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FUEL CELL CONTROL DEVICE AND METHOD

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001 ] The present application claims benefit of United States provisional application

61/406,265, filed October 25, 2010, which is incorporated herein by reference in its

entirety.

BACKGROUND

[0002] Fuel cells are often combined into units called "stacks" in which the fuel cells are

electrically connected in series and separated by electrically conductive interconnects,

such as gas separator plates which function as interconnects. A fuel cell stack may

contain conductive end plates on its ends. A generalization of a fuel cell stack is the so-

called fuel cell segment or column, which can contain one or more fuel cell stacks

connected in series (e.g., where the end plate of one stack is connected electrically to an

end plate of the next stack). A fuel cell segment or column may contain electrical leads

which output the direct current from the segment or column to a power conditioning

system. A fuel cell system can include one or more fuel cell columns, each of which may

contain one or more fuel cell stacks, such as solid oxide fuel cell stacks. The number of

individual fuel cells which make up fuel cell system can be based on the amount of

electrical power which fuel cell system is intended to generate. An exemplary fuel

system is described in United States Patent 7,705,490 entitled Ripple Cancellation, the

disclosure of which is incorporated herein by reference in its entirety.

[0003] Fuel cells generate power that is converted in a fuel cell power conversion system,

also known as a power conditioning system. A power conversion system is a system that

alters the characteristics of power produced by a source in some way. For the case of fuel

cells, which generate DC (direct current) power, this can mean the conversion of the DC

power to different (e.g., higher) voltage and/or current levels, the conversion to AC

(alternating current) power with a particular RMS (root mean squared) voltage, the

generation of three-phase AC power, or all of the above. Typically, a change in the

voltage level of a DC source can be accomplished using a DC/DC (direct current/direct

current) converter, whereas the change from DC to AC is accomplished using a DC/AC

(direct current/alternating current) converter or inverter.



SUMMARY

[0004] Embodiments are directed to architectures and methods for operating inverters in

fuel cell systems.

[0005] In a first embodiment, an inverter structure and method of control are provided

wherein multiple networked input-parallel / output-parallel inverters are controlled as a

single inverter assembly by a master controller.

[0006] In a second embodiment, a control methodology maximizes the fuel cell output for

split bus inverter architecture using fault tolerant control in fuel cell system having

multiple segments with different power capacity to deliver multiple loads at different

power level.

[0007] In a third embodiment, a control methodology controls fuel cell current from

multiple segments supplying multiple loads.

DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a block diagram illustrating a network of inverters having paralleled

inputs and paralleled outputs according to an embodiment.

[0009] FIG. 2 is a block diagram illustrating a network of inverters having paralleled

inputs and paralleled outputs in which three of nine inverters have been commanded to an

off state according to an embodiment.

[001 0] FIG. 3 is a block diagram illustrating a typical split bus inverter configuration.

[001 1] FIG. 4 is a block diagram illustrating a split bus inverter configuration according to

an embodiment.

[001 ] FIG. 5 is a block diagram illustrating an architecture for controlling load balance in

a fuel cell system.

[001 3] FIG. 6 is a block diagram illustrating a load balancing architecture according to an

embodiment.

[001 4] FIGS. 7 and 8 are block diagrams further illustrating elements of a methodology

according to an embodiment.

DETAILED DESCRIPTION

[001 5] In large systems in which multiple inverters are use, the efficiency of the overall

system may be improved by controlling the inverters to achieve a particular objective of a

power supply application, to balance the load between inverters with paralleled inputs and

outputs, and to change the architecture of power modules in response to changes in

equipment status, to load requirements, and other factors.

[001 6] FIRST EMBODIMENT



[001 7] In this embodiment, multiple networked input-parallel / output-parallel inverters are

controlled as a single inverter assembly by a master controller.

[001 8] In a fuel cell system where the inverter is composed of a network of input-parallel /

output-parallel inverters, a device for control is provided to establish the loading on each

inverter. Without such device to control input-parallel inverters, the inputs may not be

paralleled. When the inputs may not be paralleled, a single inverter failure limits the fuel

cell system output power to N-l.

[001 9] In a typical fuel cell system, an inverter may be treated as a monolithic structure

where a single set of load commands are provided. Alternatively, a fuel cell system may

utilize parallel only inverter outputs such that inverter inputs are not shared. In this

alternative approach, the relative power command to each inverter in the network need

not be considered.

[0020] FIG. 1 is a block diagram illustrating a network of inverters having paralleled

inputs and paralleled outputs according to an embodiment.

[0021 ] An inverter master controller 102 in operation sends power commands to the

networked inverters, such as inverters #1-9 (blocks 116-132). While nine inverters are

illustrated, the number of inverters that may be controlled is not so limited. Thus, there

may be 2 to 20 separate inverters, for example. The inverter master controller 102 may

be a general or special purpose computer or a dedicated control device or circuit. The

inverter master controller 102 includes an efficiency optimizer unit 104 and a power

output calculator unit 106. Units 104 and 106 may be separate devices or circuits in the

controller 102 or they may comprise software or hardware based algorithms that are

stored on the computer or control device 102. The inverter master controller 102

receives a power command 108 (e.g., power set-point and power factor set-point) and a

split bus voltage value 110 from the overall fuel cell system controller (not shown for

clarity) that regulates the entire fuel cell system. The system controller may comprise the

same computer or device as the inverter master controller 102 or a different computer or

device. If the system controller comprises the same computer or device as the inverter

master controller, then the power command 108 and voltage value 110 are communicated

internally within the computer or device. If the system controller comprises a different

computer or device than the inverter master controller 102, then command 108 and value

110 may be communicated via a wire or wirelessly or using any other suitable

communication methods.



[0022] The master controller 102 is in wired or wireless communication with each of the

inverters (blocks 116-132). The master controller can control the power set point and the

on/off state of each individual inverter using the inverter on/off 112 and power set point

114 commands. Thus, the on/off state of each inverter 116-132 and/or the power set

point of each inverter may be different from that of one or more other inverters. All of

the inverters 116-132 receive the same direct current (DC) input 134 from one or more

fuel cell stacks or columns (not shown in Figure 1). For example, as shown in Figure 1,

all of the inverters 116-132 receive the same 400V split bus input 134 from positive,

negative and optionally neutral wires as parallel inputs, as will be described in more detail

below and/or as described in United States Patent 7,705,490. All of the inverters 116-

132 output a common alternating current (AC) parallel output 136, such as a 400 V three

phase AC parallel output, to a load.

[0023] The master controller 102 can send the on/off command 112 to dictate whether a

particular inverter should be on or off using the efficiency optimizer unit 104.

[0024] The master controller 102 can sense the condition of the split bus input 134 to the

inverters based on the bus voltage input 110 and ensures that the power commands 112,

114 to the inverters 116-132 are limited such that the split bus input 134 does not

collapse.

[0025] The master controller 102 can receive inputs from the inverters 116-132 which

signal the state of health of each inverter unit 116-132 (two way connections between the

inverters and the master controller 102 are not illustrated for clarity).

[0026] The efficiency optimizer unit 104 evaluates the power output which is calculated,

and provides on-off commands for the network of inverters to optimize efficiency. For

example, if the load is a full load, all inverters are on. If the load is only 50% of

maximum designed load, then some of the inverters, (e.g., 3 of 9 inverters shown as

blocks 128-132) may be switched off by unit 104 using command 112 to reduce the

fraction of non-operating parasitic inverters, as shown in FIG. 2 .

[0027] The power output calculator 106 determines and provides the output power setting

command to the inverters as the smaller of two calculated parameters: a) power

command 108 from the overall fuel cell system controller that regulates the fuel cell

system; and b) power which can be maintained without collapse of the split bus 134. The

calculator 106 then provides the power set point command 114 to each inverter to set the

output power of each inverter.



[0028] Should the master controller 102 detect the failure of one inverter, it will

automatically provide new output power commands 112 and/or 114 to the remaining

inverters. If the load set point divided by the total number of inverters is less than the

capability of the inverter modules, then in the new final state each inverter will be

commanded to take more power in order to achieve the original setpoint (with one

inverter out of service). If the load set point divided by the number of inverters equals the

inverter module's rating, then the inverter master controller will reduce the available

output of the system and pass this information to the system controller so that fuel input

to the fuel cells of the segments may be reduced.

[0029] In an embodiment, the inverter modular structure may be composed of blind-mated

assemblies. In other words, each inverter 116 to 132 is located on a separate level of a

rack in a power conditioning module housing. A field service person may "rack out" a

failed inverter and replace and "rack-in" a new inverter. When the new inverter

communicates with the master controller as healthy and ready for load, the master

controller 102 will command it on and restore the prior load sharing between the

inverters.

[0030] In the event where the efficiency optimizer 104 has turned off some inverters (such

as turning off inverters 7, 8 and 9), and the system then suffers the loss of an inverter

(such as inverter 1), the efficiency optimizer 104 may rescind the command to hold

inverter 7 in the off state, restart that inverter, and establish the same load sharing. This

embodiment is illustrated in FIG. 2 .

[0031 ] In another embodiment, the system controller provides a power factor command to

the inverter master controller 102 in addition to the command 108 and value 110. The

inverter master controller 102 passes the power factor command to each of the inverter

modules (blocks 116-132) along with power set point command and 114 and the on/off

command 112.

[0032] In an alternative embodiment, the elements illustrated in FIG. 1 and FIG. 2 may be

used for a network of inverters in an uninterruptable power module (UPM), which is

connected to support a load without a grid reference. In this case, the commands to the

inverters are slightly different:

[0033] A sine wave is generated as a reference by the master controller. The output of the

network of inverters is monitored and compared to the sine wave reference. A PI

controller (not illustrated) may calculate current command values to be sent to the

inverters to minimize the error between the output voltage and the reference voltage. In



the case where the input bus is beginning to collapse and both input bus voltage and

output bus voltage cannot be maintained, the master controller 102 will send a signal to

the overall system controller to provide warning and indication that the customer load

will be de-energized. In some cases, this may allow for a building management system

(BMS) to subsequently turn-off some fraction of the building load.

[0034] SECOND EMBODIMENT

[0035] In an embodiment, a control methodology maximizes the fuel cell output for split

bus inverter architecture using fault tolerant control.

[0036] FIG. 3 is a block diagram illustrating a typical split bus inverter configuration. In

this configuration, the power on the positive bus (labeled as "+ve Vdc bus" or +ve bus)

and the negative bus (labeled as "-ve Vdc bus" or -ve bus") being provided from the fuel

cell segments to the inverter through optional DC/DC converters should be balanced for a

balanced inverter load. As illustrated in FIG. 3, fuel cell segment # 1 302 and fuel cell

segment #2 304 power the +ve bus through respective DC/DC converters 310, 312, while

fuel cell segment #3 306 and fuel cell segment #4 308 power the -ve bus through

respective DC/DC converters 314, 316. If fuel cell segment # 1 is weak then the power

generated from fuel cell segment #3 and fuel cell segment #4 will reduce by the same

amount. To maximize the power generation, the fuel cell segments need to be swapped.

[0037] In this embodiment shown in FIG. 4, each fuel cell segment (blocks 302-308) has

two DC/DC converters, one generating current on the +ve and one generating current on

the -ve bus. In other words, each fuel cell segment 302-308 output is connected to two

DC/DC converters. Each of the pair of DC/DC converters that are dedicated to a

particular segment is connected to opposite polarity bus being provided to the inverter

330. For example, the output of the segment # 1 302 is split to DC/DC converter # 1 310

and DC/DC converter #2 312. The output of converter 310 is provided to the +ve bus and

the output of converter 312 is provided to the -ve bus. The same is true for other

segments 304-308 and their respective pairs of DC/DC converters 314-324. The +ve bus

and the -ve bus are provided as inputs to the inverter 330. Inverter 330 outputs an AC

output. The inverter 330 may comprise the inverter assembly of the first embodiment or

any suitable multiple or single inverter(s) known in the art. While 4 segments are shown

in FIG. 4, any number of segments, such as 2 to 20, for example 6 to 12 segments, may

be used. Furthermore, while United States Patent 7,705,490 describes providing positive

and negative leads from a segment to separate DC/DC converters, in this embodiment,



each DC/DC converter in the pair of converters receives the output of both the positive

and negative leads from each segment. Thus, the positive and negative lead output from

segment 302 is provided to converter 310 and to converter 312.

[0038] Hence, each fuel cell segment 302-308 direct current can be individually controlled

for power generation making it independent of the other fuel cell segments. The DC/DC

converter may be commanded to draw the maximum current a fuel cell segment can draw

based on its condition and health. If one DC/DC converter fails, then it is possible to

maximize the power by redistributing the current commands to other DC/DC converters

for maximum power operation.

[0039] The operation of the configuration illustrated in FIG. 4 is described below in

reference to particular exemplary methods and examples. However, the description is not

intended to be limiting.

[0040] Method 1

[0041 ] If a DC/DC converter connected to one conductivity (e.g., +ve or -ve) bus fails,

then a DC/DC converter connected to the opposite conductivity (e.g., -ve or +ve) bus is

turned off to compensate for the failure. For example, if DC/DC converter # 1 310

connected to the positive bus fails, then by turning off any one of DC/DC #2 312, DC/DC

#4 316, DC/DC #6 320, or DC/DC #8 324, which are connected to the negative bus, the

power may be maximized and still pass same current through all fuel cell segments.

DC/DC #2 may be increased to its maximum current or load capability.

[0042] Example of Method 1.

[0043] An exemplary load on each converter is 10 Amps, and load capability of each

converter is 15 Amps.

[0044] Table 1 illustrates the operation of the system before fault (e.g., before failure of

converter 310):

TABLE 1

Segment 1 = DC/DC 1 (10 Amps) + DC/DC 2 (10 Amps) = 20 Amps = Full current

Segment 2 = DC/DC 3 (10 Amps) + DC/DC 4 (10 Amps) = 20 Amps = Full current

Segment 3 = DC/DC 5 (10 Amps) + DC/DC 6 (10 Amps) = 20 Amps = Full current

Segment 4 = DC/DC 7 (10 Amps) + DC/DC 8 (10 Amps) = 20 Amps Full current

Total Load = 80 Amps = ll current = Full power



[0045] Table 2 shows the conditions after fault to DC/DC 1 (i.e., after failure of converter

310):

TABLE 2

Segment 1 = DC/DC 1 (FAULT) + DC/DC 2 (15 Amps) = 15 Amps = 75% Nominal current

Segment 2 = DC/DC 3 (15 Amps) + DC/DC 4 (Turned OFF) = 15 Amps = 75% Nominal

current

Segment 3 = DC/DC 5 (10 Amps) + DC/DC 6 (10 Amps) = 20 Amps = Nominal

current

Segment 4 = DC/DC 7 (10 Amps) + DC/DC 8 (10 Amps) = 20 Amps = Nominal

current

Total Load = 70 Amps = 87.5% current = 87.5% power

[0046] Method 2

[0047] Method 2 includes, in response to a failure of one DC/DC converter in a pair

connected to one conductivity bus, increasing an output current of the other one DC/DC

converter in the pair to maximum value, increasing an output current of remaining

DC/DC converters connected to the one conductivity bus above the pre-failure current but

below the maximum current, and decreasing an output current of remaining DC/DC

converters connected to the opposite conductivity bus below the pre-failure current. The

total system load remains the same as the total pre-failure load.

[0048] If DC/DC converter # 1 310 fails, then the following steps may be executed by a

DC/DC converter master controller (not shown for clarity). The controller may be a

general or special purpose computer, a dedicated device or a circuit.

[0049] a) DC/DC converter 2 is taken to maximum current in order to provide a

maximum loaded case for fuel cell segment # 1 302;

[0050] b) "Positive" bus power required is divided by the remaining "positive" bus

DC/DC converters - namely DC/DCs 3, 5 and 7 (i.e., 314, 318 and 322). This will

require more than nominal current to pass through DC/DCs 3, 5 and 7, and may be

limited by the maximum output of each of the DC/DC converters.

[0051 ] c) The DC/DC converters #4, 6 and 8 (i.e., 316, 320 and 324) of the remaining

segments 304-308 on the negative bus are loaded to reach full or maximum power, with

slightly lower setting since DC/DC converter #2 312 from fuel cell segment # 1 302 is



taking load. The specific value for the loading of each of DC/DC converters #4, 6, and 8

would be equal to: [Total Current Target - Current from DC/DC converter number two] /

3 .

[0052] It is anticipated that the fuel cell system has the capability to recirculate fuel to

provide distribution of the fuel provided but not reacted in fuel cell segment # 1 302 to the

other three segments. Unless the maximum current rating of DC/DC converter number

two = 2x nominal, Method 2 will create a case where the loading on segment is slightly

reduced, and the loading on the other segments is slightly increased. If the redistribution

of the fuel through a means such as anode exhaust stream recirculation (with or without

purification) back into the fuel cell stack fuel inlet stream, as described for example in

U.S. application serial number 11/491,487, filed on 7/24/06 and incorporated herein by

reference in its entirety, fuel flow may not be increased to support this case. However, if

the distribution is not sufficient, then fuel flow may need to be increased to support this

maximum output power case. This would mean that while the power setpoint is

maintained, the operating efficiency of the unit is diminished while operating in this

mode.

[0053] Example of Method 2 .

[0054] Exemplary load on each converter is 10 Amps, and load capability of each converter

is 15 Amps.

[0055] Table 3 illustrates the operation of the system before fault (e.g., before failure of

converter 310):

TABLE 3

Segment 1 = DC/DC 1 (10 Amps) + DC/DC 2 (10 Amps) = 20 Amps = Nominal

current

Segment 2 = DC/DC 3 (10 Amps) + DC/DC 4 (10 Amps) = 20 Amps = Nominal

current

Segment 3 = DC/DC 5 (10 Amps) + DC/DC 6 (10 Amps) = 20 Amps = Nominal

current

Segment 4 = DC/DC 7 (10 Amps) + DC/DC 8 (10 Amps) = 20 Amps Nominal

current

Total Load = 80 Amps = l ull current = Full power



[0056] Table 4 illustrates the operation after fault to DC/DC converter # 1 310

TABLE 4

Segment 1 = DC/DC 1 (FAULT) + DC/DC 2 (15 Amps) =15 Amps = 75% Nominal current

Segment 2 = DC/DC 3 (13.33 A) + DC/DC 4 (8.33 A) =21.67 Amps = 108.33% Nominal

current

Segment 3 = DC/DC 5 (13.33 A) + DC/DC 6 (8.33 A) = 21.67 Amps = 108.33% Nominal

current

Segment 4 = DC/DC 7 (13.33 A) + DC/DC 8 (8.33 A) = 21.67 Amps = 108.33% Nominal

current

Total Load = 80 Amps = Full current = Full power

[0057] Method 3

[0058] In a case where all fuel cell segment currents must always be equal, such as the case

of a fuel cell system without anode recirculation or other means to have high

stoichiometric conditions within all cells, the following scenario would be executed if

DC/DC converter # 1 fails:

[0059] DC/DC 2 is taken to maximum current

[0060] (DC/DC 3+4; 5+6; 7+8 must equal DC/DC 2 current as stipulated above for all fuel

cell segment currents to equal.)

[0061 ] Total fuel cell current = 4 x DC/DC max current

[0062] Positive bus current = 4 x DC/DC max current / 2

[0063] Negative bus current = 4 x DC/DC max current / 2

[0064] DC/DC 3, 5, 7 = Positive bus current / 3 = 4 x DC/DC max current / 2 / 3

[0065] DC/DC 4, 6, 8 = Negative bus current - DC/DC 2 setting / 3 = (4 x DC/DC max

current / 2 - DC/DC #2) / 3 .

[0066] To generalize the above, in response to a failure of one DC/DC converter in a pair

connected to one conductivity bus, increasing an output current of the other one DC/DC

converter in the pair to maximum value, keeping an output current of remaining DC/DC

converters connected to the one conductivity bus the same as the pre-failure current, and

decreasing an output current of remaining DC/DC converters connected to the opposite

conductivity bus below pre-failure current. In this method, the total system load post

failure is lower than the total pre-failure load.



[0067] Example of Method 3 .

[0068] Exemplary load on each converter is 10 Amps, and load capability of each converter

is 15 Amps.

[0069] Table 5 illustrates the operation of the system before fault (e.g., before failure of

converter 310):

TABLE 5

Segment 1 = DC/DC 1 (10 Amps) + DC/DC 2 (10 Amps) = 20 Amps = Nominal

current

Segment 2 = DC/DC 3 (10 Amps) + DC/DC 4 (10 Amps) = 20 Amps = Nominal

current

Segment 3 = DC/DC 5 (10 Amps) + DC/DC 6 (10 Amps) = 20 Amps = Nominal

current

Segment 4 = DC/DC 7 (10 Amps) + DC/DC 8 (10 Amps) = 20 Amps Nominal

current

Total Load = 80 Amps = l ull current = Full power

[0070] Table 6 illustrates the operation after fault to DC/DC converter # 1 310

TABLE 6

Segment 1 = DC/DC 1 (FAULT) + DC/DC 2 (15 Amps) = 15 Amps = 75% Nominal

current

Segment 2 = DC/DC 3 (10 Amps) + DC/DC 4 (5 Amps) = 15 Amps = 75% Nominal

current

Segment 3 = DC/DC 5 (10 Amps) + DC/DC 6 (5 Amps) = 15 Amps = 75% Nominal

current

Segment 4 = DC/DC 7 (10 Amps) + DC/DC 8 (5 Amps) = 15 Amps = 75% Nominal

current

Total Load = 60 Amps = 75% current = 75% power

[0071 ] In an embodiment, the adjustments in the load may be performed in an "on the fly"

manner (i.e., while the fuel cell system is operating).

[0072] In an embodiment, the DC/DC converters illustrated in FIG. 4 are connected via a

"blind mate" assembly to a back-plane. The converters may be arranged in a rack or

other suitable housing. Preferably, there are no wirings affixed to the front portion of the



DC/DC converter modules. As such, it is possible to remove a failed DC/DC converter

module without perturbing the operation of the other DC/DC modules. When one

DC/DC converter fails, the DC/DC master controller shifts current as described by either

method 1, 2 or 3 . When the DC/DC converter is replaced and re-energized, the DC/DC

converter detects this and restores proper operation. The replacement may be done by

service personnel while the fuel cell system is operational and provides current to a load.

[0073] In an embodiment, the logic and examples described above as applied to DC/DC

converter failures may also be generalized and applied to weak or failed stack segments

(stack columns). The current carrying capability of the remaining segments may be

shifted as required per the methods described herein.

[0074] In an embodiment, the logic described above as applied to fuel cell segments and

may be applied to a configuration of a plurality of hot boxes. In this embodiment, the

plurality of hot boxes may be configured in a DC parallel architecture that allows

optimizing power of a fuel cell system. In other words, each segment 302-308 may

represent a separate hot box containing one or more segments, where the electrical

outputs of the hot boxes are connected to the same inverter.

[0075] THIRD EMBODIMENT

[0076] FIG. 5 is a block diagram illustrating one architecture for controlling load balance

in a fuel cell system. The load on the split bus is balanced by the DC BOP (balance of

plant) loads 1 (506) and 2 (508) (e.g., fuel cell system fuel or air blowers). In other

words, both DC loads 506 and 508 are connected to the +ve and -ve buses of the split bus

shown in FIG. 4 . Alternatively, optional additional converters A (502) and B (504) may

be added between the split bus and the DC loads 1 and 2 (506 and 508). For example,

converter A 502 may be connected to the +ve bus and converter B 504 may be connected

to the -ve bus. The DC outputs of converters A and B (502 and 504) are merged and the

merged DC output is provided to DC loads 1 and 2 (506 and 508).

[0077] If load 1 and 2 are not balanced (equal) without proper control, the fuel cell

segments cannot be loaded completely, thus reducing the fuel utilization resulting in

decreased efficiency.

[0078] FIG. 6 is a block diagram illustrating a load balancing architecture according to an

embodiment.

[0079] In this embodiment, a control methodology splits the fuel cell segment current

proportionally to the BOP loads 606 and 608 on a split bus thus enabling the inverter 330

working on the split bus to export maximum power available from the fuel cell segments.



Thus, as shown in FIG. 6, one DC load 606 is connected to the +ve bus and the other DC

load 608 is connected to the -ve bus. To generalize this, in a fuel cell system containing a

plurality of DC loads, such as BOP loads 606 and 608, a first set of DC loads are

connected only to one conductivity bus of a split bus and a second set of DC loads (e.g.,

some or all the remaining DC loads) are connected only to the other conductivity bus of

the split bus. If desired, a third set of DC loads may be connected to both buses as shown

in FIG. 5.

[0080] According to one element of this embodiment, a load demand is detected using a

total fuel cell segment current controller and a voltage loop PI controller.

[0081 ] FIGS. 7 and 8 are block diagrams further illustrating elements of a methodology

according to an embodiment.

[0082] Referring to FIGS. 7 and 8, for loads connected to the split bus there are two

voltage loops which control the split bus voltage. Proportional/integrated (PI) controllers

are utilized to control an outer voltage loop and an inner current loop. The total fuel cell

segment current loop controls the total fuel cell segment current. Referring to FIG. 7, a

DC reference voltage is compared to a DC positive feedback voltage (equal to the output

of the DC/DC converter 1 720 at a point in time) by a comparator 704, which comparator

determines the magnitude of a difference between the two inputs. A transfer function is

applied to the output of comparator 704.

[0083] The input currents to both DC/DC converter 1 720 and DC/DC converter 2 750 are

summed by a summer 708. The total current is compared to a current commanded from

the segment by a comparator 706, which comparator determines the magnitude of a

difference between the two inputs. A transfer function is applied to the output of

comparator 706.

[0084] Referring to the schematic of DC/DC converter 1 720 (DC/DC converter 2 750

operates in a manner similar to DC/DC converter 1 720 and will not be separately

described), a comparator 712 receives the outputs of comparators 704 and 706 (after

application of the appropriate transfer functions) and determines the lesser of the two

outputs. The output of comparator 712 is applied to a comparator 722 as the current

command input to the DC/DC converter 1 720. The 722 comparator determines the

magnitude of a difference between the two inputs. The comparator 722 compares the

current command input to a feedback current (equal to the current input of the DC/DC

converter 1 720 at a point in time). A transfer function is applied to the output of

comparator 722.



[0085] A DC reference voltage is compared to a DC positive feedback voltage (equal to the

output of the DC/DC converter 1 720 at a point in time) by a comparator 724, which

comparator determines the magnitude of a difference between the two inputs. A transfer

function is applied to the output of comparator 724. A comparator 726 receives the

outputs of comparators 722 and 724 (after application of the appropriate transfer

functions) and determines the lesser of the two outputs. The output of comparator 726 is

applied to comparators 728 and 730. The comparator 728 also receives a feed back

current from a channel A of the DC/DC converter 1 720. The comparator 728 compares

the two inputs to determine the magnitude of a difference between the two inputs. A

transfer function is applied to the output of comparator 728. Similarly, the comparator

730 receives a feed back current from a channel B of the DC/DC converter 1 720. The

comparator 730 determines the magnitude of a difference between the two inputs. A

transfer function is applied to the output of comparator 730.

[0086] The outputs of comparators 728 and 730 are supplied to peak current controllers 732

and 736 respectively. The peak current controllers operate comparators 734 and 738

respectively. Comparator 734 receives the output of comparator 728 (after application of

a transfer function), a ramp comparison signal and a channel A feedback current and

determines the magnitude of a difference between the output of comparator 728 and the

two inputs. Comparator 738 receives the output of comparator 730 (after application of a

transfer function), a ramp comparison signal and a channel B feedback current and

determines the magnitude of a difference between the output of comparator 730 and the

two inputs. The outputs of the peak controller 732 and the peak controller 736 are

received by a DC/DC converter 1 plant model 740. A transfer function is applied by

plant model 740. The out of plant model 740 is the DC positive feedback voltage used by

the various comparators.

[0087] The minimum of the voltage loop PI and fuel cell segment current loop PI is

provided as input current command for each of the DC/DC converters. If the total load

demand is less than the total fuel cell segment current command, then the individual

voltage loop Pi's take care of the fuel cell segment current distribution to ensure the load

demand is met. If the total load is more than the fuel cell segment current command and if

the -ve bus load is less than the +ve bus load, the -ve voltage loop PI commands the fuel

cell segment current required to supply the load connected to the -ve bus and the total

fuel cell segment current PI loop will determine the current supplied by the DC/DC

Converter1 to the load connected to the +ve bus. If there are n fuel cell segments then this



control method can be applied to all the n-1 fuel cell segments while one fuel cell

segment is assigned to the voltage loop to maintain the load voltage.

[0088] FIG. 8 illustrates a control method for four fuel cell segments. DC/DC converter 1

720 and DC/DC converter 2 750 are illustrated in detail in FIG. 7 . DC/DC converters 3,

5 and 7 are connected to a positive bus and are equivalent to DC/DC 1 720. DC/DC

converters 4, 6 and 8 are connected to a negative bus and are equivalent to DC/DC 2 750.

While FIG. 8 illustrates a control method for four fuel cell segments, the methodology is

not so limited and may be extended to any number of fuel cell segments and any number

of fuel cell systems.

[0089] The methodology provides for a balance of plan loads to be placed on one or the

other bus of the split bus architecture without needing to carefully balance the loads and

ensures that maximum power can be drawn from the fuel cell stacks. Without this

capability, the maximum output current setting for each DC/DC and stack fuel cell

segment could not be reached.

[0090] While many embodiments were described above, each feature or step of any

embodiment may be used in combination with one or more features or steps of one or

more other embodiments in any suitable combination.

[0091 ] The foregoing method descriptions and the process flow diagrams are provided

merely as illustrative examples and are not intended to require or imply that the steps of

the various embodiments must be performed in the order presented. As will be

appreciated by one of skill in the art the order of steps in the foregoing embodiments may

be performed in any order. Further, words such as "thereafter," "then," "next," etc. are

not intended to limit the order of the steps; these words are simply used to guide the

reader through the description of the methods.

[0092] One or more block/flow diagrams have been used to describe exemplary

embodiments. The use of block/flow diagrams is not meant to be limiting with respect to

the order of operations performed. The foregoing description of exemplary embodiments

has been presented for purposes of illustration and of description. It is not intended to be

exhaustive or limiting with respect to the precise form disclosed, and modifications and

variations are possible in light of the above teachings or may be acquired from practice of

the disclosed embodiments. It is intended that the scope of the invention be defined by the

claims appended hereto and their equivalents.

[0093] Control elements may be implemented using computing devices (such as computer)

comprising processors, memory and other components that have been programmed with



instructions to perform specific functions or may be implemented in processors designed

to perform the specified functions. A processor may be any programmable

microprocessor, microcomputer or multiple processor chip or chips that can be configured

by software instructions (applications) to perform a variety of functions, including the

functions of the various embodiments described herein. In some computing devices,

multiple processors may be provided. Typically, software applications may be stored in

the internal memory before they are accessed and loaded into the processor. In some

computing devices, the processor may include internal memory sufficient to store the

application software instructions.

[0094] The various illustrative logical blocks, modules, circuits, and algorithm steps

described in connection with the embodiments disclosed herein may be implemented as

electronic hardware, computer software, or combinations of both. To clearly illustrate

this interchangeability of hardware and software, various illustrative components, blocks,

modules, circuits, and steps have been described above generally in terms of their

functionality. Whether such functionality is implemented as hardware or software

depends upon the particular application and design constraints imposed on the overall

system. Skilled artisans may implement the described functionality in varying ways for

each particular application, but such implementation decisions should not be interpreted

as causing a departure from the scope of the present invention.

[0095] The hardware used to implement the various illustrative logics, logical blocks,

modules, and circuits described in connection with the aspects disclosed herein may be

implemented or performed with a general purpose processor, a digital signal processor

(DSP), an application specific integrated circuit (ASIC), a field programmable gate array

(FPGA) or other programmable logic device, discrete gate or transistor logic, discrete

hardware components, or any combination thereof designed to perform the functions

described herein. A general-purpose processor may be a microprocessor, but, in the

alternative, the processor may be any conventional processor, controller, microcontroller,

or state machine. A processor may also be implemented as a combination of computing

devices, e.g., a combination of a DSP and a microprocessor, a plurality of

microprocessors, one or more microprocessors in conjunction with a DSP core, or any

other such configuration. Alternatively, some blocks or methods may be performed by

circuitry that is specific to a given function.

[0096] The preceding description of the disclosed embodiments is provided to enable any

person skilled in the art to make or use the described embodiment. Various modifications to



these embodiments will be readily apparent to those skilled in the art, and the generic

principles defined herein may be applied to other embodiments without departing from the

scope of the disclosure. Thus, the present invention is not intended to be limited to the

embodiments shown herein but is to be accorded the widest scope consistent with the

following claims and the principles and novel features disclosed herein.



WHAT IS CLAIMED IS

1. A method, comprising controlling multiple networked input-parallel / output-parallel

inverters of a fuel cell system as a single inverter assembly by a master controller.

2 . The method of claim 1, wherein the master controller controls a power set point and

an on/off state of each individual inverter in the assembly.

3 . The method of claim 1, wherein all of the inverters in the assembly receive the same

split bus direct current (DC) input from plural fuel cell stack segments as parallel

inputs, and output a common three phase alternating current (AC) parallel output to a

load.

4 . A system for regulating a fuel cell system comprising:

a split bus;

a plurality of inverters, wherein a first set of the plurality of inverters are assigned to a first

segment of the split bus and a second set of the plurality of inverters are assigned to a

second segment of the split bus;

a master controller, wherein the master controller comprises a processor configured with

software executable instructions to cause the master controller to perform operations

comprising:

receiving inputs from each of the plurality of inverters, wherein an input is indicative

of a state of health of an inverter; and

in response to the inputs from the plurality of inverters, sending commands to the

plurality of inverters to dictate an output of each inverter and whether a

particular one of the plurality of inverters is in an "on" or "off state.

5 . A fuel cell system comprising a plurality of fuel cell segments, a plurality of DC/DC

converters and at least one DC/AC inverter, wherein an output of each of the plurality

of the fuel cell segments is connected to a pair of DC/DC converters, and each of the

pair DC/DC converters is connected to an opposite polarity bus being provided to the

inverter.



6 . A method of using the system of claim 5, comprising in response to a failure of a

DC/DC converter connected to one conductivity bus, turning off a DC/DC converter

connected to an opposite conductivity bus.

7 . A method of using the system of claim 5, comprising in response to a failure of one

DC/DC converter in a pair connected to one conductivity bus, increasing an output

current of the other one DC/DC converter in the pair to maximum value, increasing an

output current of remaining DC/DC converters connected to the one conductivity bus

above the pre-failure current but below the maximum current, and decreasing an

output current of remaining DC/DC converters connected to the opposite conductivity

bus below pre-failure current, wherein a total system load remains the same as the

total pre-failure load.

8. A method of using the system of claim 5, comprising in response to a failure of one

DC/DC converter in a pair connected to one conductivity bus, increasing an output

current of the other one DC/DC converter in the pair to maximum value, keeping an

output current of remaining DC/DC converters connected to the one conductivity bus

the same as the pre-failure current, and decreasing an output current of remaining

DC/DC converters connected to the opposite conductivity bus below pre-failure

current, wherein a total system load is lower than the total pre-failure load.

9 . A fuel cell system comprising a plurality of fuel cell segments, a plurality of DC/DC

converters, at least one DC/AC inverter connected to a split bus output of the plurality

of DC/DC converters, and a plurality of DC loads, wherein a first set of the plurality

of the DC loads are connected only to one conductivity bus of the split bus, and a

second set of the plurality of the DC loads is connected only to the other conductivity

bus of the split bus.
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