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Abstract

Shunt Connected Power Conditioner with Energy Storage for a
Hydrogen Fuel Cell System Supplying a DC Nanogrid

Muhammad Ali Akbar

DC power distribution systems (especially DC nanogrids) are becoming a great area of interest
for researchers thaan lead to a better integration distributed energy resourceBERS and
supplying local loads in a more efficient way compared to AGsys#s a power source for DC
power distribution systems, the use of renewable energy source is increasing ev&Wheiay.
considering renewable energy sources, one can think of the most popular ones like photovoltaics
(PV) and wind energy, but another @onment friendlypowersource that is gaining popularity
is the hydrogen fuel cell (FC)DC nanogrids for NeZero Energy Homes (NZEHSs) are expected
to include a number of Disbuted Energy Resources (DERBCsarean interesting choice as
supplementaétlispatchablegpower sourcebecausdhey can operate as -generatorsupplying
electricity and heat foNZEHSs. The outputvoltageof the FC changes with thedectric power
demanded by thiead (if the hydrogen injection in the FC is kept constdg}sides, if there is an
instant change in the load current demand, it can also damage thiegf€fore, tqrotect the FC
andsupply the load with a regulated voltage, aDC converter is often employed as an interface
for the FC. In such a case, loadmnd variations will lead to variations in the output power of
the FC, whichis at the maximum power pointhenit is supplying a given amount of power at a

given current.

This thesis discusses the realization of a control schiem@nablesa FC sysemto operate at
the maximumnpowerpoint by usingan Energy Storage System (ESS) based smp&r capacitor
(SC)and another power electronics interfasesupporting unifhe output of the ESIS connected
in shunt withthe output of the FC systetn the DC (load) bus The ESS is current controlled to
force the FCsystemto supply a constant currenin this way,the FC will supply anideal,

maximumpower point currenteven as the power demand by the electric load v&essdes, the



ESScan also pvide the load with more power than the rated value of theys@m Moreover,
an additionatontrol scheme is also implementedhe ESSto keep the voltage at the SC within

safe and useful values

Finally, the proposedcheme iwverified with hardvare experiments. Experimental results with
power electronics interfaceshowing the voltage regulation in the ©ad) bus, FC current
control and the regulation of SC voltagee presented. It idemonstrated thahe FC can be
operated at its maximupower point, using aSCbased ES#iith injectedcurrent and&sCvoltage

control loops.
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Chapter 1 Introduction

Demand of energy is increasing every day and tisemegreat concern over using fossil fuel as
the source of energy, as a result, the use of renewable energy sources (RESS) is increasing every
day. When renewable sources of energy are considered, one can think of sources like photovoltaics
(PV) and windenergy, but another fuel source that is gaining popularity is hydrogen Fuel Cell
(FC) which has zero emission and is environment friendly. With the develomhéhbton
ExchangeMembrane (PEM) fuel cells, the output and reliability of FCs has been greptiyved.
Recent advancements in poveectronics and controled to the implementation of nanogrids,
where multiple RES are integrated with energy storage units. Nanogrids can be controlled as a
local grid but at a very small scale, roughly less thauk\& [1]. Microgrid is higher in scale as
compared to nanogrids and there can be multiple nanogrids in a microgrid, which can also be
connected to the existing utility grid. The idea of connecting the utility grid with a nano o
microgrid is becoming popular considering its benefits. Nanogrids are considered vital for future
smart homes and smart commercial buildings which will lead on taemetenergy homes
(NZEHS), a concept that is very popular these days. The idea of NigEkt, by incorporating
distributed energy resources (DERS), buildings/homes will be able to produce the amount of
energy they consume in a given period of time, typically a year. To achieve clean energy in future
smart homes, RESs and energy storaggesys (ESS) are to be integrated together to form a
nanogrid. Due to the need of clean energy sources, fuel cells are being considered to be integrated
into NZEHs, automobiles, and airplanes as the main or a supplemental power source. With time,
the relialility and safety ofFC Systems (FCSsyhichconcerns the FC and a power electronics
interfacehas increased significantliMany big automobile companies are also investing in the
development of hydrogen based economy, the greatest examples areMiogioéamd Kenworth
truck. Recently, a Toyota Mirai traveled 480km with 5kg tank of hydrogen, which is significantly
hi gher than what i s ac H3]. gheee dé stiv ant ohgoiigdebatemaha r d 0
whether batteds are the best choice for electric vehicles (EVs), or fuel cells, considering the
infrastructure required and cost per kg. Shell also demonstratsitedrydrogen production plant
technology in one of their gas stations in UK.38Gre also being used {inmanned Aerial
Vehicles)UAVs to increase their flight time from hours to days, the only byproduct one get from

FCs is pure water that is why BEare considered very environment friendlySs@re being used

1



in modern NZEHs commercially, products likeVI TOVALORO by Vi essmann
Company are getting popular in the market as it powers the house heating system through the heat
produced by the fuel cell as well, which is better than the old systems in terms of cost effectiveness,
efficiency, sizeand environment friendly byproducf8]. Some other power companies like

ABl oom Energyo are also implementing fuel cel
commercial buildingg4]. A standéone DC distribution system has a clear advantage over AC
systems as, most RESs supply inherently DC and most appliances these days work on DC and
require an AGDC converter inside. All such appliances can directly be supplied through DC
nanogrid and thiwill eliminate the need of A@C converters and make the system more
simplified. Moreover, DC systems provide higher efficiency, they are cost effective and simpler

compared to their AC counterpart.

The implementation of a nanogrid or dcrogrid may rguire RESs with Energy Storage
Systems (ESSs), i f -gtrhiedyo . arTeh etsee ReE Sss each dfii EfSTS s
nanogrid through power converters to make the system more reliable and control the power flow.
The power converters which connect RE&th the DC bugan beunidirectional because one
d o e meedany power floving backwards to the RES. On the other hand, for ESShtdwtional
power converters amnequired so that the storage elements can supply power whenever needed
and can absorpower when required. Different types of storage elements can be used for the
support of RESs depending upon their properties. Figure 1.1 shows the structure of a DC nanogrid
for a future home, which contains power generation units (photovoltaic solaneaeltl turbine),
local energy storage units, a hybrid electrical vehicle interface and house loads. The system is also
connected tehelocal grid[5]. It is a dual DC bus system with a higher bus voltage level (380V)
to drivehigh power loads and a lighter bus voltage level (48V) in order to drive low power loads.
The higher DC bus voltage level is chosen as 380V to match the industry standard intermediate
DC voltage in consumer electronics. A lot of research is being camieth decide the voltage
levels forthe DC bus. In this fesis, the aim is to consider the lower voltage DC bus as 48V in a
DC nanogrid. However, it can further be extended to argrnpiad level which is required.
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This Thesis mainly focuses on the application of & FGa DC residential nanogri&tandalone

fuel cell (only) power supply systems may not be the best choice because FCs have poor dynamic

response due to tHw regulatorneeded to maintain the air in the cathode termMateover,

whenever there is a sudden change in the loadnenagrid, it will result in a sudden spike in

current demand which can damage the fuel ESSs can also be used to support the FG8ah

scenariosESSs, (systems that include a power interface andtbabnnected at the outputtlog

FC9 can alsaact as a backup system for a nanogrid witRCSas a power source because the

electrode assembly membrane of FC can also fail, it can suffer internal gas leakage and cell

flooding/drying.

As a support unit in a nanogrid, whenever the load demand ehanstantly, the ESS can

provide support to thECSby supplying/absorbing high currents for short periods of time. In this

way

plays an important role in the design of the nanogrid. Therefore, before the selection of a storage
unit for a nanogrid, one should consider their properties. Figure 1.2 shows that hydrogen fuel cells

t here wonot be

any

s e setectiontofestorgge unitsediumn h e

can deliver high power for long periods but they hasey low specific power. Super capacitors

f

u €



can provide high specific power but hey have limited specific energy storage capacity. Moreover,
they can be charged quickly. Batteries, on the other hand, have low specific power but they have

more energy capacitian super capacitors.
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More research work has been carried out on the application of fuel cells and storage units in
automobiles then on thmplementation of DC nano/micro grids with fuel cell as a power source.
Considering automobiles, hybridization of FCs with super capacitors has good performance. Super
capacitors can effectively assist theF0 meet the transient power demand becausantbe
charged and discharged at high currents, and on the other hand high current charges and discharges
reduce the life time of batteries. Nonetheless, for automobiles FC/battery/super capacitor hybrid is
a more practical answer because the startupfomeEM fuel cell is around-20 min, in which
case, the battery provides its higher specific energy than the super cajpélcitResearchers have
used different control strategies to interface super capacitors with tha€)@ga storage unit, by
using bidirectional converters. The condition to ensure good operation is that the DC bus voltage
regulation should be faster than the storage device voltage regulation. The voltage of super

capacitor is controlled by tleurrentdeliveredoy FCS[7]. The FC net power is mainly dependent



on the air and hydrogen flow rate and pressure, and heat and water management. Some researchers
used advanced control on theftar regulatorto operate the fuel cell at its maximyoower point

(MPP)[8]. Considering the research work done in this area, this thesis presents the implementation
and experimental verification of a DC nanogrid using super capacitoruggparsng unit for the

FCS The voltage in the DQoad)bus should be constant, therefore the output voltage of the fuel

cell systemshould be regulated. One knows that, in order to make the fuel cell operate at it
maximumpowerpoint, the current at theutput of its interface converter should be constai.

that, one employs an ESS, wheré&saper capacitor is connected to the DC bus though bi
directional power electronic converter. Whenever there is a change in output loB&Skkould
provide/abso b t he mi smatch between the varialsle | oa
Thus, the super capacitor converter has to be current controlled, with a faster control loop than the
voltage control loop in the super capacitor.

Using battery or quer capacitor systenas supporting unitor FCSshave their own pros and
cons. A typical Lithium battery can store-30 kWh, and can be charged or discharged in 10 to
20 minutes. Batteries have shorter life span, fewer charge and discharge cyclepaeddm
super capacitors, low power density and depth of discharge. A lot of researchers are working to
improve the reliability of batteries. Super capacitors, on the other hand, present high power density,
longer life span, more charge/discharge cyclescampared to batteries, fast charging and
discharging and fast transient response. Fast transient response and fast charge/discharge cycles
make super capacitors able to supply and absorb high power for short periods, whenever the load
increases or decrses. The combination of the fastd largdransient response of super capacitors

to support the slow transient response of fuel cells is the masicptahoice for DC nanogrids.

1.1 Problem statement and proposed solution

The hydrogen gas injectedana fuel cell can be controlled by the hydrogen injection controller
The maximunpowerpoint of a fuel cell depends upon its output current, which changes with the
output load. Any changes in the output load changes the fuel cell current. That issard to
keep the fuel cell in the maximupowerregion/point. At the same time, the output voltage of the
fuel cell is not regulated. Regulation of the voltage in the DC bus is a usual requirement for a DC



nanogrid. Moreover, recall that whenever theran instant change in the load, the output current
of the fuel cell will change very fast, which is not good for the performance of FCs, and that can
be damaging. These are the major problems faced by power system deSigmeake the FC
operate at itsnaximumpower point, by using power electronic interfaces and at the same time
keeping the fuel cell udamaged by avoiding sudden current spikestdermto use FCS8fficiently

as a power source in a nanogrid, ideally one needs to mak€ 8wperate at its maximugower

point, which may vary forwery fuel cell. This Tiesis provides a contratiseme which forces the
FCSto operate at the maximupowerpoint by using super capacitbased ES&s supporting

unit. In thisThesis and experimentatin , i HREM-Fuel @weltH-2 0 O [@]duel cell is used

along with a commercial power electronics interface designed for FC applicatidgrigure 1.3,

one can see the power and currenrk)(€urve of the fuel cell. It is edient that the fuel cell (rated)
output power is around 2000W at 70A and it is aboutbgimumpowerpoint of thisfuel cell.

For an efficient and cost effective fuel cell power supply system, one should operate the fuel cell

close to this point.
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Figure1.3 Hydrogen Fuel cell # Curve

In Figure 1.4, one can see that when the current reaches 70A, the output voltage at this point is
28.8V. This is the ideal operating point for the fuel cell. Tiissis discusses the implementation
of a control strategy which forces the fuel cell to keep operating at 70A/28.8V by using a super



capacitor as storage umif an ESSwhich is connecteth shunt at the output of the FCS which

corresponds to theC (load)bus.

The ESSconsists of a bdirectional DGDC converter with an injected current control loop, to
force the output current of the FCS to be constant, as the power demanded by the loa&dsa@ries.
it includes a SC voltage control loaphichguaranges that the SC is hdamaged by overoltage
and will also have some energy left, a minimum voltage, to supply a given amount of power

support to the FCS.
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Figure 14 Hydrogen Fuel Cell M Curve

Super capacitorghich areused in this project are Maxwell 165F super capacitors with usable
specific power of 3300W/k.0].The maximum voltage that this super capacitor can reach is 51V.
In case when the load increased above the rated tadiextra required current would be supplied
by the super capacitddue to whichthe voltage in super capacitor decreases, and it should not
discharge below a certain point. Contrary to tiiben the required load is less than the rated
current (e.g. 70A)this extra current should charge the super capadtm to the current control
loop. The control scheme that was developed in this walgloprevents the super capacitor from
charging and discharging beyond a certain point therefore ensuring the clatbty super
capacitor. Howevein this case the FCS will not operate exactly at the point of maxipawer
point



1.2 Contributions of the research work

This Thesis focuses oan ESS as @ower conditioner for a FCS that allows the FC to operate
with a constant current, around the point of maximpower The interface, power electronics

converter and control logic, used in the-B&ed ESS is developed in house.

The main contributions of this work are as follows:

1) Design and implementation oh @énjected/outputcurrent control schemi@r the ES$to

control the output current of theCS

2) Designand implementation of an input voltage control ldoppreventthe SC used as

storage mediumfrom over charging and discharging below a certain limit.

3) Experimental verification of the propospdwer conditioner

1.3 Outline of the Thesis
The remaining Chapters of thisi@sis are structured as follows:

Chapter 2, discusses the setup of the commercial unidirectional power coof/tréeFCSfor
voltage regulation in the DQoad) bus, the design and assembly of a elads-directional DG
DC converter for th&SS

Chapter 3, presents the voltage regulation characteristics in the D@ubus, thd=CS, design
of the outputcurrent controloop andinput (SC) voltage control loop of the ES&planation of

the final system schematic and simulation results.

In Chapter 4, the implementation of the prototype of the proposed system including both power
converters, source and storage elements is s8ecu The performance of the proposed control

scheme is verified through experimental results which @esepted and discussed in thizater.



Chapter 5 highlights the outews with the conclusion of theh&sis and suggests future work

that can be catucted related to the project.



Chapter 2 Power Converters Assembly and Implementation

The system to be realized consists of a commercial (Z&hodel CH6396SU) unidirectional
DC-DC converter for the fuel celwhich is referred as FConverterin the Thesis whose main
task is to regulate the magnitude of the voltage supplied to the load. Recall that the output voltage
of the fuel cell varies with its output current and this project requires the DC bus voltage to be
regulated at 48V. A kiliredional DG-DC converter is used to interface B8S(super capacitor)
to the load bus. The main task ofdirectional DCDC converter is to supply the mismatch
between the load current and the ideal current to be supplied RCtli&onverterso that the
current from the fuel cell corregspds to that where the FQias its maximunpower Thus, there
is no incompatibility between the control goals of the two converters. Ttiedstional DGDC
converter will also prevent the overcharging and dischargittfgeaguper capacitor beyond a point

defined in the control loop.

2.1 FC Converter Implementation

The voltage in the DC bus (load bus) should be regulated in this system. As previously
mentioned, to achieve voltage regulation in the DC bus a unidirectior8®BEC Converter
has been usedh Figure 2.1, the power circuit 8C Converters presentedThis converter uses
Half H Bridge or class C configuration, where there are two MOSFETs which control the power
flow in the forward direction. The switching frequency for B@ Converters exactly 31,250
Hz. From Figure 2.1 one can see that, if the impltage for the converter is 28.8V at 70A input
current, assuming that there are very few losses in the converter, then the input and output
powers should be the same. For a DC bus voltage regulated at 48V the output current should be

42A in this case.

In theFC Converterthere is a closed loop control for voltage regulation, to supply the load with
regulated voltage magnitude. In Figure 2.2, the control circuit diagram can be seenR@r the
Converter There, one can see that the load is connectadvtitage sensing circuit which then
passes through a differential amplifier, giving the load voltage. A reference signal which is
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connected to a variable resistor is mentioned as resistor voltage reference, this is the reference

signal corresponding to A8at the load.

K 7

m asv
42a

13314
Load

28.8v —_— T
T0A

1122 |1an4

Y ——éu__+

Figure 21 FC ConvertePower Circuit

By adding the two signals mentioned above, one can find the error between the desired and actual
value of the output voltage of the converter. This error is then passed through the compensation
circuitry which gives us a current reference for the irgddé (boost) inductor current. The input
current is measured through a Hall sensor. The measured value of current is called feedback
current. Then the current reference and feedback current are compared to get the error that will be
then passed into anoth@mpensator circuit. After that stage one will get a pulse width modulation
(PWM) reference signal which will produce the gating signals for the MOSFETs. As mentioned
earlier that-C Convertepoperates at 31250Hz switching frequency. A signal generaitiouit is
implemented in th&C ConverterA crystal controller oscillator generates a saw tooth waveform
which is needed in pulse width modulation. The switching circuitry (comparator) will be fed with
the output of the signal generator (saw tooth) and/Rreference from the output of compensator,
which will produce the gating signals for the MOSFETSs. The gating signals generated from the
switching circuit control the optoouplers, used for isolation, connected to the gate terminal of
each MOSFET. Thes®to-couplers turn the MOSFET on and off depending upon the input gating

signal.

11
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Figure 22 FC ConverteControl Circuit

By the controlled switching of these MOSFETS, one will control the inductor current in order to
regulae the DC bus voltage at 48V. In Figure 2.1 it can be seen that the Fuel cell output terminals
are connected to tHeC Converterthe output of the fuel cell passes through an inductor which
provides boost functionality and limits the current ripple inftred cell. At the output terminals
of theFC Converterthere is another CLC filter which filters the switching harmonics at the output

voltage, thus making the output voltage ripple negligible.

In order to make the output voltage of #@ Converteregulated at 48V, the reference variable
resistor has to be adjusted, shown in Figure 2.2. Once the output voltage is set to 48V, then by the
action of the PI controller and PWM, the input voltage of converter can vary but it will not have
any effect on th output voltage of thEC ConverterWhich means that even if the fuel cell output
voltage changes, it will not affect the voltage in the DC bus. In the same way, if the load in the DC
bus changes, it will only change the output current not the voltagégadystate conditions.

12



In addition to the power and control circuitry, ff@ Converterlso uses additional circuitry for
protection and to avoid overheating. Power transistors are attached to an aluminum case and to the
same aluminum case whereth is a thermistor attached, which provides the thermal feedback.
Whenever the temperature rises above 60 degrees, a fan is turned on to reduce the temperature. In
an event of excessively high ambient temperatur&@€onvertewill automatically reduce¢he
current to the load, to hold the transistor temperature to a safe level. In such a case, the converter

will not be able to regulate the load voltage at rated (48 V) value.

Besides, for protect i BhConvertees well.ln sirggle quadiadtiors a b | e
unidirectional operation the disable mode prevents the flow of current from the source to the load.
In two quadrant or bdirectional operation, the disable mode will prevent the current flow from
source to load by clamping the refece output voltage to a near zero value. However, it allows
the reverse current to flow from the load to the source. In this piege&onverters used, only

in single quadrant or unidirectional mode, to prevent any current flowing back to the fuel cell.

2.2 Bi-directional DC-DC Converter Implementation

The voltage in the DC bus (output) will be regulated=yConvertethat is why any changes
in the load will not affect the DC bus voltage. Whenever there is a change in output load, the
current demand W change andhe output current of FC®ill also change, accordingly. As
discussed in chapter 1, FGBould @erate at its maximum powpoint. At themaximum power
point, the fuel cell should be supplying 70A current at 28.8V output voltage (Figure 1.4).
Therefore, the fuel cell output current should be 70A, in order to operaterabi@um power
point (Figure 1.3). Th&eSScannot control this current directly. Howevby, forcing the current
delivered by the FC converter to be 42 A, the FC current is indirectly adjusted to the desired 70 A.
Moreover, if there is an instant change in load,RB&S has a very poor dynamic response and
needs a supporting unit/element widlst transient response to supply the load for short duration

of peak power demand or load change untilRB&slow dynamic response catches up.

The supporting element should be able to absorb and supply the power whenever needed, for
that a super capdor and respective interface converter is used in this project. Because of the fast

transient response of super capacitors, they can provide more power in shanténvals, until

13



the FCSslow dynamic response catches up. For this projecE88s interface with the DC bus

at the same point wheFeC Converteis connected to the DC bus for the support of the fuel cell.

In order to interface the SC with the DC bus, a power converter is needed because the DC bus is
at 48V and the super capacitor vgkdevel drops as it supplies power to the load. Since the voltage
regulation in the DC bus will be achieved by E® Converterone cannot have the second power
converter to regulate the load voltage but for load current control, thus indirectly theeliuel

current.

The required power converter should be suitable for current control and later on, one needs to
control the voltage levels in the super capacitor. One have to consider that the converter should be
DC to DC and that it should support biettional power flow. The converter used in this project
is a new realization of an existing-svitch Texas Instrument (TI) DOC converter
AL M5 1 7 OBEDIRMEvaluation Module [11] that was designed for a similar applicationr Fo
bi-directional current flow, a clags converter would be sufficient, the Tl converter consisted of
two half bridges with an inductor between them. This converter presents additional features, such
as the capability to operate with a DC bus voltage |diagan the supercapacitor voltage, what can

happen during severe load transients. Therefore, this solution/alternative was retained.
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Figure 23 4-switch DGDC Converter

In Figure 2.3 the converter circuit diagram is shown, presenting four switches (S1, S2, S3 and
S4) connected in two half bridges, and can operate in two quadrants. For this project, S1 is always
kept ON and S2 is always kept OFF to make it a glassrverter which is the essential feature

required for this project.

2.2.1 Switching Scheme

For the 4switch converter to operate in cla8snode, S1 should always be ON and S2 should
always stay OFF. In Figure 2.4 and Figure 2.5, one can see the current/powertfle converter

while it is operating in clas€ mode with respect to the duty cycl®{ = 11 Doy).

1) Do The switches S1 and S4 are turned ON, and conducting, while S2 is always OFF and
the gating signal of S3 is the complement of S4. (Figure 2.4)
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Figure 24 DC-DC Converter irDON state

2) Do The switches S1 and S3 are turned ON, with D3 conducting, while S2 is always OFF
and S4 is the complement of S3. (Figure 2.5)
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Figure 25 DC-DC Converter irDOFF state
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In case ofD., the inductor will charge, its current will increase, while in casB£{ the
i nductor will di Dechairsges hacwrm sksy tthhee Dgoraaldesn fid o
shown by red dotted line.

In Figure 2.6 one can see that S1 is always ON and S2 is always OFF. S3 is the complement
of S4. When S4 is ON the inductor charges and the inductor current rises. When S4 is OFF the
inductor discharges across the load and the inductor current decreases.

$1 (always ON)
S2 (alwasy OFF)
83
" N Inductor Current /\ A~
TS T T~

00275

Figure 26 Inductor current w.r.t the Duty cycle

The truth tablgTable 2.} of all switcheds given when the converter is operating in ckass

mode.

17



Table 21: Truth-Table of 4switches folboth modes of operation

Mode State Switch 1 Switch 2 Switch 3 Switch 4
Do ON OFF 0 w0 0wl
ClassC
Do ON OFF 0wl 0 w0

2.2.2 Component calculation and selection

When designing a power converter, one has to consider a few specification parameters first.

These calculations are being made considering the Texas Instrument Converter Power stage

calculation manudll2]:

1) Input voltage rangeV/inminyandVinmax)

2) Nominal output voltagevout

3) Maximum Output currentout(max)

4) Switching Frequencyfs

After considering these parameters, one can then use this data to select the appropriate inductor

and capacitor requiretbr the converter. The minimum input voltage of the converter is the

mi ni mum voltage of

Tech

regulation in the super capacitor will be discussed. The nominal voltage of the super capacitor for

BMODO0O165
the minimum and maximum voltage range are chosen to be 24V to 44V. Later on, the voltage

PO48

t he
B09o.

s u

per
The

capacitor.

The

maxi mum vol t age

this project is 32V. The nominal output voltage of the poweweder is the same as the DC bus

voltage, which is 48V. Considering the maximum current limit of the available inductor, the

maximum output current of the 4 switch EBIC converter was chose to be 10A. The value of the

switching frequency is selected tod&kHz, considering the-gwitch Texas Instrument (T1) BC

DC converter. Once these parameters are selected, now one can move on to the selection of

inductor, capacitors and other components required.
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1) Duty cycle selectiofil2]: Dimin)

wos  —
0 p — (2.1)
) Y'Y
006 6 ¢ 8
Dy p ——— P T X U
006 Q8 8
Dmaxy p —— P ™ L

6YY

Here the efficiency of the converteiis considered to be 90%, whitha realistic value for a
forcecommutated converter. The output voltagedr) in the DC busvill remain constant at 48V.
The minimum input voltag¥®inmin)is24V while the maximum input voltagénmax)Of converter

is 44V. After putting the inputoltage values in the above equation, one can get the minimum duty
cycle of 0.175 and maximum duty cycle of 0.55.

2) Current Ripple estimatiofi2]:

AL YONR d ®yvoe — (2.2)

YUY C T Y

YO YONH d ®vyvoe —
Wos P T CT

In order to select the inductor for the power converter one has to consider the allowed ripple in
the inductor currentY), ). If the inductor current presents a large ripfile,RMS current imposed
on the output capacitor can be very large, which can reduce its life time. A practical value of the
current ripple to be used is 2% of the output current. From Eq. 2.2, one can see that inductor current

ripple would be maximum whethe input voltage of converter is 24V (minimum voltage level of
SC).
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3) Inductor Selectiofl3]:

Yo oYY
0 ——— © O 2.3
T p (2.3)
From Figure 2.7, one can see that in caggonf the inductor current rises as the inductor charges
and it falls in case oDorr, When the inductor discharges. In Figure 2.6 (b), one can see that

inductor current never goes to zero in continuous conduction mode (CCM).

* WForsay

Woaray - WiouT)

(=)

(=)

Figure 27 (a) Duty Cycle (b) Inductor currefit3]

Figure 2.8 shows the inductor curréntThe average value of the inductor curreng) (will
be[13]:

Do E"f%h Qom0 (2.4)
C

The maximum inductor current ripple has been defined previously. Using Eq. 2.4 one can

calculate the average value of inductor curtentvhich is 0.2A
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Figure 28 Inductor current vs (switching period]13]

From Figure 2.9, one can see that the duty cycle goes from 0.175 to 0.55. For this converter,

the value ofLsis maximum whem is 0.5. For the calculatioD is considered 0.5.

V, = Constant

0 0175 05 055 1.0

Figure 29 Duty Cycle vs average inductor current
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One can ravrite equation 2.3 as:

% vy
0 c 08 Op ©O
p Ty
0 % ™mp ™ o8t (

A lower inductor value will reduce the solution volume. One also has to consider that the inductor
must always have higher current rating than the maximum given current because the current
increases with decreasing inductance. That is why in practgdémentation these values can
change. In the practical implementation, one should either shield the inductor or keep it far from

the printed circuit board as much as possible to avoid any interference with the control circuitry.

After careful considation of the above calculations and the availability of inductors in the
mar ket, three H3500 & rienqduvecntcoyr sh IwvHeVr e s efldd.ct ed f
Each inductor was 500 'Oso 3 inductors were connecieadseries to get 1.5mH inductance. The

rated DC current rating of each inductor is 15A which is well within range.

4) Output Capacitor Selectida3]:

wvyy O Y
06 "y < 2.5
006 Y'Y v, Vi vy ( )
One can ravrite equation 2.5 as:
. ADR%Y% O
&5 v —
vy Q Yo vy
&6 v A 8 573 O
oYY i Y o5y 38
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To calculate the maximum capacitor value for this conveRewas considered 0.55. The
capacitor value directly affects the ripple in the output vol@géur, the desired ripple was
considered to be less than 2%. Considering the above calculation, the capacitor required, should
be at least 573 "@ower capacitordr the output. Best practice is to use low ESR capacitors to
minimize the ripple in the output voltage, ceramic capacitors are a good choice. As mentioned
earlier, this board is a new realization of Texas Instrument (¥Witth DGDC converter board.
Corsidering that a capacitor bank with 4.7°@eramic capacitors, 100" @nd 39 “Owybrid
polymer aluminum electrolytic capacitors are used, in total, the output capacitance is roughly

637 "Orhe output and input capacitors are the same.

After sdecting the inductor and capacitors, now one has the power components of the converter.
In order to make the converter work, to get boost and buck operations MOSFETSs are selected for
high speed switching of inductor current. For that, one need a swit@dteydrive) circuitry for
turning MOSFETO6s ON and OFF. One al so needs t
current of the system for the feedback loop, as explained in ChapreF@ure 2.10 the circuit
of the power converter is shown. To measthe current and voltage values, one will use
appropriate measuring sens®¥ksandls as shown in Figure 2.10. Those sensors output will be sent
[15]controller. The controller will process the input signals from the voléaglecurrent sensors,
pass them into the PI controller closed loop and then it will generate gating signals for all 4
MOSFETSs. The design of the PI controller is explained in Chapter 3. The gating signals from DSP
cannot directly be sent directly to the MEESTs because the DSP output signal is 3.3V to 0V
which is not enough to switch the MOSFET ON/OFF.

The MOSFETO6s that ar e BbGhannehsuriace emoduntiMOSFETsfrasn pr o |
ASTMicroelectronice ( S T H 1 82% 5], OvEh3maximum voltage rating of 100 V and
maximum current rating of 180A which is well within range for this project. MOSFETSs require
ideally an external signal of 15V to turn ON and-®5V to turn OFF across its gate to source
terminals. That signal oaot be provided from the DSP directly. That, and electrical isolation
between power and signal, is why one needs gate driver circuits for the MOSFETSs. For the gate
driver circuit, optecouplers are being used in this project. An egiaplers uses an irsred led
and a photosensitive sensldGNW312® dgouplers iomeed s

Avago TechnologieEL6] are used in this project.
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Figure 210 Configuration of a DC nanogrid

As mentioned above, the DSP will provide a pulsed 3.3V to 0V output signal to the gate driver
circuit. From Figure 2.10, one can see that the PWM output signals from the DSP will go to the
buffer first, then to the optooupler and then to the MOSFETN. Figure 2.11 the driver circuit for
one MOSFET is shown. There, one can see that
5V and this voltage regulator gets input from an external power supply. One needs a 5V input
because t he beqguirds &\ inptit & \Warkh Bfferopowering up the buffer, now the
signal provided by the DSP can be processed. The buffer gets the PWM signal from the DSP, then
the 3.3V to OV signal from DSP is steppegl to 5V to OV at the output of the buffer. The output
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signal from the buffer is provided to the anode of the -gptapler. An external isolated power
source, supplies 15V &¢ and -8.5V GND to the opteoupler which is then provided to the
MOSFET. The source of each MOSFET is connected to the OV potentta edalated power
supply. For the four MOSFETSs in the converter, four isolated power supplies were required and
for thatlonM®»W®34 supply from POWEREX was wused,

supplies.
| Input|
DSP
S
Q o
z-|||—2 = V)
) o [73%
U7
am GND BUFFER 2
85V 3{GND Ncg %A vecid i
External ' = .I._VO Cathode | 1Y BA =
Power Supply o g Vo Anode % Q—ﬁ 2A 6Y %—%
15V VCC  NC —|||-z — 2y 5A 115
O3 3A 5Y 15
¥ 3Y 4A 5
L J: GND 4Y —
—UF V(IN) GND

MS%FET
Figure 211 Configuration of a DC nanogrid
In Figure 2.10, it is shown that the data from the current and voltage sensors will be sent to the
DSP. Inside the DSP, they will be processed by the PI control loops and then the DSP will generate
the gating signals. Bnmeasurement from the current and voltage sensors are in form of voltage
signals, and the DSP can only read up to 3.3V. An analog to digital converter (ADC) was used
inside the DSP to convert the analog measurements into usable digital values. Using the
appropriate voltage division resistors, the output voltage of the sensors was set to vary from 0V to
3V, so the ADC of the digital controller can read it. The sensor analog output voltage signal is
very weak and if one uses long wires to transmit it todigéal controller then it might get

contaminated with noise. In order to avoid that, the wires were shielded, to protect the signal from

noise as much as possible. | Fi gure 2. 12 one can -Péetbheeasur
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the inductor currentfthe DGDC converter and th€ovaltddhe s amp

the converter.
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Figure 212 Current and Voltage Sensor Block diagram

I n this project Hall-PEffeomm cEMranée ssaedor $heé
pass through the Hall Effect current sensor, because of the magnetic field of the current passing
through the wire, a certain voltage will be generatederhtil sensor which is then processed and
sent to the gain amplifier. For measuring the inductor current, one will need to set an offset at the
sensor output because one is measuring negative current, as well, for the inductor. By selecting
appropriate nuimer of turns of wire, which in case of inductor current is two turns and by
calculating the appropriate resistor voltage divider, to provide an offset of 1.5V, one sets the output
of the current sensor to vary from OV to 3V instead1o%V to 1.5V. So thait can accurately
measure from10A to 10A inductor currents, in the form of data which is readable for the digital
controller. In Figure 2.12 one can see that the current sensor data cannot directly go to the digital
controller, which is explained in¢tparagraph below. The sensor output goes to Haengpcircuit
first as shown in Figure 2.13, before it enters the digital controller. A unity gain amplifier circuit

is used in this case.
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Figure 213 Unity gain circuit for airrent sensor

In order to design an egpmp circuit for unity gain, one has to consider the transfer function of
the opamp circuit:
iT 2¢ p P

: — 2.5
6/ 54 20 L 2( 6C 2( 6P ( )

With (R1= Rs4) and(R3 = Re) this equation simplifies to

ip
6/ 54 2 6c  6p 2.6)

In the above circuit, one can see thaand2¢ are the same, so if one puts the values in the Eq
2.6, Vour Will be the same as N/ Which means that after passing through the amplifier circuits,
the gain is unity. The reason one needs thiygain opamp amplifier is that it does not take any
current from the input source, therefore, it completely isolates the input side of the circuit from the

output side.
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To further explain the need of unity gainramp, one knows that an-@mp is a ver high input

impedance circuit. When a circuit has a very high input impedance, very little current is drawn

from the source circuit. In that way, the power of the source is not affected when feeding a high

impedance load. Because the source signals aregdrom voltage and current sensors, they are

very weak and one cannot draw much power from them. By using a unity gampmpne can

send the regenerated signal of source, with the same voltage level to the controller.

In the case of the currengrssor, the resistors and capacitors that are being used in the gain

circuitry are given in the Table 2.2.

Table 22 Parameters for current sensor measurement and gain offset circuitry

C1 (pF)

C2 (pF)

R1

O

R2

(] R3

(

R4 (]

Rm

(3

820

820

39k

39k

39k

39k

100

One can see that by using the same resistors for each node.atitmp agforced to be in unity
gain mode. In Figure 2.13, one can see that capacitgr@ddnnected in parallel with resistor R
and capacito€: is connected in parallel with resistos. Zapacitors are included in this circuit

to cancel high frequency noise in order to get better results.

Table 23 Parameters for current sensor measurement and gain offset circuitry

C1(nF)

C2 (nF)

R1

O

R2

(] R3

( \

R4 (

Rm

(Y

2.2

2.2

22k

22k

22k

22k

100

For the voltage sensors, the same circuit is used with different values of resistors and capacitors

as shown in Table 2.3. Sensors anehojp require p wo supply to operate. Which is provided

by an external power supply. In this converter board, two external power supplies are being used,

one for powering up the gate drivers and one for the sensors and gain circuit.

In this project, a Texas InstrumensSP TMB320F2833X%
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processor speed up to 150MHZ and enhanced peripherals. It also contains 6 channel ADC and has
reattime debugging capability which gives the circuit designer benefits of digital control and

supports the implementation of high bandwidth and high frequency power converter.

2.3 Summary

This Chapter discusses the circuitry and implementation ofFtheCaverter for voltage
regulation in the DC bus and the design of the DT bi-directional converter in clasS mode.
The selection of the inductors, capacitors and implementation of control circuitry was presented.
This bidirectional DGDC converter will be usedtinterface the super capacitor with the DC bus.
It will be used for current control in the Dilis and to set the minimum and maximum values of
voltage, in the super capacitor. Chapter 3 discusses the design and simulation-dirdatidnal
DC-DC conveter and of the=C ConverterLater in Chapter 4, these converters are practically

implemented and experimental results are presented.
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Chapter 3 System Design and Analysis

Once the design parameters and the components of converter are selectash move on to
the implementation of system includifigel cell source, storage ungiower converters and load
in the DC bus. Before practical implementation, the verification of design and control logic
through simulation is essential. This Chaptecusses and compares different configurations to
connect the SC to the FC, with a focus on the design and simulation of the control logic for current

control in the DC bus and voltage control in the SC.

3.1 Configuration of DC-nanogrid

Different configuraibns of FC and SC connection are analyzddh. The configuration shown
in Figure 3.1 (a), allows a complete dischargehefSC but in this configuration, whole of the
current that comes frortine FC flows throughthe SC, vanishing the aim to adapt load and FC
dynamics. The cascade connection of the SC is reported in Figure 3.1 (b). Using this configuration
one can manage the energy that is stored in the SC independently from the energy that flows from
the FC to the load intsady state. The critical disadvantage of this configuration is that it limits
the utilization of the energy stored in the SC. Moreover, all the fuel cell energy flows through two
converters, causing a reduction in the efficiency of conversion systenre RBdu (c), in this
configuration, there is no such issue of limited utilizatiorthafenergy stored inhe SC. This
configuration appears to be a good option, whbeSC can be used to suppdiie FC, by
supplying and absorbing energy whenever there is a load change, to ensure that the fuel cell is

working at themaximum power point

In this project, the configuration in Figure 3.1 (c) is used. The system which is considered for
this research ark is shown in Figure 3.2. It consists of a fuel cell as a DC power source feeding
a variable load R, through a BI@C boost converter. The boost converter used in this case is a
commercial unidirectional DOC converter from Zahn Electroni@S8C Convertéras mentioned

in the previous chapter.
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Figure 31 Comparison of different FC and SC system configurations
In Figure 3.2, one can see that the DC bus is connected to the super capacitor (energy storage)

through a class Gi-directional DGDC Converter. For a class Gdhrectional DGDC Converter

to work, the voltage level of the storage side should be lower than the voltage level of the DC bus.
Otherwise, the antiparallel diode D3 conducts and one loses control of tee ffmw The class

C converter works in two modes: Stépwn/buck when the power flows from the DC bushi®

SC and the SC charges, and Stpgboost when the power flows from the SC to the DC bus and

the SC discharges. This allows the sugsgracitor tdorce theFCS to operate anaximum power

point, provided that one controls the amount of current injected/absorbed by the SC interface from
the load DC bus.
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Figure 32 Typical Configuration of fuel cell based DC nanogrid.

The main principle behind its action is that it will absorb power, when the load demand becomes
smaller than what is required from tRE€S in order to operate ahaximum power pointThe
excess of power will be absorbed by tB8Sand theFCSwill keep operating at itenaximum
power point Conversely, th&SSwill supply power when the load demand becomes greater than
what is required from thECS in order to operate ataximum power pointn this way,FCSwill
be operating ataximum power gint, regardless of the load variation. The super capacitor is
connected to the DC bus through a power electronic interface that is controlled using proportional

integral (PI) controllers.
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3.2 Voltage Regulation in the DC Bus

Voltage in the DC bus should remain constant at 48V in the nanogrid. This project uses a Zahn
unidirectional convertef-C Converterfo boost the output voltage of fuel cell to 48V. THe
Convertermakes sure that the change of load on the DC busmibbesfect the DC bus voltage.

In order to keep the DC bus voltage constant, the current supplied BZ 8ehanges with the
changes irthe load. The output current of tHeCSis kept constant to ensure maximynower

point operation ofFCS by connecting=SSwith the DC bus (Figure 3.2). There are two power
electronics converters with different control schemes in this project. Therefore, before the
hardware implementation of this system, one needs to verify the power and control design scheme
for the DC ranogrid. For the design verification through simulation, PSIM (Power electronics
simulator) has been used in this project. PSIM is one of the most robust power electronics simulator

on the market due to its speed, accuracy, intuitive user interface anallaoility.

3.2.1 FC Converter schematic

To simulate the DC bus voltage regulation,
implemented in PSIM. For theC Convertessimulation, the data provided by Zahn Electronics
and preexisting circuit designed by a former student were used. In Figure 3.3, one can see the
implementation of the power and control circuitry, of B@ Convertein PSIM. In PSIM, there
is no model fo a fuel cell yet, therefore in this project, a step voltage source is used to represent
the variation of the output voltage of the fuel cell. In the power circuit (represented in red
rectangle), the output voltage thie fuel cell v_FC)is the input volage ofFC Converteras the
output ofthe fuel cell is connected to the input thfe FC Converter Therefore the current that
flows through the input inductor dhe Zhan Converterl(Input), is represented as the output
current ofthe fuel cell. The gang signal for MOSFET S1 is a complement of the gating signal
that goes to S2. One can see thathmFC Converterthe MOSFETSs are connected in class C
configuration. In Figure 3.3, cade(represented kiye green dotted line), when S2 is ON and S1
is OF-. The inductor will charge and the output capacitor (C_out) will discharge across the load.
While in case2 (represented bihered dotted line), when S1 is ON and S2 is OFF. The inductor

will discharge across the load.
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Figure 33 FC ConvertePower & Control circuit in PSIM

In Figure 3.3, one can also see the control circuit oFth&onvertefrepresented ithegreen
rectangle) as presented in Chapter 2. There, the output voltage (V_Output) and the reference
voltage V¥ _ref) are compared to generate the error which is then fed to a PI controller. The PI
controller provides an output voltage corresponding to the current reference for the inductor. This
input reference is then compared with the actual inductor currdnpuit), in order to generate
the error in the inductor current. This error is then fed to another Pl controller that provides the
modulating signal for the pulse width modulator (PWM) that defines the gating signals of the two
MOSFETS, at a switching fregacy of 31250 Hz. In the control loop, one can see a limiter of O

to 90. This limiter is placed to make sure that under no circumstance, the current should flow back
into the fuel cell.
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3.2.2 FC Converter simulation results

Simulation results ofC Converer voltage regulation are presented in Figure 3.4.

DC BUS

[48.0079V] Voltage k [\ -
P3
—
R s
FC_Output / (2V]
i [28.8V] Voltage H 1 | ]
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S

Figure 34 FC ConverteSimulation Results

At the start othe simulation, one can see that when the output voltagieedtiel cell (input of
FC Converteris at 28.8V, he DC bus voltage (output 6C Converteris at 48V because of the
boost operation. The fuel cell output current (input curreR®{Converteris around 70A while
the output current dFC Converters around 42A. The power at the input is always equéhé

power at the output, assuming that the converter is lossless.

1 CasePl An extra load is added at the output, which results in an increase in the output
current, the output current rises to 51.69A. Because of which, the fuel cell current rises to
87.12A and the fuel cell output voltage remains at 28.8V. Following a short dip, the DC

bus voltage is regulated at 48V, as a result of the action of the PI controllers.

1 CaseP2 The extra load is removed because of which the output current goes back to 42A
and the FC current goes back to 76Allowing a short surgehé DC bus voltage returns

at 48V.
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1 CaseP3 The output voltage of the fuel cell rises up to 32V while the oltagt remains
the same. This results in a decrease in the output current of the fuel cell, which decreases
to 63.52A. The output current remains at 42A. The DC bus voltage briefly increases but
returns to the reference voltage as a result of the actiiwe &fl controllers.

Considering the simulation results, one can say that, the DC bus voltage control loop is effective
in regulating the output voltage at 48V in steady state for load and input voltage (voltage of FC)
variations. It should be noted tivelhenever there is a change in the output load, the DC bus current
changes, which in turn changes the input current oF@é&onverterdriving the output current
of fuel cell away from the point of maximupower. Therefore, a supporting unit is needelddep
the output current of thEC Converterconstant, thus keeping the fuel cell current constant, in
order to make the fuel cell operate at maxinpower point

3.3 Control strategy for the ESS

As a supporting unit, a super capacitor along with a controllable interface is used in this project
to keep theFCS current constant. The SC is interfaced with the DC bus through class C bi
directional DCGDC power electronic Converter. In order to make FCS operate atnaximum
power poinf one needs to controls the amount of current injected/absorbed by the SC interface
from the load DC bus. To achieve thate needs to design a control logic for thess C bi
directional DGDC Converter. The considal control circuit for the SC converter can be seen in
Figure 3.5l is the reference value for the output currer@@fConverterto make the FC operate

at itsmaximum power point

In Figure 3.5]rf is compared with the output/load currént. At stage2, the difference offret
andlout is multiplied with the difference ofout andVse Due to the charging and discharging, the
voltage level of the super capacitor changes. The super capacitor has upper and lower voltage
limits, as mentioned in Chapter 1. One needs to make sure that the voltage in the super capacitor
should stay within tbse limits, to ensure that, a voltage control scheme is desiyreis.

compared with the reference voltage for the super capaties: (stage3). The error is then fed
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into a PI controller which produces a reference current for the voltage regulatibe super

capacitor.
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Figure 35 Control Scheme for Super capacitor Converter.

This reference current is compared with the result at stagehich will result in the final
reference current value for the SC currents ithen compared with the actual super capacitor
currentlse. The error is then fed to another PI controller that provides the modulating signal for the

pulse width modulator (PWM), which defines the gating signals of the two switches of the super

capacibr converter.

Using this control scheme, one can makeR@&provide the desired value of current, in order

to operate at itmmaximum power point
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3.4 SC integration with the DC bus

The DC bus voltage will be regulated B ConverterTo keep thé=CScurrent constant, the
ESSis interfaced in the DC bus, as shown in Figure B&2Sneeds to absorb and supply current
in order to support thECSand to force th&CSto operate at themaximum power pointWhen
the ESS absorbs current, thieltage leveéof SCrises as it charges. The super capacitor can store
a finite amount of charge, and it cannot charge above its maximum charging limit. In the same
way, when theESS supplies current, thaltage levelof SCfalls as it discharges. The super
capacitorshould not be discharged below a minimum discharge limit. Therefore, one needs a
voltage control loop, as well, to keep the voltage level of super capacitor within the limit. One

needs to design a PI controller for current and voltage control of thecapzagitor.

3.4.1 Converter Transfer Function

It can be shown that a class C converter operating in the charging/buck and discharging/boost
modes can be represented by it{8)ID(s) transfer function, where is the inductor current and
D is the duty cyclef the bottom switch of the class C converter. Therefore, a unified controller
can be employed for both modes of operations. It should be noted that the switches of a class C
converter operate complementarily and the signal of the PWM comparator is senbtutom

switch of the converter.

One can derive the transfer function of the
operation of the power electronics converter, used to interface super capacitor to the DC bus. From
that, a PI controllefior the current control loop will be designed. The derivation of transfer function

and design of controller are as follows:
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Figure 36 Boost Converter with load

1 The converter operation can be represented by two diffstatets:

ON stateton= DTs

OFF statetorf = (1-D)Ts

o)
04
<|
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Averaging the converteros differ
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1 Using Laplace transform

0i"Qi Ui p Owei Qi w (3.11)

Ve |

= (3.12)

owvi Qi p O "Mi

1 Finding the transfer function of the plant for the design of inductor current controller

a0 i (O

(3.13)

"Q il —
Q Qi

dside
po]

With the transfer function, one can calculate the proportional and integral constants of the PI

controller.

3.4.2 Current control loop for the super capacitor (SC)
As discussed in Chapter 2, the switching frequency of converter is 1@skHn order to design
the current control loop, the bandwidth of the control loop is chosek=by-. The crossover

frequency of the converter becomes:

To ¢ prigp PRag

In order to design the controller, the phase margin (PM) can be selectedlaCb@pter 2, the

values of inductor and capacitor were calculated.

The basic parameters of the SC converter are shown in Table 3.1
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Table 31 Nominal SC Converter Parameters

Vo Is Vs Ls Ds R C
48V 2.25A 32V 1.5mH 0.4 32Y 637uF
At the crossover frequencg= j¥x) Eq 3.13 becomes:
N NQ. L O g8t
T PRI, T AL L 2 (3.14)
Q Qo prdHUL T Y i

To design a PI controller for the SC inductor current control, one needs to compute the values of

gain and phase at the crossover frequency. From Eq 3.14, the gain and phase are computed as:

S Nes uwh WO

enq Y@o

In general, to minimize the steady state error, the loop gain should be high at the low frequency
range. On the other hand, the loop gain should be low at high frequency range, in order to
limit/attenuate the switching harmonics. In order to obtaintiafaatory phase margin, the gain
slope should be20 dB/dec around the crossover frequency. As shown in Figure 3.7, the Bode plot
constant the | ow

oftheplantGp_spr esent s a gain at

used.
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Bode Diagram of SC Converter
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Figure 37 Bode plot of the plant for the design of current loop for the SC
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The parameters are computed as follows:
SQ@iVeS = b W NE T C Y
S{CRIE O
From Eq 3.16:
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43

(3.15)

(3.16)

(3.17)

0



Phase of PI controller:

e PYT OO «qwai (3.18)

*ne PYT T YL

*nQ ¢ MI&VL
Computing time constant:
" OA‘|—|r‘]"Q WTt (3.19)
@

OAlT¢ &L wT
pPTTTP

T

T poi

v — (3.20)

After calculation:

T poi h On ™TUYT
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Figure 3.8, illustrates the Bode plot of the transfer function of the plant) and the loop

transfer function (LTF), with the designed PI controller. One can see that, with the designed PI

(type 1) controller, the design spetsa{ ¢*"@ p T &)b ‘*’.Q @t O @ 1) were

accomplished.

Bode Diagram

Magnitude (dB)
— 7T

Phase (deg)

Frequency (rad/s)

Figure 38 Bode plot of the planf@® @) and LTF of the SC

Once the proportional and integral coefficients are computed, one can now substitute them in the
controller transfer functiorin Figure 3.9, one can see the block diagram of current control loop
for the super capacitor. Whdee refis the reference value of current as explained previoGslys

is the PI controllerp_is is the plant and gain Mp_is) .
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Figure 39 Block diagram of the SC current control loop
3.4.3 Voltage control loop of SC

In order tokeep the voltage of the super capacitor within the upper and lower voltage limits as
explained previously, one needs a voltage regulation loop foE8% For the choice of the
reference value, one can select a value that allows the SC to supp@Sby supplying a given
amount of energy before reaching its minimum voltage limit, and absorb the same amount of
energy before reaching its maximum voltage limit. One can set the reference value for SC voltage
to 36V, assuming the maximum voltage limit foetSC is 48V and the minimum voltage limit for
the SC is 24V, so that the SC can absorb and supply a given amount of energy before reaching its
voltage limits. In this project, for the simulations and experimentation, the reference value of the
SCvoltage s set to 32V. SCb6bs main task is to supp
FCS Therefore, this control loop should be slow as compared to the current control loop,

attempting to charge/discharge the SC with low values of currents, which tomeabeFCS

Figure 3.10, shows the block diagram of the SC voltage control loop. It includes the inner
inductor currentléc) control loop, where a Ripe-l (Gpi_is) controller is used, and a dutycle to
inductor current transfer functiosg_is), which was designed in the previous Section. For the SC
voltage regulation, the SC voltage is measured and compared with the referencévadielhe
error is then passed through a low bandwidth PI contraBgrv§), it produces a slow varying
current required to bring the voltage of SC to the reference value. This current is then added to the
fast (sc_re) reference current for the SC inductor, as discussed previously, to provide the fast
varying current component for the ESS. For the design @@heoltage loop, one needs to know
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how the inductor current of the SC affects the voltage in the SC. This relation, transfer function

(Gp_vy, can be obtained from the power converter and SC shown in Figure 3.6.

L vy
Current control Loop
Vsc_ref Lc pr:c
3 (?_> Gp:_\'s - Gpi_i: > GP_J'S > Gp_vs —
H.. =
Hp_vs <

Figure 310 Block diagram of the SC voltage control loop.
The closed loop controller for the SC voltage regulation is based on the SC current and the SC

voltage.
Calculation of the transfer functiofsq_is):

1 State equation

0— Qo (3.21)
0

1 UsingLaplace transform

6ivid 'Qd (3.22)
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9 Transfer function

(3.23)

The voltage control loop for thESS should be slower than the inner current loop of SC.
Therefore, the bandwidth of the voltage control loopE8Sis chosen as 109, wherefx is the
BW of the current control loop of SC, and the phase margin PM = 60°. For this caggpeIPI

controller can be selected.

The parameters of the designed controller are computed using the approach described in previous
Section, are shown in Table 3.2.

Table 32 Parameter of the PI controller for the SC voltage coiiap

C Kp T Ki
0.5F 0.67 1.10s 0.61

3.5 Current control scheme for the SC

The main task in this project is to make H@&Soperate at themaximum power poinfTherefore,
one needs to control the output current of the fuel cell. As in Chapterl Figure 1.3, one can see that
the output current of fuel cell should be 70A, for it to operate amidmamum power pointin
Figure 3.11, one can see a detailed bloclgrdia of the current control scheme tbe SC
converter. When the fuel cell is operating at 70A, the current in the DC bus would be different
because of the boosEC Converter conversion. Therefore, one can come up with a reference
value (ref) for theFC Converteroutput current in the DC bus, which would ensure the maximum
power pointoperation of the fuel cell. In the control scheme, one can see that the output/load
current (out) and the reference valukef{) for theFC Converteputput current, areoenpared. This
result is then multiplied with the result that one gets by dividing the super capacitor voltage level

(Vso) with the DC bus voltage leveV4ut). This will provide the (inductor) current reference for the
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super capacitor converter. By comparihis current reference with the actual current in the super
capacitor, one can get the error valae This error value is then fed to the PI controller. The PI
controller forthe current control loop was designed in the previous section, where the values of
proportional Kp) and integral i) components of PI controller were computed. This PI controller
will provide the modulating signal for the pulse width modulation (PWM) bibakgenerates the

gating signals for the gate driver circuits, which switch the MOSFETs accordingly.

] out

PI > PWM
Generator

Figure 311 Current control scheme for SC Converter

The implementation of the power converter and control scheme feufiee capacitor current
(Isg, in PSIM, is shown in Figure 3.1@ne can see the power circuit which contains a sub circuit
of FC Convertemas discussed previously. TRE Convertemwill boost the output voltage of the
fuel cell and regulate the voltaged®V in the DC bus. One can also see the SC converter. Which
will boost the super capacitor voltage and supply/absorb current in the DC bus whenever required.
One can see that there are two MOSFETs, S1 and S2. Where S1 is the complement of S2.
Therefore, viaen S2 is ON and S1 is OFF (C&3ethe inductor will charge and the current in the
inductor (so) rises. On the other hand, when S1 is ON and S2 is OFF, the power is supplied to the
load and the inductor discharges (GajeThere are four different resive loads, which are turned
on and off for testing the performance of the control loops. V_FC in the circuit represents the fuel
cell output voltage, which is a kept at 28.8V for this simulation. V_out is the DC bus voltage. V_sc
is the voltage level ahe super capacitor. |_out is the total current required by the load.
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Figure 312 Current control scheme for SConverter

One can also see the current control loop in Figure 3.12. For this simulation the fuel cell output
voltage is kept at 28.8V and the fuel cell output current will be fAx{mum power point at

the start of the test.

As one knows:
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In order to keep the fuel cell output current at 70A the reference current for the oufilit of

YOA £ ¢!

Converter(l_ref) is set to 42A. As explained above, the super capacitor referemeat (Isc_ref)

passes through a limiter and then compared to the actual super capacitor current (I_sc). The limiter

is there to limit the SC current in case of short circuit, so that the SC (I_sc) current should not go

above 10A in any case.

In the ontrol loop, after the PI controller, there is a limiter, it limits the modulating signal to

keep the PWM in the linear region. The comparator compares the triangular wave signal at 10 kHz

(switching frequency of the converter) with the output of Pl toegeie, PWM signal for the

MOSFETOGs

gate dri

ver

ci

r

cuits.

P WM

signal

f

make sure that whenever S1 is ON, S2 will stay OFF. The proportional and integral constants

values were computed in the previous section.
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Figure 313 Simulation results of Current control scheme forGghverter

Figure 3.13 shows the simulation results of the current control schidmeexplanation of

different stages of the simulation resustprovided
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1 Initially at Stagel, one can see that the DC bus voltage is regulated at 48V B{the
Converter The fuel cell current is 70A{aximum power point The output/load current
(I_out) is at 42A. As one knows that the reference current for the outp@©bnverter
(I_ref) is also 42A. That is why at sta@etheESSis not supplying or absorbing any
current because of which the super capacitor current (I_sc) is at OA and the super

capacitor voltage is (V_sc) is at 32V.

1 At Stage2, more load is added. Thatput/load current (I_out) increases to 45.2A, which
is more than the reference value (I_ref) for the outp&®Converterwithout a current
control loop, this can result in an increase in the fuel cell output current. Due to the current
control schera, theESSsupplies the rest of the required current that is why the super

capacitor current rises to 4.8A.

Current supplied by the SC at Steje
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One can see that as tB&Ssupplies the current to the DC bus, the voltage of the super

capacitor (V_sc) decreases due to discharging. AE8%is supplying the extra current,

because of which the fuel cell current (I_FC) stays at 70A.

1 At Stage3, theextra load is removed. The output/load current (I_out) goes back to 42A.
Because of which the super capacitor current (I_sc) goes to OA again, as the output/load
current is at the reference value (I_ref) for the outplR@iConverteand the errord) is
Azer oo. One can see that the super capacit

level of 31.4V now.

1 At Stage4, some of the load is removed from the DC bus. The output/load doeehes
less than the reference value (I_ref) for the outpuR@ Converterdue to the change in

load. In order to compensate, thi8Sabsorbs the extra current, because of which the fuel
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cell will keep supplying 70A. Therefore, the fuel cell current (I_FC) still remained the
same. The super capacitor current () &cthis stage becomes negative. At sthgthe

ESSis absorbing power. That is why the voltage of the super capacitor is rising.

1 At Stage5, the load is added again, in order to make the output/load current (I_out) 42A.
Because of the control scheitie super capacitor current (I_sc) goes to OA again, as the
output current is at reference value (I_ref) for the outptR@®fConverterAs from Stage
4 the super capacitor voltage was rising, therefore, at -Stéye super capacitor voltage

settles at &igher voltage level of 32.2V.

In Figure 3.13, one can see that in all five stages of the test, the fuel cell current (I_FC) remained
at 70A (maximum power point Whenever there is a change in load,E&Scurrent increases or
decreases, in ordeo force theFCSto keep operating at ithaximum power pointThe output
voltage is regulated at 48V IRC Convertefor this test.

For hardware implementation in the lab, the reference current for the outpGt @Gbnverter
(I_ref) for the test is kep2A. Before the hardware implementation, simulations are required in
PSIM to verify the control scheme. In Figure 3.14, one can see the current control loop®%the
used for hardware implementation and testing. The control scheme is same as the previou
and the only difference is that the reference current for the outpi@ @fonvertefl_ref) is kept
at 2A instead of 42A.
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Figure 314 Current Control Schemaf SC Converte(For simulation and practical implementation)

3.6 Voltage regulation in the SC

The current control loop oESS forces theFCS to operate amaximum power pointby
absorbing and supplying current from tB8S In Figure3.13, one can see that when B8S
absorbs energy, the voltage level of SCaised the voltage level of SC decreases, when it supplies
energy. A voltage control loops is required for the SC, to keep the voltage level of the SC within
the maximum and minimum voltage limits. One should consider three cases to design a voltage

controlloop.

1 First, if the supercapacitor keeps absorbing energy due to the current control scheme, the
voltage level of the SC may exceed the maximum voltage limit of the SC. The voltage level
of SC should not go above the maximum voltage limit.

1 Second, when thESSis supplying energy, the voltage level of the SC decreases, it should
not go below the minimum voltage limit of the SC.

1 Third, the SC should have enough energy stored in it, that it can supde@Simhenever

required (Whenever extra load is addedemoved).
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In Figure 3.15, the voltage regulation scheme forBRS ispresented. One can see that the
reference current for the SC (for current control loop as shown in Figure 3.14) is generated at
Stagel (red rectangle). For voltage regulatiorthie SC, the result of the PI control loop will be
added to the Stagevalue, to provide a reference value for the SC current. In the voltage regulation
loop, one can see that there is a block (SC Voltage Reference Selection), which selects the
referencevalue for the PI controller (Ri1). This block has two inputs, SC upper voltage limit
(Vsc_UL) and SC lower voltage limit (Vsc_LL). This block provides a voltage reference (either
Vsc_UL or Vsc_LL) for the SC. The result is provided to the Pl controfénl). The base
voltage reference of SC (Vsc_ref) or the voltage level whiclstiper capacitoshould maintain
in order to support theCS is set to 32V as mentioned previously. In Figure 3.15, one can see that
the base voltage reference (Vsc_refpanpared with the SC voltage (Vsc) and the results is
provided to the PI controller (RR2).
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Figure 315 Voltage regulation scheme for SC Converter
Both the PI controllers will provide the reference current for the voltagelation in the SC.
The PI controller (R¥2) to maintain the SC voltage at the base voltage reference, is slower as
compared to the PI controller ({R1). The PI controller (PV¥1) is faster than the Rlontroller (P4
v2) because, whenever the SC vattagaches the upper voltage limit (Vsc_UL), the SC should
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not charge anymore. Similarly, whenever the SC voltage reaches the lower voltage limit (Vsc_LL),
the SC should not discharge anymore. In any other case, the slow Pl contrelizy $Rbuld
provide the reference current to maintain the voltage level of SC at its base voltage reference
(Vsc_ref). The block (SC Reference Current Selector for Voltage regulation), is where the super
capacitor voltage (Vsc) is measured, depending upon which, it sedeats the two PI controllers
outputs, for the voltage regulation of SC. Which is explained in detail below. The reference current
value at Stag@ is compared to the value at Stelgewvhich in turns provides the reference value
(Isc_ref) for SC current. Titireference value is then compared with the actual value of the super

capacitor current (Isc) that results in the error vadliéof the Pl controller.

For the simulation, the upper and lower voltage limits of the super capacitor are chosen to limit

the run time of the test. The voltage limits of SC are given in Table 3.3.

Table 33 Voltage limits of Super capacitor

Vsc_UL Vsc_ LL Vsc_ref
33V 31V 32v

3.6.1 Lower voltage limit

As mentioned previously, the lower voltage limits for the super capacitor is 31V for simulation.
When extra load is added to tBeC bus, theESSwill keep the fuel cell current at the 3.3A
(maximum power point by supplying energy to the DC bus. The voltagéhasuper capacitor
will keep on reducing as it discharges. Once the voltage reached the lower voltage limit, the super

capacitor will stop discharging.

In Figure 3.16, one can see the lower vatéigit indicator ofthe SC. The measured output
current (1_out) is compared with the Output current upper limit (I_out_UL), which is set at 2.1A

(Itis to indicate that, the output/load current is higher than 2A).
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Figure 316 Lower voltage limit of SC (logic circuit)

The first comparator wil/ result n1o i f the
Second comparator will result Alo, if the vol
voltage limit(V_scLL) . The resultant of this circuit wi

has reached the lower voltage limit and is still discharging. The output of this circuit is represented
by (Flag_(VSC_LL)).

In Figure 3.17, one can see the control loopcfarent control and lower voltage limit dfe
Super capacitor. There is a multiplexer, which provides reference for the voltage control loop. This
multiplexer has two inputs and one control signal. When extra load is added to the DC bus, the SC
will discharge. As the SC voltage reaches the lower voltage limit (V_SC_LL), the Flag_(VSC_LL)
becomes fAlo. Il n which case the multiplexer w
(V_SC_LL), to the voltage control loop, which will be compared with the stggeacitor voltage
(V_sc). The result will be provided to the PI controller. For the PI controller the values of gain
(kp) and time constant (t) were calculated in the previous section. This PI controller will provide
a reference current, which is requitedkeep the voltage of the super capacitor at the reference
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value (V_SC_LL). That current reference will be added in the control loop (Bjagehich will

result in a reference value for super capacitor current (I_sc).

. Lower voltage limit .
Reference for
voliage control loop

Figure 3.18, show the simulation result of the voltage control loop, for lower voltage limit. When
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Figure 317 Lower voltage limit control Loop of the SC

the output/load current (I_out) is 2A (reference value for the outpeCofon\erte, the super

capacitor is not discharging and its voltage stays at 32V (base voltage level). When extra load is
added to the DC bus, the output/load current (I_out) rises to 4.5A. The super capacitor discharges
to keep the fuel cell current constabhBBzBA (maximum power point When the SC reaches the

lower voltage limit (V_SC_LL), due to the voltage control loop, the super capacitor stops

discharging and the super capacitor current (I_sc) goes to OA. Because of which the fuel cell

current (I_FC) ries to 7.3A.
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|- Stage-1

Fuel cell current (I_FC)

Figure 318 Lower voltage limit control Loop Simulation

The result shows that once the voltage in the super capacitor reached its lower voltage limit, it is
no longer able to support tiR&CSuntil thevoltage in the super capacitor rises later on, due to a

decrease in the load demand.

3.6.2 Upper voltage limit

The upper voltage limit of the super capacitor is considered 33V for the simulation. If the load
connected to the DC bus requires 2A current, at ttase the fuel cell will be supplying 3.3A
(maximum power point If one reduces the load, the output current will go belowr2fefence
value for the output dFC Convertex. In that case thESSwill start absorbing power in order to
keep theFCS opemting atmaximum power pointDue to which the voltage level in the super
capacitor rises, the voltage in the super capacitor should not go above the upper voltage limit of
the SC. In that case the super capacitor should stop charging. The logic citqpeoivoltage
limit indicator of SC is similar to the one shown in Figure 3.17. When the super capacitor voltage
reaches the upper voltage limit (V_sc_UL) and is still charging. The output of the indicator circuit
is Al1l06, which is CUlpresented by (Flag_ (VS

Figure 3.19, show the simulation result of the voltage control loop, for upper voltage limit. When
the output/load current (I_out) is 2A (reference value for the outpaCofonvertey, the super
capacitor is not charging or discharging atsdvioltage stays at 32V (base voltage level). When
the output load is reduced, the output/load current (I_out) goes down to 0.3A{Stdugp super
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capacitor charges to keep the fuel cell current constant at 8@&rtum power point When the

SC reachethe upper voltage limit (V_SC_UL), the super capacitor stops charging and the super
capacitor current (I_sc) goes to zero. Because of which the fuel cell current (I_FC) goes down to
0.5A. The result shows that once the voltage in the super capacitoedetschpper voltage limit,

it is no longer able to support tRE€Suntil the voltage in the super capacitor decreases later on,

due to an increase in the load demand.

iage.2 ut Cus
gl (I_out)

Super capacitor voltage (V_sc)

Fuel cell current (I_FC) \ F_.

Figure 319 Upper voltage limit control Loop Simulation

The upper and lower voltage control loops will prevent the super capacitor to overcharge or
discharge. If the voltage in the SC reaches its maximum of minimum voltage limit, it will not be
able to support thECS At that stage, thECSwill not be opeating at itsmaximum power point
When the voltage of the super capacitor is within its maximum and minimum voltage level.
Another slow voltage control loop, having a bandwidth which is, 33% of the bandwidth of the
upper and lower voltage control loop, Mating the voltage level of the supercapacitor to its base

voltage level of 32V, which is explained in the next section.

60



3.7 Final Simulation

In order to make th&CS operate at thenaximum power pointthe control loops for current
control and vokige controbf the ESSare designed. A fast PI controller is designed for the super
capacitor current control. The voltage level of the super capacitor should stay within the maximum
and minimum voltage limit of super capacitor, Pl control loop is designed to restrain the super
capacitor voltage from crossing these limits. When the voltage level of super capacitor is within
these limits, it should be able to support B@&Swhen required. Therefore another very slow Pl

control loop is designed to keep the voltage of the supercitapat the base voltage level.

3.7.1 Control loops

In Figure 3.20, one can see the control loop forBB& The current control loop has been
explained previously. This section explains the voltage control loops. One can see that, the
reference currentalue for voltage regulation in the super capacitor (PI_VSC), which is explained
in detail below, will be added in ref 1. The result will be the reference for the super capacitor
current (I_sc), which is then compared with the actual super capacitor ¢orpeavide the error

(e) for the PI controller.

o
@
>
-

0
Figure 320 Current androltage control loop for Super Capacitoor@erter
In the complete control loop (current and voltage) of the SC converter as shown in Figure 3.20,
one can see, at ref 2, the reference current to control the voltage level of the super capacitor

(P1_VSC) is provided. Different Pl control loops are designed to regulate the voltageEi$he

which is shown in Figure 3.21.
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Figure 321 Controller loops of SC voltage level control

In Figure 3.21, one can see that, three different Pl control loops are designed. Which are

explained below.

1 Loop-1: Itis the control loop which provides the value of the reference curreadled to
prevent over charging of the super capacit
voltage limit of the super capacitor. Which is kept at 33V, as mentioned previously. The
out put -6 WMUK provide t he Pledntolleeinicoep vol t a
1. The controllosiignailFlafg H§MSB8X _ UL) o, whi ch
previous section.

Casel: When the voltage of the SC reaches the maximum voltage limit of SC, the

AFl ag_(VSC_UL) O wi | | be Albe nAo.anWheont h
AFl ag (VSC _UL)Oo0 is Ad®, wiheé mulotvii gllee x¥ié&/r. SICM
Av_SC_ULO will be compared with the actual

the resultant erroef will be the input of the PI controller. The uak of the gain and time
constant of the PI controller were calculated in the previous section. The output of the PI
controller will-2be &2 XaInspouth aosf MAMUaXg _ ( VS C _

62



Il n
and

con

signal . I n case when fRIleimpWEsS thaJdutpubof i s 01
the Pl cont-Toller to AMUX

Case2: When the voltage of the SC is less than the maximum voltage limit of the SC, the

AFl ag_(VSC_UL)o wildl be A0020 Iwi ltlhalhe caGe.,
will be passed to the MU-X O .

Loop-2: It is the control loop which provides the value of reference current, required to
prevent discharging of the super capacitor beyond the lower voltage reference of SC
(V_SC_LL). The design of Locf is the same as Lodp the only differene is that, the

second input of multiplexerMU® i s AV _SC_LLO instead of AV
at 31V for the simulation.

Casel: When the SC discharges and its voltage reaches the lower voltage limit
(v_SsC_LL), the value of mherefarey thé WdtiBlexerL ) 0w
AMUZO will provide AV_SC_LLO as output. Wt
super capacitor voltage (V_sc) and the resultant error will be provided to the PI controller.
The output of the PI MJUW{TOr ohlr euddihs A paJxXs e d
Case2: When the voltage of SC is higher than the minimum voltage limit of SC
(v_sCc_LL), the AFlag_(VSC_LL)O wi¥4b wel niOo
be A00. Which will7dde passed to the AMUX
Loop-3: This is the slowPl control loop, which is designed to keep the voltage of the super
capacitor at the base voltage level, in order to suppof@% The base voltage level is

32V for simulation. When the voltage of the super capacitor is within the maximum and
minimumvd t age | imits, the reference AFl ag_ (VS
be A00. When the AFl a§o (VIS€CviReé¢ )D2Vsr éflér en
for the PI controller, which is then compared with the actual super capacitor voltagg.(V_

The resultant error i s péroowiideld ptaos st hoen Rlh e

of the sl ow Pl -7coontlrnoldaesse wheni MUXe voltag

upper and | ower voltage | i mitsi,cht hcea sieF |favgU X
60 wil.l provide fA67/00,, as an output to fAMUX
Figure 3.21, one can see that in all the
the other two flags wil/l be nAn00. Wehi ch m
trol | oo _SwilLlol,V §x Ulei &hSEifRebi, dependi ng wupon
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The control si7gon aadrse otfh et hsea mieMUX ags signal s, v

of SC has reached the upper or lower voltage limits. When thel&Qe&oeaches the upper voltage

limt(V_SC U) , t he Fa@MV®CULD f Wi | | be fAlo. I n +his c;
10 will be t h7egPloMsC)pMhen the $C viltld Meaches the lower voltage limit
(V.SC L), t he Hag(v8&LL)of Wi I | be filo and the othe

this case, t##eé wut pubeot hedPlouUSE)dnany othdr cased) thex
out put -3d WiLlolopbe t hedPbVWSCyluarderdofkeep the/xltage of the
superc apacitor within the upper -7apld/SC) swrevidedl i mi t s

to the final control loop, shown in Figure 3.20.

3.7.2 Simulation results

For simulation and experimentation, the reference Valuthe output oFC Converters 2A in
this study. There are three possible cases to consider for simulation. The load current at the DC
bus can be at the reference value (2A) for the outpEtCo€onverterhigher than the reference
value or lower than the reference value. In all these sosnahe FCS should operate at the
maximum power pointThe ESSshould support thECSuntil the voltage in the super capacitor
reaches the upper or the lower limit. For the final simulation, the same power circuit is used as
shown in Figure 3.12. Theontrol circuit used for the simulation is shown in Figure 3.20. In order
to reduce the processing time, the operating parameters chosen for simulation are given in Table
3.4.

Table 34 Operating parameters for simulation

SC(capmcitance) V_out V_SC LL V_SC_Ref V_SC UL
1F 48V 31V 32V 33V

Figure 3.22, shows the simulation results, when the DC bus load, is higher than the 2A. Results

for the current control and voltage control laafthe ESSare presented.
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Figure 322 Simulation results for high DC bus load

is the explanation of different stages in the simulation results:

Initially at Stagel, one can see that the fuel cell current (I_FC) is 3m3ax({mum power

poinf). The outputoad current (I_out) is at 2A. As one knows that the reference current
for the output oFFC Convertefl_ref) is also 2A. That is why at stadetheESSis not
supplying or absorbing any current because of which the super capacitor current (I_sc) is

at 0A and the super capacitor voltage is (V_sc) is at 32V (base voltage level).

At Stage2, more load is added. The output/load current (I_out) increases to 4.4A, which
is higher than the reference value (I_ref) for the outpuk@fConverter Due to the
current control scheme, tHeESSsupplies extra current that is why the super capacitor

current rises to 3.6A.

Current supplied by the SC at Steje
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One can see that as tB&Ssupplies the current to the DC bus, the voltage of the super
capacitor (V_sc) decreases due to discharging. While the fuel cell (I_FC: Zain converter

input current) current remains at tmaximum power poin{3.3A).

1 At Stage3, the voltage of theuper capacitor reaches the lower voltage limitC_LL).
Therefore the voltage control |l oop, wonot
further. That is why super capacitor voltage (V_sc) stays at 31V. Because of the voltage
control loop, the superapacitor current (I_sc) goes to OA. Now, the fuel cell has to supply
the total current required by the DC bus load andFA@8&is no longer operating at the

maximum power point

Current supplied by the fuel cell at Stagje
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One can see that the fuel cell current (I_FC) goes up to 7.3A. The super capacitor cannot

discharge any further.

1 At Stage4, the extra load is removed from the DC bus and the output/load current (I_out)
goes dow to 2A again (reference current for the output~@f Converter. The super
capacitor voltage is still at the lower voltage limit SC_LL) of 31V. Therefore, the super
capacitor voltage will start to rise, because of the slow PI1 control loop. The sppeitaa
current (I_sc) will become negative, as #8Sis absorbing power. The FG&Il keep
supplying current for the DC bus load and to charge the super capacitor as well, therefore
it wono6t b e maxpnampower poigt at t he

1 At Stageb, thesuper capacitor voltage (V_sc) reaches the base voltage\Ve\&C( Rej
of 32V. Therefore because of the voltage control loop, the super capacitor will stop
charging (as the output/load current is at 2A). The voltage of the super capacitor will slowly

goto the base voltage level due to the slow PI control loop. The fuel cell current will start
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dropping to 3.3A haximum power point The super capacitor current (I_sc) will start
going up to OA smoothly.

1 At Stage6, the super capacitor voltage (V_sc) diabs at the base voltage level (32V)
because of the slow PI control loop. At this stage, the fuel cell is operatingr@tiraum
power pointand the super capacitor current (I_sc) will be OA, as its not supplying or
absorbing energy, because the outpat current (I_out) is at 2A (reference current for
the output oFC Converter.

In this simulation result, one can see that the DC bus voltage remained constant at 48V. It is also
evident that th&SScan support th&CSuntil, the voltage in the supeapacitor drops down to

its lower voltage limitY_SC_LL). The slow PI control loop also forces the super capacitor to
reach its base voltage level.

Figure 3.23, shows the simulation results, when the external load is less than the reference current
for the output oFC ConverterResults foithe curr@t control and voltage control of tliESSare
presented.

a0 Stage-1 Stage-2 Stage-3 Stage-4 Stage-5 Stage-6

_ _ g Output Current (I_out) _

[2.00033]

10.3)

L)

122 132.0084] ™ [31.9915]
3 e — s
o

3.30156]

33733}

[0.537) i Fuel Cell Current (I_FC)

Supercapacitor Current (I_s0)

[-2.45596)

DC Bus Voltage (V_out)

(47.999]

Figure 323 Simulation results for low DC bus load
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The explanation of different stages in the simulation resutis/en below:

1 Initially at Stagel, one can see that the fuel cell current (I_FC) is 3m&{mum power
point). The output/load current (I_out) is at the ZAférence currerfor the output of
FC Convertex. That is why at stagé, theESSis not suppfing or absorbing any current.
Thus, the super capacitor current (I_sc) is at OA and the super capacitor voltage is (V_sc)

is at 32V (base voltage level).

1 At Stage2, some load is removed. The output/load current (I_out) decreases to 0.3A.
Due to the cuent control scheme, tHeSSabsorbs the extra current to keep B@&Sat
maximum power pointthat is why the super capacitor current goe #A.

Current absorbed by the SC at Stage
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One can see that as tB&Sabsorbs the current from the DC bus, the voltage of the super

capacitor (V_sc) increases due to charging, while the fuel cell current remains at the

maximum power poing3.3A).

1 At Stage3, the voltage ofite super capacitor reaches the upper voltage Nm&C_UL).
Therefore, the voltage control loop, prevents the super capacitor from charging any further.
That is why the super capacitor voltage (V_sc) stays at 33V (upper voltage limit). Because
of the votage control loop, the super capacitor current (I_sc) goes to OA. Now the fuel cell
has to supply less current (as required by the output load) andC8es no longer

operating at thenaximum power point
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Current supplied by the fuel cell &tage3:
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One can see that the fuel cell current (I_FC) goes down to 0.5A because the super capacitor
cannot charge any further.

1 At Stage4, the load removed at Stageis added agaito the DC bus and the output/load
current (I_out) goes down to 2Aeference currerfor the output oFC Converteragain.
The super capacitor voltage is still at the upper voltage MniSC_UL) of 33V. However,
the super capacitor voltage will stéstdrop, as the super capacitor discharges because of
the slow PI control loop. The super capacitor current (I_sc) will become positive, as the
ESSis supplying power to the DC bus. Fuel cell will keep supplying less current for the
DC bus load because taper capacitor is discharging slowly as well, to reach its base

voltage level. Therefor&;CSis still not operating at theaximum power point

1 At Stage5, the super capacitor voltage (V_sc) reaches the base voltagé/1e8€l (Rej
of 32V. Thereforebecause of the voltage control loop, the super capacitor will stop
discharging (as the output current is at 2A). The fuel cell current will start rising to 3.3A
(maximum power point The super capacitor current (I_sc) will start going down to OA,
steadiy.

1 At Stage6, the super capacitor voltage (V_sc) stabilize the base voltage level (32V)
because of the slow PI control loop. At this stage, the fuel cell is operatingratiraum
power pointand the super capacitor current (I_sc) will be OA, as itssnpplying or
absorbing energy, because the output/load current (I_out) is aefkence currerfor

the output oFC Convertey.

In this simulation results, one can see thatiB&can support thECSuntil the voltage in the

super capacitor riseg to its upper voltage limiM SC_UL).
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One can see that tE&S Scan support theCSby supplying or absorbing energy, in order to keep
it operating at thenaximum power pointBut, when the voltage in the super capacitor reaches its
upper or lower vibage limit, at that stage, it can no longer supportR6& by absorbing and
injecting energy, respectively. A slow PI control loop in used to bring the voltage level of super

capacitor at a certain point (32V), from where it can suppoE@ in an &ent of load variation.

3.8 Summary

In this Chapter, thé&=C Converted s power and control circuits
regulation in the DC bus and the simulation results were shown. The design of PI controllers, for
the regulation of the inductoturrent of the bdirectional Class<C DC-DC converter (SC
converter), and for the voltage regulatmiithe ESSis presented. The control scheme, is capable
of controlling the inductor current (of SC converter) and voltage regul&® Different tests
were carried out to simulate several possible scenarios. The controller showed good performance
for current control and voltage regulation, and the expected results were obtained and presented.
Both power converters will be implemented and the experimigmpdémentation and results will

be presented in Chapter 4.
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Chapter 4 Experimental Implementation

The primary goal in this work is to implement the proposed indirect current control scheme for
the hydrogen fuel cell (source) and voltage control scheme for the super capacitor (storage
element) in a DC nanogrid. The experimental setup for obtainengessults is described in this
Chapter. Then, experimental tests are performed for different cases. Finally, the experimental

results are presented and disadgsfor all the cases.

4.1 Experimental setup

The experimental prototype of thedirectional 4switch DGDC converter (SC converter) is
implemented in this work, which is a new realization of an existing @a$exas Instruments
(T1) conver t eBIDIRARvAUAtDIY BdewWeMthat was designed for a similar
application. The specifications ofeltonverter are already mentioned in Chapter 2. Twith
DC-DC converter is able to control the injected and absorbed current in the DC bus. It consists of
four MOSFETS with the respective gate driver circuits. Also, voltage and current sensors are
installed for sensing the input and output voltages as well as the inductor clinegbnverter is
equipped with a digital controller (DSP)Yhe layout of the printed circuit board (PCB) was
designed using AEASYEDAO sof t walatedintiElae PCB wa

In Figure 4.1, one can see the implementeditgctional 4switch DGDC converter (SC
converter). The inductor is kept away from the board in order to minimize the electromagnetic
interference with the sensors. The dual arrowscatdi that the converter can supply or absorb
power in either direction. The voltage sensors for the super capacitor voltage measurement and for
the DC bus voltage measurement, are mounted on the PCB board, with the MOSFETSs and the gate
driver circuits. Theni cr ocontrol l er (Texas I nstrument DSP
the PCB through the connecting wires. One can also see, that the current sensors for the
measurement of the inductor current and the output current are implemented on another circuit

board, with the unity gain amplifier circuit.
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Figure 41 Snapshot of the-4witch DGDC converter (SC converter)

In Figure 4.1, one can see tI&E converter is connected in shunt with the output of the FC
converter Thecurrent and voltage sensors data is sent to the unity gain amplifier circuit and then
to the DSP through the connection points on the converter PCB board. Current and voltage control
loops are implemented in the DSP, which provides the resultant PWM. sitpeadPWM signal is
then provided to the gate drive circuits through connection points in the converter PCB board. The
gate driver circugt hen switch the MOSFETSs AONO and AOFI

In Figure 4.2, one can sé®e layout ofthe complete system. For preliminary experimentation,

a DC power supply is used instead of the fuel cell. The output of the power supply is connected to
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the FC Convertelinput, and thé=C Converteiprovides regulated voltage (48V) to the DC bus.

The super capdor is connected to the input of the SC converter, the converter output is connected

to the DC bus.

DC Bus
Zahn Converter 1_Zout I out
= =
Fuel Cell
) L2y D1
I Zin
—
‘7 I = Czam V(DC)
V_Zin
—| | W12 D2 ‘ /
SC Converter
Super Capacitor
. L (SC) S‘E%‘m
= IL
i " V(sC SW 4 D4
- |
I
-

Figure 42 Complete System Layout.

Load

Figure 4.3 shows the experimental setup, which is assembled in the laboratosythWélarows

indicate the direction of current flow. The arrow at Bt Converteshows that, it i®perated as

unidirectional and the arrow at the SC converter gigis that it is operated asdiectional. That

is, it can inject or absorb current frotine DC bus. The experimental results are presented on the

oscilloscope.
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Figure 43 Snapshot of the actual experimental setup. (A) Power supply. (B)Super Capacite€. (onverter(D)
4-switch DGDC converter (S@onverter)(E) DC Bus Load. (F) Oscilloscope
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4.2 FC Converter Output

As one knows thadEC Converters used in this project to regulate the DC bus voltage at 48V.
In Figure 4.4, one can see the voltage reguiachieved byC ConverterFrom the resulist
can be observed that the output voltage oFRBGeConverters 48.1V(1), whilethe FC output
voltage (2)is 28.8V (voltage of the FC ataximum power point The output current of theC
should be 3.47A (ideallywhen the output current 8C Conveteris 2.08A(4). In this case he

FC output current which is measured through current senSo838z\ (3).

wé O000CWE OO

Q00 508
e T @ cBLY .
00 ——————— 08
: o %

Tekbw | P

4=
=
<

500 By 40.0ps 2.50G5/ 9 : :
500 4 By 2.00 4 By 1M points 0.00Y S
Yalue Mean Min Max Std Dev : :
&P Mean 288y 32.1 27.9 35.6 3.43 : :
10ct 2019
ED Mean 388 4 1.81 -97.0m 4,83 1.09 0514334
Mean 20848 953m =121m 2.65 S69m

Figure 44 FC Converteputput voltage
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4.30pen loop test

In this project, two power electronics converters are used. In the pre@imer, all the
necessary simulatiasnvere done, to get the required results. FGeConvertewas configured for
voltage regulationf the DC bus. After the design and assembly of thdireictional 4switch DG
DC converter (SC converter), to check the SC converter performance, open loop tests were
conducted. Before performing buck and boost mode tests, the gate driver circuit of Sieconve
is tested. Recall the Figure 2.3, where one can see that the SC converter contains four MOSFETSs.
+15V potential is provided from an on8%ard po
potenti al is provided to turn the MOSFET AOFF

4.3.1 Gate driver circuit test

Below are the switching signals, provided to all four MOSFETS for this test.

Switching Signals:

S1: Always ON
S2: Always OFF
S3: Switching (Duty Cycle 48)

1
1
1
1 S4: Complement of S3

In order to make the SC converter operate in élagsode, MG FET S1 has to st ay
MOSFET S2hastoaty A OFF O, i n %adutycydelsignalts previded fromAhe DSP
to the gate driver circuit, of MOSFETs S3 at a frequarfd0 kHz. InFigure 4.5 one can see the

gate to source signals for edd®SFET of the SC converter.
Results:

1 1.---- S3 (switchingd8% Duty Cycle)

1 2.----S4 (Complement of §3

1 3.----S1 (always ON

1 4.----S2 (always OF}
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The results are displayed on the oscilloscope screen. Where one can see that, the gate to source

signal of S3 is a complement of S4. While the gate to source value of S1 i®¥tdrid that of S2
is at-8.31V.

& oov 100ps 2.50B5/s 7 : :
2000 ¥ 2000 ¥ 5M polnts —9.60 Y Co
Yalue Mean Min Max Std Dev : :
+Duty 47.99 5% 47 99 47.99 47 99 0.000 ? :
30 5ep 2019
& ean 159V 15.9 15.9 15.9 0.00 03:28:40
€D Mean -5.31Y -5.31 -5.31 -5.31 0.00

Figure 45 Switching Signals fothe MOSFETs
4.3.2 Boost mode test

In boost mode, power flows from LV side to the HV side. Therefore, the SC Converter will be
provided power (using a DC voltage source), at the low voltage side. At the high voltage side
(where the load is connected), one should get a higher voltagmdieg upon the duty cycle.

Same gating signals are used for this test as shown in the previous test. The mathematical
calculation for the boost mode test are given below, where D is the duty cycle for MOSFETs S3
and S4.

Calculations for boost mode t¢48]:




Expected results:

6ET ¢c&@6

61 OOT @& 6

Results:
1 1.V_in: ---- Input voltage (LV side)
1 2.V_out:---- Output voltage (HV side)
1 3.1_L: ---- Inductor current

1 4.1 out: ---- Output/load current

In Figure 4.6 one can see the resultstioé boost mode test. Where tH€ &cilloscope signal is
the output voltage (Vout), the T oscilloscope signal is the input voltage (V_in), thé 3
oscilloscope signal is the inductourrent (1_L) and the®oscilloscope signal is the output/load

current (I_out: after the output capacitor filter of thewdtch converter).
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Figure 46 Boost mode test

The slight mismatch in the output voltage is due to the losses in the Gewgral boost mode
tests were performed to verify the performance of the SC converter, one is shown above. Table 4.1
shows, some boost mode test results, with different outyadis|to test the performance of SC

converter.

Table 41 Boost mode test results

Input Output Inductor Output
Tests Voltage Voltage Current Current Load
Test 1 25.6V 48.1V 1.12A 533mA 0 Y
Test 2 25.8/ 48,5V 2.25A 1.15A 42Y
Test 3 25.4v 47.6v 3.21A 1.67A 15Y

One can see from the boost mode test results, the power flow from LV side to HV side. The

voltage at the HV side (V_out), is close to the expected voltage value, shown in the calculation
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above. When the load BV side change, the inductor current (I_L) and output/load current (I_out)

also change accordingly.

4.3.3 Buck mode test

In buck mode, power flows from HV side to the LV side. Therefore, the SC Converter will be
provided power, at the high voltage side thiowgDC power supply. At the low voltage side
(where the load is connected), one should get a lower voltage, depending upon the dufprcycle.
this test the Duty cycle fMOSFET) S3 is 486. The calculations for this test are given below.

Calculations fobuck mode tedl3]:

61 OOBE®WS T1@0m@8 @ CQ @6

Expected results:

6ET 1@ 6

61 O0c & @6

Results:
1 1.V_out:---- Output voltage (LV side)
1 2.V_in:---- Input voltage (HV side)
1 3.1 _L: ---- Inductorcurrent

1 4.1 out: ---- Output/load current

In Figure 4.7above, one can see the results of the buck mode test. Wheseilloscope signal
is the output voltage (V_out), thé2oscilloscope signal is the input voltage (V_in), tHé 3
oscilloscop signal is the inductor current (I_L) and tHeascilloscope signal is the output/load
current (I_out).
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Figure 47 Buck mode test

Buck mode test results are shown in Table 4.2.

Table 42 Buck mode test results

Input Output Inductor Output
Tests Voltage Voltage Current Current Load
Test 1 48.4V 21.2V 516mA 484mA 40 Y

In Table 4.2, one can see that the SC converter is working as expected in the buck mode. One
can see from the buck mode test results, the power flow from HV side to LV side. The voltage at

the LV side (V_in), is close to the expected voltage value, shiowthe calculation above.

From the test results, one can see that the SC converter is working as expected in boost mode

and buck mode.
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4.4 Closed loop test

After getting satisfactory results in the open loop test, closed loop tests are performed. The
current control scheme was desdrin PSIM, theeode was generated for the DSP/MCU through
PSIM. For the cleed loop tests, the FC Conventell regulate the DC bus voltage at 48V. In the
closed loop scheme, a reference current value for the outphgfeECtConverters provided to the

control loop. Two different types of tests are performed to verify the control scheme.

Test 1:Whenever the load connected to the DC bus, requires more current than the reference
current valudor the output of th&C Corverter, theESSshould support, by supplying the rest of

the power and keeping ti&Soutput current, at the reference value. Therefore, keeping the input
current ofFC Convertefl_Zin) at the desired value (desired value of currentatimum power

point of FC).

Test 2:Whenever the DC bus load requires less current than the reference faurrtbatoutput
of theFC ConvertertheESSshould absorb power, in order to keep F@Soutput current, at the
reference value. Therefore, keeping the input ciiwéFC Converte(l_Zin) at the desired value.

Expected resultshe input current dFC Converteshould remain at the desired valogakimum
power pointof FC), regardless of the load variation, unless the super capacitor voltage has reached

its maximum or minimum voltage limit.

441 Testl

For this test the FCS and ESS are connected in parallel, as shown in Figure 4.2. The DC bus
voltage is regulated at 48V throu@€ ConverterThe input voltage oFC Converte{Output
voltage of FC) is at 28.8V, to match the FC voltagmakimum power pointas shown in Figure
4.4. The reference current value (1_ref) for the output oFth&onverters kept at 2A in for this

test.

Below are the calculations (expected tegus ) f or A Test 10. As one ki
is changed to make the output/load current (I_out) higher than the reference value (I_ref) of current
for the output of FCS (output currentle€ Convertey. In this case, ESS will supply the required
extra current, to keep the FCS output current (output curreR€aConverter at the reference
valueof 2A (maximum power poinbf FC). Figure 4.8, shoim3ableqa3r r esu

one can see that the results are close to the expectegwiaitie one gets in the calculation below.
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Calculations fofTest 1:

.. 61 00 )1 00)0OA £
) OA —
6 OA
T @ o® P ¢8r .
) o Bt QON
Results:
1 1.V _out: ---- DC hus voltage (I side)
1 2.V_sc---- SC voltage (V side)
1 3.1_sc ---- ESSInductorcurrent
1 4.1 _aut: ---- Output/load current
Tekfw [ 1 —_— 1 ]Trigd

: D(‘:‘ B;ls \;"olt;gé(\‘_‘nut‘)

| Super capacitor Valtage (V_sc) | -

B |Sﬁper capacitor Current (I_sc)| I
» e S
e [
at ;
500V By 300ps 625MS/s /7 : :
@ u SRR
Q 10.0 A By 10.0 A By SM points 3.80 4 : f
Value Mean Min Max Std Dev . .
&P vean 49.0°Y 49.0 49.0 491 95.8m : :
4 0ct 2019
EP Mean 2,214 2.48 2.21 2.84 326m 02:38:08
Q Mean 3.38 A 3.36 3.33 3.38 22.7m
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Figure 48 Test 1: |_ou{Output/Load currenthigher than |_refReference for the output of FC Converter)

The results NnTes.t 10 ar shown in Tabl e
Table 43 Test1 results
DC bus ESSInductor Output
Tests SCVoltage Voltage Current Current Load
Test 1 31.0v 49.0V 2.21A 3.38A 14.5Y

In Figure 4.9,onecansé®et hr ee st ages avekxpléineeébelow. 10, whi ch

71 Initially at Stagel, one can see that the DC bus voltage is regulated at 48V B{the
O 2A. As on:

the reference current for the outputFs Convertel(l_ref) is also 2A. That is what

Converter Whereas th@alue ofoutput/load current( | _out )

stagel, theESSis not supplying any current because of whichwthkie ofsuperSC

Converter(inductorcurrent (1 _sc) O OA.

1 At Stage2, more load is added. The output/load current (I_lmetpmes greater than the
reference value (I_ref) faheoutput current of FC®ue to the current control scheme,
the ESSsupplies the rest of the required curréhtsc > 0A).

f At Stage3, the extra load is removed. Thalue ofoutput/load current{ | _out) O 2/
Because of which thealue of SC Converter inductaturrent (I_sc) goedown again,
(I sc) O O0OA.
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Stage-1 Stage-2 Stage-3

Tekstop [ 1

i | DC Bus \:f'n]lage (V_out) |

Al

D [Sweopmorveitgeo o] . . . 0L

i |Super capacitor Current (Lsc)|

B
I _Illltll';ll Clnn;entl (I_Innrl) IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
B : :
& 00V & 4.00s 125kS/s 7 : _
20048 & @ 2004 & 5M points -6.00 A oo
Yalue Mean Min Max Std Dev
& Hean [ | :
| 4.0ct 2019
&) Mean [ | 02:43:59
€D ean [ |

Figure 49 Test 1: Transition stage (I_§8C currentand |_ out{Output/Load currentfomparison)

InFigure4 . 10, one can s ee utpht/bdd culrent (i outybedormes greéaterl 0 ,
than the reference value (I_ref) for the output current of the FE&Support the FCS, the ESS
supplies the required extra current. One can observe in Figure 4.10, that the output current of FC
(I_FC) have not changed during this transition of |_anot it remained at th@maximum power
point Similarly, the output voltage of the FC (V_FC) remained at 28mak{mum power point
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Stage-1

Stage-1

Stage-3

TekPrevu |

‘[ Fucl Cell Voliage (V_FC)

|QueputCurrent Low)| . © . |0 00 D0 D D

|

L) ; : ; _ _ :
& ooV & 4,00 5 125kS/s s
€ 2004 & SO004 5M points 0.00 4
Walue Mean Min Max Std Dev
& ean 28.9V -—- -—- - -—-
& Mean 478mé, -——- -——- -——- -——-
€D Mean 1.85 A 1.85 1,85 1.85 0.00
Figure 410Test 1: |_FQFC output currentand |_ out(Output/Load currentgomparison
442 Test?2

For t his

Bel ow ar e

changed to make the output/load current (I_out) lower than the reference value (I_ref) of current
for the output of FCS (output currentle€ Convertey. In this case, ESS will absorb the required
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t he

t he

c al

cul ati
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i s same
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(expected
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extra current, to keep the FCS output current (output curreR€aConverter at the reference

value of 2A (maximum power poind f
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4.4, one can see that the results are close to the expectedmrafireone gets in the calculation

below.l n

Calculations foiTest 2

ATest vdidtageisDOL bus
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Results:

1 1.V_sc ---- SC voltage (LV side)

1 2.1_FC: ---- FC output current

1 3.1 _sc:---- ESS Inductor current

1 4.1 _out: ---- Output/load current

Tekfun [ T |

®

| Fuel cell current (I_FC) |

Output Current (I-out)

Super capacitor Current (I_sc)

. SC Voltage (-"_sc) I : :

® /

0.00 4 ]

o -0 30015 625MS/s

& 5004 & @ 5004 & 5M points

i Value Mean Min Ma Std Dev
& Mean 28.9V 28.9 28.9 28.9 0.00
&P Mean -1.714 -1.71 -1.71 -1.71

&P Mean 925mé 925m 925m 925m 0.00

2 0ct 2019
0.00 05:28:30

Figure 411 Teg 2: |_out(Output/Load currenfowerthan |_ref(Reference for the output of FC Converter)
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Table 44 Test 2results

DC bus ESS Inductor Output

Voltage Current Current Load

Tests SC Voltage

Test 2 28.9V 49.0V -1.71A 925mA 53Y

In Figure 4.12o0ne cansethet hr ee st a2g g s warebxplé@ineeelow.

71 Initially at Stagel, one can see that the DC bus voltage is regulated at 48V B{the
Converter Whereas thealue ofoutput/load current(l_out) O2A. As one knows that
the reference current for the outputFs® Convertel(l_ref) is also 2A. That is what
stagel, the ESS is nadbsorbingany current because of which thalue ofsuper SC

Converter(inductor current (I_sc)O0A.

1 At Stage2, output load is reduced he output/load current (I_out) becontessthan the
reference value (I_ref) for thmutput current of FCS. Due to the current control scheme,
the ESSabsorbghe rest of the required current, (1_s6A).

At Stage3, theload is increased agaiffhevalue of theoutput/load current, (I_oufp
2A. Because of which thealue of SC Convewrr inductor currenfl_sc) goesup again,
(1_sc)O0A.
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Stage-1 Stage-2 Stage-3

Tekste [
| DC Bus Voltage (V_out) | : :

..'“|.Snper.capac:i.mr.\'qltageG’_$c)l ] T

|Supercapac:ierurrem(I_sc)|' S s

[ utpui Current T ougj] = © © 0 0 0T D0 ot o e !

& coov By 4.00s 125kS/s S . :
20,0 4 By € 2004 By J[ SM points -6.00 4 } S
Yalue Mean Min Max Std Dev : :
&P Mean [ i :
m 4 Oct 2019
&) Mean [ | 02:46:51
Mean [

Figure 412 Ted 2: Transition stage (I_d6SC currentand | out{Output/Load currentyomparison)

In Figure4.13 one can sTeEdt hat ed wurien @ oul) becoandsss
than the reference value (I_ref) for the output current of the FCS. To support the FCS, the ESS
absorbghe required extra current. One can observéignre 4.13 that the output current of FC
(I_FC) havenot changé during ths transition of |_outand it remained at th@maximum power
point Similarly, the output voltage of the FC (V_FC) remained at 28mak{mum power point
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Stage-1 Stage-2 Stage-3

Tekstop | —_—

[ Fuel Cell Voltage (V_FC) - |

.|Su.per.capacimr.Cunem(I_sc)|. R

o
B : _ : i :

‘@ soo0v & 4.00s 125kS /s 7 : :

20.0 & B 5.00 & By SM points 0.00 A S

r Yalue Mean Min Max Std Dev : :

&P Mean 286V 28.6 28.6 28.6 0.00 ? :

[ 2 Oct 2019]
&) Mean 1,27 & 1.27 1.27 1.27 0.00 05:23:28
Mean 2.65 4 2.65 2.65 2.65 0.00
Figure 413 Teg 2: |_FC(FC output currentand |_ out{Output/Load currentyomparison

From nAnTest 10 and ATest 20, one can see that

output current of the FC (I_FC) does not change, regardless of the load variation. The current
control loop is working as exgted. The FC will keep operating at th@ximum power point

regardless of any change in the output load, until the ESS supports the FCS.

In Figure 4.14, one can see that whenever the output/load current (ks setly closethe
reference valu@_ref) for the output of FCShecurrent supplied/absorbed by the ESS (1_sc) will
be very close to OA. Which mean the ESS will neither supply not absorb any current when the
output/load current value is at 2A (reference value).
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4 0ct 2019
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Figure 4141_out(Output/Load current) dt ref (Reference valuéor the output of FGonverter)
4.4.3 Super capacitor voltage level control

Thecurrentcomto!l scheme is verified iwhenithEeugptt/loddo and
current is less than theeference current value (l_ref) for th&S Eutput currentof the FC
Converte). The super capacitor starts to absorb power, in order to keep the input cufént of
Converter(l_Zin) at the desired valuangximum power poinfor FC). Because of which the
voltage in the super capacitor will keep on rising. As explained in Chapter 3, when the super
capacitor voltage reaches its upper voltage limit, a voltage control loop will not allow the SC to
charge more. iBilarly, if the output/load current is more than tieéerence current value (I_ref)
for the FCS (output currentof the FC Converter , | i ke ,ithe sufed apatitor Wib
discharge due to the current control loop. When the voltage in the supetaapaaches its lower
voltage limit,the SC will stop discharging, because of the voltage control lbopoth of the
above scenarios, when the SC voltage is at its upper/lower voltage limit, ESS will not be able to
support the FCSNhen the SC voltage between the upper and lower voltage lirtie SC will
be supplying/absorbing power from the DC bus, to keepothiput current of FCS constant.
Therefore, keeping theput current oFFC Converte(l_Zin) at the desired valuen@ximum power
pointfor FC).
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When the SC voltage reaches the upper/lower limit, the value of |_Zin will change accordingly.
The input voltage of theC Convertel(V_Zin) in the tests below i28.8V. The test results, to
show the SC voltage regulatiane provided

In Figure 4.150ne can see theresuf o f . ROF this test, firgily, the DC bus voltage is
regulated at 48V. The output/load current is higher than the reference current value (l_ref) for the
outpu of theFC Converte(l_ref = 2A). ESSis supplying pwer, to keep the input currentie€
Converter(l_Zin) at the desired valugnaximum power poinor FC). The lower wltage limitof
SC,for this test is 30.

InFigure4.15 one can see the three stages of fnTest

1 Initially at Stagel, the DC bus voltage is regulated at 48V byR@eConverterWhereas
the value of output/load current, (I_out) > 2A. As one knows that the reference current
for the output oFFC Converte(l_ref) is2A. That is why at stagé, the ESS$s supplying
current to the DC bus, in order to keep the FC output current (I_FC) atakienum
power point Therefore, (I_sc) > 0A and the SC voltage is decredam&C discharges).

1 At Stage2, the SC voltage reached the lower voltage limit. Becalibe voltage control
loop of SC, the ESS will stop supplying current to the DC bus. Therefore, (I_sc) = OA.
Because of which the output current of the G-C) will increase. FC is no longer

operating at itsnaximum power point

1 At Stage3, the load isdecreasedNow, (I_out) < 2A. At this stage, ESS will start
absorbing power, in order to support the FQSsc) < OA The FG output current
(output current oFC Converteril_Zouto) will return back to the reference value (2A).

FC will start operatingtahe maximum power poinggain.
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Results:
1 1.V_sc:---- SC voltage
1 2.1_FC ---- FC output current
1 3.1_sc ---- Inductor current (SC Converter)

1 4.1 out: ---- Output current
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Figure 415 Test 3 lower voltagdimit of SC

In Figure 416 one can see the results of ATest 40.
regulated at 48V. The output/load current is lower than the reference current value (I_ref) for the
output of the=C Converte(l_ref = 2A). ESSis absorbingcurrent to keep the input current C
Converter(l_Zin) at the desired valugnaximum power pointor FC). Theuppervoltage limit of
SC, for this test is 34

InFigure4.16 one can see t HMHe, twhieehnsdbelevesx plif aii Te st
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1 Initially at Stagel, the DC bus voltage is regulated at 48V byR@eConverterWhereas
the value of output/load current, (I_owtRA. As one knows that the reference current
for the output oFC Convertefl_ref) is 2A. That is why at staglk, the ESS iabsorbing
current fromthe DC bus, in order to keep the FC output current (I_FC) ah&x@mum

power point Therefore, (I_sc¥ OA and the SC voltage iscreasing (as SC charges)

1 AtStage2, the SC voltage eehed theippervoltage limit. Because of the voltage control
loop of SC, the ESS will stagtbsorbing current frortihe DC bus. Therefore, (I_sc) = 0A.
Because of which the output current of the FG-C) will decreaseFC is no longer

operating at itsnaximum power point

1 At Stage3, the load isincreased Now, (I_out)> 2A. At this stage, ESS will start
supplying power, in order to support the FCS, (I_scPA. The FCS output current
(output current oFC Convertefi | _ Zout o) wi | | r rceé valuen2Ab ac k  t

FC will start operating at thr@aximum power poinggain.

Results:
1 1.V_sc:---- SC voltage
1 2.1_FC:---- FC output current
9 3. 1_sc: ---- Inductor current (SC Converter)

1 4.1 out: ---- Output current
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Figure 416 Test 4 upper voltage limit of SC

| n @A Tandfitest &,dhe designed voltage control scheme was tested with the full setup and
it worked as expected. In cagdg(Test 3, when the load/output current is higher than the reference
currentvalue (I_ref) for the output of thEC Converter(2A), the SC will support the FC by
supplying the required extra power, because of the current control loop, due to which the voltage
in the SC starts to decrease. When the voltage level of SC reachesityditage limit, the SC
will no longer support the F&by supplying power to the DC bus. Therefore the output current of
the FC (input current ofC Convertei | _ FC0) wi | | willmclongealeableaacn d F C
operate at itsnaximum power pointSimiarly in case2 (Test 4, when the load/output current is
less than the reference current valuedf)) for the output of the FCdhverter (2A), the SC will
support the FS by absorbing the extra current, because of the current control loop, due to which
the voltagen the SC startso increase. When the voltage level of SC reaches its upper voltage
limit, the SC will no longer support the BBy absorbing power from the DC bus. Therefore the
output current of the FC (input currentll€ Convertefi | _ F @lalgcrease and F@ill not be

able to operate at itraximum power pointin both cases, whenever the output/load current goes
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