efficiency at different input voltages and output currents.

As can be observed, the converter is operating up to 100A output current with a single
module and over 100A the second module is started. At currents >100A, the efficiency of the
converter is higher with two modules in parallel than if a single module were used.

By analyzing the results, it can be seen that the peak efficiency of 93.5% is reached at
the minimum input voltage and output current of 70A. A new efficiency peak of 93% is also
observed when the output load reaches 140A. Above this value, the efficiency begins to drop
again to around 91.5% in the worst case condition, at the nominal current and maximum
input voltage.

6.5 Thermal measurements on the prototype

Fig. 6.6 shows the infrared thermal map of the converter operating at the nominal
conditions (Us = 14V, Is = 230A) with both modules turned on.

e i
Fig. 6.6 Thermal scanning of the converter at nominal load (Us =14V, Is =230A).
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By analyzing the results, a uniform distribution of temperatures is observed on the
power sections of the converter. At this operation point, the temperature of the primary stage is
slightly higher than in the rest of the converter. The maximum temperature measured on the
primary stage is 103°C and is located on one of the power switches of module one. The list of
temperatures for each sections of the converter is shown in Table 6.1.

Tabel 6.1 Converter components temperatures.

Component Module 1 | Module 2
Primary stage 103 °C 97°C
Power transformer core 62°C 62°C
Power transformer windings 96.7°C 93.9°C
Synchronous rectifier 85.3°C 78.6°C
Output inductors 84.1°C 83.2°C
Microcontroller 63°C
Heatsink 43°C

General conclusions

In the first chapter, the typical specifications of a DC-DC power converter intended to
be used in an electric vehicle were presented. Then, the main topologies of DC-DC converters
were evaluated and the optimal topology was chosen for each of the two sections of the
converter, primary and secondary.

In the second chapter a calculation method was presented for the dimensioning of
power semiconductors and magnetic components of the full-bridge phase shifted converter.

In the third chapter, a calculation method for the converter leakage inductance was
presented. The proposed method takes into account the main converter parameters such as:
input\output voltages, output current, equivalent series resistances of power switches and
magnetization inductance.

In the fourth chapter, the design, analysis and optimization of the magnetic power
components of the converter with the FEM method was carried out. In the first section, the
power transformer was approached and in order to find the optimal solution, three transformer
configurations were analyzed: E43, ER51 and E58. In the end, the E58 core configuration
proved to be the optimal due to the reduced losses in the magnetic core and windings. In the
second section, the leakage inductance was analyzed. In order to find the optimum
configuration, two core types were studied: E22 and E32. According to the simulation results,
both variants can be used but the E22 variant was selected due to limited PCB space available.
In the last section of this chapter, the output inductor of the converter was studied and
optimized.

In the fifth chapter, the main methods of current balancing for DC-DC converters
connected in parallel were evaluated. The main goal was to find the optimal solution for parallel
operation of two full-bridge phase shifted converters. The peak current mode control method
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has proven to be the optimal solution, offering excellent current sharing and fast dynamic
response. In addition, two ways of implementing the peak current mode control were
investigated: synchronous and interleaved mode.

In the sixth chapter, the implementation of the studied converter was done on physical
prototype. In the first section the converter block diagram together with internal blocks was
presented. In the second section, the prototype was described and a picture was presented. In
the third section, measurements of the main waveforms were presented during operation with
one and with two modules connected in parallel. Additionally, an infrared thermal map of the
converter operating at nominal conditions and a table with components temperatures was
shown. Finally, measurements were done to obtain the efficiency curves versus output current
and input voltage.

Original contributions

Personal original contributions can be classified in three categories.

A. Theoretical contributions

1. The mathematical model of the full-bridge phase shifted converter was derived. The
voltage and current stress, power loss on power switches and magnetic components were
also evaluated.

2. The power semiconductors were selected based on voltage and current stress derived
from the mathematical model.

3. Anew method for calculating and optimizing the value of additional leakage inductance
has been proposed. The new method takes into account all converter parameters such as
input / output voltages, output current, equivalent circuit series resistances, parasitic
capacitances and magnetization inductance.

4. For the first time, the peak current mode control method was proposed for current
balancing of parallel full-bridge phase shifted converters.

B. Simulation contributions

1. The simulation model for converter operation of power schematic together with control
and feedback circuits was developed.

2. The simulation model for the implementation of the peak current mode control for full-
bridge phase shifted converter have been developed.

3. The simulation model for two full-bridge phase shifted converters connected in parallel
with current balancing by using the peak current mode control with synchronous clock
signal and 'interleaved’ ” was developed.

4. Analysis, design and optimization of magnetic power components by using FEM for
reducing the power losses.
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5. Elaboration of the multi-domain coupled simulation model (cosimulation) between the
SPICE model of the converter and the FEM models of the magnetic power elements.

C. Contribution to experimental evaluations

1. Realization of the converter prototype consisting of two full-bridge phase shifted
modules connected in parallel.

2. Analysis of current balancing between converters connected in parallel by measuring
the input currents of the converters.

Efficiency measurements from zero to nominal currents at various input voltages.

Realization of the thermal map of the converter during operation at nominal conditions
with the indication of the maximum temperatures on each section.

Future perspectives

The researches presented during this thesis constitute a starting point and a basis for the
design, analysis and optimization of switching converters. Although the thesis has focused on
DC-DC power converters intended for use in electric vehicles, the approach presented can be
used for any converter topology with any destination.

Analyzing the final results obtained from simulations and measurements on the
converter prototype, the following possibilities for development and improvement may be
investigated:

- Replacement of the microcontroller with a higher performance one to make it
possible to implement the interleaved peak current mode control,

- evaluation of the possibility of coupling the two output inductors on a single core;

- implementation of an ideal diode mode by using existing synchronous rectifier to
increase the efficiency at very low load (<10%-In);

- optimization of converter dead-times and magnetization inductance to achieve
efficiency targets at maximum input voltage;

- implementation of the digital feedback loop in software;

- comparative analysis of efficiency and cost between the topology used in this paper
and the LLC topology.
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