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MULTIPHASE SOFT SWITCHED DC/DC

CONVERTERAND ACTIVE CONTROL

TECHNIQUE FOR FUEL CELL RIPPLE

CURRENT ELIMINATION

RELATED APPLICATIONS

This application claims the benefit of US. Provisional

Application Ser. No. 60/654,332 entitled “Multiphase Soft-

switched DC to DC Converter” filed on Feb. 18, 2005, the

contents ofwhich are incorporated herein by reference in its

entirety.

STATEMENT REGARDING FEDERALLY

SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under

contract No. DE-FC26-02NT41567 awarded by the National

Energy Technology Laboratory of the US. Department of

Energy. The US. Government has certain rights in the inven-

tion.

BACKGROUND OF THE INVENTION

As the demand for clean energy sources increases, more

research effort is being placed on fuel cells, wind-generation,

and photovoltaic energy sources. Fuel cells are expected to be

used in a wide variety of applications including stationary

electric power plants, motive and auxiliary power for

vehicles, and micro-power applications. Fuel cells are con-

sidered to be a major contribution to future energy generation

devices due to energy efficiency and environmental friendli-

ness.

For many stationary and portable power applications, the

general structure is to have a low voltage fuel cell as the

primary source, a DC/DC converter to obtain isolated high

voltage, and a DC/AC inverter to obtain AC voltage. In a

typical fuel cell power conversion system, the input source is

low voltage DC andthe output is high voltageAC. Solid oxide

fuel cells (SOFC) are a promising option for high powered

applications such as industrial applications and distributed

electrical power generators. SOFC are constructed entirely

from solid state materials, typically using a thin layer of

stabilized zirconia (zirconium oxide) as the electrolyte in

conjunction with a lanthanum manganate cathode and nickel

zirconia anode.

Unfortunately, a fuel cell power system that contains a

single phase DC/AC inverter tends to draw an AC ripple

current at twice the output frequency. Such a ripple current

may shorten fuel cell life span and worsen the fuel efficiency

due to the hysteresis effect. The most obvious impact is the

reduction of fuel cell output capacity because the fuel cell

controller trips under instantaneous over current condition.

An example system, that has been the target development

of the US. Department of Energy (DOE) Solid State Energy

Conversion Alliance (SECA), is to have a nominal 5 kW

single phaseAC output for residential power system using the

low voltage solid oxide fuel cell (SOFC), which has an output

voltage ranging from 20 to 50V. In order to generate the

l20/240V AC required for general home applications, a

DC/DC converter is essential to boost fuel cell output voltage

to a level that can be used by the inverter. A desired inverter

DC input voltage for l20V AC generation is 200V, while

400V is desired for 240V AC generation. Any increase in

efficiency is greatly desired. An increase in efficiency of only

1% is worth $75/kW given a $6.50/mbtu gas cost for a SOFC

power plant the size of about 150 kW.
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Some existing commercial off the shelf proton exchange

membrane (PEM) fuel cells also have their nominal voltage

set at 48V (and below) for either telecommunication or resi-

dential applications. In order for low voltage DC fuel cells to

generate 50/60 Hz 120/240VAC for residential applications,

a DC/DC converter is needed to boost the fuel cell voltage to

a level that can be converted to the desired AC output.

Similarly, when a DC source is used for AC applications,

such as Uninterrupted Power Supply (UPS) or distributed

power, for standalone or grid tie applications, an inverter is

needed to generate the required AC for the load. Using the

power system ofthe United States ofAmerica as an example,

the output load draws 60 Hz AC from the inverter. The AC

needs to be rectified at the inverter input, and its frequency

will be doubled; therefore, 120 Hz pulsating DC needs to be

drawn from the DC/DC converter. The ripple component of

this pulsating current will reflect back to the input side ofthe

DC/DC converter, loading the DC power source such as a fuel

cell with low frequency AC. This low frequency AC is

referred to as a ripple current.

Additional issues are associated with a DC/DC converter,

including cost, efficiency and reliability, as well as ripple

current. Transient response along with auxiliary energy stor-

age requirements are also a major consideration. Communi-

cation with a fuel cell controller and electromagnetic inter-

ference (EMI) emissions are of further concern.

Efforts have been extended to address these issues. Con-

ventional passive methods with a single voltage loop control-

ler may be used in an effort to dampen the ripple. Further-

more, adding an energy storage capacitor either on the high

side ofthe DC bus to smooth the current at 200/400V level, or

on the fuel cell bus to smooth ripple at a low voltage level,

helps reduce the ripple. Ifthe ripple current magnitude is 40%

of the rated current, then the fuel cell source needs 20%

additional power handling capability. Since the cost of the

fuel cell is nontrivial, it is desirable to suppress ripple current

to reduce the cost penalty.

Currently, the zero voltage switching (ZVS) pulse width

modulation (PWM) full bridge converter is the dominate

topology in high power DC/DC applications, although some

research is being done on multi phase converters. Full bridge

converters normally utilize large inductors to achieve ZVS,

which will cause duty cycle loss and additional power loss

during freewheeling. Metal oxide semiconductor field effect

transistors (MOSFETs) are generally used as the switching

device in a converter with low voltage and high current input.

In such a converter, conduction loss introduced by the high

circulating current may sacrifice the efficiency gained by soft

switching. For a high power fuel cell system, high voltage

conversion ratio and high input current are the major

obstacles.

In order to provide a dual AC output, using an example

specification with a nominal fuel cell having a DC output

voltage of22V and anAC load of l20/240V at 5 kW continu-

ous and 10 kW peak, an isolated DC/DC converter is needed

to convert low voltage DC to a DC voltage higher than 400V,

sufficient for a 240VAC output. A DC/DC converter inevita-

bly sees more than 240 A on the fuel cell side, making the

design of a DC/DC converter with low voltage and high

current desirable.

Desirable converters need to be capable of high power

operation with a high voltage conversion ratio. A transformer

is needed for both voltage boost and isolation; however, a

high turns ratio is not favored due to potentially high leakage

inductances. Furthermore, a high switching frequency is pre-

ferred to reduce the passive component size. In order to
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achieve a high switching frequency while improving con-

verter efficiency, soft switching is necessary.

Among the soft switching techniques suitable for high

power converter applications, phase shift (PS) control has

been the favorite. However, for a single phase full bridge

phase shift converter, the ZVS is achieved over a limited load

range. Past efforts have focused on solving this problem. The

most popular solutions are to add a saturable core or make

some devices switch under zero current switching (ZCS)

condition with added auxiliary circuitry.

Fuel cell current ripple reduction is a major issue for fuel

cell converter design. It has been suggested that the ripple

current be limited to less than 10%. Passive energy storage

compensation methods have been suggested and tested exten-

sively. Active compensation methods, with external bidirec-

tional DC/DC converters, have been suggested. These meth-

ods require externally added components or circuits.

In conventional devices, losses occur during switch con-

duction, diode conduction, transformer, output rectifier, out-

put filter inductor, output capacitor, input capacitor and para-

sitics, such as copper traces and other interconnects.

SUMMARY OF THE INVENTION

An embodiment of the present invention relates to a three-

phase transformer isolated phase shift DC/DC converter (V6

converter). An n-phase transformer isolated phase shift

DC/DC converter is also contemplated by the present inven-

tion. The present invention further contemplates operating

modes for the converter and a low frequency current ripple

reduction technique with active control for DC source power

systems under an inverter load. Yet another embodiment of

the present invention is a DC/AC transformer having current

ripple control. A further embodiment ofthe present invention

is a fuel cell having an n-phase transformer isolated phase

shift DC/DC converter, a three-phase transformer isolated

phase shift DC/DC converter, and/or an active current ripple

control.

Maj or aspects ofthe present invention include: (1) increas-

ing converter power rating by paralleling phases, not by par-

alleling multiple devices; (2) doubling the output voltage by

utilizing a transformer delta-wye connection in the three

phase embodiment, thus lowering the turns ratio; (3) reducing

the size of output filter and input DC bus capacitor with

interleaved control; (4) achieving zero voltage zero current

switching (ZVZCS) over a wide load range without auxiliary

circuitry. Due to these aspects, the multiphase soft switched

DC/DC converter of the present invention is highly recom-

mended as the interface between a low voltage high power

fuel cell source and an inverter load. It is also suitable for

other low voltage sources, such as batteries and photovoltaics,

to supply high voltage high power DC to other circuits.

The present invention efficiently converts low voltage DC

to high voltage DC with isolation. The circuit contains mul-

tiple phase legs having two switches each. Two phase legs

form a full bridge circuit that allows efficient soft switching to

be implemented. Multiple phases such as six phases allow

three full bridge circuits to be interleaved to help eliminate

output current ripple, thus reducing the passive component

size. The circuit is suitable for high power converter without

the need to parallel semiconductor devices. With simplicity of

circuit layout and reduction of passive components, the cir-

cuit of the present invention may lower cost as compared to

other state of the art technologies.

An aspect of the present invention is that it splits the

switches in multiple phases with 1200 phase shift between

each phase to allow ripple cancellation. The output connec-
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tion inY—configuration effectively doubles the voltage, allow-

ing smaller turns ratio. The entire converter has the features of

being low cost, compact, high efficiency and low ripple.

Another aspect ofthe present invention is its wide range of

high efficiency operation. An embodiment of the present

invention is higher than 96% efficient from 600 watts to 3100

watts which is better than a 5:1 ratio. Prior art devices with

high efficiency tend to have narrow ranges of operation.

Additionally, a clean operating environment and high

energy conversion efficiency are important aspects of fuel

cells. Stationary fuel cell power applications, either deliver-

ing electricity with utility intertie or directly supplying elec-

tricity to residential area as a standalone power source, can be

used for future distributed generation systems.

Because fuel cell output is normally very low voltage and

the system requires a high voltage output in order to provide

high power output, a converter requires a lot of devices in

parallel to ensure that switches can handle the current, and to

ensure high efficiency power conversion. In this case, split-

ting in multiple phases can take advantages of ripple cancel-

lation that allows smaller size filter components. It also allows

soft switching for a wide load range because the non-switch-

ing phase utilizes other phases current to discharge its output

capacitance and thus achieving zero voltage turn on even at

light load condition.

In summary, the proposed multi-phase interleaved con-

verter represents a performance improvement over conven-

tional DC/DC converters. Efficiency improvements are

achieved through the elimination of switching losses, the

elimination of snubber losses, the elimination of voltage

clamp circuit losses, and the elimination of parasitic ringing

and EMI related losses due to the use of lower voltage power

MOSFET with lower conduction voltage drop. Major cost

and size reductions are also achieved through the present

invention. Output filter inductor reduction voltage clamp cir-

cuit elimination and snubber circuit elimination results in

fewer paralleled devices for input filter capacitor reduction.

A further aspect of the present invention is a new process

that reduces fuel cell current ripple by an active control

method within the existing power converter. The current

ripple generated by an inverter load not only reduces the net

fuel cell output power capability but also imperils fuel cell

stack lifetime. Normally, the ripple is taken care ofby adding

more energy storage passive components, which collectively

increase system size and cost. The present invention further

introduces an active control method to the DC/DC converter

circuit without adding additional energy storage or external

converters. The conventional DC/DC converter either con-

tains a voltage loop controller to control the output voltage

magnitude or a current loop controller to control the output

current magnitude. The present invention further uses volt-

age-loop to control the output voltage magnitude and to use

the current loop to suppress the output current ripple, which

indirectly suppresses the input current ripple. Since the active

current control method of the present invention is only to

improve the control function of the existing controller, the

overall system on size and cost remains the same, while the

performance is largely improved.

An active ripple reduction technique is also proposed by

adding a current loop control into an existing voltage loop

control system. This active current loop control does not need

to add extra converters or expensive energy storage compo-

nents. Rather, it cancels the ripple current at the DC/DC

converter output before it propagates back. Withproper selec-

tion of control bandwidth for both inner current and outer

voltage loops, the ripple current can be significantly reduced

while maintaining a stable DC bus output voltage. The pro-
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posed ripple current model and the control loop design guide-

lines were verified with computer simulation for a 1.2-kW

PEM fuel cell system.

A multiphase DC/DC converter along with a full-bridge

DC/AC inverter was built and tested to compare the ripple

performance under different operating conditions including

open loop, single voltage loop, and dual loop controls. Test

results indicated that under open-loop and single voltage-

loop controls, 17% ripple remains, but under the dual loop

control, the ripple was reduced to within 1%.

Phase-shift modulation is used to achieve device soft-

switching. Also, the multiphase structure reduces the root

mean square (RMS) current per phase, thus reducing the IZR

conduction loss, without paralleling multiple devices. More-

over, aY—connection on the three-phase transformer second-

ary side doubles the output voltage without increasing the

turns-ratio. Therefore, this converter is excellent for high

power converters that have a low voltage source and high

input current.

Overall, major design features and aspects of the present

invention include a low transformer turns ratio achieved by

the delta-wye connection ofan embodiment, a reduced size of

output filter and input capacitor with interleaved control,

ZVZCS for a wide load range without auxiliary circuit, and

high system efficiency.

Higher efficiency is emphasized because it implies a better

operating condition on a fuel cell, savings on hydrogen fuel

and smaller heat sinking requirements. Further reductions in

the output filter may be possible since the inductor current

ripple may be practically eliminated by interleaved operation.

The reduction in passive components and heat sinking also

implies potential reduction in size and weight as well as

savings in cost.

Comparedwith passive methods, the active control method

of the present invention can dramatically mitigate low fre-

quency current ripple to the source, with only a small modi-

fication on controller design. It doesn’t increase passive

energy storage components in the circuit, therefore the sizes

and costs for those circuit components would not increase.

Conversely, the active control method ofthe present invention

helps to reduce the energy storage requirements of the sys-

tem, hence reducing energy storage components’ sizes and

subsequently system volume and cost. The immediate appli-

cation ofthe active control method ofthe present invention is

for a power system with a fuel cell as the DC power source.

This technology, however, can be applied to any DC source

subjected to low frequency harmonics. A significant design

improvement of the present invention is that it dramatically

reduces low frequency ripple components from the input DC

source, and therefore, improves the converter’s overall per-

formance.

Another aspect of current ripple is that it not only affects

fuel cell capacity, but also fuel consumption and life span.

Fuel cells need higher power handling capability, and will

therefore consume more fuel. The 100-Hz harmonic current

exhibits a hysteresis behavior with PEM fuel cells. Injecting

ripple current around this frequency to a fuel cell may result

in thermal problems among stacks and impair the stack life-

time. Fuel cell current ripple reduction is thus a major issue in

fuel cell converter design. It has been suggested that the ripple

current should be limited to less than 10%.

There are numerous additional features of the converter

aspect of the present invention. The output voltage may be

doubled while the turns ratio and associated leakage induc-

tance is reduced. There is no or minimal overshoot or ringing

on the primary side of the device voltage. DC link inductor

current ripple is eliminated. The cost size reduction on the
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inductor is advantageous. Secondary voltage overshoot is

reduced resulting in cost and size reduction with the elimina-

tion of voltage clamping. There is significant EMI reduction

with an associated reduction of cost pertaining to the EMI

filter. Soft switching occurs over a wide load range. High

efficiency embodiments ofthe present invention may have an

efficiency of about 97%. Additionally, the device generates

low temperature while maintaining high reliability.

In summary, some of aspects of the present invention

include efficiency improvements that reduce fuel consump-

tion. The multiphase control of the present invention reduces

the number of passive components resulting in further cost

reduction. Ripple current elimination reduces the size of the

fuel cell stack. Soft start and current control reduce the in rush

current resulting in improved reliability. Soft switching

reduces the EMI. All of which potentially reduces cost of

running fuel cells accordingly.

These and other aspects of the present invention will

become readily apparent upon further review ofthe following

drawings and specification.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the described embodiments are spe-

cifically set forth in the appended claims; however, embodi-

ments relating to the structure and control methods of the

present invention may best be understood with reference to

the following description and accompanying drawings.

FIG. 1 is a circuit diagram of an embodiment of a mul-

tiphase soft-switching DC/DC converter according to the

present invention.

FIG. 2 is a circuit diagram of another embodiment of a

multiphase soft-switching DC/DC converter according to the

present invention.

FIG. 3 is a circuit diagram depicting an alternative format

of a three phase converter according to the present invention.

FIGS. 4a-4d are circuit diagrams depicting the topological

changes, in the embodiment ofthe converter depicted in FIG.

8, in different modes of operation.

FIG. 5a is a diagram depicting gate signals for case 1.

FIG. 5b is a diagram depicting filter inductor current for

case 1.

FIG. Sc is a diagram depicting transformer primary volt-

ages and rectifier output for case 1 of the three phase con-

verter.

FIG. 6a is a diagram indicating upper-switch gate signals

for case 2.

FIG. 6b is a diagram indicating filter inductor current

waveforms for case 2.

FIG. 60 is a diagram depicting transformer primary volt-

ages and rectifier output for case 2.

FIG. 7a is a diagram for case 3 depicting upper-switch gate

signals.

FIG. 7b is a diagram for case 3 depicting filter inductor

current waveforms.

FIG. 70 is a diagram depicting transformer primary volt-

ages and rectifier output for case 3.

FIG. 8 is a diagram depicting voltage conversion ratio

during the three phases.

FIG. 9 depicts a control signal for the embodiment of FIG.

1.

FIG. 10 is a block diagram of the ripple control system of

the present invention.

FIG. 11 is a circuit diagram of a DC/DC converter with

dual loop ripple control.

FIG. 12 is a circuit diagram depicting the voltage loop of

the dual loop ripple control of FIG. 11.
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FIG. 13a is an experimental result graph depicting voltage

overshoot and ringing during device tum-off of a conven-

tional hard-switching device.

FIG. 13b is a simulation result graph depicting voltage

overshoot and ringing during device tum-off of a conven-

tional hard-switching device.

FIG. 14a is a graph depicting voltage spike involving a

conventional hard switched converter.

FIG. 14b is a graph depicting voltage spike reduction,

output voltage and current ripple elimination, and an experi-

mental waveform at ot:150° of a multiphase converter of an

embodiment of the present invention.

FIG. 15 is a graph depicting the output voltage and current

ripple of a conventional single-phase full-bridge converter.

FIG. 16a is a graph demonstrating the EMI of a single-

phase full-bridge converter.

FIG. 16b is a graph demonstrating the EMI elimination of

the multiphase converter of an embodiment of the present

invention.

FIG. 17 is a circuit diagram showing a prior art conven-

tional single phase full bridge converter.

FIGS. 1811-180 are a diagrams depicting soft-switching

operations for each phase.

FIG. 19 is a graph depicting the conversion ratio versus

phase shift of a prototype converter.

FIGS. 2011-200 are graphs depicting device switching

waveforms: (a) Device ZVS Turn-off Waveforms; (b) Lead-

ing Leg Device Tum-on Switching Waveforms with 10%

Load; and (c) Lagging Leg Device Tum-on Switching Wave-

forms with 10% Load.

FIG. 21 is a graph depicting experimental data and trend-

line results for converter efficiency at (x:150° showing the

experimental data measured results for Phase I and calibrated

results for Phase II.

FIG. 22a is a circuit diagram of a single phase full bridge

inverter which generates a low frequency ripple current.

FIG. 22b is a diagram depicting a current ripple propaga-

tionmodel ofthe single phase full bridge inverter ofFIG. 22a.

FIG. 220 is a graph of the results of a Nexa PEM fuel cell

polarization characteristics plotting fuel cell current versus

fuel cell voltage.

FIG. 22d is a graph depicting simulation results of the

equivalent ripple circuit to verify experimental results.

FIG. 23 is a prior art circuit diagram demonstrating current

ripple issues with a DC/AC inverter load.

FIGS. 24a and 24b are graphs demonstrating that an input

capacitor has very little effect on current ripple reduction

wherein the simulation results depict input DC capacitors for

2.2 mF and 4.4 mF respectfully. These graphs appear identi-

cal.

FIGS. 25a and 25b are graphs demonstrating that an output

capacitor can be used as passive solution to current ripple

reduction.

FIG. 26a is a graph demonstrating current ripple reduction

with a high side energy storage capacitor.

FIG. 26b is a graph demonstrating input current ripple as a

function of a low voltage capacitor; Cm.

FIG. 260 is a graph demonstrating input current ripple as a

function of a high voltage capacitor Cdc.

FIG. 27 is a graph depicting experimental current ripples

without adding capacitors or controls which results in more

than 35% ripple current at the input.

FIG. 28 is a graph demonstrating current ripple under

dynamic conditions without adding capacitors resulting in

fuel cell current ripple with a 35% plus overshoot.
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FIG. 29 is a graph demonstrating AC load transient

response for a fuel cell with 53 mF added capacitors which

results in fuel cell current ripple is 5% plus overshoot.

FIGS. 30a and 30b are graphs demonstrating experimental

results (a) with open-loop and (b) with voltage loop control

respectively.

FIG. 31 is a graph depicting experimental results for dual

loop case.

FIGS. 32a-32c are graphs depicting computer simulating

ripple reduction for (a) open-loop case, (b) dual-loop case and

(c) single voltage loop case.

FIG. 33 is a circuit diagram depicting an equivalent pulse

source Vg substituted for the proposed converter topology of

FIG. 3; specifically, the deducted average model for the

switch power stage, together with the transformers and recti-

fier in analysis.

FIG. 34 is a graph indicating the fuel cell polarization curve

indicating the polarization curves with different compressor

speeds.

FIGS. 35a and 35b are diagrams (a) showing load-step

response of Nexa 1.2 kW fuel cell and (b) showing voltage

undershoot due to compressor delay and power overshoot.

FIG. 36 is a circuit diagram depicting dynamic fuel cell

model in an electrical circuit.

FIG. 37a is a graph showing test results of the Nexa fuel

cell without DC/DC converter and any add-on capacitor for a

load step from 185 W to 800 W.

FIG. 37b is a graph showing simulation results for the

testing depicted in FIG. 37a.

FIG. 38 is a graph demonstrating test load transient with a

slow power supply.

FIG. 39 is a graph which indicates that the fuel cell output

responding to a step load change from 400 W to 1 100 W with

a 50 ms time constant, or four orders ofmagnitude higher than

the fuel cell stack response.

FIGS. 40a and 40b are graphs depicting the v6 converter

output under load step and theV6 converter output under load

dump.

FIG. 41a is a domain plot that illustrates the gain/phase for

open-loop and closed-loop cases.

FIG. 41b is a current-loop frequency domain plot that

illustrates the gain/phase for open-loop and closed-loop

cases.

FIG. 410 is a voltage-loop frequency domain plot that

illustrates the gain/phase for open-loop transfer function and

closed-loop gain.

FIGS. 42a and 42b are graphs showing simulation results

on step load transient: load step-up and load step-down

respectively.

FIG. 43 is a block diagram depicting a fuel cell system

power management structure including auxiliary power and

without auxiliary power.

FIG. 44 is a circuit diagram showing a sing-phase option

with a half-bridge converter.

FIG. 45 is a circuit diagram showing a two-phase option

with a full-bridge converter.

FIG. 46 is a circuit diagram showing a full-bridge converter

with paralleled devices to achieve the desired efliciency.

FIG. 47 is a circuit diagram showing a three-phase option

with a three-phase bridge converter.

FIG. 48 is a block diagram ofa SOFC power plant accord-

ing to the present invention.

FIGS. 49a and 49b are diagrams which can be used to

explain the basic calorimeter principle and the basic setup of

a calorimeter.

FIGS. 5011-500 are graphs depicting (a) the results of test-

ing of the 50-liter calorimeter, (b) the test results of the 160-
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liter calorimeter at 120 W conditions, and (c) the temperature

rise versus power loss respectively.

FIG. 51a is a graph depicting simulated low frequency

ripple waveforms using different voltage loop bandwidths

width dual loop control with 667 Hz current loop.

FIG. 51b is a graph depicting simulated low frequency

ripple waveforms using different voltage loop bandwidths

width dual loop control with 2 kHz current loop.

Similar reference characters denote corresponding fea-

tures consistently throughout the attached drawings.

DETAILED DESCRIPTION OF PREFERRED

EMBODIMENTS

FIG. 1 is a circuit diagram of an embodiment of a mul-

tiphase soft switching DC/DC converter according to the

present invention. The embodiment depicted in FIG. 1 is a

three phase converter 100 having an input side 102 and an

output side 104. Each phase contains a transformer for isola-

tion. The input side 102 of each transformer 106, 108 or 110

has a primary coil PCa, PCb or PCC and a set ofswitches S 1-S4,

85-88 or Sg-S10 along with an input DC bus capacitor Cm,

Cmb or Cmc. The DC bus capacitor le for the first phase

switches Sl-S4 associated with the first phase transformer

106. These switches form a full bridge circuit 105, 107 or 109

with two switches on two legs, for example the switches S 1

and S2 are on the al leg, S3 and S4 are on the a2 leg, and the

combination renders the full bridge circuit 105.

Eachtransformer has a primary coil connected between the

legs a1, a2, b 1, b2, c1 and c2 between their respective switches.

For example, the first phase transformer 106 has a primary

coil PCa connected between the al leg and the a2 leg. The

primary coil PCa is connected to the a 1 leg between the

switches S1 and $2 and to the a2 leg between the switches S3

and S4. The full bridge circuit is in turn connected to the input

DC bus capacitor CW, in parallel and to a DC input source

112. All three full bridge circuits are connected in parallel on

the input side and tied to a DC source. Examples of DC

sources include a battery stack, a fuel cell stack or a photo-

voltaic panel.

The input side 102 ofthe second phase transformer 108 has

the same structure as that of the first phase transformer 106.

The second phase transformer 108 connects to four switches

SS-S8 and an input capacitor Cmb. Similarly, the input side 1 02

of the third phase transformer 110 has the same structure as

that of the first and second phase transformers 106 and 108.

The third phase transformer 110 contains switches (SQ-$12)

and a capacitor Cmb, as shown in FIG. 1.

The output side 104 ofthe three phase converter 100 is also

shown in FIG. 1. The secondary coils are connected to a

rectifying circuit. Preferably, the secondary coils SCa, SCI,

and SCC of the three transformers are connected in a Y con-

figuration which is termed a wye connection. Each trans-

former secondary has an output tied to a common point 113,

and an output tied to a three-phase diode bridge, which con-

tains three secondary legs Dl-DZ, D3-D4 and DS-D6 each

having two diodes D1 and D2, D3 and D4, and D5 and D6 on

each leg respectively. The output of the diode bridge is then

connected to an output filter circuit, which contains an induc-

tor Lfand a capacitor Cf. The voltage across the capacitor Cf

is connected to the load 114. The proposed transformer sec-

ondary wye connection is capable of boosting the output

voltage without increasing the transformer turns ratio.

The present invention can have more than three coils on the

input and output sides. The number n ofprimary coils having

11 number of full-bridge circuits is also contemplated by the

present invention. The secondary coils may also have n num-
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ber of secondary coils which are connected in a starburst

pattern with each secondary coil connected between the other

secondary coils and the rectifying circuit in a manner analo-

gous to the wye configuration, wherein each secondary coil is

connected to a secondary leg comprising two diodes. The

secondary coils are connected between the two diodes. Each

secondary leg is disposed in parallel to one another and to the

load. An inductor Lfmay be disposed in series between the

secondary legs and the load. A capacitor Cfmay be disposed

in parallel with the load.

FIG. 2 represents an alternative embodiment ofa converter

100 according to the present invention. This embodiment has

a single input capacitor Cm which is connected in parallel

between the input DC source 112 and the switch legs a1'02 on

the input side 102, as shown in FIG. 2. Similarly, FIG. 3

represents an alternative embodiment ofthe present invention

with a leakage inductor La, Lb and LC connected to each

primary coil PCa, PCb and PCC, as shown in FIG. 3, between

the primary coil PCa, PCb and PCC and one of the phase legs

in each full-bridge circuit such that there is one leakage induc-

tor adjacent the primary coil.

A proposed embodiment of the converter of the present

invention consists of three full-bridge converters. Their out-

puts are connected to a three-phase full-bridge diode rectifier

through a set of transformers, whose secondary windings are

connected in a wye configuration. This connection allows

boosting of the output voltage without increasing the trans-

former turns ratio.

In an ideal case, if 1 per-unit (pu) voltage is applied to one

transformer input and —l pu voltage is applied to another, then

there will be 2 pu voltage imposed on the secondary output.

For example, ifVa1a2:Vdc and Vblb2:—Vdc, then the voltage

at the rectifier output will be 2n Vdc, which is twice the

single-phase transformer converter output.

By controlling the six-leg three-phase converter in an inter-

leaved manner, the three single-phase full bridge converters

can be controlled much like a single-phase full-bridge con-

verter, as discussed hereinbelow. Only one compensator is

needed to regulate the same control variable for all three

phases. The control variable can be either duty cycle, as used

in a conventional pulse-width modulated (PWM) full-bridge

converter, or shift-angle for phase modulation. Soft-switch-

ing can be achieved using phase-shift modulation, in which

the device duty cycle is fixed at 50% and the gate control

signals are shifted between legs.

With reference to the converter of FIG. 3, a steady-state

operating mode analysis applies phase-shift modulation to

the three-phase converter. For the proposed DC/DC con-

verter, interaction occurs among phases from the connection

of the transformer secondary windings. This interaction is

determined by the phase-shift angle between the legs of each

full-bridge converter. Complementary gate signals are

adopted to control top and bottom switches for each leg.

Based on the phase-shift modulation angle a the converter

operating mode can be analyzed for three cases: 0°§0t<60°,

60°<0t<l20°, and l20°<0t<l80°. The three modes are

referred to as operating modes. FIGS. 4a-4d show different

circuit structures and current directions corresponding to four

operation modes. The designations u, v and w in the FIGS.

4a-4d refer to the legs Dl-Dz, D3 -D4, and DS-D6 respectively.

Case 1: 0°<(X<6OO. In case 1, the gate control signal for the

lagging leg (leg 2) is shifted less than 60° (or 1/5 switching

period). The gate signals for the upper devices ofall 6 legs are

shown in FIG. 5a, the filter inductor current in illustrated in

FIG. 5b, and the phase output voltages and rectifier output

voltage (or filter input voltage) waveforms are illustrated in

FIG. Sc. At most one phase transfers DC bus voltage to the
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output; thus, the maximum ideal voltage is 0. Consequently,

the averaged output voltage is:

(I

Vow = W -n- Vdc-

The gate signals and inductor current waveforms are

shown in FIGS. 5a and 5b. FIG. 5a corresponds to the case 1

switch gate signals. Symbol alp means the upper switch gate

signal ofphase leg a1. Similarly, aZP, blp, bZP, clp and czp are

the upper switch gate signals ofphase leg a2, b1, b2, c1 and c2,

respectively. From the timing diagram as an example in mode

0, upper switches alP, c IF, and czp are turned on, and three

lower switches on phase legs a2, b1, and b2 are turned on.

Therefore, phase A is supplying a positive voltage Vdc to the

transformer, and phases B and C are supplying zero voltage to

the transformer. Similar voltage conditions can be applied to

other modes. FIG. Sc demonstrates the transformer primary

voltages and rectifier output also for case 1 and further illus-

trates the voltage across each transformer primary and the

corresponding voltage at the output ofthe rectifier. The wave-

form for Van,2 is designated 116 in the figures, for Vblbz is

designated 118, for V6162 is designated 120, and the rectifier

output is designated 122, as shown. Detailed circuit opera-

tions for each mode are described as follows.

Mode 0(t0~t1): In this mode, phase A applies a positive

voltageVdc to the transformer, which causes the output induc-

tor current, thus phase A current, to increase linearly. Mean-

while, phase B and C are under freewheeling conduction due

to the reflected current from transformer secondary side. The

sum ofphase B and C currents is

[I

“W
T.

Mode 1(t1~t2): This is an idle mode, where all three phases

are under freewheeling conduction. Current freewheels

through phases A and C upper switches and diodes and phase

B bottom switches and diodes. The transformer output volt-

ages are all zero, thus causing the output filter inductor cur-

rent to decrease with the slope ofiVom/Lf. The duration for

this mode is

60°—11

“w-

Mode 2(t2~t3): During this mode, phases A and B continue

in freewheeling mode. However, leg cl upper switch turns off

and the bottom switch turns on, applying a negative voltage,

—Vdc, to the phase C transformer primary. Voltage n~Vdc is

applied to the output filter inductor and causes the current to

increase with a slope of

7" Vdc — Vour

Lf I

This current also flows through phase C transformer second-

ary winding in the negative direction and is reflected to the

primary side. This mode lasts for

[I

A’ZW
T.

Mode 3(t3~t4): At the beginning ofthis mode, leg c2 upper

switch turns off and bottom device turns on, driving phase C

into freewheeling mode. Since phase A and B continue in
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freewheeling mode, there is no voltage output to the trans-

former secondary side, causing the output filter inductor cur-

rent to decrease with the slope of —Vom/Lf. The duration for

this mode is

The steady-state operation analysis for modes 4~ll are

similar to those for the above modes 0~3, but with current

flowing through different phases.

In this case, at most one phase transfers DC bus voltage to

the output side. Thus, the ideal maximum voltage transferred

to the output is 11 Vdc, and minimum voltage is 0. Hence, the

averaged output voltage is

V

(I

out = W 'n'Vdc-

Case 2: 60°<0t<l20°. In case 2, at least one phase and at

most two phases will transfer DC bus voltage to the output.

FIGS. 6a-6c show the top-switch gate signals and inductor

current waveforms for case 2. The voltage across each trans-

former primary and the resulting voltage at the output of the

rectifier are shown in FIG. 60. FIG. 6a shows the case 2 switch

signals, and FIG. 60 shows the transformer primary voltages

and rectifier output for case 2.

In this case, at least one phase and at most two phases

transfer dc bus voltage to the output side. Thus, the ideal

maximum voltage transferred to the output is 2n-Vdc, and the

minimum voltage is n-Vdc. Through similar analysis as in

case 1, the durations for this mode are

 

m _ a — 60°

_ 60°

and

m _ 120° — a

_ 60° 5

respectively. In other words, the output voltage is 2n~Vdc for

05—600

A:—
1 60°

and n~Vdc for

120° — a

= T.A
I 60°
 

Therefore, the averaged output voltage can be derived as

11—600

W-n-Vdc.Vour = 7" Vdc +

Alternatively, the averaged output voltage can be calculated

as:

a — 60° 20° — a

=_. .v —.

60° ” d°+ 60° ”

 [1

dc = WWW/dc-out
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Case 3: 120°<0t<180°. In case 3, the output voltages of

each phase overlap. FIGS. 7a-7c shows the upper-switch gate

signals and inductor current waveforms for case 3. FIG. 7a

shows the switch gate signals for case 3, and FIG. 70 shows

the phase output voltages and rectifier output voltage. The

voltage across each transformer primary and the resulting

voltage at the output of the rectifier are shown in FIG. 70.

Notice how the voltage at the output of the rectifier is con-

stant.

In this case, at least two phases and at most three phases

transfer DC bus voltage to the output side. The output voltage

overlaps, thus the ideal voltage transferred to the output is

2n-Vdc at any time, independent of the phase-shift angle (X.

This also accounts for the filter inductor current being con-

stant for the ideal case. Therefore, the averaged output voltage

is uncontrollable and is always equal to Vom:2n-Vdc.

Since the voltage conversion ratio is fixed, the converter

behaves like a transformer, but with DC input/output voltage.

Therefore, this mode is defined as the DC/DC transformer

mode. From the above analysis of all three cases, the voltage

conversion ratio as a function ofphase-shift modulation angle

(0.) can be illustrated as in FIG. 8 where the regulated con-

verter mode 124 and the DC/DC transformer mode 126 are

shown.

Similar to a single-phase phase-shift converter, the pro-

posed multiphase converter can easily achieve ZVS turn-on

for the lagging leg switches in each phase. For the leading leg,

during its switching transition, the phase current is affected

by the other two phases. The distribution of the current

heavily depends on the phase inductance, which consists of

the transformer leakage inductance and any other stray induc-

tances in each phase. Ifthe phase inductance is large enough,

the switches should be able to turn on with fairy low current

or nearly ZCS.

With reference to the embodiment depicted in FIG. 1, a

control signal for each switch is shown in FIG. 9. For the first

phase switches S 1-S4 the control signals are marked by the

switch identifier S 1-S4, as shown, and indicated in Phase 1.

For the second phase switches 85-88, the control signals are

marked as indicated in Phase 2. For the third phase switches

Sg-Slz, the control signals are also marked as indicated in

Phase 3.

Each switch conducts 180° and turns off 180°. Taking the

first leg a 1 of phase 1 switches and switch S1 which operates

according to a switch S1 control signal as an example, the

switch’s (S l) complementary switch 82 control signal turns

off when the switch S 1 control signal is turned on, and thus

switch S2 control signal is also conducting at 180° per cycle.

The second leg a2 of phase I switches is controlled by switch

S3 and switch S4 control signals. There is a phase shift angle

(1) between the first leg and the second leg. This angle controls

the duty cycle output. The larger (1), the larger output duty

cycle. The phase shift angle (1) can be varied between 0 and

180°. At 180°, the duty cycle is 1, and at 0°, the duty cycle is

0. Phase 2 and Phase 3 have the same switching pattern as that

of Phase 1. However Phase 2 is lagging Phase 1 by 120° and

Phase 3 is lagging Phase 2 by another 120°. Such a control

signal arrangement allows (1) all switches to turn on at zero-

voltage condition and (2) output voltage overlap and passive

ripple cancellation.

Although the use of a passive energy storage component

solution is straightforward and effective, it will largely

increase system volume and cost for a reasonably acceptable

ripple. The better solution is to use active control and to avoid

any penalty. Since there is an active power switching network

between LV and HV sides, it provides a mean to process

energy with high frequency switching operation. A properly
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designed control loop may limit or prevent HV load side

ripple current from entering LV source side fuel cell when the

power stage switching frequency is much higher than the

frequency of load side ripple current.

It should be noticed that to control the ripple current, a

single voltage loop does not track the current directly. Con-

sidering the basic DC/DC operation, by controlling the

DC/DC converter output inductor current with an additional

current loop, it is possible to reduce the ripple current. For a

phase-shift controlled DC/DC converter with both voltage

and current loops included, the control block diagram can be

illustrated in FIG. 10 and the converter system structure can

be shown in FIG. 11.

An optional advanced ripple reduction method with active

control may be used with the present converter to maximize

fuel cell utility. Alternatively, the advanced ripple reduction

method of the present invention may be used with other

converters, including prior art converters. The ripple reduc-

tion method may also be utilized adjacent other converter

topologies, as described hereinafter. FIG. 10 shows the pro-

posed active control system block diagram. Where (X is the

control variable in the system, it can be a control angle in a

phase-shift controlled converter or duty cycle for a PWM

converter.

There are two control loops: a voltage me loop and a

current 1mm loop. The voltage me loop is placed in the

outer loop, and current 1mm loop is placed in the inner one.

Each control loop has a control-to-output transfer functions.

Goa(s) represents the control-to-output voltage transfer func-

tion, and Gla(s) represents the control-to-output current trans-

fer function. Gvc (s) is the outer voltage loop compensator and

GE (s) is the inner current loop compensator. Hv is the gain of

voltage loop feedback circuit and Hz is the gain ofcurrent loop

feedback circuit. Fm is the modulation index of PWM regu-

lator. The inner loop 1mm regulates the current to flow the

output filter inductor, and is a part of the outer loop control.

For the outer loop, a reference vref or V* is given to control

converter output voltage, and the compensator Gvc output is

used as current command for the inner loop.

The inner current loop compensator can be obtained with

its associated operational amplifier (op amp) circuit param-

eters.

1 1+s-R‘2 - Cd

R11 '(Cll + C12) C11 'Cll ]

C11 + C12

GAS) =

 s-[l+s-Rt2-

The loop gain of the inner current loop can be expressed as:

2(3):G,C(S)'Fm'Gm(S)'H,

where Fm is the converter modulation index and Hz is the

current feedback sensor gain. Gm is the transfer function of

output filter inductor current to control angle, (X. For a 3-phase

phase-shift controlled DC/DC converter, the control to cur-

rent output transfer function can be derived as follows.

Ins) _

11(5) _

1+s-R -C n

L f -—-VdcGMS) = 60

RL-(1+s-RiL+sz-L-Cf)

For the outer voltage loop, the compensator gain can be

obtained from its associated op amp circuit parameters.
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G () 1 1+s-RV2-CV1

s = -

W Rv1'(Cv1+Cv2) s-[1+s-R ICvl'Cvl]

V2 Cv1+Cv2

With the inner current loop closed, the outer voltage loop gain

can be expressed as a function of inner current loop gain and

associated compensators. The outer voltage loop loop-gain

can be derived as

GAS) - Fm

TV“) = GM” 1 + Gus) - Fm - G.a (s) - H. '
Goa (S) - Hy

The compensators can be designed with conventional propor-

tional-integral (PI) controllers. By combing the power stage

and the controllers, the system can be illustrated in FIG. 11.

Here voltage loop is the outer loop and current loop is the

inner one. A reference voltage Vrefis given to the outer loop to

control converter output voltage, and the voltage loop com-

pensator Gvc generates a reference signal for the inner current

loop.

The power stage transfer function can be expressed as

 

  

IL(S) 1+s-RL-Cf anC

Gla (S) = m =L—' R a

1+s-—+52-L-Cf L

RL

and

V0(S) l

G = 2: - -V00(5) [1(5) I 2 ’12-le +Lf ’1 dc

1+5 +52-(2n2-L,k+Lf)-Cf

RL

The design guideline for outer voltage loop 128 can be

given as: 1. place the first pole at the origin to eliminate the

steady-state error, 2. place the second pole at the power stage

equivalent series resistance related frequency, typically a high

frequency, 3. place zero around the power stage zero to com-

pensate voltage loop pole caused by the inductor current loop,

and 4. select a gain for the appropriate cross-over frequency.

The design guideline for inner current loop 130 can be given

as: 1. place the first inner loop pole at the origin to eliminate

the steady-state error, 2. place the second inner loop pole at

about half of the switching frequency to attenuate switch

ripple and high frequency noise, 3. place zero at or below the

power stage resonant frequency to damp the overshoot, and 4.

select a gain for the appropriate cross-over frequency.

The inner current loop should have a fast dynamics, there-

fore it requires high bandwidth. The bandwidth for the outer

voltage loop canbe relatively low. Because the 120 Hz current

ripple is of the most concern, to avoid the interaction, the

crossover frequencies ofboth loops should be well separated

from this 120 HZ. At least a half decade of separation is

recommended. Therefore, a preferred current-loop crossover

frequency is above 600 Hz and the voltage loop crossover

frequency should be lower than 24 HZ. Further separation for

voltage loop is preferred. This current loop is to regulate the

inductor current to produce a pure DC so that there is no ripple

propagating back to the fuel cell.

To verify the average model ofthe converter, a controller is

designed and simulation is performed for load transients,

assuming a resistive load. A relatively low crossover fre-

quency is used to avoid interactions between systems. One
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decade of separation between the cross-over frequency ofthe

DC/DC converter and that of an inverter load should be suf-

ficient to avoid system control interaction. A 1-Zero 2-pole PI

compensator is employed here, as illustrated in FIG. 11.

FIG. 12 is a diagram depicting PID controller structure for

the voltage loop alone, which has been widely used in the

conventional DC/DC converters. The following relationship

applies to the voltage loop alone:

5

1+—

(4)1
—s.

s-[1+—]

“p

The controller parameters for the voltage loop alone are

determined based on the following guidelines: first, place the

first pole at the origin to eliminate the steady-state error,

second, place the second pole at the power stage equivalent

series resistance (ESR) related frequency, typically a high

frequency, third, place zero below the power stage resonant

frequency to damp the overshoot, and fourth, select a gain for

the appropriate cross-over frequency.

GAS) = GAO)

The ripple reduction control circuit, as shown in FIG. 11,

has a reference voltage Vref and a reference current Ire/.4 A

ripple reduction control circuit for the voltage reference Vref

has a first resistor va in series with one side of a second

resistor sz which is in series with a first capacitor CV1, both

the second resistor sz is connected in parallel to a second

capacitor CV2. A ripple reduction control circuit for the cur-

rent reference Irefhas a third resistor R, 1 in series with one side

ofa fourth resistor R12 which is in series with a third capacitor

C11, both the fourth resistor R2 is connected in parallel to a

fourth capacitor C12.

A sample of the multiphase soft-switching converter

according to the embodiment of FIG. 1 has been assembled

and tested to compare with the conventional hard-switching

and single-phase full-bridge soft-switching converter. Test

waveforms were compared side-by-side with the conven-

tional technologies to show superiorities of the proposed

converter. Three major features were found in the system

level test with the proposed soft-switching DC/DC converter:

(a) Elimination of voltage overshoot and ringing on Vds, (b)

Elimination of output voltage and current ripples, Vd andViL,

and (c) Elimination of output electromagnetic interference

(EMI).

The elimination of voltage overshoot and ringing on Vds,

during device tum-off, is a major feature ofthe present inven-

tion. A typical hard-switching converter introduces signifi-

cant voltage overshoot, and therefore, requires higher voltage

rating devices to operate which is a major cost penalty. The

evidence can be seen in FIG. 1311. With input voltage of28 V,

the device voltage shoots up to 52 V. This simply implies that

device voltage rating needs to be twice the fuel cell voltage

plus some safety margins. The voltage overshoot and ringing

can also be seen from computer simulation results, as shown

in FIG. 13b.

FIGS. 14a and 14b compare the voltage across the device,

Vds. The voltage spike is nearly double when the power is

pushed to 3.8 kW. Even with light load condition, the device

voltage also presents overshoot and significant ringing under

device tum-offand other phase tum-on conditions. As shown

in FIG. 1411, the voltage overshoot and ringing problems

prevail even at 12% load condition. This problem is com-

pletely eliminated when the devices are running under zero-

voltage soft-switching condition. FIG. 14b indicates that both
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phase a and phase b device voltages do not see any overshoot

and ringing under tum-off condition.

FIG. 14b shows the experimental results of the proposed

multiphase converter with zero inductor current ripples, and

continuous voltage output waveform. Specifically, the wave-

forms in FIG. 14b show the phase a device voltage Vds (20V/

div) designated 132, phase b device voltage Vds designated

134, the inductor current 136, and the voltage before LC filter

Vd designated 138. The voltage before LC filter, V0,, does not

drop to zero. It has high frequency ripples due to parasitic

ringing, but can be filtered with a much smaller inductor. As

compared to the conventional full-bridge filter, this inductor

size is only a fractional size. The waveforms in FIG. 15 show

device voltage designated 140, voltage before LC filter 142,

Vd, other phase device voltage 144, Vds and inductor current

146 iL. Comparison between full-bridge and the present

invention converters of FIGS. 15 and 14b respectively indi-

cated that the secondary inductor current is ripple-less in the

converter of the present invention. In principle, no DC link

inductor is needed with the present topology. The secondary

voltage swing is eliminated using the converter ofthe present

invention with less than 40% voltage overshoot as compared

to 250% with the full bridge converter.

Experimental results are shown in FIG. 14b for the DC/DC

transformer mode. The device voltages are very clean, result-

ing in low voltage stress. The inductor current ripple is not

noticeable. This implies that the inductor size can be further

reduced. The rectifier output voltage, the voltage before LC

filter, is continuous. It would have a clean DC output if there

is no parasitic ringing. However, the high-frequency ringing

on the rectifier voltage is less than 50V for a 200V output;

thus, no voltage clamp is needed. The input current between

switching devices and the low-side DC bus capacitor is not

shown because it is not accessible with the printed circuit

board as the interconnection. However, the evidence of a flat

output inductor current implies clearly that the input ripple

current is also canceled with interleaved operation. With

reduction on the major passive components including both

output filter inductor and the input DC bus capacitor, a sig-

nificant cost reduction can also be expected. The diagram of

FIG. 14b depicts an experimental waveform at (x:150°.

It should be noticed that the power level was intentionally

run at a lower level because a zero-voltage condition is

tougher to achieve under lower power condition. In our case,

soft switching can be achieved in a wide load range because

the non-switching phases provide additional current paths to

allow the device output capacitance to be discharged, and thus

achieving zero-voltage switching.

With elimination of voltage overshoot, the proposed con-

verter is a candidate for fuel cell converter. In general fuel cell

voltage under no-load condition is 50% higher than under

full-load condition. By using the above test results as the

example, the hard-switched converter needs at least 75V

device to avoid over-voltage breakdown. With the proposed

soft-switching converter, only 60V device is needed. This

represents both efficiency improvement and cost reduction

with the use of the same amount of silicon.

The conventional full-bridge converter output voltage is

discontinuous due to the nature of the simple buck-type con-

verter circuit. A well-known Cuk converter circuit allows

ripple current reduction through the use of a bulky high-

frequency capacitor, which is not practical in a high power

isolated DC/DC converter. The multiphase converter of the

present invention has overlapped output voltages that cancel

the voltage discontinuity and thus eliminate the current

ripple. FIGS. 15 and 14b compare the test results between the

conventional full-bridge converter and the proposed mul-
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tiphase converter. FIG. 15 indicates that the converter output

voltage seen before the output filter, Vd, not only is discon-

tinuous, but also has significant voltage spike due to parasitic

ringing. The inductor current rises when Vd is positive and

falls when Vd is zero, and the current waveform looks like a

saw tooth wave. Although the ripple current can be smoothed

with a large inductor, the size and cost of the inductor is

objectionable.

FIGS. 16a and 16b depict the input and output voltages and

currents at 1 kW output conditions. The voltage overshoot

and parasitic ringing seen before LC filter, Vd, tend to create

high frequency EMI noise at the output capacitor. As seen in

FIG. 1 6a, the output voltageVO has high frequency ripple that

cannot be filtered by the electrolytic capacitor because the

resonant frequency ofthe electrolytic capacitor is much lower

than the EMI frequency. Conventional approach of alleviat-

ing such high frequency EMI is to add a voltage clamping

circuit with high frequency capacitor to absorb the voltage

ringing energy.

With the proposed multiphase approach, the results

depicted in FIG. 16b, the voltage before LC filter is continu-

ous, and the high-frequency ripple is blocked by the filter

inductor, thus the output voltage Va is very clean. Without the

need to add voltage clamping or snubber circuits, the pro-

posedmultiphase interleave structure naturally eliminates the

EMI noise. This feature not only saves the cost and reduce the

size, but also improves the efficiency. The multiphase con-

verter of the present invention depicted of FIG. 16b has sig-

nificant improvement with less EMI and a better efficiency

(97% versus 87% after calibration).

FIG. 17 shows a conventional existing single-phase full-

bridge converter which may be the source ofthe conventional

comparison data for FIGS. 1311-1619. In order to achieve high

efficiency power conversion each switch set may parallel

multiple switches. In this circuit diagram, three switches are

connected in parallel. The total number of the switches is the

same as in the present invention however this conventional

circuit does not have ripple cancellation characteristics. One

leg of the bridge circuit cannot achieve zero-voltage turn-on

at light load because the energy stored in the transformer

leakage inductance is not enough to discharge the device

output capacitance. This conventional single phase full bridge

converter may be combined with the active current ripple

control to yield an alternative embodiment of the present

invention but is discussed here relative to the multiphase soft

switched DC/DC converter of yet another embodiment,

which lacks active current ripple control, ofthe present inven-

tion.

The proposed converter is simulated for the three operating

cases mentioned above under the following conditions: 25V

input DC voltage, resistive 309 output load, 50 kHz switch-

ing frequency and 500 ns dead-time control for each leg.

Other circuit parameters are: 23 nH leakage inductance on the

primary side of each phase, 70 pH filter inductor and 2.2 mF

filter capacitor. For the phase-shift modulation angle, 400 is

used for case 1, 80° is used for case 2, and 150° is used for case

3.

Since phases A, B and C are identical except for the 120°

phase displacement from each other, the resulting waveforms

are similar. Therefore, only phase A waveforms are shown in

FIGS. 1811-180. In FIGS. 1811-180, leg al ZVS turns on at 146

and leg a2 ZVS turns on at 148. The phase current and device

drain-to-source voltages are recorded. Simulation results

verify that the lagging leg switches are operating under ZVS

condition. Also, from the simulation results we can see that,

for all three cases, the leading leg al switches are turned on

under zero-current condition. When alp and azp or am and a2"
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are conducting simultaneously, the phase current ia would

have been continuously flowing in the conventional full-

bridge converter. With a three-phase structure, this current is

reset by the other two phases, and the zero-current switching

condition for the leading leg is naturally created without

additional resetting circuitry.

In case 1 and case 2, to get the same output voltage, a larger

phase-shift modulation angle is needed at heavy loads due to

component voltage drop. Therefore, the above simulation

results imply that the converter operates under soft-switching

for a wide load range with closed-loop regulation. Another

simulation comparison has been done by varying load resis-

tance to get a 400V output, with the same phase-shift modu-

lation angles as stated in the above cases. The simulation

results also confirm that the ZVZCS soft-switching operation

can be achieved.

To verify this new topology, a prototype unit was built and

tested. It consisted of three major parts: a six-leg converter

power board, a set of three transformers, and an output recti-

fier/filterboard. In this test unit, three full-bridge single-phase

converters are synchronized by an external clock signal and

are controlled by the same reference signal. Thus, with well-

tuned ramp signals, the phase-shift modulation angles

between two legs for each phase are identical. This timing is

desirable because, if it is slightly unmatched, it may cause

large circulating energy among the transformer primary

sides.

The actual conversion ratio for the prototype is shown in

FIG. 19. As can be seen, the experimental results match very

closely with the ideal ratio. The discrepancy is the power loss

in the circuit, caused by the impact ofdead-time control in the

leg switches and duty-cycle loss caused by circuit inductance.

The experimental results also verify the converter soft-

switching operation. Device switching waveforms are shown

in FIGS. 2011-200, with the device voltage designated 150,

gate signal 152, and phase current 154. With current circuit

parameters, all the devices tum-offwith ZVS, as illustrated in

FIG. 2011. FIG. 20b shows the turn-on switching waveforms

for the leading leg devices; the lagging leg devices turn-on

waveforms are shown in FIG. 200. It should be noticed that

these turn-on waveforms are acquired with only 10% load

condition, and the ZCZVS operation is apparent. An

increased load helps to achieve device ZCZVS operation,

confirmed by tests not presented here.

The soft-switching operation discussed above improves

system efficiency. The curve in FIG. 21 shows the measured

and calibrated system efficiency for different loads, with a

margin of error of 11%. The heatsink temperature rise was

less than 20° C. at the 2 kW condition with natural convection.

The efficiency measurement results for of FIG. 21 show an

experimental data and trend line. The measurement error was

within 1%. The heat sink temperature rise was less than 200 C.

at 2 kW with natural convection. Both measured and cali-

brated efficiency results are depicted in FIG. 21.

An equivalent ripple circuit model was derived. FIG. 22a

shows a single-phase full-bridge DC/AC inverter circuit 153.

The inverter is implemented with a sinusoidal pulse width

modulation (PWM) method at 20 kHz to ensure a clean output

voltage. With a linear load, the output current has the same 60

Hz frequency and sinusoidal waveshape as the output voltage.

The inverter input voltage and current are DC, but current

contains high frequency switching noises and a low fre-

quency ripple component. The ripple component is consid-

ered the rectification effect through the inverter switches, and

thus it appears to be a 120 Hz pulsating current. The PWM

switching noise is filtered with a high-frequency dc bus

capacitor, CHF, but the energy ofthe 120 Hz ripple is too high
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to be absorbed.Abulky DC bus capacitor Cdc can then be used

to smooth the 120-Hz ripple, but a significant part of the

120-HZ ripple remains and continues to propagate through

the entire DC/DC converter and back to the fuel cell.

To study the ripple propagation, the entire converter is

simplified in an AC equivalent circuit model. This ripple

propagation model and passive solution can be understood

with reference to the model depicted in FIG. 22b which

derives a DC model 156 and anAC ripple model 158 from the

original model 155, as shown. The inverter looking into from

CHFtogether with its load is substituted by a 120 Hz pulsating

current source, 110ad, and the fuel cell is replaced with a

voltage source Vfc along with internal impedance R5. The

filter inductor L], DC bus capacitor Cdc, and the input capaci-

tor Cm represent the impedances on the propagating path. The

electrolytic capacitor equivalent series resistors (ESRs) R67

and RC," are included.

When the DC/DC converter switching frequency is much

higher than the ripple frequency, the DC/DC converter can be

treated as an ideal DC/DC transformer. The DC model in FIG.

22b shows the use of a DC transformer to replace the entire

DC/DC converter. Since only ripple components are of inter-

est in the study, the DC voltage source can be shorted, and the

primary circuit impedances can be converted to the secondary

quantity. Thus a simplified AC ripple model can be repre-

sented with only the ripple current source and impedances on

the propagating path. Here the DC/DC converter can be rep-

resented with a simple resistor Rdc.

the input ripple current from voltage source can be

expressed in the following formula:

1+sb1 +52b2

= —ni, d

1 +5611 +52a2 +s3a3 0a

ifc

where n is the voltage conversion ratio between output ac

peak voltage and low-side fuel cell voltage, and

a 1:(Rdc+RCdc) Cf+RCmCm+R5Cm“CR:Cdc

a2:(RCm+Rs)Cm(Rdc+R Cdc) Cdc+Cchfl'

”2R5CchCmCm

a3:(RCm+Rs)LdeCCm

b 1 :RCmCm+RC/Cdc

b2:RCmCm(Rdc+R Cf) Cdc

The equation above provides the insight ofthe relationship

between the input current ripple and load current ripple with

all critical circuit parameters. In the expression, the source

impedance R5 is determined by the fuel cell characteristic and

is one of the major dominant factors in the equation because

the whole ripple expression is based on the current branching

through different impedance paths.

In order to verify the validity of (1), the source impedance

of the Nexa PEM fuel cell is obtained from its polarization

characteristic, as shown in FIG. 220. In most load conditions,

the source impedance is 0.29. Under the light load condition,

this value needs to be increased according to the slope of the

VI characteristic.

Using the actual hardware system with Cm:10 mF (with 5

of2 mF in parallel), RS:0.2Q, Lf:100 uH, Cdc:680 F, n:5,

and ESR:50 mg for each electrolytic capacitor, the derived

ripple equivalent circuit shown in FIG. 22b is simulated with

PSICE, and the results are shown in FIG. 22d. In this simu-

lation, the load current iLogd represents the current between

CHF and CDC and is swinging from zero to peak, or 100%



US 7,518,886 B1

21

ripple. The equivalent fuel cell current ifC/n is smoothed out,

and shows nearly the same average value as iLog0,. With scal-

ing factor n is multiplied back, the ifc curve clearly indicates

34% peak-to-peak or 17% ripple. The fuel cell is operating at

30V, 35 A steady state condition in this case.

The DC/DC converter can be simplified to a DC trans-

former with conversion ratio 1 :N, and the ripple model can be

derived as FIG. 22b. Based on this model, the input ripple

current, im, from voltage source can be derived as a function

of the load current, iLoad. The magnitude of the input ripple

varies with capacitor values, and the dynamic is associated

with the capacitor equivalent series resistors (ESRs).

Both low-voltage (LV) and high-voltage (HV) capacitors,

Cm and thave strong effects when the capacitances are low.

The HV side capacitor Cftends to have more influence than

the LV side capacitor Cm does because it is directly shunting

the ripple current. To reduce input current ripple with passive

energy storage components, large capacitors are needed, and

the HV side capacitor has larger impacts than the LV capaci-

tor does. Furthermore, low ESR capacitor is always preferred,

especially on HV side.

A stationary fuel cell power plant typically consists of a

DC/DC converter and a DC/AC inverter. For single-phase

output load, the alternating current ripple reflects back from

inverter through DC/DC converter and flows back to the fuel

cell. Thus the fuel cell may see large low-frequency current

ripple, which may harm fuel cell and degrade fuel cell life

time, as well as limit fuel cell deliverable power capability.

FIG. 23 demonstrates current ripple issues with DC/AC

inverter load. The current ripple propagates from AC load

back to DC side. With rectification, ripple frequency is 120

Hz for 60 Hz systems. Low frequency ripple is difficult to be

filtered unless capacitor is large enough. AC current ripple

problems include inverter AC current ripple propagates back

to the fuel cell. Fuel cell requires a higher current handling

capability which results in a cost penalty to fuel stack. Ripple

current can cause hysteresis losses and subsequently more

fuel consumption resulting in cost penalty to fuel consump-

tion. State ofthe art solutions involve adding more capacitors

or adding an external active filter(s) which results in size and

cost penalty. A most preferred embodiment of the present

invention combines the V6 converter with active ripple can-

cellation technique to eliminate the ripple resulting in no

penalty.

FIG. 23 shows a circuit model for AC current ripple.

DC/DC converter parameters for ripple study: input voltage

25V, output voltage 200V, input DC capacitor 6 mF, output

DC capacitor 2.2 mF, filter inductor 84 mH, inverter modu-

lation index 0.86 and inverter load resistor 16.79. FIGS. 24a

and 24b compare the simulation results with input DC capaci-

tor between 6 mF and 13 .6 mF and demonstrate that an input

capacitor has very little effect on current ripple reduction.

FIGS. 25a and 25b compare the simulation results with out-

put DC capacitor between 2.2 mF and 4.4 mF and demon-

strate that the output capacitor can be used as passive solution

to current ripple reduction; however, cost is a concern.

FIG. 26a demonstrates current ripple reduction with a

high-side energy storage capacitor and indicates that ten

times capacitor is needed to drop ripple current under 5%. The

numeral 160 demonstrates standard design and 162 desig-

nates adding a 55 mF capacitor. There are some freedoms to

vary the circuit parameters for parametric study. The major

components that can be played with are the two energy stor-

age capacitors: the low-voltage (LV) capacitor Cm, and high-

voltage (HV) capacitor Cdc. Given load current ripple rms

value ilog01:1 per unit (pu), the input current ripple amplitude

as a function of Cm and Cdc can be plotted in FIGS. 26b and

260. These parametric studies not only allow the component

selection to match ripple requirement, but also further prove

the validity of the equivalent ripple circuit model. In either
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case, the nominal conditions with Cm:10 mF and C0,5680 uF

are highlighted to indicate that the calculated 17% current

ripple agrees both simulation and experimental results.

It can be seen that both LV/HV capacitors have strong

effects on ripple reduction, but the increase of Cdc tends to

have higher impact than that ofCm. The LV capacitor requires

approximately x2 amount of capacitance to achieve x amount

of ripple reduction. For example, to reduce ripple from 17%

to 10%, Cm needs to be increased from 10 mF to 29 mF. The

HV capacitor, however, requires approximately xl'5 amount

of capacitance to achieve x amount of ripple reduction. For

example, to reduce ripple from 17% to 10%, Cdc needs to be

increased from 680 uF to 1.5 mF. This can be explained that

the stored energy is higher with the HV capacitors.

FIG. 27 is a graph of steady-state test results of a fuel cell

power system showing current ripple components agreeing

with its simulated condition. This graph depicts experimental

current ripples without adding capacitors or controls results

in more than 35% ripple current at the input. The graph lines

indicate input voltage (20V/div) 164, input current (1 0A/div)

166, AC load voltage (200V/div) 168, and AC current load

current (5 A/div) 170. For the graphs, the designation for fuel

cell voltage (10 V/div) is 172, fuel cell current (10 A/div) is

174, DC link current (25 A/div) is 176, AC load current (10

A/div) is 178, DC bus current (10 A/div) is 180, DC bus

voltage (a00V/div) is 182, input voltage is 184, input current

is 186, output current is 188, output voltage is 190. Results

shown in FIG. 27 demonstrate the experimental verification

for the above simulation condition using a full-bridge con-

verter as the dc-dc converter and a full-bridge inverter as the

dc-ac inverter. The inverter output is a resistive load with a

voltage and current condition at 110V rrns and 8 A rrns.

Notice that the simulation injected current iLogd is the rectified

result from the actual load current. The fuel cell operating

condition is 30V, 35 A. All circuit parameters are the same as

those used in the simulation. The results indicate that both

simulation and experimental results match very well, the

peak-to-peak ripple is the same as that obtained in simulation

at 34%. The proposed ac ripple circuit model is thus proven to

be valid.

FIG. 28 demonstrates current ripple under dynamic condi-

tion without adding capacitors which results in fuel cell cur-

rent ripple is 35% plus overshoot. FIG. 29 demonstrates AC

load transient response for fuel cell with 53 mF added capaci-

tors which results in fuel cell current ripple is 5% plus over-

shoot.

FIGS. 30a and 30b demonstrate experimental results with

open-loop and with voltage loop control. FIG. 30a demon-

strates open loop and FIG. 30b demonstrates voltage loop

control. The effectiveness of ripple reduction with the pro-

posed current-loop control has been verified by both simula-

tion and experiment. A 3-phase 6-leg dc-dc converter, a full-

bridge DC/AC inverter, together with Ballard Nexa 1.2 kW

PEM fuel cell are used to form a fuel cell power conditioning

system for the study. This converter has an HV—side capaci-

tance (2.2 mF) and a LV-side capacitance (6.6 mF). It is

designed for a higher power system.

Before performing dual loop test, the circuit was tested

under open-loop and voltage-loop closed conditions. FIG.

30b shows the experimental results with DC/DC converter

operating under open-loop condition. The DC bus voltage is

200V, and the output current switching from 2 to 14A, or near

75% ripple. The input side measurement indicates a voltage

of 18V and an average current of 94 A, which has a ripple

current of 12.5%.

As compared with the open-loop test results shown in FIG.

30b, the closed-loop control with only voltage loop closed

does not help current ripple reduction, and a 12.5% ripple is

observed in FIG. 3 0a. The test condition for DC/DC converter

load output is 200V, 8 A.
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FIGS. 23 and 27 show the ripple propagation in a typical

inverter-based power plant. When a single phase inverter

supplies low frequency, 60-Hz sinusoidal voltage to the load,

the sinusoidal load current appears on the high voltage DC

side as a 120-Hz pulsating direct current. Part ofthe pulsating

current is drawn from the high voltage side bulky DC capaci-

tor; the other part will be drawn from upstream DC/DC con-

verter. The DC-DC converter absorbs partial ripple compo-

nents, and the remainder will reach the fuel cell. Test results

5

using a 1.2 kHz PEM fuel cell and a commercial fuel cell 10

inverter indicate that the peak-to-peak ripple component is as

high as 35% of the fuel cell average current. In other words,

the fuel cell current propagation from inverter load to fuel cell

ofFIG. 23 with test results ofFIG. 27 showing 35% of 120-Hz

ripple current component produced by the 60-Hz AC load.

Such a high ripple current content requires that fuel cell

stack gross power generation capability be about 20% higher

than the net output rating. Past research also suggested that

such a ripple current may harm the fuel cell and consume

more fuels due to a hysteresis effect. The fuel cell stack will be

larger and more costly to generate such greater gross power.

Prior to this work, engineering trade-off analyses optimize

the fuel cell stack, hence cost, compared to adding passive

energy storage/ripple filtering capacitors, and the other is to

add an external active filter circuit to absorb the ripple at the

high-side capacitor. Test results presented herein show that 10

times the capacitance is needed to cut the ripple content down

to 5%. The prior art passive solutions need substantial extra

parts that are bulky and costly and adversely impact the over-

all fuel cell power plant cost and fuel efiiciency.

FIG. 1 1 demonstrates the solution to ripple reduction ofthe

present invention by adding a current loop to regulate the

output current. The active current control technique elimi-

nates the current ripple via intelligent control of the DC/DC

converter. FIG. 31 demonstrates the fuel cell current ripple

reduction with the proposed active control technique in which

fuel cell current ripple is reduced to less than 2%. This devel-

opment can benefit other distributive generation power gen-

eration technologies such as solar wind and microturbines.

The intelligent active ripple cancellation technique utilizing a

current loop inside the voltage control loop and experimental

results showing ripple current to the fuel cell stack is nearly

eliminated. The present V6 DC/DC converter prototype dem-

onstrates a high efiiciency with a wide-range soft switching of

97%. Cost reduction results by cutting down passive compo-

nents which results in six times the output inductor filter

reduction with three-phase interleaved control, six times in

input high frequency capacitor reduction, and ten times out-

put capacitor reduction with active ripple reduction. Further-

more, the V6 DC-DC converter prototype of the present

invention results in reliability enhancement because no

devices are in parallel, soft-start control to limit output volt-

age overshoot, and current loop control to limit fuel cell

inrush currents. Significance to SECA program and SOFC

design involves a 20% stack size reduction by efiicient power

conversion and ripple reduction, and inrush current reduction

for reliability enhancement.

With the same load condition and current loop control

added, the simulation and experimental results, shown in

FIG. 32a, clearly indicate a significant reduction on current

ripple. The upper trace in FIG. 31 is the input voltage, which

stays flat without any ripple component that is seen in FIG.

32a where the input fuel cell voltage has a noticeable ripple

due to the current ripple. The second trace in FIG. 31 is the

input current, which has a peak-to-peak ripple less than 2%.

The third trace in FIG. 31 is the output current ofthe DC/DC

converter, which has a ripple switching from 2 A to a peak of

14 A. The bottom trace in FIG. 31 is the output DC bus

voltage, which has a small ripple on top of 200V.
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With further reference to FIG. 11, an averaged model for a

three-phase transformer isolated phase shift DC/DC con-

verter according to the present invention was designed, simu-

lated and verified with a 3 kW converter prototype and a

commercial 1.2 kW fuel cell. The experimental results match

the simulation results on both fuel cell source dynamic and

step load transient responses. The 3 kW prototype is tested

with a closed-loop control to verify the model and control

design. These experimental results agree with the simulation

results on both fuel cell source dynamic and step load tran-

sient responses, verifying the converter model and validating

the control design.

Both simulation and experimental results show improve-

ment on ripple mitigation. The improvement for ripple reduc-

tion resulting from the present invention has been proven with

both computer simulation and hardware experiments, as

shown in FIGS. 32a-32c, 30b, and 31, respectively. FIGS. 32b

and 31 indicate that after applying the proposed active con-

trol, only small portion of the ripple component remains on

the DC/DC converter input side. The improvement for ripple

reduction is obvious from both the simulated waveform in

FIGS. 32a and 32b and experimental waveforms in FIG. 30b,

32c, and 31. After applying the proposed active control, only

small portion of ripple components remain on the input side

of the DC/DC converter.

With the proposed smart controller, the results clearly indi-

cate that the present invention effectively eliminates the

ripple current feeding back to the source, which is very objec-

tionable in fuel cell type sources. Compared with the passive

method, this active control avoids additional bulky and

expensive energy storage components, thus reducing the size

and cost of the overall system.

In the proposed converter topology, the switch power stage,

together with the transformers and rectifier, can be substituted

with an equivalent pulse source Vg, as illustrated in FIG. 33.

This pulsating source can be averaged to a constant DC

source Vd. The average model can then be derived with an

equivalent Buck converter topology having an equivalent

switching frequency of 6 fsw.

Based on the above analysis, the equivalent voltage source

in the averaged model would be:

[I

 

W-n-VdC (0<11<60°)

Vd = f(11, ”a Vdc) = 6:0 .n. Vdc (60° < (I <1200) .

Z-rL-leC (120°<11<130°)

And the equivalent circuit inductance would be:

L = Leg + Lf =

1.5 nZ-le +Lf (0<11<60°)

2 n2 -L,k +Lf (60° < a <120°) ;where le = 1., = Lb = LC.

1.5 nZ-le +Lf (120° < 11< 130°)

Using the phase-shift control angle, (X, as the control vari-

able, the phase-shift angle to output voltage, V transfer

function becomes:

0at:

Vd(5)

11(5) I

vows) _ Ms)

Gm“) = v40)
  11(5) = G040)- 
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For 0°<0t<60°2

G ()— 1 V
0” S ‘ 1.5 nZle +Lf 60° ” d“

1+S-T+52-(l.5 112-le +Lf)Cf

For 60°<0t<120°z

G 1 V
”(5) ‘ 2 7‘2le +Lf 'W '” d“

1+S-T +52-(2 nZle +Lf)Cf

For 120°<0t§180°2 Since Vow is independent of (X, Gm

(s): 1.

Testing was performed on a DC/DC converter with a PEM

fuel cell. Fuel cell polarization curve is depicted if FIG. 34

which indicates the polarization curves with different com-

pressor speeds. The first curve 192 indicates when fuel cell

runs at parasitic load conditions results when compressor is

running at low speed. The second curve 194, when fuel cell is

fully loaded, the compressor is not immediately responding to

load step resulting in voltage dips. The third curve 196 when

the compressor speeds up results fuel cell voltage picks up.

Dynamic fuel cell voltage and cured output. Fuel cell

dynamics are depicted in FIGS. 35a and 35b showing voltage

undershoot 198 (2.5V) due to compressor delay and power

overshoot. The output current 208 and output voltage 210

respond to the stack response 199 and a dip is caused by air

compressor delay 197, as shown in FIG. 35a. the first time

constant 202 and second time constant 204 are shown in FIG.

35b exhibiting a 150 W dip. There is also a 300 W power

overshoot 206 at indicated. The step loadwas 1 .47 kW and the

parasitic power was 70 W for the FIG. 35b. A dynamic fuel

cell model in electrical circuit is shown in FIG. 36 wherein

multiplying ratio 212, low current branch 216, high current

branch 214, parasitic load 224, transient load 222, first time

constant 220 and second time constant 218 are as indicated.

When there is a high load current there is high voltage drop,

when there is low output voltage there is a low voltage drop.

For topology testing and control verification purpose, a 3

kW prototype unit was built. It consists of three major parts:

a six-leg converter board, a set of three single-phase trans-

formers, and an output rectifier/filter board. In this prototype

unit, three full-bridge single-phase converters are synchro-

nized by an external clock and are controlled by the same

reference signal. Thus, with well-tuned ramp signals, the

phase-shift modulation angles between two legs for each

phase are identical.

Fuel cell and converter interaction. As mentioned before,

the fuel cell stack reacts to load changes in microsecond

range. However, the addition of input bulk capacitor slows

down the fuel cell output dynamic dramatically. FIG. 37a

shows test results of the Nexa fuel cell without DC/DC con-

verter and any add-on capacitor for a load step from 185 W to

800 W. Results indicating the fuel cell output voltage VG

(lOV/div) the fuel cell output current Ifc(5 A/div) and fuel cell

output power Pfc (200 W/div) are shown. A time constant of

less than 5 us can be observed on the fuel cell output power.

Since the hydration level is maintained well with a step load

less than half the fuel cell power rating, the fuel cell voltage

returns to the steady state in less than 5 us. This fast fuel cell

stack dynamic, however, is largely slowed down by the bulk

capacitors of the DC/DC converter, especially on the input

side. FIG. 39 indicates that the fuel cell output responding to

a step load change from 400 W to 1100 W with a 50 ms time

constant, or four orders ofmagnitude higher than the fuel cell
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stack response. The voltage dip that was found, without run-

ning the DC/DC converter, no longer exists because of the

bulk input capacitors. In order to verify such a fuel cell con-

verter interaction, we created a static fuel cell model that

matches the fuel cell polarization curve to run with the dc/dc

converter that has 30 mF input capacitor. The simulation

results match the experimental results as well, as indicated in

FIG. 39. FIG. 37a demonstrates a fuel cell system response on

step load transient without output add-on capacitor. FIG. 39

demonstrates a fuel cell system response on step load tran-

sient with 30 mF output add-on capacitor.

Converter response to output load transient. FIGS. 40a and

40b shows the load transient testing waveforms between 400

V and 1.2 kW loads. The results show that the output voltage

is well regulated and the system is stable with the controller of

the present invention. The experimental results match the

previously mentioned simulation results well, thus validating

the system modeling and control design. FIGS. 40a and 40b

demonstrate experimental step load transient waveforms.

FIG. 4011 represents load step-up and FIG. 40b represents

load dump.

Verification of fuel cell model with resistive load transient

was carried out. Model verification comparison with slow

time constant power supply test is shown in FIGS. 37a and

37b. FIG. 37a demonstrates experimental results, and FIG.

37b demonstrates the simulation results. The simulation

results and the experimental results are consistent. Test load

transient with a slow power supply is depicted in FIG. 38. The

apparatus maintains constant voltage after transient voltage

dip the voltage returns to original level. The voltage is indi-

cated at 224, the inductor current at 226 and the load current

at 228. A response corresponding to the voltage dip was

found.

FIG. 39 depicts fuel cell voltage dynamic with the V6

converter load transient. The simulated and experimental

results overlap. Significantly slower time constants of about

50 ms due to 30 mF V6 converter input capacitor and a long

cable. FIG. 40a depicts the v6 converter output under load

step. With voltage control loop bandwidth designed at 20 Hz,

settling time is about 40 ms under load step. FIG. 40b depicts

the V6 converter output under load dump. With voltage con-

trol loop bandwidth design at 20 Hz, settling time is about 40

ms under load dump.

The findings offuel cell modeling and converter test results

were determined. The fuel cell stack shows very fast dynamic

nearly instantly without time constant. Perception of slow

fuel cell time constant is related to ancillary system not fuel

cell stack. Output voltage dynamic is dominated by the con-

verter interface capacitor and cable inductor. Output current

dynamic is dominated by the load.

With reference to FIG. 12, the compensator was designed

for the nominal output of 3 kW. Using the following circuit

parameters: Vm:25V, Vom:200V, Lik:23nH, Lf:84 pH, and

Cf:2.2 mF, the compensator parameters are: 002:185 Hz,

mp:1.607 kHz, and Gc(0):78.635. This design results in a

phase margin of approximately 95° and gain margin greater

than 20 dB, with the cross-over frequency around 20 Hz. FIG.

41a, 41b and 410 illustrate gain/phase plots for open-loop and

close-loop cases.

Due to the specific purpose of ripple reduction, one more

constrain should be taken into account in determining loop

gain crossover frequency besides the stability margins. The

designed loop gain curve should be able to provide sufficient

attenuation for the ripple frequency that needs to be miti-

gated, i.e., 120 Hz in this application. Although at least half

decade of separation between 120 Hz and crossover is rec-

ommended, this simple rule may not give satisfactory result
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on the ripple attenuation. A better design rule is to monitor the

loop gain at 120 Hz to make sure that enough attenuation can

be obtained. In general, a 20 dB or higher attenuation is

recommended. The calculated current loop open-loop trans-

fer function and closed-loop gain are plotted in FIG. 41b. The

top graph shows the current loop magnitude, and bottom

graph shows the phase plot.

Following the above design guidelines, the current loop

compensator is designed to have a zero at 370 Hz and a pole

at 20 kHz, with dc gain of 552. This compensator gives a

phase margin more than 70° and a gain margin larger than 50

dB, with a crossover frequency at 667 Hz for the current loop.

For the voltage loop, a compensatorwith a zero at 2.15 Hz and

poles at origin and 48 kHz can be adopted. With these zeros

and poles, loop gain crossover frequency must be lower than

12 Hz in order to get more than 20 dB attenuation at 120 Hz.

Here a 2-Hz crossover frequency is selected in the design

since it provides 37 dB attenuation at 120 Hz, which shouldbe

sufficient to suppress ripple from load side. This design also

provides more than 700 phase margin and more than 50 dB

gain margin for the current loop. Based on the selected cross-

over frequency, the voltage loop dc gain can be calculated in

FIG. 410, where the top part shows the magnitude plot, and

the bottom part shows the phase plot.

To verify the controller design and system stability, a step

load between 400 W load and 1.2 kW is used for system

transient analysis. The results are shown in FIGS. 42a and

42b, which demonstrate stable operation of the system using

the designed compensator. FIGS. 42a and 42b shows simu-

lation results on step load transient: FIG. 42a load step-up,

and FIG. 42b load step-down. A three full-bridge single-

phase converter can be controlled in an interleaved manner,

which means the phase of their output waveforms will be

120° apart from each other. With this method, the rectifier

output ripple frequency will be increased to six times the

switching frequency, thus reducing the size of output filter

significantly.

Before designing the compensator for the DC/DC con-

verter, the overall system dynamics must be accounted for. A

proton exchange membrane (PEM) fuel cell stack can quickly

support a load step change ifthe stack has sufficient fuel flow,

proper temperature and hydration level. However, the

response of the auxiliary mechanical system is significantly

slower than the fuel cell stack. If there is no dramatic change

in step load, the fuel cell controller will keep the original air

pressure. During large load transients, however, the air com-

pressor has to kick in to maintain proper hydration level. In

this case, the power throughput dynamic would have to rely

on the mechanical system dynamic. For the fuel cell that has

been used in converter testing, the compressor has a 0.5

second delay time to respond to the load transient, whereas

the stack voltage level responds to the load change on the

order on microseconds. In order to accommodate the slow

response on power throughput, the converter needs to be

designed with sufficient energy storage for power manage-

ment and with proper control bandwidth for stable operation.

There are two types ofenergy management using auxiliary

energy resources. For a standalone system powered only by

fuel cells, a secondary source with fast dynamics, such as a

battery or an ultra capacitor, is needed to handle fast load

transients. The overall power management system structure

with auxiliary power is shown in FIG. 43a. FIG. 43a is ablock

diagram depicting a fuel cell system power management

structure (including auxiliary power).

For a grid intertie system that allows the fuel cell to be

started with utility power or non-critical loads that do not

need substantial back up power, the bidirectional dc/dc con-
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verter branch can be replaced by large dc bulk capacitors to

reduce cost and to avoid battery maintenance problems. Inter-

tie is the interconnection of two or more separate power-

generating systems. In such applications, the dc bulk capaci-

tors are used to handle fast system dynamics created by

inverter load steps. The system power management structure

without auxiliary power is shown in FIG. 43b. FIG. 43b is a

low-cost fuel cell system power management structure (with-

out auxiliary power).

Without an auxiliary power branch, the fuel cell is the only

source ofpower. Hence, the static power delivered to the load

is limited by fuel cell capability. For example, the commer-

cially available Ballard Nexa 1.2 kW power module has a

maximum continuous net output of 1.4 kW and provides 43

Vdc output at system idle (no load) conditions and about 27

Vdc at rated current of 53 A that accounts for the losses in the

power converters. The maximum allowable load current is 70

A for no more than 50 milliseconds, after which time the fuel

cell will shut down.

The DC bulk capacitors must be sized to manage load

transient power during the compressor delay period. FIG. 3511

shows the extreme case of the voltage and current responses

from no load to full load and vice versa. FIG. 35b shows the

corresponding power during load transient. From the plots,

the transient energy requiredby the load can be determined by

the difference between the steady state and transient voltage

and current conditions. During the transient, the voltage

waveform has approximately a 2.5-V dip below its steady-

state level due to slow response ofthe air compressor. During

this voltage dip, the fuel cell output power is 150-W below

what the load is asking for, and the fuel cell hydration level

needs to be adjusted by the compressor. Since the percentage

of voltage and power dip is low, and the compressor delay

time period is not long, it is possible to make up the energy

deficit by the bulk capacitors. FIGS. 35a and 35b are dia-

grams showing load-step response ofNexa 1.2 kW fuel cell:

FIG. 3511 shows voltage and current plots, and FIG. 35b

shows power plot.

The following equation shows the amount ofenergy deficit

that needs to compensate for the compressor delay.

AE:E
req

—Efc: V-I-Az—j (v-i)dl~41(J),

where Ereq is the required energy calculated from the steady-

state load voltage and current after the transient interval At.

Efc is the energy provided by the fuel cell during the transient

and is the integral ofthe fuel cell transient voltage and current

during the power-dip period.

It should be noticed that the DC/DC converter input places

a bulk capacitor to smooth the voltage at the converter input

and to absorb the ripple current generated by the DC/DC

converter. The selection of the bulk capacitor is typically

dependent on the ripple current capability and the length of

the cable between the fuel cell and DC/DC converter. In our

design, a total of 30 mF electrolytic capacitors are placed to

smooth the 120-Hz ripple current that reflects from the

inverter side and a total of60-uF polypropylene capacitors are

placed to absorb high-frequency ripples caused by the

DC/DC converter switching.

Although the input side capacitors can provide substantial

energy storage, the output side of the DC/DC converter also

allows additional energy storage to compensate for fuel cell

transients. Assume the inverter output allows 15% below

nominal value, or 102V AC for a 120V AC line. To generate

this 102 V AC, at least 144 V DC is needed for the inverter
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input. With 200V as the regulated nominal DC bus voltage,

the total output capacitance required for DC/DC converter

can be found as follow:

First, input capacitor transient energy, if the voltage drops

from 43V to 27V, the discharged energy E1 is:

1

V3.2) = — -0.03-(432 — 272) z 17(J).
1 2

E1=—-Cm-(vm1— 2
2

Second, required additional energy E2 is:

E2 :AE—E1:24(J)

Third, output capacitor energy, assuming voltage drops

from 200V to 144V, is:

1 2
E2: _'C0'(V01_2 V32).

Rearranging the equation yields:

52 24
C0 = z 2.5 m(F).

1 = 1

5-0431 — V32) 5 «2002 — 1442)

It should be mentioned here that the above transient test is

performed on the step-load between no-load and 1.4 kW. For

typical load steps within the nominal 1.2 kW range, a bulk

capacitor of 2.2 mF is sufficient and thus may be used in our

design.

The present invention also contemplates a fuel cell power

plant comprising a DC/DC converter. A potential fuel cell,

according to the present invention, is depicted in FIG. 48,

which is a block diagram of an SOFC power plant that con-

tains a low-voltage high current DC/DC converter and a

DC/AC inverter. The fuel cell output or converter input is

low-voltage DC with a wide range variation. Plant output is

high voltage AC. The output of the DC/DC converter, or the

input of the DC/AC inverter for 120V AC is typically 200V

and for 240V AC is about 400V. Multiple stage power con-

versions including isolation as needed may be provided.

For a nominal 20V, 5 kW fuel cell under full load condition,

the voltage Vfc is 20V, and the average current Ifc is 250A. The

ripple is added on top of the average current with a peak

current that tends to overload the fuel cell periodically. The

fuel cell can experience nuisance tripping with such a ripple

related overload situation. Adding energy storage capacitor

either on the high-side DC bus or on the low-side fuel cell DC

bus may help reduce the ripple, but the cost and size ofadded

energy storage components may be objectionable when the

ripple is reduced to an acceptable range. Laboratory test

indicated a peak-to-peak ripple of 34% is obtained with a

typical 1.2-kW design. This ripple current component implies

that fuel cell requires a powerhandling capability 17% higher

than its nominal output rating.

A SECA DC/DC converter may have the topographies

indicated in FIGS. 17, 44, 45, 46 and 47, in addition to the V6

converter of the present invention. These alternative convert-

ers may be used in association with the ripple current control

of the present invention. A fuel cell comprising the ripple

current and a converter are seen to be included herein, as well

as, a fuel cell comprising solely the 6V converter of the

present invention. A fuel cell having a six-phase converter on

the input side, and an AC-DC rectifier and filter deposed on

the output side ofthe DC/DC converter is a preferred embodi-

ment.

Several DC/DC alternatively converter topology options

that can used in conjunction with the ripple reduction aspect
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of the present invention are shown. FIG. 44 shows a single-

phase option with a half-bridge converter. FIG. 45 shows a

two-phase option with a full-bridge converter.

FIG. 46 shows a full-bridge converter with paralleled

devices to achieve the desired efficiency. The simplest version

ofFIG. 46 is shown in FIG. 17. This embodiment ofa DC/DC

inverter utilizes six devices in parallel; however, this two-leg

converter barely achieves 97% efficiency. Unfortunately, this

embodiment has problems including additional losses in

parasitic components, voltage clamp, interconnects, filter

inductor, transformer, diodes, and the like.

FIG. 47 shows a three-phase option with a three-phase

bridge converter. This embodiment of the DC/DC converter

utilizes hard switching with four devices in parallel per

switch. The efficiency ofthe embodiment ofFIG. 47 is about

95%.

A significant aspect of the present invention is that it does

not generate inordinate amounts of heat. A calorimeter setup

and test for demonstration of fuel cell for accurate loss mea-

surements were determined. A 50-liter calorimeter was used

following calibration. A 160-liter calorimeter was also used

following calibration. FIGS. 49a and 49b can be used to

explain the basic calorimeter principle. For FIG. 4911, the

difference in temperature (Thotand T602d) ofthe internal ambi-

ent air 230 and the outside ambient air 232 are used to calcu-

late the heat flow. The formula used in analysis is

Q _ k'A'(Thot_Tcold)_

I d

where

~
I
I
O

is heat flow (W), kfihermal conductivity of the barrier

(k50.029 W/m-K for Styrofoam), A:surface area (m2),

Tfiemperature (° C.) and dfihickness of barrier. FIG. 49b

shows the basic setup of a calorimeter having a lid end 234,

middle 236, fan end 238, two fans 244 and 246, power resis-

tors 248, heat sink 242 and bottom 240, as indicated. A data

logger 250 is attached at various points, as indicated, to moni-

tor temperature.

Testing was performed with PEM fuel cells. The results of

testing of the 50-liter calorimeter are shown in FIG. 5011,

while the test results of the 160-liter calorimeter at 120 W

conditions are depicted in FIG. 50b. Temperature rise versus

power loss are depicted in FIG. 500. There are some design

trade-offs between control loop bandwidth and low frequency

ripple reduction effect. Once the current loop bandwidth is

high enough, the dynamic response and ripple performance

are no longer sensitive to the current loop bandwidth changes.

Instead, the voltage loop bandwidth becomes very sensitive to

the ripple magnitude. FIGS. 51a and 51b compare the ripple

performance under three different voltage loop bandwidths

with current loop bandwidth at 667 Hz and 2 kHz.

FIG. 51a compares the ripple performance with current

loop bandwidth being set at 667 Hz and voltage loop band-

width being set at 1.2 Hz, 2 Hz, and 4 Hz wherein the graph

line for 1.2 Hz is denoted 251, 2 Hz is denoted 253, 4 Hz is

denoted 255. It is apparent that the ripple performance is the

best with 1.2 Hz bandwidth. The same comparison is also

applied to the case, FIG. 51b, with current loop bandwidth

being set at 2 kHz and voltage loop bandwidth being set at 1.2

Hz, 2 Hz, and 4 Hz wherein the graph line for 1.2 Hz is
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denoted 257, 2 Hz is denoted 259, 4 Hz is denoted 261 . Again,

the 1.2 Hz voltage loop bandwidth gives the best ripple per-

formance. However, the performance difference between two

current loop bandwidths is invisible. In other words, the volt-

age loop bandwidth is in fact the dominant factor for the

ripple current reduction. Such an argument may be contrary

to the common sense, but it can be explained to be the case

that the voltage loop and current loop are fighting each other,

and a faster voltage loop can hurt current loop performance.

Although lower voltage loop bandwidth seems to be more

favorable to the ripple performance, its transient response will

be suffered, and a large overshoot or undershoot output volt-

age can be expected during load transient. In this study, the

hardware was implemented with a voltage loop bandwidth of

2 HZ, and a current loop bandwidth of 667 HZ.

Low frequency current ripple generated by a single-phase

inverter can be filtered by energy storage type passive capaci-

tors or suppressed by active control techniques. The size of

capacitors canbe determined for a desired ripple performance

either with high-voltage or low-voltage side capacitors. The

studied case indicates that the capacitor size is approximately

related to the nth power ofthe per unit ripple reduction, where

n is 1.5 for high side capacitor, and 2 for low-side capacitor.

The amount ofcapacitor saving using active technique can be

easily translated to cost saving.

It is to be understood that the present invention is not

limited to the embodiments described above, but encom-

passes any and all embodiments within the scope of the fol-

lowing claims.

What is claimed is:

1. A fuel cell power management structure comprising:

a. a multiphase soft switch DC/DC converter comprising:

i. a transformer, an input side connected to a power

source, and an output side connected to an output

filter,

ii. said transformer having a plurality of primary coils

connected to said input side and a plurality of second-

ary coils connected to said output side,

iii. wherein each primary coil connects a full-bridge

circuit and each full-bridge circuit comprises two

switches on two legs,

iv. said primary coil being connected between said

switches on each leg of the full bridge circuit,

v. each full-bridge circuit being connected in parallel to

each other such that each leg is disposed parallel to

one another and to said power source, and

vi. said secondary coils connected to a rectifying circuit;

and

b. a ripple reduction control circuit comprising:

i. an outer loop control circuit disposed parallel to said

DC/DC converter for reducing ripple in a voltage

reference.

2. The fuel cell power management structure of claim 1,

wherein:

the multiphase soft switch DC/DC converter further com-

prises at least one capacitor in parallel with said power

source.

3. The fuel cell power management structure of claim 1,

wherein:

the multiphase soft switch DC/DC converter further com-

prises a plurality of capacitors equivalent to the number

ofprimary coils wherein each capacitor is connected in

parallel with each half bridge circuit.
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4. The fuel cell power management structure of claim 1,

wherein:

the multiphase soft switch DC/DC converter further com-

prising: a leakage inductor connected to said primary

coil.

5. The fuel cell power management structure of claim 1,

wherein:

each of said secondary coils further connected to a leg

between two diodes each leg disposed parallel to one

another with the load disposed across.

6. The fuel cell power management structure of claim 1,

wherein:

there are 11 primary coils and 11 secondary coils wherein n is

an integer greater than or equal to 2.

7. The fuel cell power management structure of claim 1,

wherein:

there are three secondary coils having a wye coil configu-

ration.

8. The fuel cell power management structure of claim 6,

wherein: n is equal to three.

9. The fuel cell power management structure of claim 8,

wherein:

the multiphase soft switch DC/DC converter further com-

prises a control circuit operable for controlling each

full-bridge circuit with a phase shift in the range of

120-180 degrees.

10. The fuel cell power management structure of claim 6,

wherein:

the multiphase soft switch DC/DC converter further com-

prises a control circuit operable for controlling each

full-bridge circuit with a phase shift in the range 1

degrees to h degrees wherein l is equivalent to 360

degrees divided by n and h is equivalent to 1 plus 60

degrees.

11. The fuel cell power management structure of claim 6,

wherein:

the control circuit, further comprises: an inner loop control

circuit for reducing ripple in a current reference.

12. A method for operating an 11 phase power converter,

comprising:

a. providing an 11 phase soft switch DC/DC converter,

wherein the 11 phase soft switch DC/DC converter com-

prises:

i. a transformer, an input side connected to a power

source, and an output side connected to an output

filter,

ii. said transformer having a plurality of primary coils

connected to said input side and a plurality of second-

ary coils connected to said output side,

iii. wherein each primary coil connects a full-bridge

circuit and each full-bridge circuit comprises two

switches on two legs,

iv. said primary coil being connected between said

switches on each leg of the full bridge circuit,

v. each full-bridge circuit being connected in parallel to

each other such that each leg is disposed parallel to

one another and to said power source, and

vi. said secondary coils connected to a rectifying circuit;

b. operating each individual full-bridge circuit with a phase

shift in the range 1 degrees to h degrees wherein l is

equivalent to 360 degrees divided by n and h is equiva-

lent to 1 plus 60 degrees.

13. The method of claim 12, wherein:

the multiphase soft switch DC/DC converter further com-

prises at least one capacitor in parallel with said power

source.
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14. The method of claim 12, wherein:

the multiphase soft switch DC/DC converter further com-

prises a plurality of capacitors equivalent to the number

ofprimary coils wherein each capacitor is connected in

parallel with each half bridge circuit.

15. The method of claim 12, wherein:

the multiphase soft switch DC/DC converter further com-

prising: a leakage inductor connected to said primary

coil.

16. The method of claim 12, wherein:

each of said secondary coils further connected to a leg

between two diodes each leg disposed parallel to one

another with the load disposed across.

17. The method of claim 12, wherein:

there are 11 primary coils and 11 secondary coils wherein n is

an integer greater than or equal to 2.
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18. The method of claim 17, wherein:

there are three secondary coils having a wye coil configu-

ration.

19. The method of claim 17, wherein:

n is equal to three.

20. The method of claim 19, wherein:

the phase shift is in the range of 120-180 degrees.

21. The method of claim 12 further comprising:

a ripple reduction control circuit, comprising: an outer loop

control circuit with a first outer loop pole and a second

outer loop pole for reducing ripple in a voltage refer-

ence.

22. The method of claim 21, wherein:

the control circuit further comprises: an inner loop control

circuit with a first inner loop pole and a second inner

loop pole for reducing ripple in a current reference.

* * * * *


