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ABSTRAKT

Tato prace se zabyva navrhem vykonovéhénide ukeného pro pouziti ve
fotovoltaickych systémech. Klbvym je pouziti programovatelného hradlového pole
(FPGA) pro realizacitidicich funkci. Do detailu jsou diskutovany aspektgvrhu
spinanych mnici a na zakla# takto ziskanych poznatkje zkonstruovan furdni
vzorek ngnice.
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ABSTRACT

This thesis deals with design of a power convertended for use in photovoltaic
systems. The main feature is the use of Field-Rrograble-Gate-Array as the main
control block. The aspects of power converter desig discussed in detail. Based on
gathered knowledge, a working prototype of thersotaver inverter is designed.
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Introduction

In the modern world, renewable, clean sources ettetal power are becoming
increasingly important. Traditionally, the biggegtroportion of electricity produced
worldwide has been produced in coal-fired powenggafollowed by energy from nuclear
power plants during the last few decades.

However, coal reserves are getting smaller ovetithe, burning of coal in power plants
is considered to be one of the most important ssuraf greenhouse gases and other
potentially hazardous substances. Further, dan@agleet nature as result of coal mining in
mining areas is a well known issue.

Solar power is considered clean, although buildihthese power plants in the nature is
sometimes disputed. Nevertheless, solar powerasgly benefited in the last few years.[1]
On the other hand, in contrary to more traditiom&thods where electricity is produced by
alternators (which produce AC sinusoidal outputtagé), more sophisticated methods and
additional circuits are needed in PV systems tadpce AC voltages usable in a supply
network.

Usually these power converter circuits are MCU/D®Rtrolled. Efficiency is mostly
higher than 90 % (e.g. Sunny Boy product seriemf&MA company has highest specified
efficiency in excess of 95 % at full output poweFhe purpose of this master's thesis is to
introduce an alternative approach that utilizeddqprogrammable gate array (FPGA) circuit
instead of MCU for performing control functions. GRs provide compared to MCUs
additional design flexibility and parallel signabgessing capabilities.

This thesis is divided into following sections. the first section, power conversion
process is discussed in detail. A detailed overnoéweonverter topologies is carried out in the
first section. In the second section, the mostablat converter topology is selected and
circuits are simulated. Originally, there was atem to build a converter with 1 kW output
power capability. However, the cost of such a sofuturned out to be excessively high.
Thus, practical realization has been limited tgatipower of 250 W

In the third section, the required converter andtr@d circuits are designed. Printed
circuit boards are designed and design steps gilaiegd. Photographs of assembled boards
are provided in this section. CAD software EAGLE.6. and OrCAD Capture 16.5. were
used to draft the design schematics. Boards wesgmsd in EAGLE 5.6.0. and Cadence
Allegro PCB Designer.

! Unit Watt (W) is used throughout this thesis. Uit (Voltampere) could be used as well, since thtpat
voltage and currents are AC. Therefore, purelystes load is assumed.
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In the fourth section of the thesis, VHDL descioptis created based on requirements of
the final circuit. The respective blocks of theidasare described and in some cases, block
diagrams are present to improve the readers' uatieling of the presented solution.

Finally, assembled circuit boards were tested aedsurement results were processed.

Oscillographs are provided as they were found tonbee interesting for the reader than raw
numerical data.

- 14-



1 Power Conversion process

Solar panels described in the previous chaptec#@ylyi produce DC voltage in the range
of tens of volts to few hundred volts. This voltages to be converted to AC voltage in order
to make it available for the supply network. Valiethe AC voltage and its frequency is
usually given by standards in the respective cquiMioreover, power converters have to be
designed in such a way that maximal output powaila@vle for a given illumination level is
always utilized. This feature of power convertarsalled MPPT, which stands for Maximum
Power Point Tracking. MPPT is, more precisely samasurement of |-V characteristics.

[2],[3]
Furthermore, AC output voltage must be very cahgfynchronized with supply voltage
network voltage - it must have the same frequemclyreo phase shift.

Nowadays, power converters for solar panels aeredfby many companies worldwide.
Power levels are in the range of few hundred watt$ow power converters to hundreds of
kilowatts for high power solar systems. Higher atitpower levels are usually obtained by
series- or parallel connecting of solar panels.olagies utilized in these converters are boost
converter (as the DC-DC stage) and full-bridge logp as the DC-AC stage, even though
some isolated push-pull designs of DC-DC stageeamth resonant LLC stage for output DC-
AC inverter have been reported in the literatujdri4his thesis, few topologies are compared
based on expected output power, desired efficiancypower semiconductor requirements.

. 2I0VAC /50 Hz
HVDC BUS
PV ARRAY > ocibc > DC/AC >
FEEDBACK AND CONTROL SYSTEM B

Figure 1: Solar power conversion system block diagf1][2][3][4]
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1.1 DC-DC stage theoretical analysis

The main task of the DC-DC converter stage is ép sip the input voltage supplied by
PV panel to a higher voltage. Few topologies candasal in this stage:

. Boost converter,

. forward converter,

. push-pull converter,
. half-bridge converter,

. full-bridge converter.

1.1.1 Power semiconductors
Basically, any device capable of controlled switgchcan be used in this stage, like SCR,
GTO, IGBT, bipolar transistor or MOSFET.

1.1.2 Boost converter

Boost converter is an example of a non-isolateahstfiormer-less topology. The basic
circuit consists of an inductor L, a switch SW (@ansistor in most cases), a boost diode D
and of an output filter capacitor C.

@) 1), Lo [[non

Figure 2: Boost converter simplified schematic daag[5][6]

Assuming steady state operation (output voltagésatominal value and constant load
and inductor current never falls to a zero valug)eration principle can be explained as
follows:

During the t period (fraction of total period T) the switch S8Vin the on-state, the input
voltage is applied to the inductor L and the indudt is thus being charged by linearly rising
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current |. Boost diode is in the cut-off state and the loadent is being supplied solely from
the output capacitor C. After the period has elapsed, switch SW is turned-off. Falhg
equations can be written:

t, =D (1)
Vo= odi =V )
it L
DT
=YL [d="tor 3)
LT

where { is the on-time of the switch [s], D is duty cylg i, is the inductor current [A],
V., is the voltage across the inductor L [V], T is thikole switching period [s] and L is the
inductor inductance [H].

After the switch SW has been turned-off, voltageedMersed polarity appears across the
inductor. At the same time, current through inducsodecreasing linearly to its initial value
at the beginning of the first phase. Hence, tes8athis condition, the average current change
through the inductor is essentially zero as weltresaverage voltage across the inductor is
zero. The equation (3) can be
rewritten to apply to the time interval assuming that is:

T-DIT=DIT (4)

. \VAR Vaut-V

i :TL j dt:—OUTL INfa- D)7 (5)
DO

If the average inductor current change during gkisazero, then the following applies:

Al L,t1 = Al Lt2 (6)

Y -V

SOUTTIN (g p) 7 =Y p (T (7)
L L

Which yields the output voltage as a function @ ithput voltage \:

1
Vour =Vin Gl—_D (8)

This DC input-to-output transfer function can bsudlized as shown in the Figure 3:
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Boost converter input-to-output transfer function
50 T \ T \ T

I
=
I

|

%)
=
I

|

VoutVin (<)
=
T
l

10~ .

0 t I T I | | | | |
0 01 0z 03 04 05 06 07 08 04 1

Duty cycle D (-)

Figure 3: Boost converter input-to-output trangéerction

The above described case is called Continuous ctivdunode, or CCM for short.

As can be clearly seen, in CCM, the lower boundarythe output voltage is the input
voltage when D = 0, whilst the higher boundaryhisoretically infinite. Nonetheless, some
practical limits do exist. Switch breakdown voltafike for example collector-to-emitter

voltage of a bipolar transistor) as well as boastid reverse breakdown voltage are two main
constraints.

The second case is called discontinuous conduatiotle, or DCM for short. In DCM,
the output voltage is not only dependent on dutyeg)it also depends on switching period,
load resistance and boost inductor inductance. Meryén practical circuits, constant output
of these circuits is usually maintained by utilginegative feedback, which is in turn used to
alter duty cycle depending on instantaneous loadenotti DCM may be desirable, when
output power is low and/or low value boost indudtas to be used. Main disadvantage is that
RMS current is generally higher than in the CCMsitthe peak boost inductor current must
be more then twice the value of the average curf@mtthe other hand, there is practically no
turn-on loss in the main switch - the main switeims-on while no current is flowing through
it.[5][6]
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||_ _______-_-'_"_"_.___.';'_"_--_,__ ______ ____-_-'_"_"_.___.'_"_";-‘,__ ______ ___,-_-'_"_"_._ Input current
~ h (dashed)
Vour | I
‘/ VSWITCH
| e VeonTroL
|
| biooe
I switeH

time ———»
Figure 4: Boost converter steady state voltagecanent waveforms (CCM)

1.1.3 Parasitic effects in passive and semiconductor devices
Parasitic effects are caused by circuit parasitements. These include parasitic
resistances of the PCB, of the boost inductorhefdquivalent series resistance of capacitors,
semiconductor switches' voltage drops. These pgaratements cause reduction of efficiency
or, in the case of parasitic inductances and ctgram@s, EMC issues.

CploDE
RL D
| N
| | \/|
c
c RLoAD
- sSwW
L ESR
|
|
CR PCB
Rp Rpc

Figure 5: Boost converter schematic including ptitasircuit elements
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Since these effects occur generally in all switghtonverter topologies, the previously
described boost converter is used to demonstrate teffects, rather than doing this for each
topology separately.

The power losses in all types of power convertarshie divided into following groups:
. Conduction and leakage losses,
. switching losses.

Instantaneous conduction losses can be calculated a
p(t) = v(t) [i(t) 9)

Wherep(t) is power loss [W]y(t) is voltage drop [V] andl(t) is current flowing through
the circuit [A]. All values are instantaneous, whimeans, for a given tinte

Leakage losses are caused by leakage currentsfjaiwiough switching devices, when
they are in the off-state. Unlike an ideal switahsmall amount of current is flowing during
the off-period, possibly generating significantdos

Switching losses arise from three reasons. Fiesggitic capacitances of circuit elements
are being charged during every switching period t®rtain voltage value. In the previously
discussed boost converter example, this voltagesadhe switch equals the output voltage
Vour. Parasitic capacitors are denotegy@nd G opg, respectively. Capacitive switching loss
can be calculated as energy stored in a capaam@stswitching frequency (or divided by
switching period):

Cv¢?

P=— (10)

Where P is the power loss [W]C is the capacitance of parasitic capacitor W, is
voltage across parasitic capacitor [V] ahis switching period [s].

Second, parasitic and leakage inductances are lobaged every switching period by
the current flowing through them. Analogously teyaous capacitive switching loss example,
inductive switching loss can be calculated as gnatgred in parasitic inductance times
switching frequency (or divided by switching peniod

LPAR D ?

WhereP is the power loss [W]Lpar IS parasitic inductance [H], is current flowing
through the circuit [A] and is the switching period [s].
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It is important to note that leakage inductancethis biggest problem in switching
converters that use coupled inductances - or toamgfrs for transferring energy. For example
in boost converter, if there was a PCB trace inalum in series with boost inductor, the
parasitic inductance would have been added tonithéctance of the boost inductor.

Semiconductor switching losses are the third rea®hen switching devices are
changing state from conducting to non-conductingd wice versa, there is, for a short time
period, current flowing through the device while tholtage across the device is rising very
rapidly, thus causing power loss. This switchingdends called "hard switching”. There is a
different mode, called "soft switching” or resonamwtitching.[7][8][9] Figure 6 shows the
difference.

HARD SWITCHING RESONANT SWITCHING

/ \ Losses /

Losses

Figure 6: Difference between hard and soft switgh@urrent and voltage waveforms and the resulting
power loss (grey-shaded). Source:[10]
In the following paragraph, a short overview ofwgo semiconductors (bipolar
transistors, IGBT, MOSFETs and GTOS) is shown.

. bipolar transistor - needs a current supplied ®liase, which is proportional to
the collector current. Breakdown voltage is in tlamge of >1 kV for some
devices, collector current in the range of tendAofperes. High switching loss,
caused by minority carrier recombination, slow résel fall times. Moreover, it
exhibits storage time and tail current. Low conductloss, when enough base
current is supplied,

. IGBT - does not need current supplied to the gatend steady state operation, it
Is voltage-driven. Breakdown voltage exceeds 1 k¥ rhany devices, devices
with maximal collector current up to few hundred penes are available.
However, it is a minority carrier device, thus éits rather high switching losses.
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Low conduction loss. High switching losses can leerdased by using soft
switching techniques,

. MOSFET - voltage-driven just like IGBT. On-resistanncreases proportional to
rated voltage, thus increasing conduction lossdsigit voltage. Low switching
losses,

. GTO - or Gate Turn-Off Thyristor - turned-on by m@mt pulse supplied to the
gate, turned-off by negative gate current pulsey\few conduction losses, very
slow switching, thus high switching losses, maintgnded for high current, high
voltage applications like for instance tractiondsen used in power converters.

Based on these properties and due to their avitjalonly MOSFETs and IGBTs will be
considered in further discussion. In the followisgbsections the other most widely used
topologies are briefly discussed.

1.1.4 Push-pull converter

Push-pull converter is a power converter topologat tutilizes power transformer to
transfer energy from the input to the output. Egersgtransformed to the load during the
switches' on-time. Transformer has a center-tappeaary winding (that means, having two
separate primary windings with exactly the same lmemof turns, however wound in such a
fashion that magnetic flux excited by one windingridg the first operational phase is
cancelled-out during the second operational phthss,ensuring transformer core reset) and a
secondary winding, which can also be center-tapp#tdpugh this is not necessary. Block
diagram is shown in Figure 7.[5][6]
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Figure 7: Push-pull converter block diagram. Nboie phase dots in the transformer schematic symbol

Compared to boost converter, push-pull converteviges galvanic insulation between
primary and secondary windings. Switches may bedrat lower voltage, because the higher
output voltage is achieved by means of adjustimgamy to secondary turns ratio. Penalty for
this is higher circuit complexity and risk of trémsner core saturation when the transformer
is not properly designed or wound. Furthermore, ldekage inductance causes undesired
energy storage and voltage spikes across switdthae. that the output filter consisting of
capacitor Gur and Loyt is mandatory. If there was no inductor in the attpath, the
capacitor Gur would be charged by rectangular shaped voltagen ftbe transformer
secondary winding, with current rate-of-rise lindit®nly by capacitor equivalent series
resistance and transformer leakage inductance.

Having an ideal transformer without leakage indace, the output voltage is given by:
Vour =2V, [D (12)
Wheren is primary and secondary windings turns ratio V4 is the input voltage [V]
andD is the duty cycle [-].

This equation is multiplied by two, because eaahdistor can be turned-on only for one
half of the switching period T, thus D is dimendess number smaller than 0,5. (D < 0,5).
Furthermore, the equation is multiplied by duty ley®, since the output filter acts as a
low-pass filter, whose output voltage equals to dkierage value of the input voltage. This
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assumption can be made in the case of other tojeslaging this type of output filter (half-
and full-bridge and forward converter) as well.

It is interesting to note that the input voltagehew applied to one of the transformer
primary windings, is reflected back to the secondhary winding. Thus, the switches used in
this converter must withstand voltage of at leaste the value of the input voltage.

The rectifier block shown in Figure 7 may consisher of Graetz bridge rectifier (when
the secondary winging is single) or a center-tapeetifier consisting of two diodes can be
used.

1.1.5 Half-bridge converter
Another power converter topology utilizing poweartsformer is half-bridge converter.
Similarly to push-pull converter, two switches aiged. Similarly to the push-pull converter,
these switches are never turned-on simultaneo&lpply voltage is divided by two by a
capacitive voltage divider and then applied to gvenary winding of the transformer.
However, there are two drawbacks, namely:

. Since the voltage applied to the primary windinpasved, the secondary winding
number of turns must be doubled to achieve theetksiutput voltage. This may
increase winding conduction loss,

. likewise, the average current flowing through pniynavinding is two times
greater than in push-pull converter, because theesautput power is supplied at
one half of the input voltage. This in turn increeconduction loss in primary
winding and switches. It also requires high qualibyv-ESR capacitors to be used
in the capacitive voltage divider.
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Figure 8: Half-bridge converter block diagram [3][6

Again, when an ideal transformer having no leakagectance and having turns ratio n
Is considered, the steady state output voltagevendoy:

Voyr =20 '2N D=V, D (13)
This topology will not be further considered.

1.1.6 Full-bridge converter
By replacing voltage divider capacitors;(@d G in Figure 8) with switches, the full
bridge topology (or sometimes called H-bridge) basn created. Just like in the half-bridge
topology, the switchesiSand $ must not be turned-on simultaneously - this wotddise
short circuit of the input power supply and evehtiemage to switches, PCB copper traces
etc. The same applies for switchesa8d S.

$1 S%
: Q : ddeal transformer, turns ration
Lout

C‘zm Nl ug gm RECTIFIER If“"mmm

Figure 9: Full-bridge converter block diagram [3][6
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It can be seen that half- and full-bridge topolsgiave their upper switches, or more
precisely said, their gates not referenced to gitodihus, to drive these switches correctly a
gate (or base when bipolar transistor is utilizé&aje transformer or bootstrap circuit must be
used. This poses a disadvantage over the pushepudingle-switch topologies like for
example boost, forward or flyback converter.
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2 DC-DC and DC-AC stage design

Particularly attractive is boost topology due ®iitherent simplicity. However, switching
losses can be high, because the main switch seekilthoutput voltage - that is at least
390 Wpoc. Push-pull topology is also attractive, since @shground referenced switches.
Furthermore, low voltage, high current MOSFETs walv Rpson)can be used. However,
leakage inductance will most likely cause voltapi&es. Half- and full bridge topology are
rather complex and therefore are not consideredtHsr stage. In the following section,
component values of a 1 kW boost an push-pull caevand calculated and resulting circuits
simulated using LTspice IV simulator.

2.1 Example boost converter design
These parameters are known or given:

. Output power 1 kW
. Input voltage < 90 Yc
. switching frequency 20 kHz

By rearranging equation (8)
the duty cycle can be determined (at lowest inpltage):

D=1_V;N=1_4_0= 088 (14)
Vour 390
VN is considered 40 M 2 and \bur is 390 \be, which yields D = 0,88. This in turn
yields switch on-time of 44 ps. Then, the averagmii current at lowest input voltage of 40

Vpc can be determined, assuming efficiency of 95 %:

ey =T = T0OW_ _ 565, (15)
V, [ 40V D95

Where Ryt is the output power [W], M is the input voltage [V] and, is the
efficiency [-].

Now, the inductor current ripple has to be detesdinAlbeit the value can be chosen
arbitrarily, the lower the current ripple is, trener is the maximal current flowing through

% The value of 40 V was selected based on typicalutoltage values of solar panels available ennttarket.
It is likely that PV panel array would output high®ltage at 1 kW power levels. Thus, the valud@¥ should
represent an extreme case, because current steess@ghest at lowest supply voltage (higher ayeiaput
current).
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the inductor and the switch and through the boastied The value has been chosen to be
10 A or £5 A. Thus, the maximal inductor currenfudt load is (26,3 + 5 = 31,3) A.

The required inductance can be calculated as fetlow

L= Vin [ty _ 40V [44us
Al 10A

=190uH (16)

WherelL is the inductance of the inductor [ is the input voltage [V] anthy is the
switch on-time [s].

Thus, taking into account that an inductor may begisaturate at lower currents, when
its temperature increases, an inductor with inchasavalue of at least 220 pH is required.
The same applies for current rating - a safety manmgust be taken into account. Thus, an
220 pH inductor rated at current of 40 A has taubed. For instance, EK55246-221M-50AH
inductor from Coil Winding Specialist, Inc. coule: lused. The initial inductance value of
220 pH reduces to 157 pH at 35 A DC bias curreriterAatively, a multiphase boost
topology [9] can be used.

Assuming four phases operating in parallel givegsraxmately (24 A / 4), that is 6 A
average current per one phase. The current rigphains still the same. For the purpose of
the simulation, an 220 pH, 15 A inductor PCV-2-ZB1- having series resistance of
37,5 n2 from Coilcraft has been chosen for each phase.

However, the switching frequency is relatively los a result, the converter will enter
the Discontinuous conduction mode at either highut voltage or lighter load (because the
average input current decreases). As has already beentioned, in DCM, the voltage
input-to-output transfer function is dependent aoly upon duty cycle, it depends also on
output current, switching frequency and inductardes transition could be avoided either by
increasing converter switching frequency or by éasing inductor inductance. The latter case
is rather unfeasible, as high inductance value dtadta get bulky and expensive and
manufacturers of inductors usually do not supptiuctance versus frequency characteristics
of their products (for instance, the inductor PG224-08L mentioned earlier is characterized
only at frequency of 18,5 kHz). Thus, the conven#l run in DCM.

2.1.1 Boost switch selection

The switch used must be selected to withstand geltd at least:
VMAX :VOUT +VMARGIN (17)

Where Vour is the output voltage andvarcin IS Safety margin to ensure that switch
breakdown voltage is never exceeded.
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Moreover, the switch must be able to conduct ciroéat least:

+ 1 yarain (18)

IMAX :|PK

Wherelpk is the peak current flowing through one convegbkase [A] andyarcin IS
safety margin to ensure that maximal rated cuméttie switch is never exceeded [A].

Suitable MOSFET is SPA11IN60C3 from Infineon, whischs On-state resistance of
0,34). To further reduce the resistance, four transsstme connected in parallel in each
converter phase. Boost diode is MUR460, ultra-fastovery diode rated at 600 V and
average forward current of 4 A. Resulting wavefemrme shown in Figure 10. Average input
current is 14,096 A at input voltage of 75 V, réisig in input power of 1057 W. Output
power is 995 W, which yields converter efficiendy9d,6 %. Detailed simulation schematic
is placed in Appendix A.

Alternatively, IGBT IKW75N65ES5 can be used. Itti@@s saturation voltage of 1,42 V
at collector current of 75 A. However, SPICE moiteh suitable file format is not available,
hence no simulation can be carried out. Anotheloaps to use STGB15H60DF from STM.
SPICE model of this IGBT is available, but therevédndeen convergence errors during
simulation.
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Figure 10: Waveforms of simulated boost converteui

Possible way to reduce switching losses is tozatisSome of many soft-switching boost
topologies. For instance, these have been presamliéerature[7][8].
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Figure 11: Boost converter with auxiliary activertwoff snubber

The circuit shown in Figure 11 was presented in2200[12] . It reduces turn-on and
turn-off stresses in Continuous conduction model (&m a less extent in Discontinuous
conduction mode). During the off-time of the mamtsh M;, auxiliary switch M is turned-
on by a short gate pulse and auxiliary inductdsasg charged by current, which is the sum
of main inductor current and reverse recovery ohawf boost diode R Then, M is
turned-off and magnetic field of auxiliary inductbegins to collapse - diodesl is now
forward-biased and capacitogfis charging to a negative voltage, which equatsthe ideal
case - the output voltage. After this time intertta@ main switch is turned-on, while the
auxiliary capacitor is still being charged. Them, trns-off and current starts flowing to the
negatively charged capacitogfeand through diode L. to the load. Thus, voltage on the
main switch is rising very slowly at this momenthig in turn reduces turn-off losses
significantly.
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Figure 12: Turn-off waveforms at the switching ngdiecuit shown in Figure 11). Green color - vokadlue
- current and red is the resulting power loss

From the Figure 12, one observation can be madeeuhrough the switch is flowing,
while the switch (in other words, drain-source aghk of the used MOSFETS) voltage is
rising almost linearly - at this moment the outpapacitance of the MOSFETS is charging to
the output voltage. Thus, this power loss cannoavaeded - or more precisely said, can be
only decreased by utilizing switching devices wibiwer output capacitance, e.g. utilize the
aforementioned IGBTs instead of parallel conned®8aSFETs. SPA11N60C3 has typical
output capacitance of 390 pF, which yields totalpat capacitance of 6,24 nF when 16
devices are connected in parallel. For example, TRRB5ES5 has output capacitance of
130 pF, resulting in total capacitance of 520 pke(tGBT in each phase).

The circuit shown in Figure 11 has been simulatél the following component values:
Lauxiuary = 22 UH, Gux = 1 nF, and the diodes MUR460. Auxiliary transigsotriggered
by a 5 us long gate pulse. Output voltage is 39awrage input current 13,91 A at input
voltage of 75 V. Thus, total input power is 1043and the output power is 1026 W and the
resulting efficiency is therefore 98,4 %.

2.2 Push-pull stage design

The design input parameters are exactly the sanrethe boost converter section. Main
difference between transformer-less boost convemer push-pull converter is that unlike
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inductors, no "of-the-shelf" transformers thatthte particular design are usually available.
Therefore, a suitable transformer has to be dedighést of all, the proper size of the
transformer core has to be determined, based osféraed power, operating frequency,
magnetic flux density and so on. Core size carxpeessed as area product AP[13]:

3
AP = _ Por (29)
0.014[F [AB
Where Poyr is the output power [W]4B is the flux density swing [T] andl is the

operating frequency [Hz]. It is important to ndbtat this is a empirical equation only.

Assuming the output power of 1000 W, flux densityirgy of 200 mT and operating
frequency of 50 kHz, the required AP is:

b= ( 1000

® = 357em’ (20)
0,0147100000D,2

For example, the core ETD49 meets this criteri@vijrig AP of 5,76 cth Next step is to
determine a suitable core material. One has toMageaof the fact that it can be very difficult
and time-consuming to find the best material fas tpplication because of many variables
involved. Now, the N87 material is considered.

Once the core material has been found, numberiofapy turns can be determined. By
applying Faraday's law, number of turns can be dobased on input voltage, duty cycle,
operating frequency and flux density swing:

— VIN(MIN) [Dyiax _ 40095
AB ¥ (Proreer) 0,2100000D,00021

=1017=11turns (21)

P

WhereNp is the number of primary turn¥nwiny [V]is the minimal input voltage)max
is the maximal duty cycle [-]f is the operating frequency [HzliB is the flux density
swing [T] andAcoreerr) is the effective area of the transformer]m

N87 material has inductance constant & 1680 nH/turA. Thus, 11 turns produce
primary inductance of 203 pH. The primary-to-secopdarns ratio n can be calculated
(while neglecting diode and switch drops):

n=|—Yor |- 390 _g4 22)
D Wy ) 095040

WhereVour [V] is the output voltageD is the duty cycle [-]Vinmin iS the minimal input
voltage. [V]
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Hence, the required number of secondary turns itudds times 9,2, which yields after
rounding up 102 turns. The circuit has been siredlgtist like the boost converter in the
previous example. Simulation schematic diagranmésv® in Figure 13.

D1 LS out

MURA460 1000p

MURA460 D2 < %m
Taou < 152
MUR460|D4 W
11
0 ™~
. Mumsj;s
188m

L1 L2 k01112131

1N5378B IPB107N20N3 IPB107N20N3

Rser=1m

PULSE(0 15 0u 100n 100n 5.7009u 20u)

ULSE(0 15 10u 100n 100n 5.7u 20u) Rser=47

Rser=47 é

tran1

Figure 13: Push-pull converter simulation schemdiggram

A 10 mQ, 250 V MOSFETs IPB107N20N3 are employed as switchiesir drain-source
voltage at turn-off is clamped at 200 V +3¢w)by clamping circuits consisting of Zeners, D
D;, Dy and Do, Ds, Dg, respectively. Resistors,Rand R represent DC-losses of the
transformer primary winding, inductance tepresents leakage inductance of the transformer
(1 % of magnetizing inductance of 203 uH), capasitG; and G are transformer inter-
winding capacitances and resistoriRparasitic resistance of transformer secondangiwg.
Resulting waveforms are shown in Figure 14. It banclearly seen that there is severe

ringing caused probably by reactive circuit compaseFor this reason, boost stage will be
used for the final realization.
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Figure 14: Push-pull converter waveforms

One conclusion can be drawn from the above sinarati boost converter has performed
better in terms of efficiency and voltage stresgectifier diodes have been smaller than in
push-pull converter. Voltage imposed on MOSFETs autifrer diodes and wasted power
have decreased after the leakage inductance wae smadller. The simulated circuit has
average input current of 14,866 A at input voltaf&'5 V, that is input power of 1114 W.
Output voltage is 375 V at output current of 2,4,7which means output power of 926 W.
This yields efficiency of 83 %.

2.3 DC-AC stage
A full-bridge output stage has been designed taitilezed as DC-AC inverter stage.
Eight switching transistors are switched by a PWlhal. The PWM signal is produced by
comparing sine wave signal to a reference saw-tsighal. For the purpose of simulations,
two MOSFETs SPA11N60C3 have been chosen for eackeden leg. The switching
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frequency has been chosen to be 10 kHz. A 4-thrdr@efilter consisting of two 4,7 mH
inductors and 20 uF capacitors filters the squaaeenutput voltage of the switching stage.

L7 L5 RLOAD L6 L8

V1/W/W A A WWVZ

4.7Tm 4.7Tm 62.5 4.7m 4.7m
C5— C1— C3 —C6
20 20 20 20
NS ~ NS N

Figure 15: Output filter schematic diagram

Gates of high-side MOSFETs (which are not groundregfced) are driven by a
transformer. When the high-side MOSFET is in the @ies the driver circuit is supplying a
500 kHz, 50 % duty cycle signal to the transformémary winding. A Graetz bridge rectifier
is connected to the transformer secondary windingettify this signal. After the primary
driver circuit has been turned-off, the gate capace is discharging through a small-signal
PNP transistor. This gate drive technique offerscantrary to a simple capacitor-coupled
transformer gate drive, a very wide duty cycle effhd]. The gate drive circuit is shown in
Figure 16.
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10  100n 1N5817 N4148
L1 L2 D4

@ M e INBB17 L 2N2907

15
B1
7% D3
. 2N39¢s817 F a6
- R2 1N5817 R10
470 kO 11 12 0.97| D2 470
> e
I~
1N5817
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Figure 16: High-side MOSFET gate drive circuit
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The complete schematic diagram of the simulated [C-#age is placed in the
Appendix A. The output load is simulated by a 6@ %esistor as shown in Figure 15. The
simulation yields total harmonic distortion of thatput signal of approximately 1,6 %. The
FFT of the output voltage is shown in Figure 17.

V[out]
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I].ﬂ]—é
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Figure 17: FFT of the output voltage. 1st harmdr@is RMS value of 214V, 2nd and 3rd harmonics have
both RMS value of approximately 2,5V

Knowing two most dominant higher-order harmonibg, THD can be calculated as[15]:

szz "'\/32 1 < 25% + 252

v, 214

THD =

=16% (23)

WhereVs, V,, V3 are RMS-values of the respective harmonics [V].

In Figure 18 gate drive signals are displayed. Tinekdy changing signals are the high-
side drive signals - this waveform is caused bylilog the Graetz bridge rectifier output by
gate discharging resistors.

Another possible option is to use integrated powedule, or IPM for short as the
full-bridge driver. For example, circuit STGIPL14K&®m ST Microelectronics offers six
integrated IGBT transistors along with analog sigo@anditioning circuits. Thus, possible
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time consuming experiments with gate-drive tramsfar are avoided. This will be discussed
later.
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Figure 18: Gate drive signals. Pulsed signals myle-$ide drive signals

= 3

The DC-AC stage outputs 217&¥s into 62,5Q load at input voltage of 400p¢, which
means output power of 736 W. Input power calculdigd Tspice IV simulator is 754 W.
That is efficiency of 97,6 %. Output power lowerrihexpected is caused by switching and
conduction losses and low duty cycle. Increasingimal duty cycle too much to a higher
value is not a good choice, because problems dawimgng-on and turning-off of the high-
side MOSFETSs will likely occur (due to limited speefddriver circuit). Therefore, the input
voltage of the DC-AC stage needs to be increasemtedsing to 410 p and increasing
maximal duty cycle to 97 % results into RMS outpaltage of 242 Wys. This gives output
power of 952 W, input power is 988 W and resul&fiiciency is 96,3 %.
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3 Practical implementation

For the purpose of prototyping and debugging, piajsiesign has been implemented on
three separate boards - one board for FPGA andngergcuits, one for one phase of
interleaved boost stage and one for full-bridggestaFirstly, boost board will be described in
detail. Then, the FPGA board will be described a&s|#st one, since the requirements on
control and sensing circuit are dictated solely pyoblems arising in these two
aforementioned stages.

Some of schematic diagrams are placed in this endpbard schematics as well as bill of
material are placed in appendices for the sakestiebreadability. All components used for
the practical implementation were bought at comgdaayell element14.

3.1 Boost board design
The boost board has been designed with the followargmeters:

« output power of 250 W + margin

* input voltage <90 V

e output voltage of 390 M

» soft-start circuit to avoid large inrush current

» simple over-current and over-voltage protection

Soft-start circuit has been implemented by meanthefmistor-diode string connected

from the input to the output. This circuit ensutesttthe current through boost inductor never
increases too rapidly, which would lead inductdo isaturation. Additionally, a circuit which
prevents boost stage from starting when the ougpshorted has been added. This circuit is
formed by a PNP transistor, 15 V zener diode ahdh voltage PN diode. When the output
is lower then input voltage minus zener voltage #&ede-emitter junction of the PNP

transistor becomes forward biased, the transistemitched-on and a fault signal appears in
the collector. The circuit is shown in Figure 19.

% Assuming losses in the last (full-bridge) stage
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Figure 19: Basic overload protection circuit

Inductor selection was done in Section 2.1. InduPBV-2-224-08L was chosen. On the
other hand, transistor selection has been iteraléé. solution using parallel connected
MOSFETSs has been abandoned due to:

* High input and output capacitances,
* multiple gate drivers are required,

» layout is harder to optimize in terms of EMI

Instead, single IGBT [IKP1ON60T from Infineon has beechosen. It
features collector-to-emitter breakdown voltages@® V at collector current of 18 A. IGBT
driver TC1411 from Microchip was selected as theegdtiver. Approximate value of
switching and conduction losses at maximal outjpugr of the boost stage can be calculated
from values given in the device's datasheet. Asdtearlier, the peak collector current can be
calculated as twice the value of average inputeriiriTo simplify calculations, average input
current is assumed to be 6 A, which would give tpmwer of 264 W (250 W output power +
14 W loss). Switching energy at turning-off 12 A awllector current is 0,45 mJ. Thus,
switching power can be calculated by multiplyingtsivng energy and switching frequency.

P,, = Eg, (g, = 45010 [20000= 9W (24)

Where Pgy is switching power [W],Esy switching energy [J] andsy switching
frequency [Hz].

Conduction loss can be calculated by assumingaainarvoltage of 1,8 V at 12 A of DC
collector current. Conduction loss in IGBTs is gatlg more difficult to calculate than in
MOSFETS, since the collector-to-emitter saturatimitage drop is non-linear function of
collector current. [16] However, to obtain somesm@able value and to enable proper cooling
design, RMS current and saturation voltage can biiphted to obtain the power loss due to
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conduction. RMS current has been calculated by migaleintegration in LTspice IV
simulator.

Ploss = UCE(SAT) Opus =18069=124W (25)

Where Poss is the switching loss [P]Ucgan is the collector-to-emitter saturation
voltage [V] and gus is the collector current RMS value [A].

This accounts to total power loss of 21,4 W in shiitg transistor. The temperature of
IGBT chip must be kept lower than 175 °C. Assumimgximal ambient temperature of
40 °C, there is 135 °C temperature margin. Thesmdatan be designed using the following
equivalent schematic of the thermal circuit in Fega0:

Electrical |  Thermal

Domain | Domain

Power l : 1T incton _ ! Tease  Thoatsink
. | s et TP Bzt

Transistor | : AA—— W : Ay
I Py ! Rinjc : ! Rincons : Riinsa
- R VS T el [  fE :
-k A 7 i b =T Cinemed | — T Comenil Ambient
I : b : | Temperature
i :H = ! :, = [ : = =
| Device Device to Heatsink to
Heatsink Ambient

Figure 20: Equivalent thermal circuit [17]

The Pd source sources 21,4 W of power into loadsistng of three resistors -
junction-to-case, case-to-heatsink and heatsirdatbient. Junction-to-case resistance of
TO-220 package is 0,9 °C/W. Thus, thermal flow df42W causes 19,3 °C temperature drop
across this resistance. Hence, the thermal ressstairheatsink must be smaller than:

175-40-193 _ 1157
P, 214

Rigarank < = 54°C/W (26)

Where Ryeatsink IS the thermal resistance of the heatsink [PC/\Wg &4 [W] is the
dissipated power.

Having thermal resistance of 5,2 °C/W, heatsink 3Kfrom Fischer Elektronik has been
selected. Next step is to determine input and duwtgpacitor value and current ratings as well
as suitable boost diode. Boost diode can be sdléased on two requirements. First, it has to
block voltage of at least 390p¥ + safety margin. Second, it has to have reversevezy

time as short as possible. Silicon-carbid diode STFOH065G has been selected for this
purpose.
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Input capacitor RMS current rating can be calcdaby subtracting maximal RMS
inductor current and maximal input average cur(eah-corellated):

ICIN =4 ILRM82 - ILN2 = 6’92 -6° = 34 A (27)

Wherelgy is the input capacitor RMS current [A]rvs is the RMS current of the boost
inductor [A] andly is the input average current [A].

This result has been confirmed by simulation. Thei& of the input capacitors can be
estimated by using the equivalent schematic oabaapacitor as shown in Figure 21

A = e

Figure 21: Physical capacitor equivalent schematic

The equivalent series inductance (ESL) is usuallthe range of nanohenries and could
be neglected for the purpose of these calculatiaasghe switching frequency is relatively
low. However, the ripple current - the inductor reumt - creates voltage drop across
equivalent series resistance as well as capaciiywde when charging capacitance C. Thus,
the AC voltage across capacitor can be expresséallbwing formula:

1.
U, = ESRIL (t) +S j i (t)dt (28)

Where uc is the ripple voltage across the capacitor [V],RES the equivalent series
resistance(] andC is the capacitance [F] amglis the current flowing into the capacitor [A].

Next task is to determine, how exactly the ripptdtage depends on time and inductor
current. As can be seen in Figure 22, the curreritowing out of the capacitor when the
inductor current is greater than input current asag input current source). Hence, the
voltage ripple is dependent upon half of the inducipple current, oAl /2. Further can be
seen that the whole switching period can be dividéal two parts - current is flowing out of
the capacitor and into the capacitor. The capacharge must remain the same at the end of
each cycle. Thus, seeing that the part of the gevioen the charge is positive or negative can
be further divided into two sections - in the fissiction current is increasing and in the second
the current is decreasing, the capacitive rippleage can be expressed as:

Al

u. = 29
TTE, (29)
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Where uc is the ripple voltage across the capacitor [X1,/2 is the inductor ripple
current [A],C is capacitance of the capacitor [F] dnsl frequency [Hz].

18576V Yiud

capacitive ripple voltage

48.532¥
48.488Y
0
104 inductor currept
bAd input current L

-2A-
-bA T T | | T
934.684ms 934.896ms 934.908ms 934.920ms 934.932ms 934.944ms 934.956ms

input capacitor current

Figure 22: Waveforms of input capacitor and inductarrents and capacitor voltage ripple, capadisR =
75 nQ (capacitor with negligible ESR)

Hence, it can be clearly seen that two ripple caomepts exist - the higher the
capacitance, the smaller the capacitive ripple aorept is. For very high capacitance values,
the ripple is created virtually only by equivalesgries resistance. Paralleling two capacitors
ELG477M200AR2AA gives 940 uF capacitance and T equivalent series resistance. This
in turn yields capacitive ripple voltage of

Al 12
u = = =79mV 30
C?)  CBIOF 940010° B20000 (30)

Wherel_ is the inductor ripple current [Af; is the capacitance of the capacitor [F] &nd
is the switching frequency [Hz].

This calculation result corresponds very well te thsult of simulation shown in Figure
22. Resistive drop due to ESR can be achieved hjiptying ESR and inductor current,
which yields 0,9 V.

Output capacitor is loaded by two currents - chadrgg triangular inductor current and
discharged by sine-shaped current at twice theub W voltage frequency. Thus, there is a
ripple component caused by ESR of the capacitorcapécitive ripple, caused by reactive
component of capacitor impedance. Absolute valuethes reactive component can be
calculated:

1
X |l=— 31
Xl 27 0f [T 1)
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WhereXc is reactive component of capacitor impedafief is frequency [Hz] and is
capacitance [F].

To clarify this, a simulation has been done. Baiage is supplied by current source,
which sources current of 6,15 A. Output capacitas been selected PEH532YBF3220M2
from KEMET, having capacitance of 220 uF and ESR,48Q (capacitor C1 in Figure 23).
Output is loaded by full-bridge stage, which delsspower of 250 W.

B5

V=if((v(vren)-0.0311 > v(vt)),15,0)

¢
. 2200

RLOAD

212

M2

PULSE(0 150 10n 10n 44u Ew%)
.tran 1ic
R7

) V=if((v(vref) < v(vt)),15,0)

20
V=if((v(vref]-0.01131 > v(vt)),15,0)

u
2
£ _

=

ES
V6 \L]
SINE(0.5 0.45 50)
PULSE(0 1 0 25u 25u 35.5pu 50u)
4z

v

Figure 23: Simulation schematic of boost stagedddaly full-bridge stage for current and voltagecukiltion

Resulting waveforms of chosen current and voltageshown in Figure 24.
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Figure 24: Waveforms of boost and full-bridge stagd boost capacitor 220 pF, full-bridge input reunt
(bottom, pink), boost output voltage (middle, re&; output current (top, green)

As can be seen in Figure 24, boost stage outpuagmlhas ripple of approximately
6 Vp-p caused by the full-bridge load. This ripgleuld be reduced by utilizing negative
feedback. However, the advantage is that the ispuitce is loaded by constant current.

3.1.1 Boost board layout design

Most of the effort has been spent on identifyingl amnimizing current loops as these
loops create parasitic inductances. There are tigh-frequency loops in a typical boost
converter. First loop is: input capacitor - inductopower transistor back to the input
capacitor. Second loop is created after the treorses turned-off: Input capacitor - inductor
- boost diode - output capacitor back to the irgqayacitor. This is visualized in Figure 25.
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Figure 4. Continuous and Pulsating Current Paths of a Boost Converter

Figure 25: Continuous and pulsating current paitesthoost converter [18]

As shown in Figure 25, the second loop can be mmadch by placing high-frequency
ceramic capacitor directly to the cathode of batisde and source/emitter of the power
transistor. This is exactly what has been donehis tase. High slew rate current as seen

during boost diode turn-on is flowing through thgh-frequency capacitor, instead of
creating voltage drops in parasitic inductances.

Figure 26: Boost board layout. Bottom layer = bhap, layer = red
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Boost board layout is shown in Figure 26. As carsd&en, ground plane (blue color) cut-
outs (white spaces) were created to isolate higttisiwg currents from the signal current (i.e.
IGBT driver ground island connected to the poweugd at the emitter of IGBT).

3.1.2 Boost board testing

Boost board was hand soldered and tested by congeletboratory power supply
sourcing voltage of 26,5 V to the input and a tesdoad having resistance of 14Q0to the
output. IGBT driver was driven by signal generatehich was generating 20 kHz, and
3,3 Vp-p square wave signal in order to simulatedattons in the final system. One difficulty
with such approach is that extreme care must bentas avoid accidental removing of the
output load as the converter operates in open4fnoge and load disconnecting would cause
output capacitor overcharging.

After 10 minutes of operation and 100 W load, hie&tteemperature rose to 62 °C. Boost
diode heated to 30 °C. Output capacitor did not ligaat all. It is clear that IGBT is the
major contributor to power losses in the circuf&BIT driver supply voltage during the
experiment was swept from 10,5 V to 15 V but withany significant effect on losses.

3.2  Full-bridge board design
Options regarding DC-AC stage design from the dtadtpoint of view were discussed
in chapter 2.3. To speed up the design procedsjchpower integrated circuit (intelligent
power module - IPM) STGIPL14K60 from ST Microelawtics has been chosen. Not only
does this circuit integrate six power IGBT transist but it also integrates six op-amps (three
comparators and three op-amps with designer-corfije feedback) for voltage and current
sensing purpose.

The circuit has been originally intended for use A€ motor drives (frequency
converters), thus the recommended application sahemrovided by the manufacturer in the
datasheet has been modified significantly. Ouhcé¢ phases available, only two are actually
used. One op-amp is used as voltage feedback @nplif senses the DC-AC stage input
voltage and its output is connected to the ADC irgputhe FPGA board. Second op amp is
used to sense the DC-AC stage output voltage amdhtid one is used for AC-line voltage
sensing.

Comparators are used for simple over-current, getiege and temperature protection
(connected with internal NTC thermistor). Becausecamplexity of the complete board
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schematic, it is placed in appendix. Output filteas been optimized both in terms of
performance and cost by using two 1 mH inductorsenes for each full-bridge leg output
and two 1 puF capacitors in parallel.

INPUTLC FILTER HALF-BRIDGE AND DRIVERS LC FILTER HALF-BRIDGE AND DRIVERS

T

, | \| DFFERNTIAL AMPLIFIER +
FROMITO ADC + FPGA €= z£R0.cROSS DETECTION RELAY | Z00VAC

Figure 27: Full-bridge board block diagram

3.2.1 Full-bridge layout
This part of the design was the most complex amgk tconsuming. Even though the
design was slightly simplified by using integrateower module, critical aspects still exist.
To minimize parasitic inductances of PCB traceghhrequency current tracks have been
routed on opposite layers in opposite directionsi¢tv means that magnetic fields cancel each
other out). The same applies as in the previous. &sard layout as well as board schematic
are placed in appendix.

3.3  Full-bridge board testing
The full-bridge board was tested in a situationilsimto the final application - by
connecting the input to the output of the boostrttoBPGA board supplied the PWM signal
for both the IPM module and the boost transistor.tRe purpose of testing, a 90 W soldering
iron having resistance of 72D was connected to the full-bridge output.
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Figure 28: Voltage waveforms on the full-bridgeputtduring initial testing. Generated voltage 11.2.V

3.4 FPGA board
The FPGA board has been designed based on theiojjoequirements:

* Input voltage up to 90 V

* high conversion efficiency of voltage regulators powering FPGA

* FPGA programmable via JTAG interface

» optional communication capability with PC via USB

» capability to drive four gate drivers in each phatboost converter

» capability to drive IPM on full-bridge board

* current and voltage sensing capabilities: inputag#, boost stage output voltage
* output voltage, mains voltage, input current

Based on these requirements, the input voltagess decreased by zener diode-based
linear regulator (zener diode followed by NPN tiatts). This stage then feeds DC-DC
converters, which are used for powering FPGA ar@ d¢ircuits and analog-to-digital
converter. FPGA XC3S200A from Xilinx operating & BIHz clock has been chosen. Rather
low clock frequency of 25 MHz has been chosen ideporto decrease dynamic power
consumption of the FPGA as well as losses in inpgar regulator. FPGA 1/O and core
voltages are supplied by DC-DC step-down converased upon TPS62040 chips from
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Texas Instruments. These ICs have been chosen deethey are endorsed by Xilinx for
having optimal start up characteristics (outputtageé slope during start up), which are
essential for correct start up behavior of FPGA.

Analog-to-digital converter has been chosen MCP320& Microchip, which offers 8
multiplexed analog input channels and SPIl-based noamication interface. This
communication interface has been implemented in YHd@hguage - this will be discussed
later.

There has been implemented a USB communicatiorfacteas well - by utilizing FT232
UART-to-USB bridge. This can be used for instanoe displaying measured values of
voltages and currents in a user application on alR@rder to increase safety in such a
situation, the UART interface is isolated from U$RBerface by optocouplers. Simplified
block diagram of FPGA board is shown in Figure 29

LINEAR + DC/DC

REGULATORS |t FPGA —

TO GATE DRIVERS
I IO buffers %.

Uandl

measurement + ADC &

Figure 29: FPGA board block diagram

Finally, photographs of assembled circuit boards sihown in the following three
pictures. Only the top side of the FPGA was soldierelR furnace, the rest of components
was soldered manually. Empty pads are intendedtional components which were not
assembled.
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Figure 31: Assembled FPGA board
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Figure 32: Assembled full-bridge board
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4 VHDL description

There are five blocks needed for basic, open-lqmyation of the converter. These are:
» Boost converter PWM modulator,
* sine wave PWM modulator for full-bridge stage,
* sine wave ROM, which stores digital sine wave sas\pl
» soft-start circuits to avoid damage to power congmts during start-up
e duty cycle limiters.
To maintain good readability of this work, the resfive blocks described by VHDL

language are described here on a block level dlg.VHDL codes are placed in appendix.

4.1 Boost converter PWM modulator
This block has been implemented as a 10-bit cowbeked by 25 MHz system clock

Counter value is then compared with input 10-lghal. As the IGBT gate drivers have
active low inputs, the resulting PWM signal is irteel as well. Furthermore, since there are
four in parallel operating boost stages intendee ,gate drive signal for three remaining boost
stages is delayed by 90 degrees.

Duty_in

_
——»
F——»

Comparator Ta gate drivers

———»

System clock ] =
PWM counter > Em———

Figure 33: PWM modulator block diagram. Signal Duryis 10-bit wide as well as the PWM counter otitpu
OUT = H when PWM counter is greater than Duty |see€OUT =L

6,742.805136 us

s

&=
Bwm
B

Figure 34: Phase-shifted gate driving signals show8im simulation
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4.2  Sine wave PWM modulator
For the purpose of sine wave generation, princgni@lar to the direct digital synthesis
has been adopted. In contrary to the original D& samples loaded from the memory are
not sent to a DAC, but they are used as a referfemce PWM counter. A 32-bit wide phase
accumulators have been implemented. First phasemadator calculates the address, at
which the sine sample to be loaded is stored. Sepbase accumulator's output serves as a
reference signal. More on DDS can be found in [19].

First phase accumulator needs 20 ms to completesmeewave period. The second
phase accumulator is used to generate the higlhdreyy PWM carrier signal, it runs thus at
200-times higher frequency, which yields frequentyl0 kHz. Both PWM and sine-wave
frequency can be optionally fine-tuned by modifyipgase accumulator phase increment
values. In [19] it was shown that signal frequenbyainable from the phase accumulator is
given by:

four = T pow (32)

n

Wherefoyr is the output signal frequency [H#4« is the system clock frequency [Hx],
is the bit depth of the phase accumulator [-] B&W (Frequency control word) is the phase
increment [-].

By evaluating the previously given equation withWG 1, f x = 25 MHz and n = 32
bits, elementary frequency step (i.e. the smaltegiuency change) is.

6
- 20040 _ 5mHz (33)

fOUT 232

This tuning capability can be exploited when tryitagsynchronize the generated AC
voltage with mains voltage. However, because oblgms during circuit debugging, this
option was not implemented.
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Figure 35: Block diagram of phase accumulatorsthait inputs and outputs

4.3 Sine-wave ROM memory
This memory has been implemented by utilizing BlI&ZkM available on Xilinx FPGAs.
Signal samples are stored in RAM memory cells dudanfiguration of the FPGA at start-
up. To save some memory space for possible additfeatures, only one half-wave is stored
in the memory - second half is then calculated th@sephase - as a difference between offset
value and the corresponding sine-function values Tan be expressed as:

yin] —%S Z—SE‘Bln(Zﬂﬁj (34)

Where y[n] is the discrete-time domain sample valueF}[ is full-scale value of
signal[-], n is sample number (discrete time)[-] ahdtotal number of samples (discrete
period). n < N/2.

Assuming 10-bit resolution, equation 34 gives:

yin = =—-=——108in 2m—— (35)

1024 1024 n
2 2 1024

Wherey[n] is the discrete-time domain sample value[-] anslthe sample number|[-].
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4.4  Sine-wave sample limiter

To avoid too large or too small duty cycles of fa#-bridge stage, sine samples are
digitally attenuated in this block. Extreme valwésiuty cycle might cause higher losses due
to limited switching speed of output transistoiace the output PNP transistor of the IGBT
may stay in active region of its output charactess Samples are multiplied by factor of 0,8,
that is, multiplied by factor of 800 and then stdftoy 10 bits to the right.

45  Soft-start circuit

This circuit is implemented as a 10 bit countecy@émented by 1 every 46. The actual
value of the duty cycle is limited by the value gufft-start counter. This circuit has been
implemented to hinder excessive rate-of-rise ofititeictor current at the start-up. After the
start-up is complete (zero value of the counter rémached), counter is blocked.
In Figure 36, block schematic diagram of basic ejp@p circuit implemented in FPGA is
shown.

top blodk 1

sine_rom_memory softstart_circuit boost_pwm_counter

Py mili o PR T PRI S asds = g

Inst_sine_rom_memaory Inst_sofstart circuit

Inst_boost pwm_counter

sine_phase scc sine_pwm_counter

3 g i P P
T ——-

oyl 3 seaansch cia PEar]

e

LR
BEoe Y

—— = [

Inst_sine_phase_scc Inst_sine_pwm_counter

sine_sample_limiter

""" o -

Inst_sine_sample_limiter

top blodk

Figure 36: Schematic of top level block generatgXitinx ISE 14.6 IDE
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4.6 Design of the control loop

In order to harvest full power available from thé panel (array), maximum power point
tracking has to be employed. One of the algoritbersbe summarized as follows:

* When the input power available is increasing, dwsie has to be increased,

 when the input power begins to decrease, even thdhg duty cycle is
increasing, duty cycle must change in oppositectioe and vice versa.

This is usually called Perturb and Observe algorjtivhen referring to MPPT. Another
possible solution to the problem can be descrilsefdlbows:

* Duty cycle is swept from some fixed initial value,
e as soon as the input power ceases to increaseg¢yltlgyincreasing is stopped,
» the process is repeated at fixed time intervals.

These algorithms are usually referred to as curssmep algorithms. It has been
implemented by a finite state machine, whose st&@gram is shown in Figure 37. Process is
repeated every ten seconds.

Duty cycle < Duty cycle MPPT

o

N\

I / \\
/ B \ / \
[ State <= Initial \

T
| . State <= Searching |
|'. Duty cycle <= init )—H'. MPPT /.'

Timer <=0 | \
/ \ y
. i S
S B ,// \=—— Ii—/
P T -H“\.\
/ N\
\
Timer = Overflow ( \
{ State <= MPPT J
/
\\ /
AN /
— -;
( |
N

Timer < Overflow

Figure 37: Current sweep method state diagram
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4.6.1 MPPT P&O algorithm implemented in hardware

As has been mentioned earlier, the algorithm isdam comparing two consecutive
values of input power and adjusting duty cycledbiave maximal power output from the PV
panel. Thus, a discrete-time differentiator habéeemployed. A simple differentiator can be
built using two D flip-flops. A comparator then cpares the two consecutive values of the
signal. If the unit delayed value of the input sigis higher than the current value, it means
that the input signal has negative slope and vasas Then, the duty cycle is incremented or
decremented based on difference sign.

Duty cycle

CLK

Duty cycle register

Input power x[n] x[n-1]

LK CLK x[n]<x[n-1]

Figure 38: Perturb and observe method simplifiedtkidiagram on RTL level

The algorithm is continuously trying to find maximypower point of the PV panel array.
After the maximum power point has been found, tifeer@nce changes its sign and the
process is repeated. That means that the opeating of the PV array oscillates around the
maximum power point.

Finally, to protect the entire circuit from overtaxye in case of output load is
disconnected, a shutdown function has been implesdertWhen the boost stage output
voltage reaches 410 V, a shutdown circuit is atéda

4.7  Current and voltage measurement
Analog signal conditioning circuit is placed on FR®oard. It consists of MCP3208, a
12-bit serial ADC communicating over SPI interfacgh FPGA. There are also two current

measurement inputs. Two 5rshunt resistors are used to convert current ttagel Input
voltage is measured by circuit shown in Figure 39
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Figure 39: Input voltage measurement circuit

The circuit shown in Figure 39 is designed to paed@,15 V on its output at full-scale
input voltage of 90 V. However, standard 0805 aéd3resistors having 5 % tolerances have
been used. This is because these devices areldgaitareasonable quantities. The current
measurement circuit schematic is placed in Appe@dix

4.7.1 Analog-to-digital converter MCP3208 SPI interface

SPI interface has been implemented in VHDL languzaged on waveforms provided by
device manufacturer. Source code is provided iepamste *.zip file.

4.8 FPGA utilization

HDL synthesis report from Xilinx ISE IDE is givem ithis subchapter. It shows how
many logic resources within FPGA is actually usadtiie implementation.

Device Utilization Summary (estimated values) | 1
Logic Utilization Used Available Utilization
Mumber of Slices 179 704 25%;
Number of Slice Flip Flops 184 1408 13%n
Number of 4 input LUTs 347 1408 2455
Mumber of bonded I0Bs 11 68 16%
MNumber of BRAMs 1 3 33%
Number of MULT 18X 18510s 1 3 33%
Mumber of GCLKs 1 24 45

Figure 40: FPGA utilization report
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5 Measurement results

Even though the inverter has originally been ineghtb be designed for 1 kW output
power, it was tested only at output power below ¥00The decision has been made due to
the lack of adequate power sources, since the PEIparrays are too costly at such a high
output power ratings. In other words, there hawentdenited financial resources.

First, the circuit was tested supplied by two powepplies connected in series. Then,
two PV panels connected in series with output opesuit voltage of 42 V were used as the
input power source

The following equipment has been used to testitta ircuit:
» Laboratory power source STATRON Typ 2224.1
* Laboratory power source DELTA ELEKTRONIKA ES015-10
* Oscilloscope OWON PDS7102T
e DMM EXTECH INSTRUMENTS TRUE RMS MULTIMETER 430
« DMM VOREL 81780
 DMM ProsKit MT-1233D

Measurement result displayed on oscilloscope weqeiieed by PC Oscilloscope Suite
application from OWON, the manufacturer of the tsscope. First, a lower voltage of
130 Vac was generated in order to identify potential wepéts in the circuit. A 90 W solder
iron was used as the test load. For safety rea@base are lethal voltages present on the
PCB) and to avoid possible damages to the equipmedsurement was conducted on output
of one inverter leg only (or more precisely, outpfithe first LC filter). Full output voltage of
230 Viac was measured using additional 2:1 voltage divider.
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Figure 41: Waveforms of generated output voltag&3af Vac

Waveform of generated output voltage of is showFRigure 41. As can be seen, there is
no visible distortion of the sine shape. Howevathwlifferent time scale, some details can be
revealed, as shown in Figure 42.
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Figure 42: Detail of the waveform on the outputhe LC filter
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In Figure 42 can be seen that the switching wawefatr 10 kHz is still present as well as
high-frequency ringing. This can be caused by pacaaductances in the output node or by
non-optimal characteristics of the oscilloscopestFeourier Transform was done by the PC
Oscilloscope Suite and is shown in Figure 43.

WMW W\MW M st JW’ MWWWMWMMN‘ML(LM| ""'W]h'WPA'(JN\"J!WJH'" S IR S

Figure 43: FFT of the output waveform at 13Q-V10 kHz/div, 20 dB/div

As could be expected, there is a spectral line0ais and spectral lines at 10 kHz, 20
kHz and so on. The 10 kHz and 20 kHz spectral larescaused by the switching waveform.
It has to be said, however, that the oscilloscopeduduring this measurement has 8-bit
sampling ADC resolution, which may contribute sfgraintly to the noise and distortion
level.
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Figure 44: Output voltage waveform at 234:90 W (purely resistive) load

Inverter was supplied by laboratory voltage sounvéh supply voltage of 41,5 V. At
load, the input current reached 2,35 A. This yialgaut power of 97,5 W and efficiency of
92 %. Idle current consumption (FPGA board + fuldge) board was approximately 60 mA.
Two weak spots were identified, where most of polesses seem to occur - boost IGBT and
full-bridge output inductors. After five minutes operation, temperature of output inductors
as well as boost IGBT rose to approximately 40IR84 remained almost cold, even though it
was run without additional heatsink.

In Figure 45 is shown FFT of the output voltage afavm. High frequency spectral
components are attenuated by 36 dB with respeB0tbliz spectral line. Neglecting spectral
lines above 20 kHz, this accounts for THD of apprately -35 dB or 1,8 %
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Figure 45: FFT of output waveform at 90 W load 28d V,c output voltage, horizontal 10 kHz/div, vertical
20 dB/div

5.1 Measurement results with PV panels as the input source

To verify MPPT algorithm, two PV panels SFM30W cented in series were used as the
input source. Open circuit voltage was 42,3 V arapped to MPP value of 29,9 V at current
of 1,24 A. These are rather low values comparesgialoes provided by the manufacturer
(18 V and 1,67 A from single panel - this would me26 V when connected in series).
Reason for that may be insufficient irradiatiorgléisan optimal angle between panel surface
and sunlight or elevated temperature of the palted. current and voltage values yield input
power of 37 W. Again, a resistive load - solderiran having heating element resistance of
1,5 k) was used as the test load. Output voltage redZzhéd/ac.

The last photograph in Figure 46 shows the testpsased during the measurements
(power supplied from laboratory sources).
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Figure 46: Test setup during the testing of thalfaircuit
Parameters of the final circuit can be summarizesh@®wn below:
« Input voltage 17,5V - 90 ¥
» Standby current 60 mA
e THD1,8%

» Conversion efficiency > 90 %

4 Below 17,5 V, UVLO protection of IPM is active.
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6 Conclusion

Firstly, a brief description of power conversiomgess used in photovoltaic systems was
done in this thesis. The reader has to be awatheofact that small differences may exist
among different power converters depending on naatufer and output power.

A power converter design of a photovoltaic systeraswroposed. Two different
approaches, first approach utilizing transformes)anultiphase boost converter and second
approach utilizing transformer-isolated push-polheerter, were demonstrated and simulated
using LTspice IV simulator. Boost topology perfommbetter in terms of efficiency and
voltage stress of components. This can be consld=ical, when the converter is delivering
high output power, because cooling and componeated rat higher voltage may increase
resulting weight and cost significantly. Boost certer efficiency according to simulation
was 98,4 %, while efficiency of push-pull converteas 83 %. Therefore, boost stage was
chosen for the final realization.

Full-bridge DC-AC inverter stage was proposed. Jatmon shown total harmonic
distortion of the output signal of 1,6 % and e#itcy of the stage is 96,3 %. Therefore, the
efficiency of the entire converter system (the lhasiage connected in series to the DC-AC
inverter) can be calculated by multiplying the @fncy of boost stage by efficiency of
DC-AC stage, which yields 94,7 %.

In the next section, boost converter and full-beidgpnverter stages were designed.
Despite the initial intent, converter was desigreedy for output power of 250 W, for
financial reasons. Expensive (especially power) moments were replaced by their cheaper
alternatives with decreased current ratings.

In the 4th section, VHDL model of the converter woher was described and
appropriate FPGA device selected. Two different lemented MPPT algorithms were
presented. Finally, in the last section, wavefowhgenerated sine signal were examined.
THD of the signal was found to be 1,8 % - a valagy\similar to simulation results.

The main goal was accomplished, an alternativaht®® more common DSP-based
solutions was proposed and presented. But oneoredntit that DSP-based solutions provide
some advantages, like for example rich amount afagnperipherals (ADCs, DACs and so
on) integrated on the chip, whereas most FPGAsad@rovide such functions. The solution
IS rather expensive.

Some of the design steps might have been perfotvettér, for example insufficient
trace clearences in bootstrap section of the IPhsE problems were revealed too late in the
design phase. They did not cause any trouble dtnmdesting, albeit the long-term reliability
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might be impaired. The solution utilizing IPM (amyaother solution with integrated bootstrap
drivers) can be considered as one of the cheapksdtosns, as it makes possible to connect
low-voltage logic circuits directly to high-powehjgh-voltage devices without any special
interface circuits. However, from the safety pomwit view, solutions using gate-drive
transformer provide inherent safety barrier in cabéilure. For example, in case of IGBT
transistor breakdown, the insulation barrier ofadeedrive transformer may at least protect
low-voltage circuit from damage. This is not gudesd in case of IPM, where a galvanic
path exists.

Boost converter was chosen for its inherent sintgland absence of inductive coupling.
Push-pull designs may profit from using low-volta®OSFETs, which feature very low
conduction and switching losses. The broad inpltage range in this project caused that
these advantages of low-voltage MOSFETs almospdesared. If the input voltage was in a
lower range, then the push-pull solution would ptdly prevail.
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8 List of abbreviations

AC - Alternating Current

ADC - Analog-to-Digital Converter

DAC - Digital-to-Analog Converter

DC - Direct Current

DDS - Direct Digital Synthesis

DSP - Digital Signal Processor

EEPROM - Electrically Erasable Programmable Reats®™emory
ESR - Equivalent Series Resistance

FFT - Fast Fourier Transform

FPGA - Field-Programmable Gate Array
GTO - Gate Turn-off Thyristor

IDE - Integrated Development Environment
IPM - Intelligent Power Module

IGBT - Insulated Gate Bipolar Transistor
JTAG - Joint Test Action Group

MCU - Microcontroller Unit

MOSFET - Metal-Oxid-Semiconductor Fieliflieet Transistor
MPP - Maximum Power Point

MPPT - Maximum Power Point Tracking
NTC - Negative Temperature Coefficient
P&O - Perturb and Observe

P-P - Peak-to-Peak

PV - Photovoltaic

PWM - Pulse-Width-Modulation

RMS - Root-Mean-Square

RTL - Register-Transfer-Level
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SCR - Silicon-Controlled Rectifier

SPI - Serial Peripheral Interface

THD - Total Harmonic Distortion

USB - Universal Serial Bus

UuvLo - Under-Voltage Lock-Out

VHDL - VHSIC Description Language
VHSIC - Very High Speed Integrated Citcui
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A Simulations

Al

Appendix - Simulation of multi-phase boost converter
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A.2 Appendix - Simulation of full-bridge inverter stage
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B Printed Circuit Boards

B.1 Appendix - FPGA board, TOP layer, Not To Scale
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B.3 Appendix - Boost board, TOP layer, Not To Scale

B.4
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B.5 Appendix - Full-bridge board, TOP layer, Not To Scale
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C Schematics

C.1 Appendix - Full-bridge board schematic
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D Bill of Material

D.1 Appendix - Bill of Material

Revised: Saturday, March 26, 2016

Revision:

Bill Of Materials May 24,2016  21:46 Pagel

ltem Quantity Reference Part

1 1 Ci 820u

2 2 C3,C4 220n

3 2 C6,C7 2.2u

4 1 C8 10n

5 2 C12,C13 4.7u

6 3 C15,C19,C27 390p

7 4 C16,C18,C20,C23 1n

8 2 C17,C22 100n

9 1 c21 100u

10 1 C24 470u/50V

11 2 C25,C26 1u

12 2 D2,D5 LLN4148

13 1 D6 DO5AZ13

14 15 J1,33,J4,37,38,J9,J11, CONN PCB 2
J12,J13,J14,J315,J17,J18,
J19,J20

15 2 L1,L8 10u

16 4 L2,L3,L5,L6 470u

17 1 Q5 BCW65A/ZTX

18 1 Q7 BD243A

19 1 Q8 BC807-16

20 1 RE3 RELAY 2NO

21 4 R1,R2,R18,R19 470k

22 2 R3,R4 50m

23 4 R6,R8,R10,R13 M

24 2 R7,R9 10k

25 3 R11,R14,R15 5k

26 1 R12 2.7k

27 7 R16,R20,R21,R23,R24,R34, 1.2k
R35

28 1 R17 10

29 3 R22,R38,R40 4.7k

30 1 R25 SL32 10015

31 5 R26,R27,R28,R29,R36 1k

32 1 R37 2.2k

33 1 R39 1.3k

34 1 Si1 10A

35 1 ul STGIPL14K60

36 1 u2 LM7815C
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Partlist

Exported from ctrl_board - Copy.sch at 24.5.2012228

EAGLE Version 6.5.0 Copyright (c) 1988-2013 CadSoft

Assembly variant:

Part Value Device

C1 100n C-EUC0603K
Cc2 100n C-EUC0603K
C3 10n C-EUC0603K
Cc4 10n C-EUC0603K
C5 10n C-EUC0603K
C6 10n C-EUC0603K
C7 10n C-EUC0603K
Cc8 10n C-EUC0603K
C9 10n C-EUC0603K
C10 10n C-EUC0603K
Cl1 10n C-EUC0603K
Cl12 10u CPOL-EUSMCB
C13 10u CPOL-EUSMCB
Cl4 100n C-EUC0603K
C15 100n C-EUC0603K
C16  100n C-EUC0603K
Cl7 47n C-EUC0805K
Cl8 n,a C-EUC0603
C19 10u C-EUC1206K
C26 47n C-EUC0805K
C27 100n C-EUC0805K
C28 100n C-EUC0805K
C29 4.7u C-EUC1206K
C31 4.7u C-EUC1206K
C32 10u C-EUC1206K
C33 10u C-EUC1206K
C34 10u C-EUC1206K
C35 10u C-EUC1206K
C38 1u C-EUC0603
C39 C-EUC0603K
C40 C-EUC0603K
C41  10u C-EUC1206K
C42  10u C-EUC1206K
C43  100n C-EUC0603K
C45 1u C-EUC0603
C46 C-EUC0603
C47  10n C-EUC0603
C48 10n C-EUC1206
C49 10n C-EUC0603
C50 10n C-EUC0603
C51 10n C-EUC0603
C52 10n C-EUC1206
C124 10n C-EUC0603K
C125 10n C-EUC0603K
C126 10n C-EUC0603
C128 100n C-EUC0603K
C129 10n C-EUC0603K
C130 10n C-EUC0603K
C134 10n C-EUC0603K
C135 10n C-EUC0603K
C136 10n C-EUC0603K
C150 10n C-EUC0603K
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Package Library
C0603K resistor
C0603K resistor

C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
SMC_B resistor
SMC_B resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0805K resistor
C0603 resistor
C1206K resistor
C0805K resistor
C0805K resistor
C0805K resistor
C1206K resistor
C1206K resistor
C1206K resistor
C1206K resistor
C1206K resistor
C1206K resistor
C0603 resistor
C0603K resistor
C0603K resistor
C1206K resistor
C1206K resistor
C0603K resistor
C0603 resistor
C0603 resistor
C0603 resistor
C1206 resistor
C0603 resistor
C0603 resistor
C0603 resistor
C1206 resistor
C0603K resistor
C0603K resistor
C0603 resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
C0603K resistor
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4.7u
47n
4.7u
4.7u
10u
10u

ES2D
ES2D

BAS40

BZX84CSMD5v6

FB
FT232RL
74AC573D
74AC573D
TLC272D

22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02
22-27-2021-02

PC817
PC817
100
100
4.7k
4.7k
100
100
100
100
100
100
100
100
100
4.7k
100
n,a
100
220
220
5m
5m

LEDCHIPLED805
LEDCHIPLED805
LEDCHIPLED805

PC817
PC817

R-EU_R0805

-EU_RO0805
-EU_R0805
-EU_RO0805
-EU_RO0805
-EU_R0805
-EU_R0805
-EU_RO0805

C-EUC1206K C1206K resistor
C-EUC0805K CO0805K resistor
C-EUC0805K C0805K resistor
C-EUC0805K C0805K resistor
C-EUC1206K C1206K resistor
C-EUC1206K C1206K resistor
DIODE-MELLL41 MELF-MLL41 diode
ES2D SMB diode 2
ES2D SMB diode 2
DIODE-SOGB0 S0OD80C diode
BAS40 SOT23 diode
BZX84CSMD TO236 diode
FB R1206 resistor 1
FT232RL SSOP28 ftdichip
74AC573D SO20W 74xx-eu
74AC573D SO20W 74xx-eu
TLC272D S008 linear
LT1129CS8 SOIC8 linear-taotogy
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
22-27-2021- 6410-02 con-molex
JP3Q JP3Q jumper 1
JP1E JP1 jumper 1
JP1E JP1 jumper 1
DO3316PAA

CHIPLED_0805 led
CHIPLED_0805 led
CHIPLED_0805 led

DILO4
DILO4
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R0805
R1206
R1206
R1206
R1206

-84-

optocoupler
optocoupler

resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
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R38 1k R-EU_R1206 R1206 resistor 2

R39 1k R-EU_R1206 R1206 resistor 2

R40 O R-EU_R0603 R0603 resistor 2

R41 O R-EU_R0603 R0603 resistor 2

R42 R-EU_R0603 R0603 resistor 2

R43 27k R-EU_R0805 R0805 resistor 1

R44 27k R-EU_R0805 R0805 resistor 1

R45 100 R-EU_R0805 R0805 resistor 1

R46 100 R-EU_R0805 R0805 resistor 1

R47 3.9k R-EU_R0603 R0603 resistor 2

R48 100 R-EU_R0603 R0603 resistor 2

R49 680 R-EU_R0805 R0805 resistor 1

R50 680 R-EU_R0805 R0805 resistor 1

R51 120k R-EU_R0805 R0805 resistor 1

R52 27k R-EU_R0805 R0805 resistor 1

R53 270k R-EU_R0603 R0603 resistor 2

R54 4.7k R-EU_R0603 R0603 resistor 2

R55 4.7k R-EU_R0603 R0603 resistor 2

R56 4.7k R-EU_R0603 R0603 resistor 2

R57 100 R-EU_R0805 R0805 resistor 1

R58 100 R-EU_R0805 R0805 resistor 1

R59 100 R-EU_R0805 R0805 resistor 1

R60 100 R-EU_R0805 R0805 resistor 1

R61 4.7k R-EU_R0805 R0805 resistor 1

R62 1 R-EU_R0805 R0805 resistor 1

R65 4.7k R-EU_R0805 R0805 resistor 1

R66 4.7k R-EU_R0805 R0805 resistor 1

T4 -NPN-SOT223 SOT223 transistens-t092 1

TP4  PTR1B1,27 PTR1B1,27 B1,27 testpad 1

TP5 PTR1B1,27 PTR1B1,27 B1,27 testpad 1

U$l PRTR5VOU2X PRTR5VOU2X AAA diode 1

U$3  SIGNLE_POLE_SW SIGNLE_POISW SINGLE_SW switch 1
U$4  JTAG-HEADER JTAG-HEADER JTAG con-commcon 1
Us$s AsV ASV ASV-LCC crystal 1

U$8 DEO0704-10 DE0704-10 DE0704-10 inductors 1

U$9 DEO0704-10 DE0704-10 DE0704-10 inductors 1

U1l LM5017SD/NOPB LM5017SD/RB DFN400X400X80-9N  74xx-lititke 1
u2 XCF02SVOG20C XCF02SVOG20 SOP65P640X119-20N  xilinx-xcv 1
U3 TPS62040DGQ TPS62040DGQ SOP50P490X110-11N resistor 1
ueé TPS62040DGQ TPS62040DGQ SOP50P490X110-11N resistor 1
us XC3S200AVQ100 XC3S200AWIDL VQ100 xilinx_dees 1
Ul0 MCP3208-Cl/SL MCP3208&1l/ SOIC127P600X175-16N 74xx-eu 1
X1 87758-1416 87758-1416 87758-1416 con-molex 1

X2 MINI-USB_SHIELD4P-85-32004-00X MINI-USB_SHLD4P-85-32004-00X 85-32004-00X con-cypredestries 1
X8 W237-02P W237-132 con-wag@50 2

X9 SMKDSP_P5/ SMKDSP_1,5/2 con-phoesinkdsp 2
X10  SMKDSP_1,5/2 SMKDSP_2,5/ SMKDSP_1,5/2 con-phoesiixkdsp 2
Partlist

Exported from boost_board - Copy.sch at 24.5.2@t6®28

EAGLE Version 6.5.0 Copyright (c) 1988-2013 CadSoft

Assembly variant:

Part Value Device Package Library Sheet

C1 C-EUC0603K C0603K resistor 2

Cc2 C-EUC0603K C0603K resistor 2

C19 C-EUC0603K C0603K resistor 2

C20 1u C-EU075-032X103 C075-032X103 resistor 2

C21  470u CPOL-EUE7.5-18 E7,5-18 resistor 2

C22  470u CPOL-EUE7.5-18 E7,5-18 resistor 2

Cc23 C-EUC0603K C0603K resistor 2

C24 C-EUCO0603K C0603K resistor 2

C25 C-EUC1206K C1206K resistor 2

C30 C-EUC1812K C1812K resistor 2

C36 PEH532YBF3220M2  CPOL-EUE10-25 EB25D resistor 2

C37 C-EUC1812K C1812K resistor 2
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4x 1u C-EUC0603K C0603K resistor 2

BZX84CSMD12 BZX84CSMD TO236 diode 2

STPSC10H065 BY229B TO263AB diode 2

BZX84CSMD15 BZX84CSMD TO236 diode 2

ES2D ES2D SMB diode 2

15V ZENER-DIODESOT23 SOT23 diode 2
ES2D SMB diode 2

mur460 ES2D SMB diode 2
MBRO520LT SOD123 diode 2
MBRO520LT SOD123 diode 2
ZENER-DIODESOD80C SOD80C diode 2
ZENER-DIODESOD80C SOD80C diode 2
ZENER-DIODESOD80C SOD80C diode 2

BZV55-C75 ZENER-DIODESOD80C SOD80C diode 2
ZENER-DIODESOD80C SOD80C diode 2
ZENER-DIODESOD80C SOD80C diode 2

SK129 SK129-PAD SK129 heatsink 2

MCAP115018077A-561LU SFT1240 SFT1240 inductors 2

SPB80OP0O6P SPB80OP06P  TO263 transistor-fet 2

IKP10NGOT IRG4BC15UD--L  TO262-V transistor-power 2

BC847ALT1SMD BC847ALT1SMD SOT23 transistor-npn 2

4.7k R-EU_R0603 R0603 resistor 2

M R-EU_R0603 R0603 resistor 2
R-EU_M1206 M1206 resistor 2

4.7k R-EU_RO0603 R0603 resistor 2

2.2 R-EU_RO0805 R0805 resistor 2

M R-EU_R0603 R0603 resistor 2

M R-EU_R0603 R0603 resistor 2

100 R-EU_R0603 R0603 resistor 2

10 R-EU_0414/5V 0414V resistor 2

4.7k R-EU_M1206 M1206 resistor 2

0.27 R-EU_0414/5V 0414V resistor 2

4.7k R-EU_R0603 R0603 resistor 2
R-EU_MELF0207W MINI_MELF-0207W resistor 2

4.7k R-EU_R0603 R0603 resistor 2

1Meg R-EU_MELF0207R MINI_MELF-0207R resistor 2
R-EU_MELF0207W MINI_MELF-0207W resistor 2

1Meg R-EU_MELF0207R MINI_MELF-0207R resistor 2
PZT2222A-NPN-SOT2280T223 transistor-neu-to92 2
BC807-16-PNP-SOT23B&0T23-BEC transistor-neu-to92 2

FMMT723 BC807-16-PNP-SOT23@BEOT23-BEC transistor-neu-t092 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TPSTPO7SQ TPSTPO7SQ  TPO7SQ testpad 2

TC1411NEOA TC1411NEOA SOIC127P600X175-8N 40xx 2
MPT2 2P0OL254 con-phoenix-254 2
W237-02P W237-132 con-wago-508 2
MPT2 2P0OL254 con-phoenix-254 2
MPT2 2P0OL254 con-phoenix-254 2
W237-02P W237-132 con-wago-508 2
MPT2 2P0OL254 con-phoenix-254 2
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