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ABSTRACT

This report presents the design of a 10KW fuel cell interface system o convert the Jow
voltage DC of rthe fuel cell to a 60Hz AC. The report describes the circuit topology in
detanl und presents design equations to determine the components of the syslem. The
closed loop control of the system is also discussed and simulation results are presented to
verily their behavier. The complete interconnccted 10k VA system is adso simulated, with

different types of loads, to demonstrate the operation of the system.
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Chapter 1

INTRODUCTION

Ulility deregulation has increased the possibilitics for distributed energy gencration. The market
for distributed generation is growing and is expecied to reach between 25 and 50GW by 201
[1]. Advances in technology have lowered the size threshold Tor economically viable equiptnent.
especially in the case of micro-turhines and fuel cells, Current trends in the United States favor
distnibuted generation due to its increased efficiency and reduced emissions. The increastng
sensifivity of electrical equipment and growing concerns over power quality have also prompted

many industrial consumers 1o install medium-sized onsite generation capability.
Survey of Existing Interface Topologies

Existing and suggested interface wpologies for the intended application can be calegorized us

follows:

I. Topologies with a 60-Hz Transformer. In these topologics, electrical isolation and

vollage matching is provided by means of a 60-Hz transformer at the ac output of the
inverter [2]. These have the obvious drawback of cost, size and weight, and losses

assocnted with the 60-Hz ransformer.

f-d

Non-isclated Topotogies. In such topologics, the de source voltage is boostzd to a lurge

vilue, without an isolation transformer and then inverted to interconnect to the utility grid

[3]. This lopology may not be feasible in many applications where the de source needs (o



grounded at its terminal. Other major drawbacks of these topologics are a large voltape

conversion ratio leading to excessive swilch ratings and large switch losses.

3. High-Frequency Isolated Topologies. There are many variations to these topologies. The
commaon elements Lo all the topelogies are thar the de source voltage is boosted o a
higher de voltage using a high-frequency transformer which provides isolation as well as
a voltage step-up. The high-voltage de is then inverted into the linc-lrequency ac for
utihity interconnection by means of a pulse-width-modulated (PWM) inverter. In all
cases, the PWM inverter 1s not soft-switched, thus resulting in switching losses [4). The
de-de converer with the high-frequency isolation s usually phase-shift modulated o
achieve soft-switch at full load. However, it is not possible 1o achicve sofl-switching,
below o certain power level (for example, 50% of full-load) without paying an

unacceptable penalty in terms of increased conduction losses [3].

Propused Interface Systemn with Extremely Low Switching Losses
The novel topology interface proposed for this rescarch reduces the switching losses in the DC-
DC converter 1o essentially zero from ne-load to full-lead. allowing the possibility 1o achieve

very high efficiencies over a full power range and also a very high power density.

Scope of the Report
The pruposed topology to convert the low vollage DC to 10V/240V, 6011z AC is described in
Chupler 2. Chapter 3 discusses the operation and design of the PWM inverter, which forms the

tirst stage of the DC-AC inverter system.  Simulation results are presented to show the



performance of the system under various load conditions. Chapter 4 describes the novel DO-DC
converter configuration, its operation and design. Chapter § describes the modifications required
i the cireuit to reduee the 120Hz ripple current seen by the fiel cell. It also describes the control
loep design for the DC-DC converter. Chapter 6 describes the interconncelion of the rwo stages.
Simulation results arc presented o show the operation of the entire system for various loads.
Chapter 7 deseribes the status of the 1.5kW hardware prototype heing built to demonstrate (he
feasibility of the proposed topology. Finally, the report is concluded in chapter ¥, which

summarizes the features of the proposed sysiem.



Chapter 2

BASIC TOPOLOGY

This chapter presents the basie topology used to conve the low voltage DO output of the fuel

cell o the required 120V/240V, 60Hz2 split single phase AC. The operation of the gircuit under

steady state conditions is explained, along with the various [eatures of the proposed system. The

advantages of the proposed wopology are alsa discussed.

Circuit Tepology

The black diagram of the proposed DC-AC inverter system is shown in Fig. 2.1.
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The system consists of a DC-DC converter stage with high frequency isolation, a split-capacitor

de link followed by a sinusoidally pulse-width-modulated (PWMY) inverter. The inverter wlilizes

the »plit de bus o generate a 120/240V AC output voltage.

A novel hybrid configuration is propesed lor the do-de converter, which enables Zero-Voltage

Switching (ZVS) for ull switches under all operating conditions. enabling efficient operation

even at very high switching frequencies [6].

It also results in improved filter waveforms



resulting in significantly reduced filter requirements, enabling a very high power density,
Moreover, the topelogy maintains an equal distribution of the output voltage across the split do
link irrespective of the values of the output capacitors and the loading conditions between the
two halves. The proposed de-de converter reduces the filter requirement by a factor of five (for
the input voltage variation specified in the energy challenge) as compured o conventional phase-
modulated de-de converters used for achieving sofl switching.

The mverter configuration utilizes four switches (o obtain a 120¥/240V system at the output and
cosures equal loading for both halves of the DC link under all loading conditions. The control of
the DC-B3C converter and the PWM inverter are totally de-coupled. enabling the use of simple

analog control circuitry. which would reduce the cost of the entire system.

LC-DC Converter Topalogy

Fig. 2.2 shows the proposed hybrid configuration for the DC-DC converter stage of the inverter

system [7]. 1t is a combination of an uncontrolled full-bridge and a phase-shift-controlled full-

bridge. The uncontrolled sections consist of the switches §7, 5, 8} and §; and the transformer

1. which always operutes with full pulse width. The controlled section consists of switches §7
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Fig. 2.2. Schematic of the propesed DC-DC cenverter conliguration



5.. 5 and ST and the transformer 7. The six swilches have a combined ruling equal to the

combined ratings of the four switches in a conventional full-bridge converter. All swilches are
operated at constant switching frequency and a fixed 50% duty ratio.

The phase difference between the legs B and C is controlled to achieve output voltage control.
The outputs of the two sections arc added at the secondary. rectified and filtercd, The secondary-
side configuration combiming a full-bridge rectificr with a center-tapped transformer results i
equal voitage sharing between the (wo halves of the output capacitor under all Inading
conditions, The idealized wavetorms for the proposed DC-DC converter topology are shown in
Fig. 2.3, Ax it can be scen, the outpur voliage and input current wavelorms are much closer
instantaneously to their average values. reducing filter requirements. For a 1:2 input vollage
requirement, the requirements on the ontput inductor rating and the input capaciter ripple current
rating are reduced by a factor of approximately three.

Another advantage of the propesed DC-DC converter configuration is that it can achieve a ZVS
under lighr load conditions also, without serious conduction loss penalty as in conventionz] phase

modulated converlers. Since the system needs to operate al varying output power conditions,
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Fig L3, ldealized Waveforms for the 1M-D{ converter
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soft switching under all operating conditions is an important requirctoent., if the converter is (o

operate efficiently.

Inverter Confighralion

Fig. 2.4 shows the inverter configuration used to achieve a 120¥/240V output voltage. The
control strutegy is simtlar to a standard PWM inverter with the gatc signals for the inverler bein 2
generated by the comparison of a sine wave with a ramp. The configuration maintains ceual
lowding on the 2 capacitors of the DC link ¢ven if one of the phuscs s not Inaded and thus
simplities the choice of the capacitor current ratings. Thus, this topology can be used under ail

Ioading conditions, as is the case for any inverter system supplying a house or building.
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Fig. Z.4. Inverter configuration used to achieve 120¥/240% AC



Chapter 3

PWM INVERTER DESIGN

This chapter presents the analytical design of the power stage of the PWM inverter used 1o ahtain
the required 120V/240V, 60Hz AC output from the split DC link. The design of the closed loap
controller required to maintain the owtput voltage under all load conditions is also presented.
Simudation results showing the performance of the PWM inverter in both open loop and ctoscd

loop muoedes of operation are presented.

Desian of the Power Stage

The circuit diagram of the PWM inverter is shown in Fig. 3.1,

lllllin

—

+ l

r'lir.k — L.- i

2 Cy T T'__‘ ol
_ Clﬂ__ _ I'":l

- + : — 1 + = I
+ n-r v

— Ty = .l

W o L,

ik -
2 , S, \2 Si\ %

L

Fig. 3.1 Circuit Topolegy of the: PAYM inverter

The neminal output current £, is
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For the purpose of choosing the semiconductor devices, the peak oulpul current is limited to
HilA

Churpnt Filter Pesien

ASsUmIng a constant oulput voltage during a switching cyele {swilching frequency f=20kHz),

the worst-case peak-to-peak ripple current in the inductor can be expressce as,

v,
(.hl.ll Beonparaf ooy =T —— ' |:_?'-2)
n 2L f
Assuming 4 peak current ripple equal to 10% of the maximurn nominal cutput current,
A e =2 22|54
T 2| 2R Lx 20,000
(3.3}

= L=937.5uH .

The voltuge ripple across the ourput capacitor, caused by the inductor ripple current can be
expressed as,

"

A

Mt o |

i
= F rf..fl]’.l.l?l‘f df - {34)

£

Choosing an outpul vollage ripple equal to 1% of the maximum outpur voliage,

T Y

ks

L
Av ! [$]=3.4v = C=22uF . (3.5)

Splitting the output filter between the two phases,

=937 0uH. 42A @ 60H:

Li
e, 44uF, 150VAC .

=1,
=C.



Switch Ratings

The maximum voltage across any switch of the PWM inverter is 450V and the rms curreni

through 1tis approximately 32A. A 600V, 96A switch is chosen so (hat

» It can withstand voltage spikes due to siray inductances.

* Tt can cury the peak outpul current after being derated for the increased remperature of

aperation.

MOSFETSs are found o be better than IGBTs for the present application, since the large mrn-off

times of the IGBTs would increase the switching losscs at the chosen frequency of operation.

Cach switch of the inverter is chosen to be made up of two IXFN44N&0 MOSFETs in parallel.

giving w total current rating of 88A. Each MOSFET has the following parameters:

fn =i

L =230ns

v, =0.1342

voltage drop in budy diode = 1.3V

‘The total conduction and switching power loss in the switches, using the parameters of the

chosen MOSEET 15

P = 266W 4+ S8W  =324W .

bt ity gy

e

ORI N e T L o T TOL IR
The efficiency of the PWM inverter stage is

10000

P = X 100 = 96.8%.
" 10324

Feedback Controller Design

{3.71

(3.8)

Since the system is being designed for a 50% unbalance in the load {one phase is at full load and

the other phase is at minimom load), it is necessary to control each hall bridge inverler

[



ithvidually. This scction discusses the control loop design for one half-bridee inverter. The

complete PWM imverter will consist of two such half bridges, connected appropriately.

The centroller for the PWM inverter has (o ensure that the output voltage is sinusoidal voltage of
fixed amplitude and frequency, irrespective of the load. Given the vast variation that is pussible
in ihe load as well as in the type of load {resistive, reactive and nonlinear), it is difficult 1o design
a controller based on the bode plots of the system. The use of a feedforward controtler to
climinate the cffect of the load current on the cutput voltage would simplify the contral loop
design of the PWM inverrter greatly. Fig. 3.2 shows the block diagram of the control structure

used fo regulate the output voltage.

i

Leand

Fig. 3.2. Block Diapram for the Closed Loop Control of the Half-Bridge PWM Inverter

The rranster function of the svstem shown above is

]
: - - (39
& LC FLC sC J :

P 1

a S LC

GG, i . \G.GG, = (HGGG, GG,
F:.- j+ : @ = { -re:l ¥ } - Lo -
sL s LC

From (3). it can be seen that by properly choosing the feedforward transfer function H | it is

possible o eliminate the effect of the load current on the output veltage. Thus. choasing

HI[.¢}=i+—jL—, (3.1
G GGG,



the output voltage transter function reduces to

I} G‘- GI G,'.u’
vo=(0" -y, )= :
$TLO+sCG G4 T

(3.1

The power stage trunster funetion 7. can be considercd to be a pure pain, since the response
time of the power electronic cireuitry is ruch smaller than the response time of the cutput L.C
lher. Fqn. 3.11 indicates that choosing simple gains for the voltage and the current controllers
would be sufficient Lo achieve the reguired performance. Choosing a crossover frequency of

2.5kM7 and a phase margin of 60°, the parameters of the feedback controller are

G =048
G, =0.1863 . (317
H=208+—"

: (27V% 1670

The fecdforward controller wms out o be a differentiator, which would amplify high frequency

notse. Since the Toad current would be in the low frequency region (B011z and its odd multipless,

adding a high frequency pole to the system would not affect the system response to the [ead

current, The pole would damp out the effects of the zero at high frequencies, Thus, a practical

feedforward controller would be
s

(27)x 1670

b
(27 )% 10,6000

208+
H =

i3.th

I+

Simulation Results
Fig. 3.3 shows the simulation results for the 10kVA PWM inverter, under feedback control. ‘The

load mrutially 1s a resistive 10kW load . which is changed 1o an inductive load of 10kV A at w.6pt



at SOms. As it can be seen from the waveforms, the closed loop controller is able to maintain the

voltage across the load at all times,
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Fig. 3.3 Wavelorms for the PWM inverter



Chapter 4

NOVEL DC-DC CONVERTER

This chapter prescnts the analytical design of the power stage of the DC-DC converter used 1o
step up the low voltage DC 1o high voltage DC and provide a split DC tink. The dusign of the
FESOnanl circuit components required to achieve ZVS from full load to minimum load is alse
presented. Simulation results showing the perfermance of the converter in open loop are

presented.

Design of the DC-DC Converter

The circwit diagram of the novel DC-DC converter is shown in Fig. 4.1
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Fig. 4.1, Schematic of the propesed DC-DIC converter configuration

The nominul output current 7, is

S
o L 244 (4.1
fli‘.'ln- P'p




assuming that the total output voltage is 430% and using a 96% cfficicncy for the inverter (s
computed in chapter 31

Thus, each diode on the secondary side will have an average current rating of 124, Choose
DSEIS-06AS for the four secondary diodes (600V, 20A diodes), Using the parameters of these
diodes, the total loss computed at a switching frequency of 50kHz is

Bovenn = T2W 4 20W = 02W (4.2)
——n e —

senducrdoany sradching losrer

Transformer Turns Ratio Selection

The turns ratios of the two transformers are chosen based on the input voltage variation and the
required output voltage. Since the voltage across transformer T1 is uncontrolled and the voltage
across itansformer T2 is contrelled, the requirements are

* Atthe minimum input voltage, the sum of the twa transformer voltages is equal to the outpur

. . —
voltage -V m +V, g =V

I mn - [l
e AL the maximum input voltage. all the output voltage is due to transformer T1 alone.
=V _.1=V

L )

For the given parameters {input voltage variation is from 42V to 72V und outpus vollage 1%

4307,
n, =625
(4.3
n.=435
The input voltage to output voltage relationship in steady state is
V.=V, m+diV, n,) t4.4]

The transformers T1 and T2 have 2 secondaries each, with turns ratios of ”% and ’%

respectively,



Main Switch Ralings

The switches in the three legs of the primary carry the following currents:

LegAin f =106A rms.
Leg B:(m, +m ) I =182A rms. (4.5}
LegCn, I =76A rms.

Thus. the following combination of MOSFETs is chosen to achicve the above current ralings.
Leg A: Three IXFH73N10 in parallcl
Leg B: Five IXFH73NI10 in parallel
Leg Co Fwe IXTH7INIO in paralle]

The IXYS MOSFET IXFH75N10 has the following parameters:

Lok =30Rs
Fo e =0 021D (4.6
Vo = .75V

Zero Volrape Switching

The mechamism of zero voltage swiching in the proposcd hyhrid converter is similar o that of
the conventional PMC, in that it relies on the transformer primary current to charge/discharge the
appropriate swilch capacitance just prior to turn-on.

In the new configuration, achieving ZVS for the right leg (leg C) is simple since the load current
does not change direction during the transition. The magnctizing current of the ranstormer T1 is
increased in order to enable ZVS for legs A and B, However, since (his magnetizing current does
not significantly increase the rmy currents through the switches, the total conduction losses do

not Increase as in the case of the conventional PMC.



Feft Ler Pransitiony

Consider Lthe switches T, and 7, gated on initially. The left leg transition begins when T, 1

turned off. In the new configuration, when both switches are twrned off, the sum of the two

sceondary voltages becomes negative only when the voltage across 7, reaches V_given by

LHGLO =

S

. 4.7y
ran iz 2 { nll + nz } {

For the current design, V- J4V . The capacitunces are chosen such that in the tum off tine

for the MOSFET. the voltage across the mosfet reaches V

il

Thus. the first design equation is

{Imx +in,+n, }

Tl

ic fut = Vigares {4.8)

where J, o ts the peak of the magnetizing current. (Note: Eqn. 4.8 is written for the mosfets in

leg I3).
The second equation is that the voltage across the capacitor reaches zero in one-fourth the

resonant irlerval.

. L
w8l ) ) o Ve, i4.9)

2 F
{f,,m +L . n

k.2

where L, = (£, und L, , are leakage nductances of the two fransformers

(n, +n,)
reterred to their secondaries),
The Mnal equation cstablishes the blanking time {{, } between the mosfels, under minimum load
conditions (10% of full load).

{I +0.{{n, +nz}fuJ

auir

{f,m +0.d(n +n, ) }

1.

{

iC r T 2C (6=t )=V,

1wt

(4,100



Using the ahove three equations, with & blanking time of 500ns, the following parameters ace
obtained.

Leg A = 163nF

Leg B C=260nf

Magncuzing current peak fm\_ =32254,
The capacitance of Leg C is based on achicving ZVS under minimum-load conditions, Thus

Leg C: C=50nfF .

Chetpnt Filter Desivn

Assuming a constant output voltage during a switching cycle (switching lrequency f, = 50kHz ).
the worst-cuse peak-to-peak ripple current in the inductor can be expressed as,

V I

(1{, -5 Y-yl

.
Al - ! = 4.

PR R L BT L
-

For the given input voltage variation. the worst case current ripple occurs al ¥, =355V .
Assuming a peak current ripple equal to 10% of the maximum nominai outpul current,

L .660uH. 412
The volrage ripple across the outpul capacitor, caused by the inductor ripple current can be

vaprossed as,

T

-~

A

N

It
F r.i'._r.ipp.'v d'f ' {4. ] 3']'

nop

T

«|

Choosing an cutput voitage ripple cqual to 14 of the maximum output voltage.

C=3uF, (d.14)



Splitling the output filter hetween the parts of the DC link,

L, =L, =660uH, 244

) =Y
O, =0, =3uF. 30VC

fnpur Filter

Since the topology doubles the switching frequency component of the input current. the input
liter has to be designed for 100kHz. For an input L-C filter, the inductor current to input current
transfer function is given by

] ; |
A R— (4.16]
T T

The 1nput current rippic of the converter is shown in Fig. 4.2, The fundamental component of
the wavetorm is 56.65A. To achicve a 10% high frequency current ripple in the input current
(204, choose.

L.=1360.8nH 2104

. . (4.17)
€ =500uF . I06VDC.

Im_ iy

354

K

le— g =754
I Jas ' Jus !

Fig. 4.2 Input Current Ripple Waveform at full load
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Simulation Results

Fig. 4.3 shows the waveforms for the output current and output voltage. The peak-to-poak ripple

in the waveforms are far less than the designed values since the design was done for the worst

cuse. and the results being presented are for the nominal input veltage of 48V,
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Fig. 4.3. Ouiput Waveforms

Fir 4.4 shows the inpul voltage and input current waveforms. The input current ripple s within

the specitied limits.
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Fig. 4.5 shows the actual tnpur current of the DC-DC converter and the output voltage at the end
of the diode bridge. As it can be seen, the actual waveforms are close to the DC value since the

values do net go Lo zero for a long period of time.
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Fip. 4.5, Circoit Waveforms

Fig. 4.6 shows the transformer current waveforms, The primary current of transformer T is
found Lo have significant magnetizing current as required, whercas transformer T2 does not. The
magnetizing cureent of the transformer increases the ms value of the primary current by only

|G, thus achieving zero-voltage switching al minimum increase in conduction losses.
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Fig. 4.6, Transformer Primary Currents
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Fig. 47 shows the ZVS waveforms for full load and Fig. 4.8 shows the same waveforms for

minimurm load conditions.
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Chagpter 5§

CLOSED LOOP CONTROL OF THE DC-DC CONVERTER

This chapter presents the modifications in the design required to account for the 120Hz ripple in
the output power. The leedback controller design for the DC-DC converter is also discussed and

resules are presented to show the performance of the controller.

Low Freguency Ripple

Since the load is a single phase load, the input power of the PWM inverter witl have a 120Hz
component. However, since it is preferable to draw a constant power from the fuel cell, energy
storage i necessary within the circuit topology 1o store the difference berween the input and
culpul energies.

In this particular topelogy. the energy storage element is the DC link capacitor. The DC link
capacitors are resiced such that they store the difference in encreies with only a small voltuge
ripple at its terminals.

In order to maintan & constant input current, the feedback controller of the DC-DC converter
designed to be a cascaded control structure with an inner current Toop and an ouler voltage loop.
The bandwidth of the voltage loop is chosen to be very small so that it attenuates the 120Hz
component of the sensed output voltage, providing a near constant current reference 1o the inner

current loop.



}esign of the 120Hz Filter
Fig. 3.i shows the DC link capacitor and the currents associated with .
i.f

i ‘l'n'.'
—_— L —m

=T Viink

Fig. 5.1. DC link Capacitor
The instantaneous wnpul power to the PWM inverter 1s

Por 1) = v (1120, (1) = P = P Cos(2an), (5.1

where a2 — 2 x a6,

An approximate solution to the capacitor voltage and inverer current waveforms is

LI.'lmE EI ) = 1'2- + ..'fl\" (.'GS {Emﬂ'} 2
' (53.2)
Lot =1, +AiCos( 200},
Muluiplying the instantaneous voltage and curmrent waveforms and cquating the resule 1o Gg. 5.1

vy

VI =F
Avf, FAIV, = P,

(3.3)
Assuming a 109 variation in the DC link voltage, the current ripple at full load is computed tw
he
Al=2(14, (3.4
The capacitor selection s dominated by the ripple current specification rather than the capacitor

vilue. Hence, the capacitance value chosen for this purpose ix

C=4950 u¥. {5.5)
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(Note: The capaciter selection is obtained from the ripple curtent ratings on the Comell Dubilier

wehsite;)

Control Loop Design

The block diagram of the controller for the DC-DC convertet is shown in Fig. 5.2,

DO - I

Cunverier
—_—

i
L PWM _,..{ i

A
1

Fig. 5.2. Block Diagram of the Controller for the Hybrid Converter

Crrrent Controifer

The small signal medel of the DC-DC converter is similar to that of a buck converter. The
current loop controller is designed with a crossover frequency of SkHz and a phase margin of
80%. A type 2 [8] controller is designed for the system. The transfer function of the current

controller is

O —
80 | (2m)x133.8

i+ a
{Za) 2186529

Voltage Controller




The voltage controller has ta rejeet the 120Hz component of the sensed output voltage and 50 a

very low crossover frequency is chosen for the controller. The condition on the contralter is

Ir.-r .
_ = 21 ) s ] fﬁ?}

w=lgizr

|G._ { ]|

Al

=2 Iy

The 1 20Hz npple current component in the current reference is chosen to be 5% of the full load
current (1.2A). Choosing a single pole transfer function as the contraller, the controller transter
function with the largesr possible bandwidth {obtained using iterations} is

]
G sy —— (5.8)

h

f+—
2rr 1o}
The response of the DC 1o DC converter o a power load of the form shown in Eq. 5.1 is shown
in Fig. 5.3, A step change in the load from 10kW o KW is applied at t=1.35. The controller is

able o respond o the change and maintain a near constant DC current.

T y—-—- - - (A Wm
E_ . Inductor Current b
mapd L IR
£ wel ... i
x ] - ol
B Output Voltage = =
sl o A
i T
1:1 1:'2“"- 'l:a 'IIA 'Iln 1'5 1:1. N 1‘. 1'1

Li
Fig. 5.3. DC-DC Converter Response for a step change in [oad

Fig. 5.4 shows the DC link voltage ripple and inductor current ripple under full load conditions.

The inductor current ripple ix found to be 6.5%, close to the 5% desired.

6
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Chapter

INTERCONNECTED SYSTEM

This chapter presents the results for the interconnected system under alt load conditions. Since
the points of interest in the interconnected system are the control loop behavior and the low

Irequency ripple, average models are used 1o simulate the interconnected system.

SABER Implementation

The SABER [%] implementation of the entire system is shown in Fig. 6.1, The system consists
ol an average model for the six switch DC-DC converter and the average models for each half-
Rridge PWM inverter. The inverter modules also inciude the feedback loop described in chapter
3. The DC-DC teedback loop is shown in the fipure. The two inverters are piven sinusoidal

relerences which are out of phase with each other, to generate the split single phasce oulput.

Fig. 5.1. SABER schematic of the interconnected system



Results for Resistive Loads

Figs. 6.2 and 6.3 show the results obtained for a resistive load at the inverter output, for full load

and 10% load respectively.

0w
Mo LMD — DC converter ontput ctirrent s
=) . EHAFH: 17740
E 8- e
Lo
200
i M ]
DT Tk Voltage” ey |
zan| . . S VRO :'-‘.:_PH' o
. - WA ‘- - -\_p' L "B
i - V) : b
i o . Oulput Voltage et
ims:ua.ﬁa -
E ki : aez
'
4
2004 . ‘- Z LN
r T L] T T T ) T T T
13 1M 8 189 184 458 AN teY 16 1
e
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Fig. 6.3. Results for a Resistive load (10% load)

Resalts for an Inductive Load

Fig. 6.4 shows the results for an inductive Toad. The load is a I0kVA Joad at O.6pf lagging.
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Resulis for a Non-Linear Load

The system was also tested for 4 single phase diode bridge load. The results are shown in Fi 2.

6.3
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Fig. n.5. Besults for a non-linear load

For all the cases. it is found that the system is able to respond to the load changes and 15 able 10

adjust depending on the type of the load.



Chapter 7

HARDWARE PROTOTYPE

A L3EW hardware protolype is under construction at the University of Minnesota to demeonstrate
the feasibiiity of the proposed approach. The DC-DC converter part of the propuscd topology

his been bualt and is in the testing phase. The PWM inverter is currently being built.

DC-DC Converter

Fig. 7.1 shows the DC-DC converter selup currently under development. The PC board includes
the complete power stage of the DC-DCT converter and the UC3K73 ICs required 1o give gate
pulses to the switches. The converter also includes a 20W flvback converter which provides the

control power lor the entire system,

Fig. 7.1. 1.5k%W Prototype of the DC-DC Converter

3]



Resulls ehtained for the DC-DC Converter

Fig. 7.2 shows the trunsformer secondary voltapes. The waveforms match the (dealized
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Fig. 7.2. Transfarmer Secondary Voltages
wavelorms shown in Tig, 2.3,

Fig. 7.3 shows the addition of the two transformer voltages Lo form the stepped voltage
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wavefom1. which would be rectified by the full bridge diode rectifier.
Fig. 7.4 shows the voltuge after rectificalion. As it can be seen, the switching frequency ripple in
lhe voltage is very small. Thus, the output filter reguired to smooth this DO voltage would be

greatly reduced as compared to the conventional PMC.
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Fig. 7.4. Rectified Outpnt Valtage
The ZV3 characteristics of the three legs of the converter, at no load, are shown in Fig. 7.5, Al

three legs are found to have zero voltage tien on al no load.
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Timeline for the Project

The following timeline has been decided upon in order to complete the hardware prototype by

Aust.

June 17 June 23 Complete the testing of the DC-DC converter

June 17 —July 7 Complete the assembly and testing of the PWM inverter

June 23 —Tuly 7 ; Complete the assembly of the comtroller PCB

Tuly 7 — July 30 @ Test the tnterconnected system with their controllers for different types of

loads,

e



Chapter 8

CONCLUSIONS

The proposed topology is found to be ideally suited for converting the low vodtage DO o the
required 60Hz AC. The novel DC-DC converter topology used to step up the DC volage
enables zero vollage switching for all the controlled switches in the topology upto 109 load
without significant conduction loss penalty. There is also a substantial decrease in the tnput and
output filter requircments for the converter. The two winding transformers prevent the midpoint
of the DC hnk from floaning. The transformers alse help to maintiin the voltuges at the
capacitors inspite of load imbalances.

The use of two half-bridge inverters to achieve the split single phase outpur enubles DC to AC
conversion with minimum number of switches. The haif bridge inventer also ensures 1 bulanced
Icad on the twe halves of the DC link even undet extreme load imbalance.

The use of the DC Tink capucitor to store the difference between the input and output cnergies
ensures that a near constant DC current is drawn from the fuel ccll, maximizing its efficicney und
fte.

The control of the system is also extremety simple, with the DC-DC canverter and the PWM

inverter having independent control loops, minimizing interactions between the control loops of

the two systems,
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