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Abstract

In this master thesis, the aim is to implement the single and three phase Dual Active Bridge converter both
with simulation and experimentally. In the first phase of the thesis, as a case study, the single and three
phase DAB converter are simulated in the PLECS software. The phase shift method has been implemented
in order to control the converter. The operation frequency of the simulation is 5 KHz and the input and
output voltage of the converters are 3KV and 6KV respectively. The transmitted power is 2MW. In the
second phase of the project, the single phase dual active bridge has been implemented in the laboratory
by using the dSPACE controller. The DAB converter has been tested for the frequencies of 50, 500 Hz and
1 KHz and for the maximum power of 0.5 KW. The maximum input and output voltage is 80 and 144 volts
respectively. All tests for different voltage levels and frequencies have been done by simulation as well
and the simulation results have been verified by the experimental results. The same tests also have been
done for the three phase DAB converter which is implemented in the laboratory. These tests have been
done for the frequency of 55 and 555 Hz and for the maximum power of 1.5 KW. The simulation results
are also verified by the experimental results. In the last phase of the thesis, soft switching has been
implemented by using snubber capacitors on both the single and three phase DAB converter and the
results have been compared with the previous results.

The highest possible frequency for the Single phase dual active bridge used in this thesis is 1 KHz and the
highest possible frequency for the three phase case is 555 KHz by using the digital implementation of the
dSPACE controller. The accuracy of the phase shift for the single phase DAB converter for the frequency
of 1 KHz is 3.6 degrees and for the three phase DAB converter for the frequency of 555 Hz is 2 degrees.

Loss calculation also has been done theoretically, for the simulation and also for the experimental tests.
The results show that the implemented DAB converter has higher losses for higher frequencies. The
implemented three phase DAB converter also has higher losses than the single phase one in this thesis due
to the higher cabling and switching losses.
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1. Introduction

1.1.Problem Background

Nowadays, the world moving toward using more renewable resources. Many researches, much
investment and annually progress rate of wind energy which is about 30 percent show that wind power
has a potential to become one of the most important supplying energy resources in the next decades.
Some researchers like Mark Z. Jacobson and Mark A. Delucchi accessed that the wind energy with solar
and water energy could supply more than the whole of the world demanding energy by 2030. According
to them, there isn’t any problem to reach this point in terms of technology and economy but the problem
is more politically and socially. In their points of view, the solar energy has peak production during the
daytime and this energy and wind energy can supply 90 percent of the worldwide demanding energy
complementary. Hydropower can supply the gap and also tidal and geothermal energy can complement
it. The main problem here is the long distance between the locations where the offshore wind turbine and
solar power plants are installed and consumer’s location. In this point of view, the transmission loss of
electricity plays an important role in order to reach this goal to connect the wind energy production and
solar energy production. The HVDC transmission lines have significantly lower transmission losses in
comparison to the conventional AC transmission lines for a long distance which gives them the opportunity
to be used instead of AC transmission lines. One of the main devices in HVDC transmission installation is
the DC-DC converter which is used to replace the bulky conventional transformer as voltage level adjusting
element. One of the promising topologies in this case is dual active bridge converters which can decrease
the losses by using soft switching modulation schemes.

1.2.Previous Work

Due to the importance of this issue, many investigations have been done on DC-DC converters and also on
the SAB and DAB converters. The DAB topology is one of the isolated bidirectional dc-dc converter (IBDC)
topologies. The dual fly back, forward fly back, dual push pull, full bridge forward and half full bridge are
examples of the IBDC topologies with two till six switches in their circuits respectively. The Dual active
bridge topology with eight and twelve switches was proposed by Doncker in 1991[1]. Both single-phase
and triple-phase DAB converters were presented for high-power density high-power applications and they
operated in a soft-switching manner in order to decrease the switching losses. However, due to the
performance limitation of power devices, the power losses of DAB converters were high and the efficiency
was low. Moreover, the DAB topology did not reach the new stage of development and just some few
studies had been done on it on that time. Development of the power devices and magnetic materials
(especially the SiC- and GaN-based power devices and iron-based nano-crystalline soft magnetic) in recent
years, make the DAB converter feasible for replacing the bulky and heavy 50/60 Hz transformer. So, the
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DAB topology is become interesting for many researchers nowadays. The researches on the DAB converter
are mainly focus on basic principle, control method, soft-switching solution and hardware design and
optimization. [5]

1.3.Purpose

The purpose of this master thesis is to design and implement a proper modulation and control scheme
for a medium frequency transformer based Dual Active Bridge Converter. Since this converter is missing
at Chalmers University of Technology, the main part of the thesis is to implement the DAB converter in
the laboratory. The first preliminary aim is to implement a suitable control scheme for the single phase
DAB converter. The second aim is to implement it experimentally and make comparisons between
simulated and experimental results. In the next step, the tree-phase DAB converter is going to be
implemented both by simulation and in the laboratory and make comparison between them. The
comparison will be done as well between the single-phase and triple-phase dual active bridges.



2. Collection of known usable Theory

2.1 Dual Active Bridge Converter

These days there are many topologies of DC-DC converters and the different variants have advantages and
disadvantages. One of topology which was first introduced by Doncker is the Dual Active Bridge converter.
There are two types of DAB converters, the single-phase and three-phase. This converter consists of one
Inverter Bridge which converts the DC voltage to AC voltage and one Rectifier Bridge which converts the
AC voltage to DC voltage and the two bridges are connected to each other by a transformer. The inverter
bridge in the single-phase DAB has four switches and diodes, the same as the rectifier bridge while in the
three-phase DAB, each bridge has six switches. The advantages which can be mentioned are electrical
insulation of the DAB converter and soft switching possibility in both the primary and secondary circuits
of the converter. Disadvantage of the DAB converter is that, many switches are used in the converter which
makes it expensive and also lead to complex control.
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Soft switching can also be lost in a high load and there is high ripple current in the output capacitor filter
as well. The scheme of a single-phase and a triple-phase DAB converter can be seen in figure 2.1.

There are several methods to control the Dual active bridge switches. One of the traditional control
methods which are going to be implemented in this thesis is phase shift controlling of the switches and
making phase shift between bridges of the converter. This will be explained in the next section.

2.2 Phase shift control

There are some different modulation methods in order to control the switches of the dual active
bridge converter which have different properties. One of these methods is the phase shift control. In this
method, each diagonal pair of switches in both the inverter and rectifier bridge of the DAB converter are
operating during 50 percent of the period but with a specified phase shift, which should be defined,
between the inverter and rectifier bridges. In the following section, the phase shift control is explained for
both the single and three phase DAB converter. Figure 2.2 shows the control method for both converters.
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Fig. 2.2: Phase shift control for the single (left) and three (right) phase dual active bridge converter



2.2.1 Single phase Dual Active Bridge

In order to implement the phase shift control in the single phase DAB converter, switches S1 and S4 are
conducting for half of the period and switches S2 and S3 are conducting for the other half of the period.
At the same time with a specified delay and phase shift, switches S’1 and S’4 are operating for one half
period and Switches S’2 and S’3 are operating for the other half of the period. By shifting the phase
between the inverter and rectifier bridge, the transferred power can be controlled. The relation between
the phase shift angle (@), input and output voltage (Vi» & Vout), output power (P,), operation frequency of
the converter (f) and the transformer ratio of converter (n) is given by

_w _2
Fo = wL o (1 n) (2.1)
where d can be calculated by
d=—== (2.2)

where n is defined as the ratio of the transformer in the converter. According to the equation, it can be

seen that the maximum value of output power can be reached when the phase shift control (@) is equal

T
to—.
2

2.2.2 Three phase Dual Active Bridge

In the three phase dual active bridge, the same as in the single phase DAB, a phase shift should be
implemented between the inverter and rectifier bridges. Each switch in both bridges is conducting with
the duty cycle of 50 % but with different phases. The switches S1, S3 and S5 are conducting with a 120
degrees phase shift with each other. The switches S2, S4 and S6 are conducting with 120 degree phases
shift with each other and also 180 degree phase shift with switches S1, S3 and S5 respectively. The switches
§’1-S’6 are conducting in the same way as the switches S1-S6 but by considering the implemented phase



shift between the two bridges. Table 2.1 shows the switching schema for the inverter bridge of the three
phase DAB converter. Figure 2.2 also shows the switching in a perfect way.

Table 2.1 The switching schema of the inverter bridge of three phase DAB converter

period 0 T T 21 21 41 4t 5w 5n
-3 - -7 T—— == - — 27
3 3 3 3 3 3 3 3
Triggered $1,54,55 $1,54,56 $1,56,53 S6,53,52 S3,52,55 S2,55,54
switches

The rectifier bridge switches S’1-5’6 are triggered in the same way as of the switches of the inverter bridge
but with the defined phase shift of @. For example the switch S’1 is triggered at the phase of 0 + @
and become off at a phase of m + @ . The relation between the phase shift angle (@), input and output
voltage (Vin & Vout), output power (P,), operation frequency of the converter (f) and transformer ratio of
the three phase DAB converter (n) is given by

_ VP 2 9 T
P"_Ed@(g_;r) for OS@S; (2.3)
and,
_Wa(g-2_m n 2m
PR==2d(@-2-%) for ZI<op<Z (2.4)

According to the equations, it can be seen that the maximum value of output power can be reached when
the phase shift control (@) is equal to % , the same as the single phase dual active bridge.

2.3 dSPACE controller

dSPACE is a hardware and software package. The idea of this package is to use MatLab and especially
Simulink in real-time applications. In order to do it in a simple way, the special hard- and software have
been developed with a control system called dSPACE. By using this controller, it is possible to construct
block diagrams in Simulink as controller and then send signals to the real system by using the dSPACE
interface. The procedure is: The constructed block diagrams in Simulink that are translated to C-codes by
the Matlab toolbox Real-Time Workshop. The dSPACE real-time interface (RTI) compiles these C-codes into
the digital signal processor (DSP). When codes are set on the DSP and are loaded into the software which
is called Control Desk, then it is possible to create virtual instrument panels. This software makes it easy
to change the parameters in real-time. Moreover, during the simulation, data can be stored in the software
and be analyzed later in MatLab. The DSP board communicates with the real system via an 1/0 board with
different connectors. Figure 2.3 shows and explain the whole procedure.
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2.3.1 dSPACE boards

There are many dSPACE boards with different specifications. Some types are the single board hardware
like DS1103 and DS 1104. The other types are modular hardware like DS 1005 and DS 1006 and many other
types. The one which is used in this thesis is the DS1103 PPC controller Board. This controller is the single-
board system with real time processors and has high I/O speed and accuracy. This board is designed to
meet the requirements of modern rapid control prototyping and suitable for applications such as:
Robotics, induction motor control, automotive controllers and so on. “It provides different interfaces like
50-bit I/O channels, 36 A/D channels, and 8 D/A channels. For additional I/O tasks, a DSP controller unit
built around Texas instruments’ TM320F240 DSP is used as a subsystem”. (dSPACE Catalog-2013). The
dSPACE 1/0 Board has many input and output connectors for different measurements and controlling
signals. In this thesis just the digital connectors have been used. Different digital signals such as serial
communication and encoders can also be handled. The analogue signals can vary between +/-10 V if they



are connected to the right input channels. The technical details of the DS1103 are given in Appendix 1.
Figure 2.4 shows the dSPACE board of the controller.

Fig. 2.4: The dSPACE board that handles input and output signals between the computer and the real
system.

2.3.2 RTI interface

By using the RTI interface, the controller board is programmable from Simulink block diagram
environments. There is a possibility to configure all I/O channels by using the RTI. In order to connect the
real-time simulation to the real physical world, there is a need to introduce the 1/0O interfaces into the
Simulink models. This allows replacing parts of the simulation model with the real physical hardware. In
RTI, the channels of the I/0O board are supported by the I/0 libraries which are including the corresponding
I/0 blocks. The various RTI blocks (I/0 blocks) allow accessing the dSPACE hardware. Figure 2.5 shows the
library of the rtilib1103. There are two ways to get these blocks, both by using the Simulink library browsers
or the RTI block libraries. The RTI manages continues-time, discrete-time and multi rate system. Depending
on the I/0O hardware, different channels of the board can be used with different sample rates and also in
several subsystems.

The master PPC on the DS1103 controls a bit I/0O unit with the following characteristics: 32-bit digital I/0,
+10 mA maximum output current and TTL voltage range for input and output.

The 1/0O unit is organized in four 8-bit groups (bits 0...7, 8...15, 16...23, 24...31)). Each group can be
configured for input or output. If a group is configured for input, it’s not possible to write on it. In this
thesis, the second groups of 8-bits (8...15) has been used for the one-phase dual active bridge. The bits
pins number can be seen in Figure 2.6.

The master PPC library contains several blocks for programming the digital 1/0O unit.
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2.3.3 Digital implementation limitation

As mentioned in the previous section, the 8-bit digital I/O has been used to generate signals for the single
phase DAB converter. (12-bit digital 1/O has been used to generate signals for the three phase DAB
converter). As can be seen in the catalog of the DS 1103, the settling time of the D/A converter of this
board are five microseconds when the 14 bits have been used at the same time. It means that the time
steps of the Simulink software should be set on the 5 microseconds so the Simulink blocks can be
programmed and realized by the RTI. With too low step times, an overrun situation will happen and the
RTI cannot translate the Simulink code into the C-codes for the dSPACE controller. This can be the
limitation for the phase shift implementation of less than 5 microseconds in this thesis.



2.4 Soft Switching

Hard switching in the converters can give several problems of which the main is the switching losses due
to the finite duration of the switching transient and the electromagnetic compatibility (EMC) problems
due to the high voltage derivative with respect to time. By increasing the switching frequencies, there is a
possibility to reduce the output current harmonic content and passing over the audible noise. The problem
here is that by increasing the switching frequency, the switching losses are also increased especially when
IGBT technology is employed. In this case, in order to have a high switching frequency and low switching
loss at the same time, it is necessary to have a soft switching which can be achieved by implementing zero
voltage switching in the converter. In order to make it more clear, it is necessary to mention that the power
is dissipated in the switches because there is both voltage and current across the switches in a switching
period which can be seen in Figure 2.7. This leads to that the power loss is equal to the multiplication of
the voltage and current. However, if the voltage across the switches become zero or low before the
switches begins to conduct then there will be no or low power loss due to the switching. This can be seen
in Figure 2.7. Soft switching can be implemented in both the turning on and turning off period of the
switches.

One method to have such a soft switching is using the snubber capacitor in resonant switch converters
such a full bridge and dual active bridge converters.
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Fig. 2.7 Conceptual model of the voltage and current waveforms control by hard (up) and soft switching
(down)
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2.4.1 Snubber capacitor

A Snubber capacitor is usually used to protect the transistors by improving their switching trajectory.
There are different types of snubber capacitors like turn-on, turn-off and overvoltage capacitor. By using
a snubber capacitor in parallel with the switches, the switching overvoltage can be removed or reduced
significantly. The turn-off snubber decreases the switching losses by increasing the voltage rise time of the
IGBT. The designing of the snubber capacitor for DAB converters will be discussed in the Section 3.1.4.

11



2.5 Loss calculation

In this project, the loss has been calculated theoretically, based on the simulation results and also for the
experimental results. The main part of losses in the Dual active bridge belongs to the IGBTs, diodes and
transformer losses which are going to be explained.

2.5.1 IGBT and Diode Losses

The losses in the IGBT and diodes can be categorized into three parts: Conduction, Switching and blocking
(leakage) losses, The last one can normally be neglected.

2.5.1.1 Conduction losses

This losses can be calculated by using an IGBT approximation with an in series DC voltage source (Uczo )
that representing IGBT on-state zero current collector-emitter voltage and a collector-emitter on-state
resistance (rc).

ucg(ic) = Ucgo + 7¢ic (2.5)

The same approximation can be used for the diode,

up(ip) = upg +1pip (2.6)

These parameters can be read from the data sheet of switch. The instantaneous value of the IGBT
conduction losses can be calculated by

Per(t) = ucg(©)ic(t) = ucgo- ic(t) + 1¢. i2(t) (2.7)
So, the average losses based on the IGBT current value /.o, and the rms value of IGBT current I.-ms can be
expresses as

Tsw

Per = T_ (ucpo-ic (t) +7¢. ig(t))dt = Ucpo-leav + rC-Iczrms (2.8)
swJo

And in the same way, for the diode in one switching period can be calculated by

1 (Tsw , .
Per = Efo (upo-ip () +1p. 5 (1))t = upo.Ipay + 7p-Iprms (2.9)
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2.5.1.2 Switching losses

The internal diode of the IGBT is used as a free-wheeling diode, since in the majority of applications such
as full-bridge DC-DC converter; the power electronics converter has some IGBT-based half-bridges. The
calculation is also valid if an external freewheeling diode is used in parallel to the IGBT. The turn-on energy
losses in IGBT (Eon7) can be calculated by

trittf )
Eonr = fon uuCE(t)lC(t)dt = Eonmi + Eonmrr (2.10)

Switch-on energy losses (the losses in the diode during the turn-on time of the IGBT) in the diode are
mostly the reverse-recovery energy (Eonp) and can be calculated by

tri+t . 1
Eonp = fon fuuD ®)ip()dt = Eopprr = Py Qrr Uprr (2.11)

where Upr is the voltage across the diode during reverse recovery time. In the worst situation, this voltage
can be equal to the supply voltage (Up= V).

The switch-off energy losses in the IGBTs can be calculated in the same way. The switch-off losses in the
diodes are normally neglected (E.0=0). So,

tru+tfi .
Eorrr = foru M ucpic(dt (2.12)

The switching losses of the IGBT and diodes can be calculated by multiplication of the switching energies
and the switching frequency (fsw).

Poym = (EonM + EoffM)fsw (2.13)
Powp = (EonD + EoffD)fsw = Eonpfow (2.14)

Total power losses in the IGBT and diode can be calculated as the sum of the conduction and switching
losses.

Pr =Vepolcaw + Tclczrms + (EoffT + Eont) fsw (2.15)
Pp = Vpolpay + rDlgrms + Eonp fsw (2.16)
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2.5.2 Transformer losses

The transformer loss consists of the copper loss and the iron loss. Transformer copper loss can be
calculated by:

Pcy = RlZs (2.17)
And the transformer iron loss can be expressed by

e=N@
dt

For square wave voltage: V;..AT = N.A ¢ — Vdc% = 2Nbnmax
Ve = AN B = Pz = 75
Cc max max 4Nf

n?Ac

Peore = 77]CBmaxL6 + sz(bmaxz (2.18)

As it can be seen, the iron loss calculation is so complex. In this case, usually the core losses (Rc) can be
calculated by using the open circuit transformer test. The value can be calculated by

R, = (2.19)

Core losses are mostly caused by hysteresis and eddy current effect in the core.
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Case Set-Up

3.1 Component selections of Dual Active Bridges Converter

As mentioned, the purpose of the project is to simulate and implement the dual active bridge with the
available converters in the laboratory. In parallel, due to the limitation of the available converters, one
DAB converter with the desired characteristics is also simulated and analyzed as a case study. In this
section, the different components of the available Dual active bridge converter and the components for
the case study DAB converter are mentioned.

3.1.1 IGBT

IGBT is the abbreviation of insulated gate bipolar transistor. This type of transistor has a high impedance
gate which requires just a small amount of power to switch the device, just as for a MOSFET. It can also be
designed to block negative voltages in the same way as the GTO. In the same way as a BJT, it has also a
small on-state voltage drop when conducted even in devices with large blocking voltage rating. It has also
an excellent safe operating area. The symbol of the IGBT can be seen in Figure 3.1. [4]

D Q

C

.~ 4

F Vos J

G | } G
. |
VGS
E
s°-

Fig. 3.1: IGBT symbols

The available converters in the laboratory have a kind of ultra-fast IGBT modules. Each module consists
of two IGBTs which are connected to each other in series and each one is connected to one diode in
parallel. Figure 3.2 shows the IGBT module of the DAB converter.
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Fig. 3.2: The symbols and picture of the IGBT modules of the DAB converter
The characteristics of the IGBTS can be seen in Table 3.1.
Table 3.1: The characteristics of the SEMIKRON IGBT
SEMIKRON | Vces Veeo | le td(on) Tioff) Eon Ree
300GB125D | 1200V (T=25C) | 20 300 (Tcase=25C) | 130ns | 460 ns | 16 mj 10 mQ
The characteristic of the IGBT which has been used in the case study test is given in Table 3.2.
Table 3.2: The characteristics of the ABB HighPack IGBT
ABB HiPak Ves Vees Ic td(on) Tioff) Rec+ee
5SNA 0750G650300 | 6500V | 20 750 A (T case=85C) | 1060 ns | 4950 ns 0.07 mQ

The case study test has been done for the input and output voltage of 3KV and 6KV respectively and for
maximum possible power. The allowed current and voltage should be about the half of which is written in
the catalogue ((Fazli and Mobarrez, 2012: 40). So, the two in-series IGBT have been used as switches in
the rectifier bridge (for the output voltage of 6KV) and the two in-parallel IGBT have been used in the
inverter bridge of the DAB ( for the high current in the primary side).
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3.1.2 Diodes

The diodes which are used in the converters are included in the IGBT module packages. As mentioned

earlier, each IGBT package has two inverse diodes. The characteristics of diodes can be seen in Table 3.3.

Table 3.3: The characteristics of the SEMIKRON diode

SEMIKRON

Ir

Re

Ve

300GB125D

260A(T=25 C)

1mQ

2V (T=25)

More technical details regarding the IGBT module package can be found in the Appendix 2.

The characteristic of the diode which has been used in the case study test is given in Table 3.4.

Table 3.4: The characteristics of the ABB HiPak diode

ABB HiPak

I

Ve

5SNA 0750G650300

750A(T=25 C) 1.75 V (T=25)

3.1.3 Transformers

The transformer which is used for the single phase dual active bridge is a 50 Hz, 110/220 V single-phase
transformer (a 50Hz, 127/220 three phase transformer is used for the three phase DAB converter). In the
simulation, an ideal transformer has been used, meaning that it doesn’t have any losses, and that the

voltages are transformed in the direct ratio of the turns. In a real transformer some of the flux in the

primary side don’t linked to the secondary side which is called leakage flux and can be represented as an

additional inductance in series with the primary side of the transformer which is done in the simulation as

well. Figure 3.3 shows this in-series leakage inductance.

Small leakage inductance

[T

Fig. 3.3: Real transformer showing leakage inductance

Ideal Transformer
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Since the amount of leakage inductance is important as an integral part of the circuit and also provides an
energy storage medium, it should be measured accurately to achieve the correct operation of the
converter. In order to calculate the leakage inductance of the transformer, three methods have been used
which are as follows.

A. With LCR meter

When the LCR meter is connected to the primary side of the transformer with open circuit secondary
side, the value of the inductance which is shown in the LCR meter is the total amount of leakage inductance
and primary inductance which can be seen in Figure 3.4. .

m‘ Ideal Transformer

Measured L by LCR L1 2 10 Volt
meter= L1+LL

LL

Fig. 3.4: The value of total inductance in the open circuit transformer

Since the leakage inductance is a function within the transformer, it can be measured directly. So In
order to measure the leakage inductance of the transformer by an LCR meter, it is needed to make a
short circuit on the secondary side of the transformer as shown in Figure 3.5.

Ideal Transformer

Measured L by LCR
meter= LL

Fig. 3.5: The value of total inductance in the short circuit secondary side transformer

Due to the zero voltage on the output of the secondary side, the voltage of the primary side is zero
as well, so the total inductance value which the LCR meter shows is the amount of the leakage
inductance of the transformer. The value measured by the LCR meter is 3.7 mH for this transformer.
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B. With the AC source, multi-meter and oscilloscope

Due to the reason that the LCR meter operates at the frequency 1 KHz frequency to measure the
inductance; the other method has also been used in order to measure the leakage inductance.

In this method, firstly the primary side of the transformer is connected to the auto-transformer which
produces a voltage of 3.2 V while the secondary side of the transformer is short-circuited.

The current and voltage has been measured by multi-meters and calculation is as follows:

%4 2
Z=—=—=12307Q0=1.24 3.1

I 26 (1)

Then, the current and voltage have been measured by an oscilloscope in order to measure the phase

shift between the current wave and voltage wave which is 72 degree. According to the following

calculation the leakage inductance has been measured

XL

tan72 = = = 3.0776 (3.2)
72=0_ R _3179% p _ 03831 33

OSIe=7 =14~ 2 R 3:3)

By (3.2) and (3.3) the XL value becomes 1.1791).

Since the input voltage of the auto-transformer is the local electricity the frequency is 50 Hz. So,

yields
XL =2nfL—— L = 3.75mH (3.4)

As can be seen the value is almost the same as the value which has been calculated by method one.

C. With Bode 100

The other method has been used for the three phase transformer of the three phase DAB converter
in order to measure the leakage inductance with higher accuracy. In order to measure the leakage
inductance and internal resistance of the three phase transformer, the Bode 100 has been used. The
Bode 100 is the Multifunctional measurement tool which works as an impedance meter, gain phase
meter and etc.

Figure 3.6 shows the connection between the three phase transformer and the Bode 100. The Bode
100 should be calibrated first and then it can be used. After calibration, the inductance and resistance
of the cabling is measured separately in order to remove their effects on the measurement results.
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Fig. 3.6: leakage inductance measurement of the single and three phase transformers by using Bode
100

The results are shown in Table 3.5 for the different frequency.

Table 3.5: The three phase transformer characteristic (measured by Bode 100)

Cables (2m) Transformer ( after removing cable effects)
frequency 55 Hz 555 Hz 55 Hz 555 Hz
L 3.878 uH 4.808 u4H | 550 pH 545 pH
Rs 50 mQ 55 mQ 500 mQ 525 mQ

The same measurement has also been done for the single phase DAB converter in order to validate the
results which are given by using other measurements methods. The results are given in Table 3.6.

Table 3.6: The single phase transformer characteristic (measured by Bode 100)

Single phase transformer ( after removing
cable effects)

frequency 50 Hz 500 Hz 1 kHz
Ls 3.716 mH 3.65 mH 3.57 mH
Rs 310 mQ 1.34Q 210
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As can be seen in the tables, the leakage inductance has been decreased for both transformers by
increasing the frequency from 50 Hz to 1 KHz while the in-series resistance has been increased. It should
be noted that due to the magnetic effect of the transformer core, the calculated R; is not accurate for the
high frequency.

The other parameter which is needed in this project is the core resistance and core losses of the
transformer. In order to calculate the R. which is the core resistance of the transformer, the open circuit
test should be done on the transformer. By using one Wattmeter and the multi meter and (2.19), the value
for both the single and three phase transformers is calculated which is shown in Table 3.7.

Table 3.7: The R, Value for both the single and three phase transformers

Single phase transformer Three phase transformer

R (Q) 516 601.4

3.1.4 Snubber capacitor setup

The snubber capacitor is not installed on the available converters in the laboratory. Implementation of the
snubber capacitor on the DAB converters has been done in the final phase of the project. The reason is
the switching overvoltage which was detected in the voltage waveforms of the transformer and can
damage the switches. In order to choose the proper snubber capacitor, the minimum and maximum value
of it has been calculated by using (Fazli and Mobarrez, 2012: 45).

¢, = mhl (3.5)

min Vd .
Li;,2

max = V;nz (3.6)

iinis the input current, At is the tsof the IGBT, Vyis the input voltage and L is the leakage inductance of the

transformer. The first formula given from the voltage formula of the capacitor and the reasoning is that
the capacitor is charged during the falling time of the current in the IGBT in the turn-off switching. The
second formula has been reached by reasoning that a maximum value for the capacitors can be obtained
by putting the energy stored in the leakage inductance of the transformer equal to the energy which is
stored in the capacitor. Based on this formula, the range for the single phase DAB and three phase DAB
converter are as given in Table 3.8.
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Table 3.8: the minimum and maximum possible snubber capacitor for single and three phase DAB
converters

Single phase dual active bridge Three phase dual active brdige

1nF-6puF 1nF-1upF

Due to the reason that different tests with different parameter values are going to be done on DAB
converters, the parameters in (3.5) and (3.6) are selected in such a way that the minimum and maximum
range for the snubber capacitor can support all tests with different parameter values. For example in
calculating the minimum snubber capacitor, the lowest possible i;, is selected according to the
parameters of all tests and for calculating of the maximum capacitor, the minimum possible Vqis selected
based on the parameters of the tests. The installed snubber capacitor can be seen in the Figure 3.7.

I §
i
3
i
i
.,

Figure 3.7: Installed snubber capacitor on the DAB converter
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3.2 Modeling of the Dual Active Bridges in PLECS software

In this project, the simulation has been done by using the PLECS toolbox which can operate under Simulink.
The modelling of both single and three phase Dual active bridge converters are presented in the following
sections. It should be noted that, in addition to the converter which has been used in this project, the
simulation has been done for one case study DAB converter as well.

The single and three phase dual active bridge converters have been modeled as shown in Figure 3.8 and
Figure 3.9. The characteristics of IGBTS and diodes which are modeled are according to the SEMIKRON
Switches which are used in the available converters in the laboratory. The ideal single phase and three
phase transformer have been used as well, but the leakage inductance of the transformer is considered in
series with the primary side of the transformer. The on-stage voltage drop has been considered for IGBTs
and diodes but due to the limitation of the PLECS the switching losses is ignored. In terms of resistors, the
internal resistance of the transformer is also considered in the primary side of it which was calculated for
different transformer and frequencies in previous sections. The switching method of IGBTs in the DAB
converter is explained in the theoretical chapter. The data which are given in Table 3.9 can be different
for different tests but the most common data are given.

Table 3.9: The characteristics of the available single and three phase DAB converter components

Single phase DAB Three phase DAB
Component Data Data
IGBT switches R=0.005, Vceo=0.9 V R=0.005, Vceo=0.9 V
Diode R=0.001, Vi=1.1V R=0.001, V¢=1.1V
Output capacitor C=2.25e-3 C=2.25e-3
Input capacitor C=2.25e-3 C=2.25e-3

Transformer

[11.8], L=3.75e-3

[127 220], L=5.5-4

Rout

It depends on the
needed power,

It depends on the
needed power,
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Fig. 3.9: Three phase Dual Active Bridge converter implemented in PLECS

As mentioned earlier, the simulation has been done for one case study as well. The characteristics of the
simulated converter in this case study are presented in Table 3.10.
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Table 3.10: The characteristics of the desired single and three phase DAB converter components

needed power,

Single phase DAB Three phase DAB
Component Data Data
IGBT switches Veeo=1.2V Veeo=1.2V
Diode Ve=1.75V Ve=1.75V
Output capacitor C=1.5e4 C=1.5e-4
Input capacitor C=2.25e-6 C=2.25e-6
Transformer [12], L=4e-6 [12], L=4e-6
Rout It depends on the

It depends on the
needed power,

The value of the output capacitor is calculated to be 1.5e-4 practically in the simulation which gives less
than 0.01 voltage ripple for the desired voltage but it can be determined theoretically as well. The value

of the transformer is also approximated based on the other report just as a value for one possible high
frequency transformer. (Fazli and Mobarrez, 2012: 62).
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3.3 Experimentally Implementation of the Dual Active Bridge

This section can be divided into the dual active bridge hardware setup and the dSPACE controller setup for
the mentioned converter.

3.3.1 dSPACE controller setup

As mentioned in the theoretical section, the DS 1103 controller has been used in this thesis. The master
PPC on the DS1103 which controls the 1/0O bit units is also used to send the TTL signal to the converter.
Eight bits have been used to make signals for eight switches of the single phase converter, four signals for
the inverter bridge and four ones for the rectifier bridge.( for three phase DAB converter is 12 signals for
twelve switches totally). 1/0 digital Connection on the DS1103 can be seen in Figure 2.4.

As mentioned in the theory section, the first step is to make a Simulink file for signals. The signals block in
Simulink should be connected to RTI block interface which is shown in Figure 3.10 for the single phase DAB
converter and in Figure 3.11 for the three phase DAB converter.
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Fig. 3.10: The Simulink model of the controlling signals
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Fig. 3.11: The Simulink model of the controlling signals

As can be seen in Figure 3.10, one signal generator, generate eight signals for the eight switches. As
mentioned in the simulation section, there is 180 degrees phase shift between the switches 1, 4 and 2, 3
and also between 5,8 and 6,7. The duty cycle is set to 49% in order to avoid a short circuit in the switches.
Figure 3.11 shows that, in the same way as for the single phase DAB converter, one signal generator,
generate twelve signals for twelve switches in the three phase dual active bridges. Due to the reason that
each /O block in the RTl library generates 8 bits, two I/0 blocks have been used to generate the 12 needed
signals. There should also be the phase shift between the signals of the inverter and the rectifier bridge
which is variable according to the desired parameters. All signals are set in one signal generator block as a
matrix in the phase delay section. The period is also set which determines the frequency of the signals.
The output of the signal generator is converted by the conversion block to 1 and 0 bits which is readable
by the I/O bit interface block. The reason of the conversion is that the output of the signal generator is a
double type data which should be converted to the Boolean data (1 and 0) in order to be understandable
for the bit Block. A double amount more than 0 represent a 1 in the Boolean which generates High TTL
digital output and a double amount less or equal to zero represent a 0 in the Boolean type which generates
a low TTL digital output as shown in Table 3.11.
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Table 3.11: Relation between the digital output and the input of the block

Simulink Input With data typing Digital output(TTL)
>0 (double) 1 (Boolean) High
<=0 (double) 0 (Boolean) Low

The bit block is the RTl interface which connects and converts the signal to the physical converters by using
the DS1103 board. The output of the DS1103 board which can be seen in Figure 2.4 is connected to the
dual active bridge converter.

3.3.2 Dual Active Bridge setup

In this thesis the dual active bridge converter is the combination of the one prepared three-phase inverter
which is connected to the output of the other prepared three-phase inverter which represents the rectifier
by using a 50 Hz single phase transformer (and a 50 Hz three phase transformer). The whole setup can be
seen in Figure 3.13. For the single phase dual active bridge just four switches out of 6 switches of each
inverter have been used. In other word, just one phase of the three-phase inverter has been used. The
characteristics of the inverter are mentioned in Table 3.12.

Table 3.12: The characteristics of the inverter of the available Dual active bridge

Component Data
IGBT switches 8
Diodes 8
Input capacitor C=2.25e-3
Parallel Resistance 156e3

The technical details of inverters can be found in Appendix 3.
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The gate drive connection of the inverter has 8 TTL inputs. Each pair represents one high and low TTL
voltage. Figure 3.12 shows the inside of the whole inverter. As can be seen, each IGBT package consists of
two IGBT switches. The input TTL signal number 1 on the connection board of the gate drive belongs to
the IGBT package number one. The TTL input which is written as 1T belongs to the IGBT package number
one top switch and 1B belongs to the IGBT package number one bottom switch. Each IGBT package has
been signed by different colors. In order to use the inverter as a single-phase inverter, there is a need to
just use two IGBT packages which consist of four switches totally. So, four signals from the output of the
DS1103 board are connected to the gate drive of inverter one and four signals from DS1103 are connected
to the gate drive of inverter two which is used as a rectifier.

The input of inverter one has been supplied by the DC voltage source and its output is connected to the
primary side of the single-phase transformer (in three phase DAB converter is connected to the primary
side of the three phase transformer). Then, the secondary side of the transformer is connected to the AC
input of the other inverter (to use it as a rectifier) and the DC output of the rectifier is connected to the
variable load.

It should be noticed that the outputs of the secondary side of the transformer should be connected to the
input of the rectifier in a correct order; otherwise it can damage the capacitor of the rectifier.

Fig. 3.12: The inside of the inverter of the DAB converter
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Fig. 3.13: The view of the whole setup
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4 Analysis

4.1  Analysis of simulation results

The simulation has been done for both the single and three phase dual active bridge converter. The

simulations which are done can be categorized into two parts. In the first part, simulations have been

done for the desired high power and frequency as a case study. In the second part, simulations have been

done based on the converters and transformers which are available in the laboratory. The point is that,

due to the lack of a high frequency transformer and limitation of the transformer and dSPACE controller,

it’s not possible to implement the Dab converter for a high frequency and high power in the laboratory. In

the following sections, the simulation results have been analyzed for both single and three phase dual

active bridges. The results of the case study simulation are presented in the following section (4.1.1) and

the result of the second part of simulation are presented and discussed together with the experimental

results in the experimental Section 4.2.

4.1.1 Single phase dual active bridge simulation

As mentioned earlier, since the aim of the simulation is to show the waveform of both the primary and

secondary sides of the DABs transformer, both voltage and current waveforms are shown in Figure 4.1 for

the desired output power which is 2 MW.

The desired parameters which are implemented on the case study DAB converter are given in Table 4.1.

Table 4.1: Desired characteristics of the converter

Value
Input voltage 3KV
Output voltage 6KV
Switching Frequency 5 kHz
Output Power 2 MW
Transformer ratio 2
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Fig. 4.1 The primary and secondary voltage and currents of transformer for desired power level

As can be seen in this figure, both the primary and secondary voltage and current waveforms are square
wave. This is due to the little phase shift (about 2.4 degrees) between the bridges of the DAB converter
which should be implemented in order to reach the desired power level. This little phase shift cannot be
seen in Figure 4.1.

Both the primary and secondary current and voltage waveforms of the transformer are also investigated
for the phase shift of 90 degree between the two bridges which gives the maximum output power
according to (2.1). As can be seen in Figure 4.2 the current waveforms looks trapezoidal which is due to
the 90 degrees phase shift between the two bridges of the converters and the effect of inductance of the
transformer. The ripple of the secondary side voltage of the transformer is due to the low output capacitor
in comparison to the high current in this test.
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Fig 4.2 The primary and secondary currents and voltages of the transformer for the maximum power in
the steady state

As can be seen in Figure 4.3, Section A shows the phase shift between the primary and secondary voltages
of transformer in the converter. The current has been accelerated with a high slope since there is a high
difference between the primary and secondary voltages of the transformer according to (4.1).

Vout

i(0) = mw—L" 9 +i(0) (4.1)

In Section B, The current still has been increased because of the higher voltage levels of the primary side
than the secondary side. The relation can be seen in (4.2).

_ Vout

Vin
i(6) = |———"—| (0 — ®) +i($) (4.2)
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In Sections C and D, both currents have been decreased but the slope of reduction in Section C is lower
than in Section D which is due to the reason that the voltage difference between the primary and
secondary sides are lower in Section C than in Section D.
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Fig. 4.3 The primary and secondary voltages and currents of transformer for the desired output power

As mentioned in the theory part and in the zero voltage switching section, one aim of the thesis is to
achieve soft switching in the converter as well. Figure 4.4 show that soft switching for the turning on
state of the switches has been reached.
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Fig. 4.4 The voltage and current waveforms of the switches in soft switching

It can be seen that the voltage across the switches become zero before the conduction state of the
switches start. In order to have soft switching during the turn off state of switches, it's necessary to use
34



the snubber capacitor. The snubber capacitor value should be calculated based on the turn-off time, rising-
time of the voltage and falling-time of the current in the IGBT. Due to the limitation of PLECS which does
not get any value for the turn-off time of the IGBT, it’s not possible to see the turn off soft switching in the
voltage and current waveforms of the simulated DAB converter but in the laboratory, the overvoltage
snubber capacitor has been designed for the DAB converter which is discussed later.

4.1.2 Three phase dual active bridge simulation

In the same way as the single phase dual active bridge, the three phase DAB converter has been simulated
with the same desired parameters. Figure 4.5 shows the primary and secondary waveforms of the
transformer for the same transferred power of 2MW.
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Fig. 4.5 The primary and secondary voltages and currents of a transformer for the desired output power

A test has been done for the phase shift of 90 degrees as well leads to maximum transferred power. It
should be noted that this maximum transferred power is not realistic due to the limitation of the switches
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and transformer and it’s just presented to show the possible different waveforms of the three phase dual
active bridge converter.

______ I SSRGS ST GBSSAS RIS OGS ANGUReT FFFs SURIYS MISTR VSO0 SRS SMNREL R P~~~ =
i e |

“= Primary side voltage (KV)

N W & 00 o0 ~N

Voltage (KV)

.2 —t
) . b o 3 N ob- ) -
1= S z : e e
B e s i e 1 . e ek
0.852 0.8521 0.8522 0.8523 0.8524 0.8525 0.8526 0.8527 0.8528 0.8529 0.853
time (s)
- S VD S R I S COVEER TS EV S v s TR P! A
i - i : ; : rvrienet : : : - : : : .| = Secondary side current (KA)

20 oo\ T YA frovesened . — Primary side current (KA)
‘s - A HVGSEGE WELIVIR CANEEL IOEREE WSSty

....... ,
10 i

Current (KA)
=}
|

’z(?.s;'z'

0.853

A.. i — - ek
0.8525 0.8526 0.8527 0.8528 0.8529

time (s)

Fig. 4.6 The primary and secondary voltages and currents of transformer for maximum power

As can be seen in Figure 4.6, the current waveforms have been changed due to 90 degrees phase shift
between the primary and secondary bridges of the DAB converter. It should be noted that the voltage
waveforms are belong to Vi, in this figure.

4.2 Analysis of the Experimental Results
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In this section, both the simulation and experimental results and waveforms are presented and discussed
for the implemented dual active bridge converter in the laboratory. It should be noted that just the
simulation has been done for the case study of the DAB converter with the desired output power which
was analyzed and discussed in the previous section. Here in this section, the aim is just to analyze the
implemented DAB converter which is available in the laboratory.

4.2.1 Single phase dual active bridge experimental results

In this section, results and figures of a practical implementation of the single phase DAB converter are
presented and discussed. As mentioned, some tests have been done for several frequencies and for
different level of voltages. The parameters values of different tests which have been done can be seen in
Table 4.2.

Table 4.2: The parameters value of all five tests

Test 1 Test 2 Test 3 Test 4 Test5
Frequency (Hz) 50 50 100 500 1000
Vin v) 30 80 20 15 30
Vout (v) 54 144 36 27 54
Riia) 25.5 41.5 27 48.6 101
Power (W) 114 500 48 15 28.8
Phase shift (sec) | 0.0005 0.0003 0.0005 0.0005 0.0002

The mentioned output power in this table is determined by (2.1). The resistance load can also be calculated
by following formula for the desired output power and voltage.

R = % 4.1
- P, (4.1)
The relation between the phase shift based on the time and phase shift in radian is as follows.

0=(); (42)

The phase shift which is mentioned in Table 4.2 is based on the time (@ in formula).
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The experimental results are given in Table 4.3 for all five tests.

Table 4.3: The experimental results for DAB converter for five tests

Test 1 2 3 4 5
Frequency(Hz) 50 50 100 500 1000
Vin (V) 30 80 20 15 30

Vout (V) 48 134 30 20 40
R.(Q) 25.5 41.5 27 48.6 100
Power (W) 90 432 33.3 8.2 16
Phase shift (s) 0.0005 0.0003 0.0005 0.0005 0.0002

The given output voltage and power values are based on the measurement of the implemented DAB

converter in the laboratory. As can be seen in Table 4.2, there is a 6-10 V voltage drop for the different

tests.

In next sections, the voltage and current waveforms for each test are presented and discussed separately.

A. Analysis of the single phase DAB at 50 Hz

Two tests have been done for the frequency of 50 Hz for different input voltages and different phase shifts.

The voltage and current waveforms of the first test can be seen in Figure 4.7.
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As shown in Figure 4.7, there is 0.0005 sec phase shift between the primary and secondary voltage
waveforms of the transformer which shows that the dual active bridge works in a desired way. The output
voltage is supposed to be 54 V based on the ideal calculations, but it reaches to 48 V due to the voltage
drops through the switches, diodes and transformer.
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Fig. 4.7: The voltage and current wave forms of DAB converter for test one

Figure 4.8 shows a half period of test two which has been done at a frequency of 50 Hz but for the higher
voltage and power.

As can be seen here, the current waveforms have a rapid rise during the phase shift time between the
voltages of the primary and secondary side of the transformer. The output voltage should be 144 V
according to (2.1), but due to the voltage drops of switches, diodes and transformer it becomes 134 V
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Fig. 4.8: The voltage and current waveforms of DAB converter in test 2

Switching overvoltage can be seen in the voltage waveforms of both tests 1 and 2. This phenomenon is
due to the lack of snubber capacitor in the available converters.
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B. Analysis of the single phase DAB at 100 Hz

A test has also been done at a frequency of 100 HZ but lower power has been considered due to the
limitation of the 50 HZ transformer. Figure 4.9 shows the voltage and current waveforms.

As can be seen in Figure 4.9, there is a drop in the voltage waveforms during the phase shift. This
phenomenon is due to the forward voltage drop of both diodes and IGBTs in the converter. As mentioned
earlier, both the diode and IGBTs have forward voltage drop which is 1.1 and 0.9 for diodes and IGBTS
respectively according to the technical detail of the IGBT package in the catalog. It should be noted that
this forward voltage value can be vary with temperature and selection of PE module and temperatures of
the case.
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Fig. 4.9: The voltage and current waveforms of the DAB converter in the test three

As can be seen here, the output voltage has reached 30V while according to (2.1) it was determined to be
36 V which shows 6V voltage drops.
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C. Analysis of the single phase DAB at 500 Hz

The same test has also been done at a frequency of 500 Hz but again a low power has been considered in
order to avoid the situation which can warm a 50 Hz transformer. Figure 4.10 shows the voltage and
current waveforms.
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Fig. 4.10: The voltage and current waveforms of the DAB converter in test four

As can be seen in Figure 4.10, the voltage drop of the voltage waveforms is clearer here. The phase shift is
completely clear in this test. Due to the frequency of 500 Hz and using the 50 Hz transformer, the losses
in this test are higher than the previous tests. It will be discussed more in the loss calculation section.
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D. Analysis of the single phase DAB at 1 KHz

In the last steps of the project, a better accuracy for the dSPACE controller is achieved by optimizing the
Simulink code for dSPACE which makes it possible to increase the frequency up to 1 KHz. This test has been
done after installing snubber capacitors on the converters so it gives over-shoot free waveforms which can
be seen in Figure 4.11.
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Fig. 4.11: The voltage and current waveforms of the DAB converter in test five

As can be seen in Figure 4.11, there is no switching overvoltage in the voltage waveforms which is due to
the usage of overvoltage snubber capacitor in this test. The comparison between the DAB with and without
snubber capacitor is discussed later.
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4.2.2 The three phase dual active bridge experimental results

In the same way as for the single phase dual active bridge converter, some tests have been done for
different frequencies and powers for the three phase dual active bridges. The results of the theoretical
calculation by using (2.3) and (2.4) are presented in Table 4.4.

Table 4.4: The parameters value of all three tests

Test 1 Test 2 Test 3
Frequency (Hz) | 55 55 555
Vin (v) 50 125 50
Vout (v) 86.5 216 86.5
Ri(q) 25 31 25
Power (W) 300 1500 300
Phase shift le-4 le-4 1l.1e-4

It should be noted that, these results are completely ideal and based on the theoretical formulas. Table
4.5 gives the experimental results for these three tests.

Table 4.5: The experimental results for DAB converter for five tests

Test 1 Test 2 Test 3
Frequency (Hz) | 55 55 555
Vin v) 50 125 50
Vout (v) 70 194 68.5
Riiq) 25 31 25
Power (W) 196 1214 187.5
Phase shift le-4 le-4 1l.1e-4

In the following steps, the results for each test are discussed.
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A. The analysis of the three phase DAB at 55.55 Hz

The first and second tests are done for a frequency of 55 Hz. The reason of choosing 55 Hz instead of 50
Hz is the timing details of the dSPACE controller. In case of using 50 Hz, the time period become 0.02 which
is not dividable by three and six while different phase shifts of 30, 60 and so on should be implemented
between the trigger time of the three phase inverter and rectifier bridges. Due to the limitation of the
dSPACE controller, it is better to choose a time period which can be dividable by three and six which can
increase the accuracy of test. The time period which is selected is 0.018 which is equal to the frequency of
55.55 Hz.

The first test has been done using low voltage of 50 V in order to reach the power of 300 W. According to
(2.3) a phase shift of 2 degrees (equal to the phase shift of 1e-4 sec) has been implemented between the
two bridges in order to reach to this power. The voltage and current waveforms can be seen in Figure
4.12.
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Fig. 4.12: The primary and secondary voltage and currents waveforms of the transformer at 55 Hz

The phase shift of 1e-4 second can be seen in this figure which is the desired phase shift. The switching
overvoltage can also be seen in the voltage waveforms of the both primary and secondary sides. As
mentioned earlier, the overvoltage snubber capacitor is needed to avoid switching overvoltage. In Section
4.2.3, the three phase DAB converter by using snubber capacitor has been analyzed and discussed.
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B. The analysis of the three phase DAB at 55.55 Hz for higher power

The second test has been done for the frequency of 55 HZ and for the highest possible power which is 1.5
KW. The limitation is due to the transformer and dSPACE controller. Figure 4.13 shows the voltage and
current waveforms of both the primary and secondary side of transformer.

As can be seen in this figure, a phase shift of 1e-4 is implemented between two sides of transformers. The
switching overvoltage is considerable in this figure and is about 100 V. the reason is that the available
converters don’t have snubber capacitor. This problem has been fixed later by using overvoltage snubber
capacitor and the results have been analyzed and discussed later.
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Fig. 4.13: The primary and secondary voltage and currents waveforms of the transformer in the frequency
of 55 Hz and for maximum possible power

According to Table 4.3 and 4.4, and by comparing the output power results, it can be concluded that there
is about 22 V voltage drop through the switches, diodes and transformers

C. The analysis of the three phase DAB at 555.55 Hz

The aim of this test is to reach the maximum possible frequency. As it was discussed earlier and in the
single phase DAB converter, a maximum frequency of 1 KHz has been reached by using the dSPACE
controller. Due to reason that 12 signals should be used in order to control the switches of the three phase
DAB converter, the highest frequency which can be reached is 555 Hz. The reason is that the dSPACE digital
implementation speed is decreased when more 1/0 digital bits are used. The low power is considered due
to the unavailability of the high frequency transformer. The reason is that the high power led to the high
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current and at high frequency the skinny effect happens through the winding of the transformer which
increases the resistance of the wire and led to the high loss. The available transformer has an iron core
and for a high frequency it can be overheated and damaged. Due to this reason, a test has been done for
555 Hz and low transferred power. The voltage and current waveforms can be seen in Figure 4.14.
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Fig. 4.14: The primary and secondary voltage and currents waveforms of the transformer in the frequency
of 555 Hz

According to this figure, a phase shift of 1.1e-4 has been implemented between the two bridges of the
DAB converter. This test has been done after installing the snubber capacitor on the DAB converter and
due to this; no switching overvoltage can be seen in the voltage waveforms.

4.2.3 Analysis of three phase DAB converter by using snubber capacitor

As can be seen in the figures in the previous sections, the voltage waveforms for the both single and three
phase dual active bridge converter have switching overvoltages. In order to avoid the switching
overvoltage, a snubber capacitor should be used as mentioned in the previous sections. According to the
calculation which has been done earlier and the tests which have been done, the value of 330 nF has been
selected for the inverter bridge switches and the 180 nF has been used for the switches of the rectifier
bridge. Other values for snubber capacitor are also tested.
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Figure 4.15: The primary and secondary voltage and current waveforms for the first test by using snubber
capacitor with the value of A) no snubber capacitor B) 6.8 nF C) 68 nF and D) 330 nF
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Figure 4.15 shows the switching overvoltage for the first test with different values of snubber capacitor.
Table 4.6 shows the different values of snubber capacitor which are used.

Table 4.6: The different value of the used snubber capacitor

Test | The value of snubber capacitor in Inverter bridge In Rectifier bridge
D 330 nF 180 nF

C 68 nF 47 nF

B 6.8 nF 3.3nF

Figure 4.16 and 4.17 Show the comparison between the DAB converter with and without installed
capacitor for both single and three phase dual active bridge respectively.
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Fig.4.16: The primary and secondary voltage waveforms for the first test of the single phase DAB converter
with (down) and without snubber capacitor (up)
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As can be seen in Figure 4.16 which belongs to the first test of the single phase dual active bridge converter
for a frequency of 50 Hz, there is about 45 V switching overvoltage in the voltage waveform of the primary
side. The second figure shows the voltage waveforms of the same test by using snubber capacitor. It's
clear that the switching overvoltage is completely removed. It should be mentioned that, although the
overvoltage has been avoided by using the snubber capacitor, the switching losses is transferred to the
loss through the IGBTSs resistance which is in parallel to the snubber capacitor.

Figure 4.17 shows the comparison for the three phase DAB converter with and without snubber capacitor.
As can be seen in this figure, there is the switching overvoltage of 15 Volts in both primary and secondary
sides which have been removed by using the snubber capacitor.

35 i 1 | 3 : (9008 R ) N 35K HERY 2 B L — Primary side voltage (V)
: ; boad ¢ Y boes Secondary side voltage (V

NPT A S ULACR AW e 3 i T 5 B B Y/ 3 T A e e

Voltage (V)
"
|

R R

25 P AR AP A P T AT S Ty e e T YT SRS V)

30— 3 R $ $ ¥ord 3 l___; 1 § : 5
0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009

time (s)

e b frr bt b by e wlige V) |
25— i... P 0008 . e K H U T T T sl Secondary side voltage (V)

Voltage (V)
: o

-20 i
A N T

: 2 1 dunssh 3 1 AL AN
25 SRUIN RN RSN 7055 L 4 APy 5P Y AEDT WA RS BN AT 1= 0 S :

30 ] £ p) i Sl NS I Y ] :
0.0001 0.0002 0.0003 0,0004 0.0005 0.0006 0.0007 0.0008 0.0009
time (s)

Fig. 4.17: The primary and secondary voltage waveforms for the first test of the three phase DAB converter

with (down) and without snubber capacitor (up)

As can be seen in Figure 4.17 down, the slope of primary side voltage in rising time is considerably different
compared to the one in the upper figure which is due to the instantaneous rate of voltage change over

50



time, or the rate of change of voltage (volts per second increase or decrease) at a specific point in time
according to
dv

I =Cc=

~ (4.3)
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4.3 Loss calculation for both the single and three phase DAB converter

The aim of this section is to calculate the losses for both the single and three phase DAB converters for all
tests. The loss calculation have been done theoretically, based on the simulation results and also based on
the experimental results. First step to calculate the losses for all tests is to get some data from the switch
data sheets. The used datasheets are available in Appendix 2. Figure 4.18 and the following calculation
show how the needed value can be calculated from the data sheet.

A
TSt 280 ' /
400 , 7
A /// 240 : II If_
v // ”T,-lzsc,typ. |
™17 g SORNGS =¥ 2
1V o TR ] i
% \\ Alc L T»125°C, max. | /
- \ \ L 120 ——— /
\ N . T25°C, max. z Aot
100 '”‘. \ |
T=125C AV © i
ce 1
. l . P
oo vul 2 3 4 5 ¢ 6 0 Ve 04 08 1,2 16 " 2

Figure 4.18: Typical output characteristics for the SEMIKRON IGBT (left) and diode (right) from the
datasheet

VCE:15V
AV 1
€= A1, T200 0"
VCE0=0'9V
18423 = 410C>E, o = ~41 /% g 2 ALVAC
Qrr = = AL Bonp = 1 =000 '
Je _AVp_01_
(250 == 150~ 1™
Vpo = 1.1V

As it was discussed before, there is no switching turn on losses in this project, so the formula can be
rewritten as,

Pr = Per + Psyr = Vego-leav + 7"C-Iczrms + EoffT-f:sw (44)
Pp = Pep + Pswp = Vpo-Ipay + o Iprms + Eonp- fsw (4.5)
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4.3.1 Loss calculation for the first test of the single phase DAB converter

The loss calculation has been done for the first test. The ideal output power can be calculated by (2.1).

V2 (V, 1)
Po = E(n_l/l)q)(l _E) = 114w

In order to calculate the current, the current formula for the leakage inductance of the transformer can
be used. The current of switches are the same as the inductance current.

Vout

di . n Vin .
=Ld—;—>l(t) =——t——t+i (4.6)

Vout
n

VL =Vin —

The above formula shows that the current has the linear relation which can be seen in Figure 4.19 as well.
So, the current equation can be calculated as follow:
6 T

[——1GBT current |
— Diode current ||

Current (A)
w -

N

1° A5 1.2 1.25
time (s)

Figure 4.19: The IGBT and diode currents of switches S1 for the first test

i(t) = —maxTtming 4 g 4.7

TO n

And the /;ms can be calculated by the following calculation:

imax - imin 1 Ton 1 Ton imax - imin 2
i(t) = —————t+imax = lrms = ?f i(t)2dt = —f (——t + imax) dt
0 0

Ton T Ton
1 [Ton imax — tmin 2 lmax — Umin
= |= ) 2 4 iar’ — 2imay —— et | dt
\/ T J;) <( T, ) max max Ton
_ l (imax - imin)z T0n3 i 27 o Imax — lmin Ton2
T Ton 3 max *‘*on max Ton 2
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Ton [ (imax = imin)® | . S .
:J%(%—Flmaxz_lmax(lmax_lmin) =

-1

_ 1 . . 2 , .
rms — Tg\/lmax + lmin + Umaxtmin

and the Iy can be calculated by

_ ImaxtImin Tonsw _ ImaxtImin
ICClU - 2 . T - 2 D

and the diode has the following relations

i TonD (Lmax) =] Tonp
Drms = Dmax 3T

I IDmax+0 TonD — Ipmax
Dav — 2 onD 2T

(4.8)

(4.9)

(4.10)
(4.11)

Imax and Imin can be calculated by using the output current, input current and the leakage inductance

current formula but the problem is that the calculation is ideal since no losses is considered in the

calculation. So, in order to have the more accurate value for them, the simulation results can be used

which is shown in Figure 4.19.

According to (2.7-2.16), the switching and conduction losses can be calculated for both the IGBT and diode:

Pr = Per + Poyr = Vegoleaw + rCIczrms + Eoffosw

ImaxImin . 5% 1073 5 % 20

~Pr=09————D+— (imax” + imin” + imaximin) + 250 % 1073 x 50

5+22 5x1073
+
4 6

5
(524222 +5%22) +—

> Py =09 =0

= 1.62 + 0.03403 + 0.0111 = 1.66513 W

Pp = Pcp + Psywp = Vpolpaw + rDIgrms + Eonp fsw

Ip TonD Tonp 41Vi _
- P, =11 ’;‘“" = 103;} IDmax2+—8 X 1076 x 50
b 11 1.60.13 x 1073 103 0.13 x 1073 Le? 4 41 x 30 10-6 % 50
Py =11 1. X X
b 2 2x10°2 6 x 1072 8

= 5.72x 1073 4+ 0.00555 X 1073 + 7.6875 x 1073 = 13.413 mW

Plossg, = 8(Pp + Pr) = 8(1.66513 + 13.413 x 1073) = 13.428 W
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The copper and iron losses for the single phase transformer can be calculated by (2.17-2.19) and using the
value of the table 3.5-3.7.

2 R 2+ 2, ; 0.31 2 2
Pcy = RIZ,s = g(lmax + imin” + lmaximin) = T(S +2224+5%x22)=211W

The transformer iron loss is calculated by using the open circuit test for the single phase transformer which
was mentioned before. So,

R, = Vo' _63% 5160
¢~ p, 77"
5+ 2.2
Vo = Vin — 2% Viyy — Ryl =30 — 2% 0.9 — (0.31 + 0.1) = 26.724

2

The effective voltage across the transformer is calculated above. The Vi, here is the voltage drop of the
two IGBTs and the Rris the resistance of the IGBT.

The transformer has the square wave voltage waveform which contains many harmonics. In order to have
an accurate calculation, the harmonics of the waveform should be analyzed and then the core resistance
can be calculated for the different frequencies in order to calculate the core losses. Due to the complex
calculation, just the fundamental voltage has been considered and its magnitude has been considered
equal to the magnitude of the square wave voltage.

26.724\?
Verfrms)” V2
Pcore = RC = 516 =0.692W

- PLOSST = Pcore + PCU = 0692 + 211 == 2802 W

Since the total cabling is not clear, the length of the cabling is approximated to be about 6m for each phase.
By using the data form Table 3.5, the cabling losses can be calculated.

X 2R, , o, 2x6x005 X
Peapie = RI%s = ?(zmax + imin” + imaximin) = T(5 +2.22 +5x2.2) = 4.0424

PL0SStota] = Plossgy + PLossT + Pcable = 13.428 + 2.802 + 4.0424 = 20.314 W
As it can be seen, the theoretical total losses for the first test are about 20W.

The total losses for the simulation is calculated below,

5+ 2.2

PLOSStotal = PlIl - POut = Vdclave - POut = 30 X - 925 = 155 W

The value of Imaxand Imin has be obtained from Figure 4.20.
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— Input current

Current (A)

| |
:?.tli 1.1 time (s) 1.15 1.2

Figure 4.20: The input current of the DAB converter for the first test

As it can be seen, the total loss for the simulation results is lower which is due to the neglecting of the
cable losses, core losses and switching losses in the simulation.
52+ 2.4
PLoSStotal = Pin — Pout = Vaclave — Pour = 30 X — 90 =24 W
lave has been calculated from the I.ms of the primary side of the transformer since there was no data for the
input current.

The total losses for the experimental results are calculated above. As calculations show, the losses for the
experimental results is higher than the theoretically calculated losses which can be due to the resistance
of the capacitor, connection resistance, temperature varying and the environmental noises or some
approximation which has been done in the theoretical calculation.
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4.3.2 Loss calculation for the second test of the single phase DAB converter

The same calculation as the first test has been done for the second test as well.

P, = Viz(v°)®(1—%)=500w

° " wL\ny;

The current has been changed linearly between the Ina and Imin,as it is shown in Figure 4.21.

8

j ——IGBT current
I -~ Diode current
6 -

o
——T T 1
i

Current (A)
E-Y

f.os 1.1 115 1.2 1.25 1.3
time (s)

Figure 4.21: The IGBT and diode currents of switches S1 for the second test

The other calculation is as follows as the same as for the first test:

Pr = Per + Pgyr = Vegoleav + TCIczrms + Eoffosw

Lmasx+Imi 5x1073 7.65 x 20
> Pp =09 Rt MRy L (imax® + imin® + imaximin) + —=—1073 x 50
2 6 450
7.65+4.78 5x1073 5 5 7.65
- P =0. 2 +— (7.652 + 4.78% + 7.65 X 4.78) + 750

= 2.79675 + 0.09828 + 0.017 = 2.91203 W

Pp = Pep + Poywp = Vpolpay + rDIIZ)rms + Eonp fsw

Ipmax TONp Typ 41Vi
Pp=11————+10"3—1 24+ ——x10"°x50
3.20.12x 1073 _30.12x 1073 41 x 80

p,=11-22227 "7 14
L 2 2x102 6 x 10-2

3.2% + 3 x 1076 x 50

= 10.56 X 1073 4+ 0.02048 x 1073 + 20.5 x 1073 = 31.08048 mW
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Plossg, = 8(Pp + Pr) = 8(2.91203 + 31.08048 x 1073) = 23.545 W

Transformer copper loss:
2 R 2,5 2, ; 0.31 2 2
Pcy = RIZ,s = g(lmax + imin” + imaximin) = T(7.65 + 4.782 + 7.65 X 4.78) = 6.093W

Transformer iron loss:

7.65 + 4.78
Vosr =80—2%09—(031+ 0.1)T =76.65V
76.65)\>
Verfrms)” V2
Pcore = RC = 516 =5693 W

= Pposst = Peore + Pcy = 5.693 + 6.093 = 11.786 W

Cable loss:

2 2R 2+ 2, ; 0.6 2 2
Pcapie = RIZ s = ?(lmax + lmin” + Imaximin) = ?(7.65 +4.782 +7.65 x 4.78) = 11.8 W

PLOSStota] = P10SSgy + PLossT + Peaple = 23.545 + 11.786 + 11.8 = 47.245 W

Simulation:
7.65+4.78
PL0SStotal = Pin — Pout = Vaclave — Pout = 80 X — - 465.9 = 31.3W
Experimentally:
5.05+ 7.05
PL0SStotal = Pin — Pout = Vaclave — Pout = 80 X — - 432 =52W
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4.3.3 Loss calculation for the third test of the single phase DAB converter

p(,:Z_i(nv_;i)w(l_g):%W

Figure 4.22 shows the IGBT and diode current of switches S1 which have the linear relations.

3

258 - hoeeanns

~
1

Current (A)
e

ey

0.5}

0
1

—— IGBT current ‘

I

1,02 1.04 1.06 1.08 1.1 1.12 1.14 1.16
time (s)

Figure 4.22: The IGBT and diode currents of switches s1 for the third test

Pr = Per + Pgyr = Vegoleaw + TCIczrms + Eoffosw

L s 1073 2.9 x 20
- Pr =09 max; =D + 6 (imaxz + iminz + imaximin) + Wlo_g X100
pr = 0922173 SXA0T ) 2 s 1732 429 % 173) + 2
- =0. ' ' ' . 450
’ : . 450

= 1.04175+ 0.01368 + 0.013 = 1.06843 W

Pp = Pcp + Pswp = Vpolpaw + TDILZ)rms + Eonp fsw

I Ton T 41Vi
- Py = 1.1 -2max T D 4+1073 —(3);.,D IDmaxZ + 8 X 107¢x 100
b 11 1.3350.16 x 1073 L 103216 1073 3352 + X206« 100
= = 1. T w10-2
D 2 2x1072 6 x 1072

= 5.874x 1073+ 0.0048 X 1073 + 10.25 X 1073 = 16.1288 mW

Plossg, = 8(P, + P;) = 8(1.06843 + 16.1288 x 1073) = 8.6765 W
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Transformer copper loss:

31

, 031, ., o, . 031 _ .
Py =R. 1%, = T(‘ma" + imin” F imaximin) = T(2.9 +1.732 + 2.9 x 1.73) = 0.8484 W

Transformer iron loss:

The problem here is that the frequency is not 50 Hz. The core loss which has been calculated by the open
circuit test of the transformer is for the frequency of the 50 Hz which is the frequency of the local network
voltage. The relation between the core resistance and frequency is complex and depends on the core
parameters and materials which is not the focus of this project. The relation can be approximated in a way
that the core resistance and the frequency have the inverse relationship (by ignoring the magnitude of the

eddy loss in comparison to the hysteresis loss).

2.9+ 1.73
Verr =20—2%0.9—(031+ 0.1)T =17.25V
, (17.25)2
1%
£ (rms) 2
Peore = = 1(27”Cms = \5/;6 =0577W
2

= Prosst = Peore + Pcy = 0.577 + 0.8484W = 1.4254 W

Cable loss:

0.6 0.6
Peapie = RIZ,s = ?(imaxz + imin’ + imaximin) = ?(2.92 +1.732 4+ 2.9 x 1.73) = 1.6842 W

PLOSStotal = P10SSgw + Prosst + Peable = 8.6765 + 1.4254 + 1.6842 = 11.7861 W

Simulation:
29+ 1.73
PLOSStotal = Pin = Pout = Vaclave = Pout = 20 X —————36.75 = 955 W
Experimentally:
3.2+1.8
PLoSStotal = Pin = Pout = Vaclave = Pour = 20 X ———— =333 =167 W
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4.3.4 Loss calculation for the fourth test of the single phase DAB converter

= ()o(1-2) <5

Figure 4.23 shows the linear relation for the IGBT and diode current.

1.8 T T T T T T s
——IGBT current
1.6 | — Diode current -
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z | ‘ | !
= 1t { !
Euul | | |
5 0.8 — 4+ ‘ B R — -
Q | |
A . |
o |] ____________ H ; - — ;
87 0.701 0.702 0.703 0.704 0.705 0.706 0.707 0.708 0.709 0.7
time (s)
Figure 4.23: The IGBT and diode current of switches S1 for the fourth test
, lmax
i(t) = ; t
1
. imin - imax .
L(t)=—(t—t)+i
2 (tz _ tl) 1 max
I 1 <ft1, (t)zdt + ftl. (t)zdt> 1 <ft1 (imax t)z dt + ftz (imin — Imax (t—t) +i )2 dt)
= |[— i i = |[— —(t— i
rms1 Ton o 1 o 2 Ton 0 t, " (tz _ tl) 1 max
— i(imax)zz + i (imax - imin>2 (tz - t1)3 +i 2 (t —t ) —2i imax - imin (tz - tl)z
Ton \ 3 Ton b=t 3 max Rz (- ty) 2
— t_limax2 + th— 8 (imax - imin)z +i 2 _ i (i —i )
Ton 3 Ton 3 max max \*max min
ty . tp =ty ,. . .,
= \jm lmaxz + 3Ton (lmax2 + lminz + lmaxlmin)
_ |0.0008 1.67% + 0.0007 (1.672 + 1.642 + 1.64 x 1.67) = 1.6569 A
~ 3x0.0008" 3 x0.0008 ' ' R
Imaxti  Imax + Imin (t2 —t;) 1.670.0003 1.67 + 1.64 0.0007
I = — . = . =0.7045 A
cav 2 T + 2 T 2 0.002 + 2 0.002
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imax 1.35

1 =—=——=0.784
Drms \/§ \/§ 5

Imax +0 Tonp Imax 0.00021.3
I =\ — = = =0.0675 A
bav 2 T onb oT T 0.002 2
Pr = Per + Poyr = Vegoleay + TCIczrms + Eoffosw

1.67 x 20
- Pr=09x%x0.7045+ 5 X 1073 x 1.6569% + Tm* x 500
16.7
- Py = 0.63405 4+ 13.73 X 1073 + m = 0.68489 W
Pp = Pep + Psywp = Vpolpaw + rDlgrms + Eonp fsw
41 x 15

- P, =1.1x0.0675 + 1073 x 0.78% + x 1076 x 500

= 74.25x 1073 + 0.6084 x 1073 + 38.4375 x 1073 = 113.2959 mW

Plosss,, = 8(Pp + Pr)
= 8(0.68489 + 113.2959 +x 1073) = 6.385 W

Transformer copper loss:

Pcy = RI%,s = 0.31 X 1.436 = 0.63924976 W
Transformer iron loss:

Vs =15—2%0.9 — (0.31 +0.1)1.245 = 12.69 V

e (5

Pcore - E - 515
10
= Prosst = Peore + Py = 1.56 + 0.639 = 2.199 W

= 1.56 watt

Cable loss:

, 06 , 0.6 /1.436\°
PCable = RITmS = 7 X 1.436° + T(W) = 0.8088 W

PLOSS;orq1 = PloSSgy + Prosst + Peapie = 6.385 + 2.199 + 0.8088 = 9.39W



Simulation:

1.670.0005 1.67 + 1.640.0005

I,,,= =1.2454
ave 2 0.001Jr 2 0.001

PLOSS(otal = Pin — Pout = Vaelave — Pour = 15 X 1.245 — 11.5 = 7.175W

Experimentally:

L 1.80.0005 N 2+1.80.0005
ave = 2 0.001 2 0.001

PLOSStotal = Pin — Pout = Vaclave — Pour = 15 X 1.4 — 8.2 = 12.8W
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4.3.5 Loss calculation for the fifth test of the single phase DAB converter

P —Viz(v°)®(1—g)=28.8w

A
15 T T : T T : T T : T = =
i 3 : i i 3 A —1GBT current
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Figure 4.24: The IGBT and diode currents of switches S1 for the fifth test

The value of the Inexand Imin can be read from Figure 4.24.

by . o, b=t o . ..
Irmsz\]gTon Imin~ + 3T, (lmax * Unin +lmaxlmin)

= 20001 g 00093 402 1182 4 118 x 147) = 1.143 4
= |3%0.0004 3% 00004 " ' ' S

imints  Imax + Imin (tz —t;) _1.180.0001 1.18+ 1.47 0.0003

I = — . = . =04 A
cav 2T + 0 892 T 2 0.001 + 2 0.001 04565

lpmax .
I = =——=0.51384 4
o 1 V3 0 \7/3 I 0.00010.89

Dmax + onD Dmax . .
I = . = = =0.0445 A
bav 2 T o> o = o012 00440
Pr = Per + Pgyr = Vegoleav + TCIczrms + Eoffosw

1.47 x 20
- Pr=09x%x0.4565 +5X 1073 x 1.143 + Wlo_?’ x 1000
29.4

- Py =0.41085 + 5.715 X 10734+ —=104819W

450

Pp = Pep + Psywp = Vpolpay + TDIIZ)rms + Eonp fsw

41 x
- Pp = 1.1 x 0.0445 + 1073 x 0.513842 +

0
x 107% x 1000
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= 48.95% 1073 +0.264 x 1073 + 153.75 x 1073 = 202.964 mW

PlOSSSW = 8(PD + PT)
= 8(0.4819 + 202.964 x 1073) = 5.4789 W

Transformer copper loss:

Pey = RIZ,s = 0.31 x 1.1432 = 0.405 W

Transformer iron loss:

1.180.0002 1.18+ 1.470.0003

I; = =1.0314
in(ave) = 500005 T 2 0.0005

Verr =30 —2%0.9 —(0.31+0.2)1.031 = 27.6742V V

, 27.6742\?
Veff(rms) \/E

Feore = = =14.84 W

core RC ﬁ

20
= Prosst = Peore + Pcy = 18 + 0.405 = 18.405 W
Cable loss:
, 06 ,  0.6/1.143\?

PCable = RIT‘mS = 7 X 1.143% + T(W) =0.5137 W

PLOSStotal = P10SSgw + Prosst + Pcable = 5.4789 + 14.84 + 0.5137 = 20.83 W

Simulation:
PLOSStotal = Pin — Pout = Vaclave — Pour = 30 X 1.031 — 18.5 = 12.43W
Experimentally:

L 1.50.0002 N 1.5+ 1.650.0003
ave = 2 0.0005 2 0.0005

1.345

PLOSStotal = PlIl - POut = Vdclave - POut = 30 X 1345 - 16 = 2435 W
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4.3.6 Loss calculation for the first test of the three phase DAB converter

P =V—"Z(V°)¢(1—%)=300W

°~ wL\nV;

According to the Figure 4.25, the current can be considered in the three level of Iyax Imin and 0.

——IGBT current

— Diode current |
5t o) === ; -
41— -

<
E 3 i 1
o
2 -
1 -
-~ - : - : - | -
(?.21 0.22 023 0.24 0.25 0.26 0.27 0.28

time (s)
Figure 4.25: The IGBT and diode currents of switches S1 for the first test of the three phase DAB
converter

ta t3

1o 1=, 1=
= lps = ?j i,(t) dt+?f i,(t) dt+?f i3(t)?dt
0 ty ty

_\]tl 2 o=t L, l3—i, 2

? lmin1 T Umax T lmin2

: 2 : 2 : 2 : 2 : 2 : 2
_\lTOn lmin1” t lmax™ T lmin2 =\/lmin1 t lnax” t lminz =\]2-62+5.12+2.452

T 3 6 6

_ t1lmin1 (tZ — tl)imax + (t3 B tz)iminz Ton _ Imin1 1 Imax * Imin2 Ton

I - T — —
v Ton T 3 T
_ imint + imax + bminz _ 2.6+ 5.1+ 245 _ L6924
6 6 :
Tonb 0.00005 x 55
Iprms = Ipmax ? =1.5 f = 0.0454
IL...+0 T I 0.00005 X 55
Ipgy = %%" = onD% =15—————=000214

= 2542 A

0.29
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Pr = Per + Poyr = Vegoleay + TCIczrms + Eoffosw
5.1 x 20

- Pr =0.9X1.692+5x 1073 x 2.5422 + Wm* X 55

- Pr =1.5228 + 0.03231 + 0.0125 = 1.56761 W
Pp = Pcp + Pswp = Volpay + "ol5rms + Eonp fow
41 x50
- P, =1.1x0.0021 + 1073 x 0.04542% + x 107 x 55
- P, =231%x10"3+0.0021 X 1073 + 14.094 X 1073 = 16.4061 X 1073 mw

Plossg, = 12(Pp + P;) = 12(1.56761 + 16.4061 x 1073) = 19.0082 W

Transformer copper loss:

Pcy = 3RIZ,s = 3 x 0.5 X 25422 = 11.1925 W

Transformer iron loss:

V 2 632 RC(SOH)
RC(SOHZ) = ;C = T = 661.5Q0 - RC(SSHz) = TZ =601.40
oc —_
50

Vorr =50 —2%0.9 — (0.4 + 0.1)5 = 452 V

, (45.2)2
Verrarms)™ 3 V2

Pore =3 =
core R 601.40Q

=5.096 W

— Pposst = Prore + Py = 5.096 4+ 11.1925 = 16.288 W

Cable loss:

Papie = 3RZns = 3% (0.1 X 5.12 + 0.2 X 2.542%) = 11.68 W

PLOSStOta] = PlOSSSW + PLOSST + PCable =19.008 + 16.288 + 11.68 = 46.96 W

In order to calculate the input power for the simulation results, the input current of the converter is
needed. Figure 4.26 shows the waveform of the input current for the converter. The average value of the
current has been calculated and been used in order to calculate the input power.
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Figure 4.26: The input current of the converter for the first test of the three phase DAB converter

Simulation:

The lave can be calculated from Figure 4.26.

PLOSStotal = Pll’l - POut = Vchave - POut = 50 X 51 - 213 = 37 W

Experimentally:

PLOSStotal = Pin — Pout = Vaclape — Pour = 50 X 5 — 196 = 54 W

0.26
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4.3.7 Loss calculation for the second test of the three phase DAB converter

P, = v <V°)®(1—g) = 1500W

° " wL\ny;

12 T T T

[——1GaTcurrent ||
| Diode current

Current (A)

L L) i | | |
021 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29
time (s)

Figure 4.27: The IGBT and diode currents of switches S1 for the second test of the three phase DAB
converter

Figure 4.27 shows the IGBT and diode current for the second test.

_imina® +imax” +iming® 572+ 112 4 542
Irms - -

=55174 A
6 6
lowy = Imin1 + im6ax + lminz _ 57+ 161 + 5.4 — 3683 4
Tonp 0.00005 x 55
Iprms = Iomax |5 =3 5 =0.0908 4
1 0.00005 x 55
Ipay = Tonp DZ’”T‘"‘ =3 . =0.0042 A
Pr = Per + Powr = Vegoleav + rCIczrms + Eoffosw
_3 , 11x20 .
- Pr=09x3.683+5x107° x5.5174“ + 107° x 55

450
— Pr =3.3147 + 0.1522 + 0.0269 = 3.4938

Pp = Pcp + Pswp = Vpolpaw + rDIl.Z)rms + Eonp fsw

41 x 125
— Pp = 1.1 X 0.0042 + 1073 x 0.0908* + —5 1076 x 55
— Pp = 4.62x 1073 4 0.0083 x 1073 4 35.235 X 107% = 39.8633 x 107> mW

Plossg,, = 12(Pp + P;) = 12(3.4938 + 39.8633 x 1073) = 42.404 W
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Transformer copper loss:

Pey = 3RIZ,s =3 X 0.5 X 551742 = 45.66 W

Transformer iron loss:

Verr =125—-2%09—-(04+0.1)11 = 1177V

, 117.7)\?
Verrrms) V2
P..=23 = = 34553 W
core R¢ 601.4Q

= Prosst = Peore + Pcy = 34.553 + 45.66 = 80.215 W

Cable loss:
Peapie = 3RIZ,s =3 % (0.1 x 11.12 4+ 0.2 X 5.5174?) = 55.228 W

PLOSStotal = P10SSgw + Prosst + Peable = 42.404 + 80.215 + 55.228 = 177.53 W

" | | ' [ input curent]

10 —-f-- SRR DR AU RN NN N AN UUU SRR (SN U S DU U S S AU DU —— — — -]
<
E 9!
SR O I O N 1 Y I A ~
. . | i i i i i
Uﬁ.lz‘l 022 0.23 .24 0.25 0.26 027 028 029
time {5}

Figure 4.28: The input current of the Converter for the second test

Simulation:
The lave value can be read from figure 4.28.

PLOSStotal = Pin — Pout = Vaclave — Pout = 125 x 11.1 — 1222 = 165.5W

Experimentally:
PLOSStotal = Pin — Pout = Vaclape — Pour = 125 X 11.2 — 1214 = 186.5 W

In this test, just the switching loss is not considered for the simulation. That’s the reason that the value of
the losses for the simulation results and theoretical calculation is closer to each other. The core losses of

the transformer are considered like a parallel resistance with the primary side of the transformer.
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4.3.8 Loss calculation for the third test of the three phase DAB converter

P, = Vi2<v°)®(1—%):3oow

= —|—
wL \nV;
! T = -
——I1GBT current
i i — Diode current ||
5 i i : i
H . H |
: i i |
Py I £ B - . 2 .{_
g g £ :
§ 3 ; i
O i : :
2 e = - X = . = = . - -
1 : ; 3 h
H H H |
i ‘ i I
| | | [ | I I |
3.19 0.1905 0.191 0.1915 0.192 0.1925 0.193 0.1935 0.194 0.1845 0.195

time (s)
Figure 4.29: The IGBT and diode currents of switches S1 for the third test of the three phase DAB
converter

Imin @and Imax for the following calculation can be achieved from Figure 4.29.

_ \]iminlz + imaxz + iminzz _ \/3.22 + 5.82 4+ 2.552
Lrms = =

= 2.8984
6 6
lowy = Imint T lmax T+ Umin2 _ 3.2+ 5.8+ 2.55 — 19254
6 6
Tonp 0.00005 x 555
Iprms = Ipmax 3_T =1.5 f =0.1443 A
Ip 0.00005 x 555
Ipgy = onD% =15—————=1002084
Pr = Per + Powr = Vegoleav + TCIgrms + Eoffosw
3 , , 58x20 .
- Pr=09%x19254+5x107"° x 2.898* + Wlo X 555
- Pr =1.7325+0.042 + 0.1431 = 19176 W
Pp = Pep + Psywp = Vpolpay + rDIl.Z)rms + Eonp fsw
41 x 50
- P, =1.1x0.0208 + 1073 x 0.1443% + x 107 x 555

- P, =22.88x1073+40.021 x 1073 + 142.219 x 1073 = 165.12 X 1073 mW/
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Plosss,, = 12(Pp + P;) = 12(1.9176 + 165.12 X 1073) = 24.993 W/

Transformer copper loss
Pcy = 3RIZ,s = 3 x 0.4 X 2.898%2 = 10.078 W

Transformer iron loss
Vors =50 —2%0.9 — (0.4 +0.1)5.75 = 45325 V

, 45.325\?
Verrrms) V2
Peore =3 Re =3 6%_49 =51.239 W

= Pposst = Peore + Pcy = 51.239 + 10.078 = 61.317 W

Cable loss:
Pcabie = 3RIZ, = 3 X (0.1 X 5.75% + 0.2 X 2.8982%) = 14.958 W

PLOSStotal = PloSSgw + ProssT + Pcable = 24.993 + 61.317 4+ 14.958 = 101.268 W
Simulation:

By using Figure 4.30, the input power can be calculated for the simulation result.

Current (A)

3. | | . ! | | | | i
3.19 0.1905 0,191 0.1915 0,192 0.1925 0.193 0.1935 0.194 0.1945 0.195
time (s)

Figure 4.30: The input current of the converter for the third test

PLOSStOtal = Pin - POut = Vchave - POut = 50 X 5.6 - 204.5 = 76W

Experimentally:
PLOSStotal = Pin — Pout = Vaelgpe — Pout = 50 X 5.9 — 187.5 = 107.5 W
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Calculation shows 107.5 W losses in this test. In comparison to the first test with the same input voltage
and same output voltage and power, the losses in test 3 are higher. Since the switching frequency in test
3 is 10 times higher, it’s reasonable that the total loss become higher as well. It should be noted that a 50
Hz three phase transformer also can led to the higher losses when it operates at 555 Hz in comparison to
the 55 Hz.
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4.4 Comparison between Simulation and Experimental Results

In addition to the theoretical results based on (2.1),(2.2),(2,3) and (2.4) for both single and three phase
dual active bridges converter, which are presented in Table 4.1 and 4.3 in the previous sections, there are
simulation and experimental results as well which are different from the theoretical results. In this section,
the simulation and experimental results and waveforms are presented and discussed for both single and
three phase DAB converter.

4.4.1 The comparison for the single phase dual active bridge converter

As mentioned earlier, the power of the converter can be calculated by (2.1) based on the implemented
phase shift between the two bridges of DAB converter. The formula works for the ideal DAB converter.
The forward voltage drops across switches and diodes and also the transformer losses are not considered
in this formula. Apart from these ideal results, there are results for both simulation and experimental cases
as well which are given in Table 4.7 As mentioned earlier, the voltage drop through the switches and diodes
and also resistance losses of the single phase transformer are considered in the simulation but the
switching losses and cabling losses of the whole measuring system are ignored due to the limitation of
PLECS. This issue and also the accuracy of the measuring devices can make differences between the
simulated and experimental results.

Table 4.7: The results of both simulation and experimental implementation

Simulation Practically
Test 1 2 3 4 5 1 2 3 4 5
Frequency(Hz) | 50 50 100 500 1000 | 50 50 100 500 1000
Vin (V) 30 80 20 15 30 30 80 20 15 30
Vout (V) 48.5 140 31.5 23 43 48 134 30 20 40
RL(Q) 25.5 41.47 27 46 101 255 415 27 48.6 100
Power (W) 92.5 472 36.75 | 11.5 185 | 90 432 333 8.2 16
Phase shift (s) 5e-4 3e-4 5e-4 5e-4 2e-4 | 5e-4 3e-4 5e-4 5e-4 2e-4
Losses (W) 15.5 31 9.5 7.1 124 | 24 52 16.7 12.8 243
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All five tests have been done by simulation also and all the results for both simulation and experimental
parts can be seen in Table 4.7. According to this table, the results are nearly the same for the simulation
and experimental case. The phase shifts are almost the same for both experimental and simulation and
also the ideal results. Tables 4.7 show that there is a 7 V voltage drops in all tests but the exact value
depends on the on-time of IGBTS and diodes in each test. The voltage drop in the experimental case is a
little different compared to the simulation and is in the range of 6-10 V. This can be caused by the different
forward voltage drops of diodes and IGBTs at the different power level and also the losses in the real
transformer since all devices in the simulation are ideal.

Differences can also be due to the limitation and accuracy of measurement instruments in the laboratory
while all measurement instruments in the simulation are ideal.

In order to make a better comparison, both simulation and experimental voltage waveforms of test two
are shown in Figure 4.31.
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Fig. 4.31: Voltage waveforms of the DAB converter in both simulation (top) and experimental (down)
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As can be seen in Figure 4.31, both simulated and experimental waveforms have approximately the same
form and also the same phase shift. The voltage levels are the same as well. Moreover, the drop during
the phase shift period which was discussed earlier exists in both the simulation and experimental
waveforms.

In order to make the other comparison, both simulation and experimental current waveforms of test two
are also shown in Figure 4.32.
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Fig. 4.32: Current waveforms of the DAB converter in both simulation (top) and experimental (down)

As can be seen in this figure, both simulation and experimental waveforms have the same form
approximately. Just there is little difference in the current level rising time which is due to the difference
between the inductance of the real DAB converter and the simulated DAB converter according to.
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Vout

in T
i(0) = |——2-|6+i(0 4.4
i0) = |—— i0) (44)
where, n is defined as the ratio of the transformer in the converter. [1]

Since the inductance of the real DAB converter can’t be measured exactly, there is a little difference
between the inductance of the simulated DAB converter and the real one which makes a difference
between the current levels of the waveforms in Figure 4.32.
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4.4.2 The comparison for the three phase dual active bridge converter

As mentioned earlier, three tests have been done for the three phase dual active bridges. The first test is
for the frequency of 55 Hz but in low power of 300 W. In the second test, the frequency is the same but
the output power has been increased up to 1.5 KW. The limitation function for increasing the power are
transformer, DC voltage source and dSPACE controller as well. the dSPACE controller limitation doesn’t
allow to choose a phase shift less than 2 degrees due to its digital implementation time. The DC voltage
source current limitation is 10 A and the transformer current limitation is the same. The DC voltage source
can generate a higher voltage up to 600 V but in this case a lower phase shift should be implemented by
dSPACE controller in order to keep the current below 10 A which is not possible by considering the
mentioned limitation of a dSPACE controller. Simulation has been done for all three tests in order to
compare the results with the experimental tests. Table 4.8 shows the simulation and experimental results
for all three tests.

Table 4.8: The simulation and experimental results of three tests on three phase DAB converter

Simulation Practically
Test 1 2 3 1 2 3
Frequency(Hz) 55 55 555 55 55 555
Vin (V) 50 125 50 50 125 50
Vout (V) 73 195 71.5 70 194 68.5
RL(Q) 25 31.1 25 25 31 25
Power (W) 213 1222 204.5 196 1214 187.5
Phase shift (s) le-4 le-4 1l.1e-4 | le-4 le-4 1.1e-4
Losses (W) 37 165.5 76 54 186.5 107

The voltage and current waveforms of the primary and secondary side of the transformer for both
simulation and experimental cases are shown in Figures 4.33, 4.34 and 4.35 for all three tests respectively.

78



25 SN B oo e eon sy T T Y Te—-T T resnt r 1
OO FOUNY S0 S BTN, o SEY IPRN SO0 S G S I pues | goonnd | S S DY ORI L VSN SRS YOR S PRI S RS SR S0 | —Sccondlry side current (A)
.| oo ook Sens pevi poax oo ooy vaet sozn PR N 8 00 SR e 1) mspestdtontienteasty ey oy Primary side current (A)
3] TP Ml WO G0N ‘e L R St S S an sal sty L o S Frioprasiiicd e Seinrn Secondnry sldcvontgoM
15 ; : gy i A ¥ e P i) I Primary side voltage (V)
T [ ‘ R (N3l RS LI 0 12 I O ] B 1 | G O O 1 = e e R
— 10__ ......... | l i Ay
T ! i i i T Y L O N .
E s - .
0 0 R O L ianmbembmsymatsaviurbenny
S " i
@ -5 feue —1
- R W o i-
3 :
- 4 T 1
> . R L
A hueasdoadi ok % LA 3 5 -
20} '
25 = i i i I

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008
time (s)

30 7 T T y T T T Y T = 1 x
LAY L003-07p 003 0 33k (3K SEL-B0-22 S S RO TR o R S 5 R B O e R R e Primary side voltage (V) i

< R st s D e e S St T N i :A So dary side voltage (V)
: i L.l 7 Secondary side current (A} |
i Primary side current (A)

Voltage (V) , Current (A)
o W
.i WS e e 2 K H Geuberd
|

. 2 3 1 - < - 1 0 H i l i 4 3 15 1 v e 3 g -+ 1
0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
time (s)

Fig. 4.33: The voltage and current waveforms in both simulation and experimental for test 1

As figures shows, the implemented phase shift is the same in both simulation and experimental waveforms
for all three tests. So, the simulation results are verified by the experimental results. It should be noted
that the voltage waveforms belong to the phase voltage.

The voltage waveforms for test 2 shows switching overvoltage which is due to the reason that test 2 was
done when the DAB converter didn’t have snubber capacitor.

The experimental voltage waveforms shows about 1-2 V lower voltage in comparison to the simulated
voltage waveforms which can be due to the accuracy of the measurement devices, switching loss which is
not considered in simulation and cabling voltage drop which was not considered in the simulation.
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Fig. 4.34: The voltage and current waveforms in both simulation and experimental for test 2

cbal § T T i 2 e = =
3 ) Secondary slde current (A)
20 | ! PO ATy SAde GUrTent (A)
{ | I s v wide oe (V)
o e L o Primary aide valtage (V)
! ] ] ¥ 1 3 i i ¥ = |
— o | {
= |
g 5 |
-8 SRS P e S crred |
= = | |
§ ¥
o
L] 4 & ‘
-0
L L EAAas | 3
0.0004 0.0005
{ ——— Primary side voltage (V) i
s y side voltage (V) &
Secondary side current (A) |
Primary side current (A)

=
L | ]
- S 5
30 | ) | i =] = i 1 |
(] 0,00005 0.0001 0.00015 0.0002 0.00024 0.0003 0.00035 0.0004 0.00045
time (s)

Fig. 4.35: The voltage and current waveforms in both simulation and experimental for test 3
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5 Conclusion

Based on the aim of the thesis, the simulated dual active bridge converter has been verified by
experimental results of the implemented DAB converter in the laboratory. As can be seen in the
comparison section, all waveforms are compatible with each other though there is a little difference
between the voltage levels and power losses which are due to the limitation of the measurement in
the laboratory and differences between the real and ideal devices in the simulation.

The Single phase Dual active bridge has been implemented and controlled by a dSPACE controller for
different frequencies like 50, 100, 500 Hz and 1 KHz. Due to the limitation of the digital implementation
of the dSPACE, there is no possibility to control the DAB converter for a frequency of 5 KHz and above.
The 50 Hz transformer is also a limitation to reach the higher power for the frequency of 1 KHz.

The three phase dual active bridge is also implemented and controlled by 12 signals from a dSPACE
controller for difference frequencies of 55 Hz and 555 Hz. As mentioned earlier, due to the limitation
of the controller, it’s not possible to increase the frequency. In terms of power, the maximum
transferred power of 1.5 KW has been reached.

The effect of the snubber capacitor on the switches is also tested, analyzed and discussed for the single
and three phase dual active bridges.

The losses calculation shows that the losses in the three phase Dual active bridge is in the higher level
than the single phase dual active bridge converter due to the higher number of switches. The results
show that for the higher frequency, losses are increased which can be due to the higher switching
losses and also can be due to the 50Hz transformer which is used for the higher frequency.
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6 Future Work

The main purpose of this thesis was to implement and control the single and three phase DAB
converter by using the dSPACE controller. As mentioned earlier, the dSPACE controller has some
limitation in order to implement the little phase shift between two bridges of the DAB converter
especially for three phase DAB converter and for high frequency. In this case, one issue for the future
work can be to solve this problem and limitation. According to the discussion and investigation which
have been done, a DSP can be a good option to be used as a controller for DAB converters.

The other limitation of the current thesis was the lack of high frequency transformer in the laboratory.
The second improvement in this case can be designing of the single and three phase high frequency
transformers for the DAB converter. In this case, more accurate loss calculation can be done for both
the single and three phase DAB converters.

By using the DSP controller and a high frequency transformer with the current available converter in
the laboratory, much higher output powers can be reached for both the single and three phase dual
active bridges although the available converters also have some limitations in terms of voltage and
current level.

The comparison can be done between the single and three phase dual active bridge as well for the
exactly same condition for the both converters.
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8 Appendix

Appendix 1: the technical details of the DS 1103 PPC controller board of dSPACE
Technical Details

Parameter
Processor

Memory

Timer

Irtemrupt controller

AL comverter

CHA, camverter

" Speed and tming spedfications describe the capabWities of the hardware componants and dncwuits of our products.,
Depanding on the soffware compledty, the attanable overal performance figures can dewiate sigrificantly from the hardwars

spedfications.

PowerPC Type
CPU clock
Cade

Bus frequency
Temperature sensar
Local memony

Glabal memany

2 generd-puipose Gmers

1 sampling rate timer (decementer)

1 time base courter

Channeks

Resolutian

Irput voltage range
Overvoltage protection
Cornversian fime

(rfset ermor
Gain emor
(rfset drift
Gain drift
Sigrial-to-noise ratio
Channeks
Resolution
Output @nge
Settling time
(rfset ermor
Gain emor
(rfset drift
Gain drift

= PPC750GX

® 1GHz

B 32 KB level 1{L1) irstruction cadhe

W 321KB level 1(L1) data cache

= 1MB lewel 2L

® 133 MHz

B Reads actual temperature at the PPC

¥ 32 ME application SDRAM as program memary, cached

= 36 ME commurication SORAM for data storage and data exchange with host

® (Oine 32-bit down couriter

® Reload by software

® 15-ns resolution

® (One 32-bit up counter with compsare register

¥ Rehbad by software

B 30-ns resolution

¥ 32-bit down couriter

¥ Rehoad by software

® 30-ns resolution

® d-hit up courer

® 30-ns resolution

B 3fimer intemupts

® Tinoemental encoder index ire imermipts

= 1 UART [universal asynchronous receiver and fRrsmitter) inberupt

= 1 CAN intemupt

= 1 slawe D5P intemupt

= 2slave D5P PAM intemupts

® 1 host irtemupt

® 4 extemal internipts (user intemupis)

® 16 multiplexed dhannels equipped with 4 sample & hold A'D converters
(4 chanrels belong to ane A/D converter. 4 conseoutive samplings are necessany to sample
all chanrels belangirg ta ore &'D converter.)

= 4 parallel chanrels each equipped with ane sample & hold A'D converter

® Mote: BA'D converter channels (4 muhtiplexed and 4 parallel) can be sampled simultaneously.

= 16-hit

=0V

m 5V

® Multiplexed charrels: 1 ps't

® PFarale channels: 800 ns®

® i mV

u +0.25%

= 40 WK

= 50 ppmiK

m =R3dE

® Bchannek

= 1&-hit

= 0¥
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= 25 ppmiK
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CHA comverter Sigrial-to-noiss ratio ® =83dB
|nm ® +hma
(07— = 10 nF
Digital 10 Channeks = 32-bit parallel 10
® Organized in four 8-bit groups
® Each &bit group @n be set bo input or output {programmahle by sofrware)
\oltage rarge B TTL inputioutput levels
lazt, mam " 10 ma
Digital inoemerdal ~ Channels ¥ & indeperdent charrek
endader interface = Single-ended (TTL) or differerial (R5422) nput (saftware programmabile for each dhannel)
Prosition courters B 24-bit resclution
® Max. 1.65 MHz input frequency, i.e. fourfold pulse count up to 6.6 MH:
® Counter reset ar reload via software
Erecoder supply voltage mSVIEA
® Shared with andlog incemerial encoder interface
#nabgircemental  Channels ® 1 channel
encoder interface = Sinusoidal signaks: 1Vpp differential or 11 pApp differential {sofware programmable)
Podition courters ¥ < 57 resplution
® 32-bit lozdable position counber
= Max. 0.6 MHz input frequency, Le, fourfold pulse count up to 2.4 MHz
A'D converter performance ® B-bit resolution
= 10 M5FS
Ercoder supply voltage mEVIEA
¥ Shared with digital incremenial encoder interface
CAM interface Corffiguration ® 1 channel based on SAR 30C164 microcontraller
= |50 DIS 118%8-2 CAN high-speed standard
Baud rate = Max. 1 Mbit's
Serid mterface Corfiguration = TLECSS0C single WART with FIFD
® PLL-drivens WART for acourate baud rate selection
" RE232R542E compatibility
Baud rate ® Up to 115.2 kBd [R5232)
® Up to 1MBEd (R5422)
Slawe DSP Type ¥ Texas Instruments TM5320F240 D5P
Clock raee = 1 MHz
Memuory ® B4 Kx16 external code memony
® I8 Kx16 external data memary
® 4 Kx16 dud-port memaory for communication
® 32 KB flash memory
110 chanrels® ® 16 A/D corwerter inputs
= 10 PYWM outputs
= 4 capture inputs
u 7 serd parts
Irput wltage range B TTL inputioutput level
® A/D converter inputs: @ ... 5V
Output current B Max. +13 mA
Hest interface ¥ Plug & Play support
¥ Requires a fulksize 16-bit [54 skot
Phiysical Phiysical size ®2A0x125x45mm (134249 2177 i)
characteristics Arhient temperature = 0. 50°C{32...122°R)
Cooling ® Passive coaling
Power supply 5V 5%, 4 A
B+ 2V 0%, 0.754
B 12V 5%, 0254
296
I 203 " The exact number of ¥ channeds dapands on your configuration and &5 described in the wser docwmentation.
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Appendix 2: The technical details of the SEMIKRON IGBT and diodes

SKM 300GB125D

Lt 4, | [Absolute Maximum Ratings T, =25 °C, unless otherwise specified
S Symbel |Cenditiens | Values |Unita
> IGBT
e Vees T,=25C 1200 v
o~ e T,=150 C Tome = 25°C 300 A
< Ty =80°C 210 A
_ s o2 enpm 400 A
e Vees 120 v
® = Voo =B00V; Ve <20V T,=125°C 10 us
SEMITRANS ™ 3 Vieas, <19B0\F
Inverse Diode
Ultra Fast IGBT Module |, T,= 150 °C Tease = 25°C 260 A
LA 180 A
lrrm trrm=2XFcm 400 A
SKM 300GB125D keeu t, = 10 ms; sin. T,=150°C 1800 A
Module
hyraas) 500 A
Ta - 40...4 150 °C
T - 40,4125 C
Features Visar AC, 1 min, 4000 v
« NPT - Non punch-through IGBT .
« Low inductance case Characteristics T, =25 °C, unless otherwise specified
« Short tail current with low Symbol |Conditions | min. typ. max. |Units
temperature dependence IGBT
. Fligrl:ﬂsghort circuit capability, self Vewn Vg =V s = 8mA 45 55 &5 v
Ll o,
. Fast & soft inverse CAL diodes | 'c=s Vou=0V:¥ox"Vom:  1)225°C o LBl D
. Isolated copper baseplate using | Veeo T=25 C 15 1.75 v
DCEB Direct Copper Bonding T=125°C 17 v
Technology T Voe =15V T,=25C ) 05 | ma
« Large clearance (10 mm) and T,=125C 1.5 mi
creepage distances (20 mm) Vkisals lom 2004 Vgg 16Y T, "Coppp, 33 3.86 v
Typical Applications* Cios 18 o s
C Ve =25, Ve =0V f=1MHz 25 32 F
- Switched mode power supplies at | ™ b ue ] o, 5
ros a nF
fo > 20 kHZ
« Resonant inverters up to 100 kHz |9 Ve = 0V - +20V 2000 nC
« Inductive heating Rant T=°C 25 0
« LIPS Linintermuptable power oo 130 na
supplies atf,,, > 20 kHz b Reen=30 Ve = 60OV 40 ns
« Electronic welders atf,, > 20 kHz |E,, o= 2004 16 mJ
Tich Rogq=30 T=125°C 480 ns
" Ve =+ 15V 30 ns
Eos mJ
R per IGBT 0075 | KW




SKM 300GB125D

Ultra Fast IGBT Module

SKM 300GB125D

Features

« NPT - Non punch-through IGBT

« Low inductance case

« Short tail current with low
temperature dependence

« High short circuit capability, self
limiting

« Fast & soft inverse CAL diodes

« |solated copper baseplate using
DCB Diract Copper Bonding
Technology

« Large clearance (10 mm) and
creepage distances (20 mm)

Typical Applications*

« Swilched mode power supplies at
fow > 20 kHz

« Resonant inverters up to 100 kHz

« Inductive heating

« LIPS Uninterruptable power
supplies at f,,, > 20 kHz

« Electronic welders at f, > 20 kHz

Characteristics
Symbel |Cenditions | min. typ. max. |Units
Inverse Diode
Ve=Vee  |lenam=200A; Ve =0V T,=25Cy, 2 25 v
T, = 125 "Copypue,. 18 v
Vio T=25°C 1.1 12 v
T,=125C v
e T=25°C 45 65 me2
T=125°C m
TR - =200A T,=125°C 340 A
Q, di/dt = 8000 Alus 46 uC
E, Ve =0V Vg =600V mJ
Ring-cin per diode 0.18 | KW
Module
Lee 15 20 nH
Recugp res., terminal-chip Teaso=25°C 0.35 me}
Tease=125°C 0.5 mo
Ripics) per module 0038 | KW
M, 1o heat sink M6 3 5 Nm
M, o terminalz M& 25 s Nm
w 325 g

This is an electrostatic discharge sensitive device (ESDS), international standard
|EC 60747-1. Chapter 1X.

* The specifications of our components may not be considered as an assurance of
component characteristics. Components have to be tested for the respective
application. Adjustments may be necessary. The use of SEMIKRON products in
life support appliances and systems is subject to prior specification and written
approval by SEMIKRON. We therefore strongly recommend prior consultation of
our personal.
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SKM 300GB125D
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Fig. 1 Typ. output characteristic, lp =B0ps, 125°C
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SKM 300GB125D

Fig. @ Transient thermal impedance

Fig 10 CAL diode forward characteristic
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Appendix 3: The schema of the Converter which is used as a inverter and rectifier
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