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CONDITION MONITORING OF A FUEL CELL STACK

FIELD

This disclosure relates to a method of monitoring the condition of at least one cell of a fuel
cell stack and/or at least one cell of a battery. In one embodiment, such a method is used

in a fuel cell hybrid electric vehicle.

BACKGROUND

In order to address concern over climate change, governments have set ambitious targets
for reducing the emission of gasses referred to as “greenhouse gasses”. For example, the
UK Government has set a target of an 80% reduction of all greenhouse emissions in the
UK by 2050. The automotive sector is a major contributor to current greenhouse gas
emissions, with current fleet average emissions standing at approximately 120 gCO,/km.
In order to meet the total UK emissions targets, fleet averages would need to decrease to
approximately 20 gCO,/km by 2050. With lightweight and turbocharging technology, this
can theoretically be pushed to approximately 80 gCO,/km. This is still some way from the
2050 targets. It will be understood that similar initiatives are being pursued by

governments in other countries and so this is not a problem that arises only in the UK.

Electric vehicles present an attractive solution to this problem for the reason that battery
electric vehicles and hydrogen fuel cell vehicles (FCV) offer zero local emissions during
operation. However, current battery electric vehicles — that is electric vehicles in which all
electrical power is provided by an on-board battery — suffer from limited range due to the
limited energy densities (100 km ranges are often quoted) and long charging times of
currently available batteries. While research is on-going to address these drawbacks, step

changes are not expected in the near future.

FCVs, using hydrogen, currently offer the other main alternative to battery electric
vehicles. In a FCV, fuel cells are used to generate electricity from an on-board store of
hydrogen. FCVs have significantly higher energy density and faster refuelling times than
battery electric vehicles. Current limitations to the adoption of FCVs include durability and
cost due to the catalysts and membranes needed for construction of the fuel cells. The
operating efficiency of fuel cells is also highly sensitive to factors such as temperature,
reactant flows and membrane hydration, with fuel cells operating best under moist, warm

conditions with sufficient reactant flows. In large automotive systems, such as passenger
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cars, however, in which several individual fuel cells in the form of a fuel cell stack would
be used, operating conditions for individual cells of the stack can vary significantly from
each other. If the condition of individual cells is not monitored and controlled, inefficiencies

and even catastrophic failure of the whole system may result.

The need for condition monitoring of individual fuel cells is therefore of critical importance.
Existing diagnostic methods are usually limited to simple cell voltage and current
monitoring and offer limited information regarding the true state of individual cells. More
advanced methods based on electrochemical impedance measurements (EIS) provide
comprehensive information, but these are impractical to implement on a vehicle due to the

excessive cost and bulkiness of the measuring equipment needed for EIS measurement.

Accordingly, there is a need for an improved solution to the condition monitoring of fuel

cells.

SUMMARY

According to a first aspect of this invention, there is provided a method of monitoring the
condition of at least one cell of a fuel cell stack and/or at least one cell of an electrical
energy storage device, the fuel cell stack connected to the input terminals of a power
converter and the output terminals of the power converter connected to the storage
device to charge the storage device; the storage device and the fuel cell stack arranged to
supply electrical power to an electrical load; the method comprising the steps of:

e operating the power converter to generate an oscillating output from the fuel cell
stack, and connecting this oscillating output to the storage device;

e sensing the voltage across the at least one cell of the fuel cell stack and the
current therein, and/or sensing the voltage across the at least one cell of the
storage device and the current therein;

o for the at least one cell of the fuel cell stack and/or the at least one cell of the
storage device, calculating from the sensed voltage and current the complex
impedance of the cell, and

e comparing the calculated complex impedance with information indicative of a
relationship between (i) the complex impedance and (ii) information indicative of
the condition of the at least one cell, to give an indication of the condition of the at

least one cell.
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The calculating step may comprise calculating from the sensed voltage and current the
complex impedance of the at least one cell at each of a plurality of different frequencies of
the oscillating output. The step of operating the power converter may comprise operating
the power converter to generate an oscillating output at each of the plurality of different

frequencies.

The electrical energy storage device may be in the form of a battery. The electrical energy
storage device may comprise a Faradaic, pseudo-Faradaic and/or non-Faradaic
electrochemical storage device. For example the electrical energy storage device may be
or comprise one more or all of a battery or batteries, capacitors, supercapacitors and

other similar devices.

In other aspects, and in general terms, there is provided a method of causing a ripple
current in one of an energy source and storage device, which causes the opposite effect
in the other of the energy source and storage device. The two devices are connected
together in one of the ways stated herein, with the ripple current being caused
accordingly.

[Technical Effects:]

Thus, in more everyday terms, there is provided a method of using electrochemical
impedance spectroscopy (EIS) to monitor the condition of a cell of a fuel cell stack and/or
a battery in situ — for example, when connected to the power electronics and a useful load
of the application which it is to power — by making use of the existing power electronics.
This avoids the need for dedicated equipment to carry out the EIS and have avoids the
added cost, size, weight and complexity of such dedicated equipment. Reducing cost,
size, weight and complexity are important factors in the design and commercial success of

both vehicles and smaller electrical devices.

EIS is a procedure sometimes used in a laboratory to obtain measurements of an
individual cell in a way that enables the decoupling of different resistances in an
electrochemical device. It relies on using a large and expensive digital signal generator to
draw or supply a small sinusoidal AC current from the cell or draw/ apply small AC voltage
across the cell terminals at different frequencies. By ascertaining the frequency response
of the complex impedance of the cell using a frequency response analyser, vital
information relating to the state of health and state of charge of the cell can be

ascertained. In EIS, knowledge of the history of the cell is not always required (in contrast
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with Coulomb counting) and so errors do not accumulate over time to reduce the accuracy

of deductions as to the condition of the cell.

In embodiments of the invention, EIS is taken out of the laboratory and made to work in
situ — that is, in applications in which cells are used to provide useful power to supply a
load and absorb power from a source. Examples of this might be cells used in an electric
or hybrid electric vehicle, or even cells used in a smaller device such as a hand-held
mobile telephone or a portable computer. By unconventionally controlling the power
converter such that its input impedance is varied, a varying current can be drawn from the
cell and then sensed together with the voltage across the cell to allow the complex
impedance of the cell to be calculated. The complex impedance at a known or sensed
frequency or frequencies can then be used to ascertain the individual state of health and

state of charge of the cell.

W02012/025706 discloses using a similar approach to monitor the condition of a battery.
However, the method of the first aspect disclosed herein differs from that disclosed in
W02012/025706 in that, in this method, a fuel cell stack is included in the arrangement
(this was absent from W(02012/025706) and a motor controller is not used to perturb the
battery as was the case in W02012/025706. Instead, the present approach uses the
power converter used to control the fuel cell stack output to perturb the fuel cell stack, and

it uses the subsequent charging of the battery to perturb the battery.

[Other Features:]

The method may include disconnecting the fuel cell stack and/or the electrical energy
storage device from the electrical load or an electrical supply (in the event of either or both
being connected to an electrical load or supply). The method may include connecting the
fuel cell stack and the electrical energy storage device to the electrical load or supply. The
electrical load may comprise one or more traction motors. The or each traction motor may

also function as an electrical supply during, for example, regenerative braking.

According to a second aspect of this invention, there is provided a method of monitoring
the condition of at least one cell of a fuel cell stack and/or at least one cell of an electrical
energy storage device, the fuel cell stack connected to input terminals of a first power

converter; the electrical energy storage device connected to a second power converter,
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and the two power converters connected to supply electrical power to an electrical load;
the method comprising the steps of:

e operating the first power converter to generate an oscillating output from the fuel
cell stack;

e operating the second power converter to supply an oscillating output from the
electrical energy storage device, the oscillating output from the electrical energy
storage device combining with the oscillating output from the fuel cell stack to
provide a substantially steady electrical supply to the electrical load;

e sensing the voltage across the at least one cell of the fuel cell stack and the
current therein, and/or sensing the voltage across the at least one cell of the
electrical energy storage device and the current therein;

o for the at least one cell of the fuel cell stack and/or the at least one cell of the
electrical energy storage device, calculating from the sensed voltage and current
the complex impedance of the cell; and

e comparing the calculated complex impedance with information indicative of a
correlation between (i) the complex impedance and (ii) information indicative of the
condition of the at least one cell, to give an indication of the condition of the at

least one cell.

As om the first aspect, the electrical energy storage device may be in the form of a
battery. The electrical energy storage device may comprise a Faradaic, pseudo-Faradaic
and/or non-Faradaic electrochemical storage device. For example the electrical energy
storage device may be or comprise one more or all of a battery or batteries, capacitors,

supercapacitors and other similar devices.

The calculating step may comprise calculating from the sensed voltage and current the
complex impedance of the at least one cell at each of a plurality of different frequencies of
the oscillating output. The step of operating the power converter may comprise operating
the power converter to generate an oscillating output at each of the plurality of different

frequencies.

The method may comprise the fuel cell stack and the electrical energy storage device
connected to supply electrical power to the electrical load, and optionally a second power

converter connected to the electrical energy storage device.



10

15

20

25

30

35

WO 2016/146971 PCT/GB2016/050652

The battery may be substituted by any other electrochemical energy storage device, such
as, for example, non-faradaic electrochemical capacitors and pseudo and faradaic

electrochemical capacitors.

The power converter and/or the second power converter may be a DC to DC converter.
The electrical load may comprise the motor and the motor controller of a vehicle, for

example a fuel cell hybrid electric vehicle.

The or each oscillating output may comprise a periodically varying current (or voltage)
and/or a ripple current (or voltage) and/or a sinusoidal oscillating current (or voltage). The
or each varying current (or voltage) may comprise a current with any waveform

whatsoever, periodic or not.

The method may comprise the or each oscillating output comprising a varying current that

takes the form of a pseudo-random binary sequence, such as a maximal length sequence.

The voltage and current sensed and used to calculate the complex impedance may be

noise and/or other spectral content present as a result of normal operation.

[Fitting to a Model]

In the comparing step, the information indicative of the correlation may be stored
information. The method may comprise comparing the calculated complex impedance and
the frequency of the oscillating supply against information indicative of a correlation
between (i) those quantities and (ii) the information indicative of the condition of the at

least one cell.

For a battery cell (and optionally for cells of other electrochemical storage devices), the
information indicative of the condition of the at least one cell may comprise information
indicative of, for example, the state of life of the cell (overall complex impedance being
indicative of state of life) , the state of charge of the cell and/or degradation rate of the cell.
The information indicative of the state of charge of the cell may be information indicative
of the charge transfer processes occurring at electrode-electrolyte interfaces. The
information indicative of the degradation rate may be information indicative of the
resistance of the solid electrolyte interface (SEI) of the cell. The information indicative of

degradation may comprise information indicative of the high frequency intercept on the
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complex impedance spectrum (Nyquist plot). This is especially useful with li-polymer cells

— their “bulk” resistance (indicated by HF intercept) can change drastically over cycles.

The information indicative of a correlation between the complex impedance and the
condition of the at least one cell may be information indicative of a correlation between a
component of an equivalent circuit, the equivalent circuit being obtained by the application
of a mathematical algorithm to empirical data relating to the cell. The empirical data may

comprise EIS data at different states of charge.

For fuel cells, the EIS is indicative of slightly different things. There is no concept of state
of charge in fuel cells but it can tell you about the state of health. The high frequency
intercept is related to the membrane hydration. The wetter the fuel cell the better its
performance and thus lower the high frequency intercept. Normally there are two charge
transfer curves (one for hydrogen and one for oxygen). A change in one of these in the
EIS will suggest a problem with the anode or cathode respectively. The low frequency
component will give information about mass transport. If one of the channels is blocked
with water this would affect. Thus FC EIS can give information about membrane hydration
which has very slow time constants such that hydration levels can be controlled by
external balance of plant components. The information indicative of the condition of the at

least one cell may be formulated accordingly.

As temperature can affect impedance response, it is also envisaged that temperature of
the at least one cell may be sensed and used to correct for the effect of temperature.
Accordingly, the information which may be stored information may also take account of
cell temperature. For example, that information may be at least partly a function of
temperature, or there may be separate sets of information, each for a respective

temperature.

[Other Aspects]

According to a third aspect of this invention, there is provided processing and control
means for a power converter, the processing and control means programmed and

operable to control the power converter in accordance with the method defined above.

The processing and control means may be further arranged to receive information from
sensing means indicative of the quantities sensed in the sensing steps defined

hereinabove.
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The processing and control means may be further arranged to carry out the comparing

step.

According to a fourth aspect of this invention, there is provided a control system

comprising the processing and control means and further comprising the sensing means.

According to a fifth aspect of this invention, there is provided a computer program having
code portions executable by the processing and control means to cause the processing

and control means to operate as define hereinabove.

According to a sixth aspect of this invention, there is provided a record carrier comprising
thereon or therein a record of the code portions. The record carrier may comprise an
optical storage medium, such as, for example, a computer-readable disk such as, for
example, a CD-ROM or DVD-ROM. The record carrier may comprise a solid-state storage
medium such as, for example, volatile memory and/or non-volatile memory; it may
comprise, for example, an EPROM, and EEPROM and/or flash memory. The record

carrier may be a signal; it may be a wireless signal.

According to a seventh aspect of this invention, there is provided a vehicle comprising a

control system as defined hereinabove.

Features of other embodiments are defined in the appended claims.

[Application to segmented passive hybrid arrangement]

According to a further aspect of this invention, methods disclosed herein may be used to
monitor the condition of a system comprising apparatus for supplying electrical energy to a
varying load, the apparatus comprising fuel cells and energy storage devices, wherein a fuel
cell subset comprising one or a plurality of series-connected ones of the fuel cells, having a
first no-load open-circuit potential thereacross, is connected in parallel with an energy storage
device subset comprising one or a plurality of series-connected ones of the energy storage
devices, having a second no-load open-circuit potential thereacross, to form a unit cell and the
unit cell is connected in series or parallel with at least one other unit cell, and the fuel cells in
the unit cell and the at least one other unit cell are fuel cells of the same fuel cell stack,
wherein the first no-load open-circuit potential and the second no-load open circuit potential

are substantially balanced. A switching device is provided to control current flow between the
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subset of fuel cells and the energy storage device subset in the or each unit cell. The
switching frequency of the or each switching devices may be controlled in accordance

with any method disclosed herein to give an excitation signal suitable for EIS analysis.

BRIEF DESCRIPTION OF THE DRAWINGS

Specific embodiments of the invention are described below by way of example only and

with reference to the drawings, in which:

Figure 1 is a schematic diagram of the power train of a fuel cell hybrid electric vehicle;

Figure 2 is a flow chart of a method of operating the power train;

Figure 3 is a schematic diagram of an alternative power train of a fuel cell hybrid electric

vehicle;

Figure 4 is a schematic diagram of a further alternative power train of a fuel cell hybrid

electric vehicle;

Figure 5 shows in schematic form detail of a segmented fuel cell and battery arrangement

of a passive hybrid system; and

Figure 6 shows switches used to control the Figure 5 arrangement.

DETAILED DESCRIPTION

Figure 1 shows in schematic form a first embodiment in which components of the power
train 10 of a fuel cell hybrid electric vehicle (not shown). With continued reference to
Figure 1, the drive train 10 has a fuel cell stack 20 made up of several fuel cells (not
shown) connected together in series. In this embodiment, the fuel cell is hydrogen fuel
cell. Other fuel cells may be used in other embodiments. The power train 10 also has a
battery 30 made up of several battery cells (not shown) connected together in series. In
this embodiment, the battery is a lithium-ion battery pack. Other battery packs, or indeed
other forms of storing electrical energy, for example electrical energy storage devices
comprising a plurality of electrical energy storage cells connected together to make up the
device, may be used in other embodiments. The terminals of the fuel cell stack 20 are

connected to to the input of a first DC to DC converter 25, and the battery pack is
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connected toa second DC to DC converter 35. The two DC converters 25, 35 are
connected to each other, such that the fuel cell stack 20 and the battery pack 30 are also
connected in parallel. The terminals of the parallel-connected DC to DC converters 25, 35
are connected to a motor controller 40. The motor controller 40 is connected to supply
electrical power to an electric motor 50 that is mechanically coupled to drive wheels of the
vehicle. (It will be understood that in other embodiments in which the motor is an AC

motor, an additional DC to AC converter is provided.)

As will become clear from the following description, the power train 10 is arranged and
operable to provide an improved arrangement for monitoring the condition of the fuel cell
stack 20 and the battery pack 30.

Although not shown, the first and second DC to DC converters 25, 35 and the motor
controller are connected and arranged to be controlled by control signals from an
electronic control unit (ECU) of the vehicle. The ECU is also considered to form part of the

drive train 10 in this embodiment.

Although not shown, it is envisaged that the power train 10 further includes sensing
means in the form of a digital signal processor, that includes a respective analogue-to-
digital converter for each input channel, connected via differential instrumentation
amplifiers to sense the voltage across and current through each cell of the fuel cell stack
20 and each cell of the battery pack 30. The skilled addressee will understand how such
an arrangement would be implemented in practice in order to sense the voltage across

and current through each cell of the fuel cell stack 20 and the battery pack 30.

At least certain of the components described above are to be found in the power trains of
existing fuel cell hybrid electric vehicles. At least the fuel cell stack 20, the battery pack
30, the two DC to DC converters 25, 35, the motor controller 40 and the motor 50 are

conventional.
The operation of these components, and in particular the instructions stored in the ECU
that determine the operation of these components are, however, not conventional. This

operation will now be described.

[Operation: MC connected]
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Operation of the power train 10 is generally the same as that for existing fuel cell hybrid
electric vehicles except in relation to the way in which the power train 10 monitors the
condition of the fuel cell stack 20 and the battery pack 30. The ECU includes a record of
instructions stored in memory of the ECU and executable by the ECU to carry out a
monitoring routine 100. This routine amounts to an example of a method that embodies
the invention. The monitoring routine 100 will now be described with reference to Figure
2.

The monitoring routine 100 starts at step 110 and then proceeds to step 120 in which the
ECU controls the first DC to DC converter 25 to provide from the fuel cell stack 20 a
variable output. The variable output, in this example, is in the form of a substantially
constant baseline DC current with an AC current superimposed on it, to give a sinusoidal

variation in current about the positive baseline value.

In step 120, the ECU also simultaneously controls the second DC to DC converter 35 to
provide from the battery pack 35 a variable output. This variable output is also, in this
example, in the form of a substantially constant baseline DC current with an AC current
superimposed on it to give a sinusoidal variation in current about the positive baseline

valve.

The variable output from the first DC to DC converter 25 and the variable output from the
second DC to DC converter are chosen so that, when summed, the provide a substantially
constant DC supply to the motor controller 40. In other words the AC component of the
output from the first DC to DC converter and the AC component from the second DC to
DC converter cancel each other out. The supply to the motor controller 40 is therefore the
sum of the two baseline DC currents. The ECU therefore operates to control the two DC
to DC converters 25, 35 such that the DC components of the two variable supplies
combine in this way to produce the desired supply to the motor controller 40 for operation
of the vehicle. It will be appreciated that this desired supply will vary during operation, as
will the proportion of the supply represented by each of the two DC components. The ECU
operates to control the two DC to DC converters 25, 35 such that the AC components are
selected such that they perturb the fuel cell stack 20 and the battery pack 30 in order that

EIS can be carried out in the manner described below.

It will be understood that the AC components used in this example could be any varying
component that allows EIS to be carried out and that results, once summed, in

substantially no undesirable input to the motor controller 40, for example, the two

11
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components may substantially cancel out as in the example above or their variations may

substantially cancel out to give a DC current.

While the two DC to DC converters 25, 35 are being controlled in the way described in
step 120, the routine also carries out step 130 in which the voltage across and current
through each cell of the fuel cell stack 20 and each cell of the battery pack 30 is sensed.
This sensing is done using the digital signal processor. Information indicative of the

voltage across and current through each cell is then communicated to the ECU.

The routine then progresses to step 140 in which ECU calculates the complex impedance

of each cell from the sensed voltage across and sensed current through each cell.

The routine then proceeds to step 150 in which the routine returns and repeats steps 120
to 140, but with the two DC to DC converters 25, 35 being controlled to provide AC
components at a frequency different from that which at they were previously provided, but
again such that when summed the variations cancel. This loop is repeated, each time
with a different frequency, between a predetermined range of frequencies and at a
predetermined number of different frequencies within that range. In the present
embodiment it is envisaged that this range should be between approximately 10mHz and
100kHz and it is envisaged that the number of different frequencies would be
approximately 20. In other embodiments, these steps may be repeated for more or fewer
different frequencies. Once steps 120 to 140 have been repeated for each of the
predetermined frequencies, the routine proceeds to step 160. In other embodiments,
plural frequencies may be combined into one or more multi-sequences. For example, if a
sine wave is used as an excitation signal, multiple sine waves may be combined into a

multi-sine signal.

At step 160, the ECU compares the calculated complex impedance of each cell, together
with the frequency of the used to generate that calculation, with a record accessible by the
ECU of a predetermined correlation between those two quantities and, for the battery
pack 30, the state of charge and battery degradation rate, and, for the fuel cell stack 20,
the level of hydration. For fuel cells, the complex impedance can be used to ascertain
whether some of the flow channels are flooded or becoming flooded with water. Should
this be ascertained, a control signal can be sent to avoid the fuel cell from becoming

excessively flooded. Fuel cell electrode degradation can also be detected by EIS.

12
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For example, it has been found that the frequency response of the complex impedance of
a commercial lithium-ion battery, such as A123 ANR26650, between 100Hz and 1000Hz
corresponds to the impedance of the solid electrolyte interface (SEIl) of the battery pack
and so provides information about the rate of degradation of the battery pack 30. It has
also been found that the frequency response between 1Hz and 100Hz corresponds to the
charge transfer processes occurring at the electrode-electrolyte interfaces and so
provides and indication as to the state of charge of the battery. Accordingly, comparing
the measured frequency response with stored frequency responses allows deductions to
be made as to the state of charge of each cell and the rate of degradation of each cell of
the battery pack 30. It is envisaged that the stored frequency responses be in the form of
several look-up tables that also take account of other factors, such as by having look-up
tables for each of various different operating temperatures and/or stages in the life cycle
of the fuel cell stack 20 and the battery pack 30 and/or different discharge current rates.
Alternatively, the measured frequency response may be compared with a calculated
frequency response, calculated using an algorithm that takes accounts of these various

factors.

The routine then proceeds to step 170 in which these deductions are made available by
the ECU to other routines being executed thereby, and also to other components for use

in managing the fuel cell stack 20 and the batter pack 30 effectively.

The monitoring routine 100 then ends at step 180.

In this embodiment, it is envisaged that the monitoring routine 100 be performed
periodically during normal operation of the vehicle 10 in order to provide information as to
the condition of the fuel cell stack 20 and the battery pack 30 during operation of the
vehicle 10 and so allow for effective management of each. This is made possible by the
mutual-cancellation of the variances in the output from each DC to DC converter 25, 35.
Without this, there would be undesirable variation in the supply to the motor controller 40
which would affect the performance of the vehicle in an undesirable manner. For
example, it is conceivable that applying a ripple current to the motor controller 40 may
result in torque ripple at the motor 50 and resulting vibration and acoustic noise in the
passenger cabin of the vehicle. The present arrangement, however, can be used during

normal operation of the vehicle without giving rise to this disadvantage.

[Operation: MC disconnected]
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Alternatively or in addition to the routine 100 described above, the two DC to DC
converters may be disconnected from the motor controller 40, for example when the
vehicle is at rest, and substantially the same approach may be followed. The two variable
outputs may be selected such that there is no baseline DC component and such that the
AC components cancel out. Alternatively, the two variable outputs may be selected such
that there is a positive baseline component to the variable output from the DC to DC
converter 25 connected to the fuel cell stack 25 and this is used to charge the battery
pack 30, and with the two AC components cancelling out. Other approaches are also

envisaged.

[Multiple frequencies at once]

In the routine 100 described above the variable output from each DC to DC converter 25,
35 contains only one frequency at a time, but that frequency is subsequently and
repeatedly varied across a spectrum to give the frequency response. This approach may
therefore be termed a “frequency sweep” approach. An alternative approach that may be
used along with the frequency sweep (although not at the same time) or instead of it is to
provide a variable output from each DC to DC converter that contains several frequencies.
As in the routine 100 described above, the variable components of each variable output
would substantially cancel each other out, leaving the sum of the substantially constant

components as the supply to the motor controller.

One approach to providing a variable output from each DC to DC converter 25, 35 that
contains several frequencies is to superimpose a square pulse current onto each baseline
component. The ECU then, as before, calculates the step-response complex impedance
of each cell. Again, this can be compared with values stored in the memory to make
deductions about the condition of the fuel cell 20 and the battery 30 pack. These
deductions can then be made available as before. As this approach relies on a non-
sinusoidal pulse, this can be termed a “pulse method”. This pulse method is based on the
premise that a narrow pulse contains, in principle, infinite different frequencies and so it is
theoretically possible to obtain all the information needed from one pulse response, if an
assumption that the system responds linearly is justified. In practice, however, it may not
be possible to obtain all the information that is needed in this way and so, in at least some

embodiments both the frequency sweep method and the pulse method may be used.

A square pulse is used in the arrangement described above. In other embodiments,

however, the pulse need not be square. Instead, the pulse could, conceivably, be any
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non-periodic waveform. It may, for example, be a step, impulse, ramp and so on. A square
pulse may, however, be preferred as it contains the “most” frequencies. The amount of
frequency information that can be extracted from other forms of pulse will vary with the

particular form of the pulse.

Figure 3 shows another embodiment that is generally the same as the Figure 1
embodiment, but with the omission of the DC to DC converter that was connected to the
battery pack 30. For simplicity, the same reference numbers are used to refer to
components common to the two embodiments. With the omission of the second DC to DC
converter from this Figure 3 embodiment, it will be appreciated that the batter pack 30
must be sized to fit the motor controller 40. The operation of this embodiment is as
previously described, but without any operation of the now-omitted DC to DC converter.
Specifically, this embodiment can be operated accordingly to routine 100, in the manner
previously described in which the motor controller 40 is disconnected and also according

to the “pulse method”.

The principle of motor excitation disclosed above can also be applied to a passive hybrid
system such as that shown in Figure 4 and Figure 5. An example of such a system is that
described in WO 2014/195736. The drawback here would be that the load instabilities are

reintroduced.

The application of this approach to the system of Figure 4 and Figure 5 builds upon the
segmented fuel cell battery passive hybrid system disclosed in WO 2014/195736. The
contents of that application, in so far as they relate to the system shown in Figures 4 and
5, and to the application of the approach disclosed in the present disclosure to that
system, are hereby incorporated into the present disclosure. From consulting the earlier
publication, in particular the description of the arrangement shown in and described with
reference to Figure 11 of that earlier publication, the skilled person will understand that, in
the Figure 4 and Figure 5 system of the present disclosure, a battery (or any secondary
energy storage device) is connected across a certain number of individual FCs that match
the Open Circuit Potential (OCP) of the battery (or other device) with a switching device
between the two. This arrangement was originally developed with the aim of passively
balancing batteries in large packs without the need for a Battery Management System
(BMS). However if the switching frequency of the switching devices is controlled in
accordance with the present approach, an excitation signal suitable for EIS analysis is

also possible.
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Effects of the arrangements disclosed herein include the following. In the active hybrid
configuration, there is provided the ability of gaining detailed diagnostics information on
FCs and batteries in a hybrid vehicle at a low-cost with power electronics which already
exist in a vehicle. Use of the energy storage device, to buffer the excitation signal from the
motor controller, results in a higher quality power output for the end-user.

The advantage of the segmented FC passive hybrid system excitation through control of
the switching frequencies is that the load oscillation magnitude can be minimised through
isolated switching in a small part of the stack. This reduces the overall load oscillations

experienced by the load.

Additional features and further effects of embodiments include;

o The application of on-board vehicle impedance measurements to fuel cell hybrid
systems incorporating a fuel cell and electrochemical energy storage (EES) device
(i.e. batteries, non-faradaic electrochemical capacitors & pseudo and faradaic
electrochemical capacitors).

o That such hybrid systems could be active hybrids, i.e. with one or more electrical
control and voltage regulation systems between the fuel cell, EES and loads,
typically a DC/DC converter.

o That such hybrid systems could be passive hybrids, i.e. with no electrical control
and voltage regulation systems between the fuel cell and EES, i.e. they are in
parallel with each other and power flow is regulated by their impedances

o That the excitation for the impedance measurements is generated by either, a
dedicated circuit designed for such a purpose, the drivetrain (i.e. by controlling the
motor controller and motor), or the hotel loads (i.e. all other loads such as heaters,
air conditioning, windscreen wipers, etc), or a combination thereof.

¢ Inthe active hybrid configuration, to maintain a minimal external load
oscillation/noise, i.e. when the fuel cell is being excited negatively, the battery is
being excited positively and vice versa.

o Multiplexing, to use a method of providing the excitation across a whole stack
and/or pack or hybrid stack/pack, but to have a smaller number of measurement
circuits than unit cells, in some manifestations just 1 measurement circuit will be
required, and to switch them in to monitor 1 cell at a time. This could significantly
reduce the cost of such a system if it is not required to measure the impedance of

all unit cells simultaneously.
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e For the passive hybrid, the internal switching between the single EES and fuel
cells in a single unit cell of the hybrid stack could be used to generate the
excitation for the impedance measurement of one or a group of cells at a time,
again with no or minimal external load oscillation/noise.

o For the passive hybrid, the internal switching could be used to isolate the fuel cell
stack or EES pack so that each fuel cell or EES cell can be monitored individually.
This is explained below:

o As shown in Figure 6 (a), switches (such as 2 MOSFETS opposing each
other) may be used to isolate the system during operation, and these
switches can be used to excite each unit cell at a time.

o InFigure 6 (b) the current is flowing through the fuel cell stack, and then
the switches either side of battery unit cell 2 is used to shunt some current
through the battery at different frequencies, providing the excitation for that
battery cell and/or fuel cell unit cell (this is likely to be preferred to (c) as the
fuel cell should normally be under load to minimise degradation).

o InFigure 6 (c) the same occurs, but now the current is flowing through the
battery pack and the switches are used to switch infout a region of the fuel

cell stack.

This disclosure also provides:

Clause 1. A method of monitoring the condition of at least one cell of a fuel cell stack
and/or at least one cell of an electrical energy storage device, the fuel cell stack
connected to the input terminals of a power converter and the output terminals of the
power converter connected to the storage device to charge the storage device; the
storage device and the fuel cell stack arranged to supply electrical power to an electrical
load; the method comprising the steps of:

e operating the power converter to generate an oscillating output from the fuel cell
stack, and connecting this oscillating output to the storage device;

e sensing the voltage across the at least one cell of the fuel cell stack and the
current therein, and/or sensing the voltage across the at least one cell of the
storage device and the current therein;

o for the at least one cell of the fuel cell stack and/or the at least one cell of the
storage device, calculating from the sensed voltage and current the complex
impedance of the cell, and

e comparing the calculated complex impedance with information indicative of a

relationship between (i) the complex impedance and (ii) information indicative of
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the condition of the at least one cell, to give an indication of the condition of the at

least one cell.

Clause 2. A method according to clause 1 in which the fuel cell stack and/or the battery

are not connected to the electrical load during at least the operating and sensing steps.

Clause 3. A method according to clause 2 comprising the step of disconnecting the fuel
cell stack and/or the batter pack from the electrical load for the duration of at least the

operating and sensing steps.

Clause 4. A method according to clause 2 or clause 3, wherein the battery is at least
partly discharged such that the oscillating output of the fuel cell stack is supplied to the
battery.

Clause 5. A method according to clause 1 in which the fuel cell stack and/or the battery

are connected to the electrical load during at least the operating and sensing steps.

Clause 6. A method according to clause 5 comprising the step of connecting the fuel cell
stack and/or the battery to the electrical load for the duration of at least the operating and

sensing steps.

Clause 7. A method according to clause 1, clause 5 or clause 6, wherein a second power
converter is connected to the battery; the first power converter and the second power
converter connected to supply the electrical load; wherein the operating step comprises
operating the second power converter to supply an oscillating output from the battery, the
oscillating output from the battery combining with the oscillating output from the fuel cell

stack to provide a substantially steady electrical supply to the electrical load.

Clause 8. A method of monitoring the condition of at least one cell of a fuel cell stack
and/or at least one cell of a battery, the fuel cell stack connected to input terminals of a
first power converter; the battery connected to a second power converter, and the two
power converters connected to supply electrical power to an electrical load; the method
comprising the steps of:

e operating the first power converter to generate an oscillating output from the fuel

cell stack;
e operating the second power converter to supply an oscillating output from the

battery, the oscillating output from the battery combining with the oscillating output
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from the fuel cell stack to provide a substantially steady electrical supply to the
electrical load:;

e sensing the voltage across the at least one cell of the fuel cell stack and the
current therein, and/or sensing the voltage across the at least one cell of the
battery and the current therein;

o for the at least one cell of the fuel cell stack and/or the at least one cell of the
battery, calculating from the sensed voltage and current the complex impedance of
the cell; and

e comparing the calculated complex impedance with information indicative of a
correlation between (i) the complex impedance and (ii) information indicative of the
condition of the at least one cell, to give an indication of the condition of the at

least one cell.

Clause 10. A method according to any preceding clause, wherein the step of operating the
or each power converter comprises operating the or each power converter to generate an

oscillating output at each of a plurality of different frequencies.

Clause 11. A method according to any clause 10, wherein the step of sensing comprises
the voltage across the at least one cell of the fuel cell stack and the current therein, and/or
sensing the voltage across the at least one cell of the battery and the current therein at

each of the plurality of different frequencies.

Clause 12. A method according to clause 10 or clause 11, wherein the calculating step
comprises calculating from the sensed voltage and current the complex impedance of the
at least one cell of the fuel cell stack and/or the at least one cell of the battery at each of

the plurality of different frequencies of the oscillating output.

Clause 13. Processing and control means for a power converter, the processing and
control means programmed and operable to control the power converter in accordance

with any of clause 1 to clause 12.

Clause 14. Processing and control means according to clause 13 and further arranged to
receive information from sensing means indicative of the quantities sensed in the sensing

steps defined hereinabove.
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Clause 15. Processing and control means according to clause 14 and further arranged to

carry out the comparing step.

Clause 16. A control system according to clause 14 or clause 15 and comprising the

processing and control means and further comprising the sensing means.

Clause 17. A computer program product comprising code portions executable by
processing and control means to cause the processing and control means to carry out a
method according to any of clause 1 to clause 12.

Clause 18. A record carrier comprising thereon or therein a record of code portions
executable by processing and control means to cause the processing and control means

to carry out a method according to any of clause 1 to clause 12.

Clause 19. A vehicle comprising a control system according to clause 16.
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Claims

1. A method of monitoring the condition of at least one cell of a fuel cell stack and/or at
least one cell of an electrical energy storage device, the fuel cell stack connected to the
input terminals of a power converter and the output terminals of the power converter
connected to the storage device to charge the storage device; the storage device and the
fuel cell stack arranged to supply electrical power to an electrical load; the method
comprising the steps of:

e operating the power converter to generate an oscillating output from the fuel cell
stack, and connecting this oscillating output to the storage device;

e sensing the voltage across the at least one cell of the fuel cell stack and the
current therein, and/or sensing the voltage across the at least one cell of the
storage device and the current therein;

o for the at least one cell of the fuel cell stack and/or the at least one cell of the
storage device, calculating from the sensed voltage and current the complex
impedance of the cell, and

e comparing the calculated complex impedance with information indicative of a
relationship between (i) the complex impedance and (ii) information indicative of
the condition of the at least one cell, to give an indication of the condition of the at

least one cell.

2. A method according to claim 1 in which the fuel cell stack and/or the electrical energy
storage device are not connected to the electrical load during at least the operating and

sensing steps.

3. A method according to claim 2 comprising the step of disconnecting the fuel cell stack
and/or the electrical energy storage device from the electrical load for the duration of at

least the operating and sensing steps.

4. A method according to claim 2 or claim 3, wherein the electrical energy storage device
is at least partly discharged such that the oscillating output of the fuel cell stack is supplied

to the electrical energy storage device.

5. A method according to claim 1 in which the fuel cell stack and/or the electrical energy
storage device are connected to the electrical load during at least the operating and

sensing steps.
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6. A method according to claim 5 comprising the step of connecting the fuel cell stack
and/or the electrical energy storage device to the electrical load for the duration of at least

the operating and sensing steps.

7. A method according to claim 1, claim 5 or claim 6, wherein a second power converter is
connected to the electrical energy storage device; the first power converter and the
second power converter connected to supply the electrical load; wherein the operating
step comprises operating the second power converter to supply an oscillating output from
the electrical energy storage device, the oscillating output from the electrical energy
storage device combining with the oscillating output from the fuel cell stack to provide a

substantially steady electrical supply to the electrical load.

8. A method of monitoring the condition of at least one cell of a fuel cell stack and/or at
least one cell of an electrical energy storage device, the fuel cell stack connected to input
terminals of a first power converter; the electrical energy storage device connected to a
second power converter, and the two power converters connected to supply electrical
power to an electrical load; the method comprising the steps of:

e operating the first power converter to generate an oscillating output from the fuel
cell stack;

e operating the second power converter to supply an oscillating output from the
electrical energy storage device, the oscillating output from the electrical energy
storage device combining with the oscillating output from the fuel cell stack to
provide a substantially steady electrical supply to the electrical load;

e sensing the voltage across the at least one cell of the fuel cell stack and the
current therein, and/or sensing the voltage across the at least one cell of the
electrical energy storage device and the current therein;

o for the at least one cell of the fuel cell stack and/or the at least one cell of the
electrical energy storage device, calculating from the sensed voltage and current
the complex impedance of the cell; and

e comparing the calculated complex impedance with information indicative of a
correlation between (i) the complex impedance and (ii) information indicative of the
condition of the at least one cell, to give an indication of the condition of the at

least one cell.
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9. A method according to any preceding claim, wherein the step of operating the or each
power converter comprises operating the or each power converter to generate an

oscillating output at each of a plurality of different frequencies.

10. A method according to any claim 9, wherein the step of sensing comprises sensing
the voltage across the at least one cell of the fuel cell stack and the current therein, and/or
sensing the voltage across the at least one cell of the electrical energy storage device and

the current therein at each of the plurality of different frequencies.

11. A method according to claim 9 or claim 10, wherein the calculating step comprises
calculating from the sensed voltage and current the complex impedance of the at least
one cell of the fuel cell stack and/or the at least one cell of the electrical energy storage

device at each of the plurality of different frequencies of the oscillating output.

12. Processing and control means for a power converter, the processing and control
means programmed and operable to control the power converter in accordance with any

of claim 1 to claim 11.

13. Processing and control means according to claim 12 and further arranged to receive
information from sensing means indicative of the quantities sensed in the sensing steps

defined hereinabove.

14. Processing and control means according to claim 13 and further arranged to carry out

the comparing step.

15. A control system according to claim 13 or claim 14 and comprising the processing and

control means and further comprising the sensing means.

16. A computer program product comprising code portions executable by processing and
control means to cause the processing and control means to carry out a method

according to any of claim 1 to claim 11.
17. A record carrier comprising thereon or therein a record of code portions executable by

processing and control means to cause the processing and control means to carry out a

method according to any of claim 1 to claim 11.
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18. A vehicle comprising a control system according to claim 15.

24



WO 2016/146971 PCT/GB2016/050652

115

10

/

Fuel cell current Battery current Motor current

i
Fuel cell DCDC Motor
stack converter controller
. 4
Battery DCDC
pack converter
30/ \35

Fig. 1

SUBSTITUTE SHEET (RULE 26)



WO 2016/146971 PCT/GB2016/050652

2/5
/1 00

110

120—]

130—]

140—]

150

160—]

170—]
180

Fig. 2

SUBSTITUTE SHEET (RULE 26)



WO 2016/146971 PCT/GB2016/050652

3/5

Fuel cell current Battery current Motor current

i
Fuel cell DCDC Motor
stack converter controller
25 /
40
Battery
pack
30/
Fig. 3
Fuel cell current Battery current Motor current
+ =
Fuel cell Motor
stack controller
Battery
pack

Fig. 4

SUBSTITUTE SHEET (RULE 26)



WO 2016/146971 PCT/GB2016/050652
4/5
Battery
R T ] ulh 5
| T | {
\: \: \: Switching
device
T
FC Unit cell
Load
Fig. 5

SUBSTITUTE SHEET (RULE 26)



PCT/GB2016/050652

WO 2016/146971

5/5

RRE
NARS
I

Jun |89 [any ¢ 8}ioxa (9)

i

_ 1T
_
N

e —|

b

T

bois s}

180 S33 | 8)ioxe (q)

B

TN ATF

s

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2016/050652

A. CLASSIFICATION OF SUBJECT MATTER

INV. HOIM8/04537  HOLM8/04664
ADD. HO1M10/48

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HOIM

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X US 20107286939 Al (OH DUK-JIN [KR] ET AL)
11 November 2010 (2010-11-11)

abstract

paragraphs [0003], [0004], [0025] -
[0045], [0067]

claims 1-15

Y WO 20127025706 Al (IMP INNOVATIONS LTD
[GB]; BRANDON NIGEL [GB]; MITCHESON PAUL
[GB]; YUF) 1 March 2012 (2012-03-01)
cited in the application

abstract

page 11, line 13 - page 20, line 9
claims 1-22

figures 2, 3

1-6,9-17

1-18

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

cited to establish the publication date of another citation or other
special reason (as specified)

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is

"Q" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

19 April 2016 26/04/2016

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik
Tel. (+31-70) 340-2040,

Name and mailing address of the ISA/ Authorized officer

Fax: (+31-70) 340-3018 Gomes Pinto F., R

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2016/050652

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

US 2009/226770 Al (MANABE KOTA [JP] ET AL)
10 September 2009 (2009-09-10)

abstract

paragraphs [0001] - [0003], [0040] -
[6075]; claims 1-18

figure 1

US 2013/057292 Al (HASEGAWA TAKAHIKO [JP]
ET AL) 7 March 2013 (2013-03-07)

abstract

paragraphs [0001] - [0003], [0019] -
[0030], [0038]

figures 1, 6

US 2012/019068 Al (HASEGAWA TAKAHIKO [JP]
ET AL) 26 January 2012 (2012-01-26)
abstract

figures 1, 2

1-18

1-18

1-18

Form PCT/ISA/210 (col

ntinuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/GB2016/050652
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2010286939 Al 11-11-2010 KR 20100121354 A 17-11-2010
US 2010286939 Al 11-11-2010

WO 2012025706 Al 01-03-2012 EP 2609439 Al 03-07-2013
JP 2013537638 A 03-10-2013
KR 20140034717 A 20-03-2014
US 2013229156 Al 05-09-2013
WO 2012025706 Al 01-03-2012

US 2009226770 Al 10-09-2009 CN 101218704 A 09-07-2008
DE 112006001747 T5 08-05-2008
JP 5136945 B2 06-02-2013
JP 2007018741 A 25-01-2007
US 2009226770 Al 10-09-2009
WO 2007004732 Al 11-01-2007

US 2013057292 Al 07-03-2013 CN 103098278 A 08-05-2013
DE 112011101180 T5 10-01-2013
JP 5392166 B2 22-01-2014
JP 2011216429 A 27-10-2011
US 2013057292 Al 07-03-2013
WO 2011121410 A2 06-10-2011

US 2012019068 Al 26-01-2012 CN 102460921 A 16-05-2012
DE 112009004881 T5 25-10-2012
JP 5029978 B2 19-09-2012
US 2012019068 Al 26-01-2012
WO 2010143250 Al 16-12-2010

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report

