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Abstract

With the current need of implementing renewable energy sources to combat climate change, significant de-
velopments are being done into storage options for these intermittent energy sources. Green Hydrogen can
be produced by the connection of a renewable energy source to an electrolyser which produces hydrogen,
in this project the Photovoltaic (PV) System is indirectly connected to the electrolyser as this gives the abil-
ity to control the different systems and also flexibility in sizing the different systems. Several different dc/dc
converters are simulated in Matlab Simulink and compared to each other while also taking into account the
project requirements.

First, an overview of the project is presented after which the main idea of the thesis is presented in which
the dc/dc converters are selected for optimal operation of the system. Two converter are selected based
on simulations and mathematical calculations (Component sizes, Voltage ripple & Current ripple), for the
Maximum Power Tracking converter (Connected to the PV system) the buck-boost converter was selected.
This was because of its ability to fully track the Current-Voltage curve of a PV system. And for the connection
to the Electrolyser system a 3-level Interleaved Buck converter was selected, because of its increased reliability
to be able to continue working after a power electronic switch failure. With the PV system maximum power
point being between 580-582 V (depending on the irradiance) and a Electrolyser voltage range between 210-
260 V, the voltage needed to be reduced.

After selecting the different converters a control system was modelled and simulated, this is to optimize
and control the working points of the PV-Electrolyser system. This control system works on the idea of match-
ing the electrolyser load working point to the available PV power from the input.

This control algorithm selects the right reference voltage which then goes into a voltage controller to en-
sure the correct voltage is at the output for the electrolyser load. This control algorithm was modelled and
simulated in Matlab simulink and tested against different changing inputs (Changing the irradiance & elec-
trolyser temperature). Furthermore the controller was checked for several different stepsizes and time delays
(accounting for external effects) and the optimal combination was found to be a stepsize of 0.1V and timede-
lay of 1ms which gave an Converter+algorithm efficiency of 98.42%. The results demonstrate the controllers
ability to correctly follow the irradiance pattern and electrolyser temperature changes.
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1
Introduction

1.1. Background
In the last few years the current energy transition of the world from fossil fuels to more renewable energy
sources such as wind, hydro, solar, and biomass has become more important than ever. And with the world
population still growing and the energy needs increasing yearly (approximately 18% in 2018 to 24 % by 2040)
more renewable energy sources are needed to combat climate change and reduce carbon emissions [1]. But
due to these renewable sources being intermittent energy sources as seen in Figure 1.1 (daily and seasonal
variations) more research is being done into the different options for storing this energy [2].

1.2. Motivation
Several storage options include batteries, flywheels, and hydrogen storage. In Figure 1.2 different energy
storage options are shown comparing their capacity and discharge time. Smaller power systems use batteries
as they supply for several hours up to days as seen in Figure 1.2 [5]. Using batteries as energy storage option
gives several issues such as limited charge rates, maintenance requirements and short lifetimes that are also
dependent on the number and depth of discharge cycles [5]. Bigger power systems are usually connected
with diesel generators that provide the necessary power when the renewable energy sources lack the required
amount of energy. Also, these larger power systems have a high reliance on the diesel generator and less
usage of renewable energy not helping the case in working towards a more renewable world [5]. Renewable
energy storage in the form of hydrogen may overcome the inherent weakness of battery based energy storage
systems like physical size, limited life span, initial capital cost of the battery bank directly connected with
maintenance, and battery disposal issues [6]. Figure 1.2 shows that hydrogen has a high energy density and
also is able to supply energy for weeks/months depending on its size which makes it a good option for energy
storage. The idea of this project is to connect a Photovoltaic system (PV system) to an electrolyser which will
make the hydrogen that can be used for creating the required energy in a power system. This connection
will be made by making use of power electronics and a control system that will be build to optimize the
working points and efficiency of the system. The different subsystems will all be build and simulated in
Matlab Simulink.

1.3. PV-electrolyser application
Figure 1.3 shows the main layout of the whole system consisting on the renewable energy source a PV plant
which is connected to an electrolyser through the use of power electronics converters, these DC-DC convert-
ers are controlled through a control system which has input signals from both the PV side and the electrolyser
side. This control system is needed to run the PV-electrolyser application as efficient as possible.

1.3.1. PV system
The PV system used in Matlab Simulink is based on the one-diode model, which consists of 4 components
that can be seen in Figure 1.4

Id = IO

[
exp

(Vd

Vt

)
−1

]
(1.1)
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Figure 1.1: load demand vs daily solar irradiance [3]

Figure 1.2: Different Energy storage with their capacity and storage time [4]
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Figure 1.3: PV electrolyser application

Figure 1.4: one-diode equivalent model solar cell [7]

VT = kT

q
×nI ×N cel l (1.2)

Making use of the one-diode model and equations 1.1 and 1.2, the following P-V curves Figure 1.5 were gen-
erated showing the maximum power point (MPP) for the different irradiance levels. For the PV system used
in the model the following parameters were used as shown in Table 1.1.

1.3.2. Electrolyser
Hydrogen can be made through the process of electrolysis in which water is split into hydrogen and oxygen
atoms as seen in Equation 1.3 . The produced hydrogen can then be used whenever electricity is needed with
a fuel cell. The energy needed for the process of making hydrogen through electrolysis can be supplied by
different renewable energy sources, for this project solar energy from Photovoltaic (PV) panels was selected.

Table 1.1: PV system parameters SunPower SPR-315E-WHT-D

Parameters Value
Voc 64.6 V

Vmpp 54.7 V
Isc 6.14 A

Impp 5.76 A
Pmpp 315.07 W

Series x Parallel 9x2
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Figure 1.5: P-V curve of the Photovoltaic system

The connection between the PV panels to the electrolyser can be done both directly and indirectly. Both with
their respective advantages and disadvantages. Directly connecting the PV panels to the electrolyser has the
advantages of having a higher reliability to indirectly connecting the system as there are less components
that can cause a failure. Also direct connection can have a better efficiency but only if the PV panels I-V
curves are correctly matched to those of the electrolyser but this is only for a certain level of irradiance. The
disadvantages include inability to control the power transfer between PV panels and electrolyser and as PV
panels maximum power output depends on the weather and cell temperature the efficiency will be lower.
Indirect connection allows flexibility in sizing of the system as the power converter would allow attempting
to match the I-V curves of the PV panels and electrolyser. Therefore the indirectly connection with a power
converter (DC-DC converter) is needed.

H2O → H2 + 1
2 O2 (1.3)

1.3.3. DC/DC converter
As mentioned above, the connection can be made both directly and indirectly both with their own advan-
tages and disadvantages. In this system the PV system and electrolyser will be connected by usage of power
electronics. This will be done with DC-DC converters as both the PV system and the electrolyser are both
using a DC(Direct current) connection.

In this PV-electrolyser application there will be 2 converters due to the fact to increase efficiency of the
whole system. The first converter will be used for tracking the Maximum Power Point (MPP) of the PV system
and will act as an input source to the second converter which connects to the electrolyser. But the control
system that has been developed gives the ability to have the PV-electrolyser system to work with one converter
only.

For the DC-DC converter at the PV side the following requirements were found

• 1 switch (to reduce the switching losses)

• High efficiency 95-98 %

• High voltage 600 V

• Full tracking range of PV I-V curve

• Power > 5 kW

As for the converter for the electrolyser the following requirements were found [8] [9]

• High voltage conversion ratio 5-10[8]
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• Minimal output ripple to improve the electrolyser lifetime [9]

• Minimal cost

• Reliable operation (even after power switch failure) [9]

1.4. Research goals
The following research goals/ objectives were selected:

• Find the most suitable DC-DC converters for PV-electrolyser application

– Literature review of DC-DC converters

– Simulation of DC-DC converters in Simulink MATLAB

– Selection of DC-DC converters

• Development of novel control strategy of DC-DC converter for PV-electrolyser application

– Literature review of control of DC-DC converters

– Simulation of developed control strategy in Simulink MATLAB

1.5. Report outline
To achieve the research goals the report has been divided into several chapters:

• The first chapter: Introduced the idea of the project, the different components & their requirements

• The second chapter: "DC/DC converters" goes into the different converters that can be used for the
system and a selection was made after simulations and comparison while taking into account the re-
quirements

• The third chapter: "Electrolyser" presents the different electrolysis methods and which is used and how
it is modelled in Simulink Matlab

• The fourth chapter: "Control system" focuses on the different control strategies used in the PV-electrolyzer
system and presents the simulation results of the efficiency of the Converter+ algorithm using the de-
veloped control strategy.

• The Fifth chapter is the final chapter which presents the conclusions and future recommendations for
future research in this area.





2
DC-DC converters

Power electronic converters are power conditioning tools that make use of switches,passive- and active com-
ponents to control and convert electrical power [10]. As mentioned in The introduction 1 the PV system will
be indirectly connected to the electrolyser this will be done by usage of dc-dc converters. These DC-DC con-
verters will be used to track both the maximum power point tracking (MPPT) and supply the electrolyser with
the specific voltage level needed for optimal working efficiency.

The DC-DC converter needed for the interconnection between the PV panels and the electrolyzer to pro-
duce the hydrogen can be separated into two classes: non-isolated DC-DC converters and isolated DC-DC
converters. Due to the electrolyzer having a much lower voltage in comparison to PV panels [9], although
some have used boost converters depending on the configuration of the cell voltages of both the electrolyser
and PV system [11]. Therefore requiring a step down converter. Figure 2.1 shows the different converters
found in literature that will be simulated. The classical converters were used such as buck-boost converter
in this PV-electrolyser system [12, 13]. Buck converter was also a good option applied by several researchers,
as mentioned before the electrolyser voltage is usually achieved from a step down converter from the PV sys-
tem voltage [13–15]. Other variations of the Buck converter such as the interleaved buck converter have also
been implemented because of its increased reliability and ability to keep functioning after a power electronic
switch failure [8].

Isolated converters were also used as they can have higher frequencies due to the transformer. This is
to obtain galvanic isolation and can have very high step-down ratios depending on the turn ratio of the
transformer [9]. These include half-bridge, full bridge [16, 17] and push-pull [18, 19]. Different variations
of stepdown converters such as buck converter and synchronous buck converter (diode replaced by switch to
increase the efficiency) were discussed [9]. Several other papers have implemented soft switching converters
into their PV-electrolyser systems this is to increase the efficiency of the converter [6, 20, 21]. Soft switching is
the idea to have the switching open and close on the 0 point of the voltage or current, this eliminates turn off
or turn on losses. But due to this being out of the scope of this project this will be a future recommendation.

Figure 2.1: Different dc-dc converter configurations isolated vs non-isolated

7
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Figure 2.2: Boost converter circuit [22]

2.1. Non-isolated DC-DC converters
Non-isolated dc-dc converters include the classical Buck, Boost & Buck-Boost. These converter has the ad-
vantage of being simple and of low cost, but having high current and voltage ripples [9]. These ripples can
be minimized by increasing the inductor and capacitor value and therefore increases the cost and size of the
converter [9]. Also, the switching frequency can be increased to reduce the passive components their sizes
but increasing the switching frequency increases both the switching losses and the inductor core losses [9].
Several options are available to improve on the classical buck converter such as replacing the diode with a
switch to decrease the losses caused by the diode [9].

2.1.1. Boost converter
The boost converter which we can see in Figure 2.2 as the name implies boost the voltage from a lower value
to the value that is desired. This is done by periodically opening and closing the switch in the converter [22].
To reduce voltage and current ripples at the output, filters are places at the end .

Vout = Vs

1−D
(2.1)

Equation 2.1 gives the voltage conversion ratio with D the duty cycle. The value of the output current and
voltage are calculated with Equations : 2.2 and 2.3

∆IL = DVs

L fs
(2.2)

With the output inductor L value in Henry(H) and fs the swiching frequency in Hertz (Hz) and the output
capacitor C in Farad (F).

∆Vo = DVo

RC fs
(2.3)

Also the input resistance (Rin) and output resistance (Ro) can be calculated with Vin and Iin known for the
system. Rin will vary due to the fact as the duty cycle changes from 0 to 1 depending on required output volt-
age. The advantages the Boost converter has are the low cost & high efficiency, but one of the disadvantages
is that whenever the the load resistance is smaller than the MPP resistance point(RL < RMPP ) the MPPT stops
working resulting in a non-capture zone [23–25]. This can be seen in figure 2.3

2.1.2. Buck converter
Figure 2.4 shows the buck converter circuit with the different components. Buck converter or stepdown con-
verter is used when a lower voltage is needed from the supply voltage. This converter is used often in Electrol-
yser systems as mentioned before, the electrolyser has a much lower voltage than the source in this case the
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Figure 2.3: Boost converter non-capture zone PV IV curve [25]

Figure 2.4: Buck converter circuit [22]

PV and also because of the simplicity and low cost [9]. Equations 2.5 and 2.6 show the formulas to calculate
the output ripples, from these it can be seen that to keep the inductor size and value small the output ripple
will have a high value or the switching frequency can be increase but this would increase the switching losses
in the power switch seen in Figure 2.4. But increasing this inductor value will increase the cost and size of the
converter [9].

Vout =Vi n ∗D (2.4)

∆IL = (1−D)Vo

L fs
(2.5)

∆Vo = (1−D)Vo

8LC fs
(2.6)

One of the disadvantages is that whenever the the load resistance is bigger than the MPP resistance point
(RL > RMPP ) the MPPT stops working resulting in a non-capture zone [23–25]. This can be seen in Figure 2.5.

2.1.3. Buck-Boost converter
Buck-boost converter is also one of the classical converters which has the ability to either boost or buck the
input voltage to the required output voltage by varying the duty cycle. The advantage of this converter is that
this converter is a combination of both the buck and the boost converter. This results in this converter having
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Figure 2.5: Buck converter non-capture zone PV IV curve [25]

Figure 2.6: Buck-Boost converter circuit [22]

the ability to have full MPP tracking regardless of the load resistance in comparison to the buck converter and
boost converter [23–25]. The capture zone of the buck-boost converter can be seen in Figure 2.7, the buck-
boost converter has full a full capture zone because it puts together both the buck and the boost converter and
overcomes the shortcomings of them as it makes use of both. But the buck-boost converter has an inverted
output meaning the output voltage has a different polarity than the input as shown in equation 2.7.

Vout =−VS
D

1−D
(2.7)

∆IL = DVs

L fs
(2.8)

∆Vo = DVo

RC fs
(2.9)

2.1.4. Cuk converter
The cuk converter is just like the buck-boost converter regarding that it can also buck or boost the required
voltage and there is also a voltage polarity difference like for the buck-boost converter. The output voltage
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Figure 2.7: Buck-Boost converter capture zone PV IV curve [25]

Figure 2.8: Cuk converter circuit

is a different polarity than the input voltage as seen in Equation 2.10. The cuk converter also has the same
advantages as the buckboost converter as it has a full tracking range of the PV I-V curve [23–25]. This con-
verter has an extra inductor at the input to filter out harmonics. The other difference between the cuk and
the buck-boost converter is that the energy transfer happens in the capacitor C1 instead of the inductor as
seen in Figure 2.8. This capacitor is usually also very large and results in the system being ripple free when
designed like that. Equations 2.11, 2.12, 2.13 and 2.14 are used to calculate the ripple and the component
sizes for this converter. Another difference between the cuk and classical buck-boost is that this converter
has 2 more active components which increase cost and size of the converter.

Vout =−VS
D

1−D
(2.10)

∆Vo = (1−D)Vo

8L2C2 f 2
s

(2.11)

∆VC 1 = DVo

RC1 fs
(2.12)

∆IL1 = DVS

L1 fs
(2.13)

∆IL2 = DVS

L1 fs
(2.14)



12 2. DC-DC converters

Figure 2.9: SEPIC converter circuit [22]

2.1.5. Sepic converter
The Single-Ended Primary Inductance Converter or SEPIC just like the Cuk converter is similar to the buck-
boost converter but it does not have the polarity reversal like the other two converters(buck-boost and cuk) as
seen in equation 2.15. SEPIC converter transfers all its energy via the series capacitor, due to this a capacitor
with high capacitance and current handling capability is required [22]. Other advantages the SEPIC converter
has just like the buck-boost converter and cuk converter is that they all have full tracking range of the PV I-V
curve [23–25].

SEPIC converter also has 2 extra components just like cuk converter, increasing the cost and size of the
converter

Vout =VS
D

1−D
(2.15)

∆Vo =VC 2 = DVo

RC2 fs
(2.16)

∆VC 1 = DVo

RC1 fs
(2.17)

∆IL1 = DVS

L1 fs
(2.18)

∆IL2 = DVS

L2 fs
(2.19)

2.1.6. Interleaved Buck Converter
From the buck converter, interleaved buck converters have been developed. Interleaved or multiphasing
buck converters are multiple buck converters connected in parallel. This increases the amount of transfer-
able power in the system [9]. The amount of parallel connections can be from 2 to 6 [9]. The Pulse Width
Modulation (PWM) signals (controlling signals) of the dutycycle to the power switches in the converter are
all shifted from each other by the amount of parallel connections (360/n) [9] [22]. Regarding the overall con-
verter configuration taking into account the components volume, output voltage & current ripples and energy
efficiency optimization, 3-leg interleaved buck converter is shown to be the best configuration [9].

Vout =Vi n .D (2.20)

∆IL = D(Vs −Vo)

L2 fs
(2.21)

With formula 2.21 the ouput current ripple can be calculated and also the inductor value can be calculated
for a given current ripple that is wanted [26]. This inductor value is the total inductor value in Henry(H) and
should be divided by the number of parallel connections in the converter circuit [26].

∆Vo = (1−2D)Vo

8LC (2 fs )2 (2.22)
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Figure 2.10: Interleaved Buck Converter circuit [22]

2.2. Isolated DC-DC converters
The isolated converters as the name implies give isolation from the input to output by using a transformer in
between. This also give the flexibility of having boosting and bucking features depending on the turn ratio
of the transformer. Although the isolation is not absolute as a too high voltage can break the insulation and
result in a current flow [27]. Other advantages of isolated DC-DC converters are breaking of ground loops, this
means that the input and output have different ground connections, resulting in that noise can be separated
which causes interference [28].

2.2.1. Flyback converter
The flyback converter is a isolated converter capable of making the voltage higher or lower depending on
the turn ratio of the transformer and dutycycle. The circuit diagram is shown in Figure 2.11. The working
principle of this converter is that when the switch is closed the supply voltage is connected to the primary side
of the transformer and the current increases in this transformer storing energy in there, the voltage induced at
the secondary side is negative during this time period resulting in the diode to block (reverse biased) and the
output capacitor supplies the load of its energy. In the time period that the power electronic switch is open,
the current on the primary side reduces and the voltage at the secondary side is positive resulting in the diode
being forward biased which means that current can flow from the transformer. This energy coming from the
transformer supplies the load of energy and also recharges the output capacitor. The disadvantage from using
a flyback is that this converter is conventionally used in smaller applications in lower power requirements
around 1 kW [29]. Flyback Converter Equations 2.23, 2.24 and 2.25 are used to calculate the component sizes
and ripple of the output voltage and current with Lm being the magnetizing inductance of the primary side
of the transformer in Henry(H).

Vout =VS
D

1−D

N2

N1
(2.23)

∆ILm = DVs

L fs
(2.24)

∆Vo = DVo

RC fs
(2.25)
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Figure 2.11: Flyback converter circuit [22]

2.2.2. Forward converter
The forward converter is another isolated converter using a transformer. But this converter has 3 windings
the first 2 windings are used to transfer power from the input to the output and the third winding is used to
reduce the magnetizing current when the switch is open to zero at the start of each switching period. For the
forward converter the energy is transferred from input to output when the switch is closed but for the flyback
this was different as the energy is stored in Lm first and transferred to the load when the switch is open. The
inductor Lm in the forward converter is not used for the input to output relations, but for demagnetize the
transformer and is conventionally made large [22] [27]. Forward Converter components are computed with
Equations 2.26, 2.27, 2.28 and 2.29. With Lm the magnetizing inductance and Lx the output inductor both in
Henry(H).

Vout =VS D
N2

N1
(2.26)

∆ILx = (1−D)V0

Lx fs
(2.27)

∆ILm = DVs

L fs
(2.28)

∆Vo = DVo

RC fs
(2.29)

2.2.3. Push-Pull converter
The push-pull converter is another converter that has the ability to either boost or buck the voltage. The
name implies the feeding (pushing) of the current and pulling of the current in different switching periods
from the transformer [22] [29]. This is done by the two switches seen in Figure 2.13 which give pulses of
opposite polarities to the windings of the transformer. The diodes at the secondary side rectify the waveform
producing the required DC voltage. The following Equations 2.30, 2.31 and 2.32 are used to calculate the
component sizes and output ripples.

Vout = 2VS D
NS

NP
(2.30)

∆ILx =
D(Vs

NS
NP

−Vo)

Lx fs
(2.31)

∆Vo = Vo(1−2D)

32LxC f 2
s

(2.32)
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Figure 2.12: Forward converter circuit [22]

Figure 2.13: Push-Pull converter circuit [22]
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Figure 2.14: Half-Bridge converter circuit

2.2.4. Half-Bridge converter
The half-bridge converter is similar to the push-pull converter in operation, the voltages have the same form
but for the half bridge the amplitude is half of the value of the push-pull and full-bridge converter [22] [27].
This can also be seen in Equation: 2.33. Due to the fact that the input capacitors (which are equal in size)
split the voltage in half resulting in half the input voltage being applied over the transformer [22] which can
be seen in Figure 2.14. The following Equations 2.33 2.34 2.35 are used to calculate the component sizes and
output ripples. With N being the turn ratio of the transformer primary and secondary side respectively, Lx the
inductor at the output in Henry (H) and the output capacitor C in Farad (F).

Vout =VS D
NS

NP
(2.33)

∆ILx =
D(Vs

NS
NP

−Vo)

Lx fs
(2.34)

∆Vo = Vo(1−2D)

32LxC f 2
s

(2.35)

2.2.5. Full-Bridge converter
The full bridge converter is also similar to the push-pull converter as the same voltage is over the transformer.
When switch 1 and 2 are closed as seen in figure 2.15 the voltage is Vs over the primary side. And when switch
3 and 4 are closed this voltage becomes -Vs [22] [27]. Another difference between these two converters is
that the switch rating or the maximum voltage the switch should be able to block is Vs in the full bridge case
instead of 2Vs [22]. The following Equations 2.36, 2.37 and 2.38 are used to calculate the component sizes
and output ripples. With N being the turn ratio of the transformer primary and secondary side respectively,
Lx the inductor at the output in Henry(H) and the output capacitor C in Farad (F).

Vout = 2VS D
NS

NP
(2.36)

∆ILx =
D(Vs

NS
NP

−Vo)

Lx fs
(2.37)
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Figure 2.15: Full-Bridge converter circuit

∆Vo = Vo(1−2D)

32LxC f 2
s

(2.38)
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Table 2.1: Simulation parameters

Parameters Value
PV Power(1000−500W /m2) 5000W at 1000W /m2

Switching frequency 1000 Hz
Desired ∆V o 0.01
Desired ∆I o 0.01

Vs 614
Turn ratio(n) 1/3

Figure 2.16: Simulated PV system

2.3. SIMULINK results & comparison
After doing the literature review for the different dc-dc converters, these converters were modelled and simu-
lated in MATLAB Simulink, while also making use of the found formulas above. All converters were modelled
with a Maximum power point tracking (MPPT) controller and the ripples and component sizes were com-
pared.

The component sizes were calculated using the the shown formulas in the past subsections. The following
parameters were used for the PV system as seen in table 2.1. The PV system selected for this simulation
was 5000 W in size and irradiance levels of 500,600,800,1000 W /m2 The other parameters selected for the
simulation and calculation of the component sizes can be seen in Table 2.1. The PV system PV and IV curve
can be seen in Figure 2.16

Figure 2.17 shows the Buck-Boost converter simulated in Simulink MATLAB. The IGBT switch is controlled
by the MPPT controller. More on this MPPT controller will be explained in Chapter 4. The PV system is
connected to the Converter with a input capacitor in parallel. This capacitor is to filter out any noise and
ensures a dc voltage with minimum ripple at the input side. At the output a load is connected to see the
voltage, current and the ripples of the system for the given parameters 2.1.

Figures 2.18 2.19 2.20 show the simulation results from the Buck-boost converter Figure 2.18 shows the
MPPT power extracted from the PV side with the different irradiance during the simulated time. At irradiance
level 1000W /m2 the output power is 5000W showing that the MPPT is working when compared to Figure 2.16
which shows the P-V curve of the PV system for the different irradiance levels.

Figure 2.22 and 2.23 show the output Power, voltage and current coming from the Interleaved Buck con-
verter.These plots were used to calculate the output ripples of the Interleaved Buck converter. The zoom in
on Figure 2.23 is zoomed in at the time period when the irradiance is 500W /m2.
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Figure 2.17: Buck-Boost converter in SIMULINK with MPPT controller

Figure 2.18: PV MPPT power buckboost converter
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Figure 2.19: Buck-Boost converter output Power, Current & Voltage

Figure 2.20: Buck-Boost converter output Power, Current & Voltage Zoomed in

Figure 2.21: PV MPPT power Interleaved converter
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Figure 2.22: Interleaved converter output Power, Current & Voltage

Figure 2.23: Interleaved converter output Power, Current & Voltage Zoomed in
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Figure 2.24: Selected converters in PV-electrolyser system

Table 2.1 shows the different parameters which have been calculated and simulated using both the formu-
las found from literature and simulation done in Simulink. The components were calculated with a matlab
script using the formulas shown in the above mentioned sections. In the first row we see the peak input power
that is drawn from the pv system with help of the MPPT in this case using a P&O method. As mentioned in
Table 2.1 the PV system max power for this simulation was 5000 W at 1000W /m2 irradiance showing that the
MPPT controller is working correctly. Row 2 shows the output power at 1000W /m2 irradiance for the different
converters most close to 5000 W but depending on the losses less power is achieved at the load of the con-
verter output. The different converter component sizes such as the inductor and capacitor and in some cases
the extra inductor and capacitor depending on the converter configuration are also shown. Also included are
the Voltage and current ripples found at the output for the simulation which in most cases were found to be
close to 1% as used in the formulas in the matlab script.

The last 2 rows show the amount of diodes and switches the different converters use in their configu-
rations such as for the classical converters and cuk and sepic only 1 switch and 1 diode is needed. but the
isolated converters with transformers which also increases the costs have 2 switches and 2 diodes at least.
The interleaved buck converter in this simulation was a 3 level interleaved buck converter as this is the best
configuration for a interleaved buck converter. As this 3 level interleaved buck converter is the optimal con-
figuration in terms of components volume,output current & voltage ripples and the efficiency [9].Another
important component is the switch voltage rating for each converter, this voltage rating is the voltage the
switch should be able to block when it is open. This value is different for each converter and can also be
found in Table 2.2.

The buck and boost converters have good input and output power range. But they do not have the ability
to track the full I-V curve of the PV system for the MPP as shown in Figures 2.5 and 2.3. The Sepic and cuk
converters have 2 extra components which increases the size and costs of the system. The buck-boost con-
verter has the full tracking range of the PV system I-V curve and has less components compared to the cuk
and sepic converter. The other converters are all isolated converters and have transformers which increase
the cost. Taking into account the requirements shown in the Introduction 1 and the above shown results re-
garding the parameters of the different converters and its ability to fully track the PV IV curve for the MPPT
converter the buck-boost converter is chosen. As for the converter chosen for the electrolyser, given the re-
quirements of having the ability to work even after a power electronic switch failure the interleaved buck
converter is chosen. The full-bridge converter also has great potential as this has highest voltage ratio of the
simulated converters and given that the electrolyser voltage is much lower than a typical PV system this con-
verter is also a great choice if the costs of the transformer is neglected and available. The selected converters
can be seen in Figure 2.24 in the PV-electrolyser system.





3
Electrolyser

As mentioned in the Introduction 1 the idea is for this system to produce green hydrogen by using a renewable
energy source in this case PhotoVoltaics. The advantages of producing Hydrogen to later produce energy
include:

• High electrochemical reactivity [30]

• High energy density [30]

• Unlimited availability (Depending on the amount of water there is) [30]

• Green for the environment (safe combustion after product (water)) [30]

The different systems that perform water electrolysis will be explained in this chapter.
Hydrogen is made through the electrolysis of water, In this chemical reaction water is split into both hy-

drogen and oxygen. This electrolysis can be done by multiple different types of electrolysers: Alkaline,Proton
exchange membrane(PEM) and solid oxide high-temperature electrolysis [30].

Alkaline electrolysers have been used in [6, 13, 19, 31–34] and the PEM Electrolysers in [8, 11, 12, 14, 21,
35].

3.1. Alkaline electrolysis
Alkaline electrolysers have been in the industry for more than 100 years and are cheaper than the PEM elec-
trolysers but have a lower efficiency [36]. Other advantages include low cost, high durability and using non
noble catalysts in the system [37]. The working principle of the alkaline electrolyser is that a specific potential
voltage 1.2-2 V [30] is applied to the system electrodes as shown in Figure 3.2. At the cathode the following
chemical reaction takes place where water is split into oxygen,protons and electrons [38].

C athode : 2H2O +2e− → H2 +2OH− (3.1)

The chemical reaction at the cathode is the following: Here the Protons from the anode reaction combine
with the electrons resulting in hydrogen gas.

Anode : 2OH− → 1
2 O2 +H2O +2e− (3.2)

Taking both reactions at the electrodes, this results in a total chemical reaction of :

H2O → H2 + 1
2 O2 (3.3)

3.2. Proton exchange membrane (PEM) electrolysis
Proton exchange membrane electrolysers were introduced to overcome the disadvantages of the Alkaline
[39]. These include overcoming the problem of working in low load situations, low- current and pressure in
the alkaline system [39]. Because of the high current density the cost of operation goes down for these systems

25
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Figure 3.1: PEM Electrolyser diagram [39]

[37]. Figure 3.1 shows the configuration of a PEM electrolyser with the different chemical reactions that take
place. Other advantages from the PEM electrolyser are its high purity of hydrogen gas that is produced [37]
and its compact design. But because of the use of the membrane the costs of the different components are
high[37]. It has not yet been as much applied as the alkaline electrolyser and the power capacity for now is
smaller compared to the alkaline electrolyser [37].

3.3. Solid oxide high temperature electrolysis
The Solid oxide high temperature electrolysers are less developed in comparison to the Alkaline and PEM
[36]. Although they are capable of having higher efficiencies compared to the other two because of the usage
of high temperatures (500-800 C) [36] [37]. The solid oxide electrolysers will be one of the most important
whenever their durability issues are solved [37]. As of now these electrolysers are only used in labscale re-
search[37].

3.4. Selected electrolyser: Alkaline electrolyser model
For our system an alkali electrolyser model in MATLAB Simulink was selected which we can see in Figure 3.2
In this system a alkaline electrolyser is used in the SIMULINK environment as a electrolyser emulator with
a voltage range of 210-260V and temperature of 20-60 degrees as can be seen in figure 3.3. The electrolyser
model is a modelled as a look up table with the values seen in figure 3.3. The model works by checking the
voltage that is applied over it and taking the current value that is assigned to that value and that value flows
through the system.
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Figure 3.2: Alkaline Electrolyser diagram [40]

Figure 3.3: V-I curve of the Electrolyser emulator system





4
Control systems

As explained in section 2 in dc/dc converters the output voltage is changed by controlling the dutycycle/PWM
signal to the switch and achieving the required value. Controlling this dutycycle will be done by the control
system which takes into account the amount of energy that is produced by the PV system, and the amount of
energy the electrolyser can use. This is because the I-V curve of the PV system changes with irradiance and
the ambient temperature as can be seen in Figure 1.5, also the V-I curve of the water electrolyser emulator
changes with temperature as seen in Figure 3.3.

4.1. Control algorithms
The system has been developed for both one and two converter models shown in Figures 4.1 and 4.2.

For the two converter model two control strategies have been implemented:

• Maximum power point tracking (MPPT)

• Control algorithm: Power matching

The first control is only used in the model when there are two converters used,the converter that is connected
to the PV system in that model uses the MPPT control to find the maximum power point of the PV system.
The second control algorithm is for optimizing the working point and efficiency of the whole PV-Electrolyser
system, this control strategy can be used in both one converter and two converter models. The following
[15][21] uses a current control method to have a constant current flow to the electrolyser, but resulting in
losing some of the generated PV power. Other control methods include water heating and water flow control
[11] [14]. Ulleberg recommends that the electrolyser should operate in variable power mode instead of fixed
to optimize the system [32].

Figure 4.1: PV-electrolyser system with two converters

29
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Figure 4.2: PV-electrolyser system with one converter

4.1.1. Maximum power point tracking
The maximum power point tracking (MPPT) will be done only for the two converter model as mentioned in
Section 4.1. The MPPT can be done through different algorithms namely :

• Constant voltage method

• Open voltage method

• Short current pulse method

• Perturb & Observe method (P&O)

• Incremental conductance method (IC)

• Temperature methods : Temperature gradient algorithm (TG) & Temperature Parametric equation method
(TP)

The first 3 methods are indirect methods as they are mostly hard coded using data and formulas with several
corrections and approximations and do not require any measurement signal coming from the PV system [41].
The last 3 methods are direct methods. These methods use Voltage and Current measurements from the PV
system to find the actual Maximum power point (MPP).

The constant voltage method uses the specifications of the PV array and applies the voltage that gets the
Maximum power point at the specific load, which means a control is needed for variable load conditions [41].

The Open voltage method makes use of the fact that MPP Voltage is a specific fraction of the Open Circuit
voltage (VOC ). The fraction is usually 70-80 % of the open circuit voltage [41].

The Short Current Pulse method uses the same method as the open voltage method but uses current
instead of voltage.

The Perturb and Observe (P&O) method makes use of changing the Voltage by a small amount (incre-
mental change) in one direction and seeing how that change influences the power point of the PV system as
seen in Figure 4.3. if the power increases the voltage change will keep going in that direction if not the voltage
change will be made in the other direction as seen in Figure. P&O method has 3 different methods in itself:
1.the classic which has a constant increment that is used to change the Voltage value, 2.an optimized version
but more complex as the value of the perturbation are variable depended on how close it is to the MPP,3.
Three points weight comparison P&O .

Perturb and observe is the most commonly used MPPT method in commercial products because of its
simplicity,high robustness and and good efficiency [43].

Incremental conductance method calculates the conductance (I/V) from the PV voltage and current mea-
surement and also the incremental conductance(dI/dV) to create a reference voltage (Vr e f ) if Vref is on the
left of Maximum power point Voltage(Vmpp) this means the dI/dV >I/V and if it is on the right of Vmpp ,dI/dV
< I/V and thus Vref is increased until the MPP is reached and dI/dV = I/V.
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Figure 4.3: Perturb and observe MPPT method [42]

Incremental conductance method is a more complex method as it requires more computation power(as
more parameters compared to P&O need to be computed) but has a faster response than the P&O method in
varying environmental conditions [41].

There are also temperature methods including the gradient & parametric equation method which mea-
sure Irradiance and Temperature to find the VMPP. The gradient method uses a algorithm that checks which
Opencircuit voltage matches to the temperature it has just measured and the MPP is found with the open
voltage method as mentioned above.

Because of the easy implementation and being most conventional method used the Perturb and Observe
method will be used for MPPT.

4.1.2. Control algorithm: Power matching
Because of these changes in temperature and irradiance, the control algorithm will need to take this into
account. The control flow chart can be seen in Figure 4.4. This flowchart has the measured values of the
voltage and current of both the PV and the electrolyser as its input. After collecting these values the Power is
calculated of both the Electrolyser and the PV generator and checked if the power of both sides is matched.

As mentioned in Chapter 3 the voltage range of the electrolyser is 210-260 V and temperature of 20-60
◦C . The control of this system is voltage control. With the help of the flowchart the optimal reference voltage
is selected to match the Electrolyser power to the PV generated power. The electrolyser in this case is the
load and the load point is changed to match the power coming from the PV. If for example the power coming
from the PV side is 3000W and the temperature of the electrolyser is 20◦C and the starting position of the
electrolyser at that time is 230V at point 1 in Figure 4.5 then the algorithm will select the voltage at which this
matches the power to 3000 W coming from the PV system, it does this by changing the voltage by a certain
delta (stepsize) until it reaches the point where the voltage is 250 V and current 12 A matching the PV power
at the electrolyser temperature being 20◦C , This algorithm is implemented as Matlab function in SIMULINK.
After selecting the reference voltage at 250V this value will go through the voltage controller.

Figure 4.6 shows the complete system diagram with the signals coming and going from each component
as we can see for the control algorithm both the Voltage and Current of the Photovoltaic system and from
the electrolyser side are needed. As mentioned before, the control algorithm selects a reference voltage. This
reference value is compared to the Voltage of the electrolyser and sent into a PI controller after that the sig-
nal goes in a PWM generator and the PWM signal to the switch of the converter is generated as shown in
Figure 4.6. Also given the inputs the controller uses, this controller can be applied to any dc-dc converter
configuration.

Garcia-Valverde did a similar approach to this control. Their algorithm tries to find the optimum and
safe operating point for both PV and electrolyser system [12]. The control algorithm can be seen in Figure
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Figure 4.4: Control algorithm flowchart

Figure 4.5: Control algorithm power matching

4.7. The algorithm searches for the MPP with an incremental conductance method. While searching for this
MPP it is also checked if this MPP is a safe operating point of the system regarding the electrolyser in order to
avoid damage to the electrolyser [12]. If the safe operating point is not close to the MPP the control will select
the voltage that is closes to the safe operating point. These safe working points of the electrolyser is called
the linear interval of the V-I curve. In comparison to the controller build in this report the same inputs are
needed for both controllers namely the Voltage and current of both the PV and electrolyser system. The main
difference between the controllers would be that in the controller of the paper by garcia-valverde the MPP
is searched for first with a incremental conductance method, and in the controller in this system the MPP is
achieved by changing the load in this case the electrolyser to the right voltage and achieving the MPP. This
results in less computation and a simpler controller as there are less steps to take and less values needed to
be computed.

4.2. Control algorithm SIMULINK simulation
In this section the Control algorithm is simulated in the MATLAB Simulink environment. As mentioned in
section 4.1 the system and controller has been build to work in models consisting of one or two converters.
For the two converter model, one converter performing the MPP tracking right after the PV system and the
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Figure 4.6: Complete system diagram

other converter used to implement the developed controller. And in the one converter model the control
algorithm makes sure the maximum power from the PV is extracted and supplied to the electrolyser for the
given environmental parameters (irradiance and temperature of both the PV and Electrolyser). In the one
converter model the converter that is used is the buck converter. The simulations are done for several differ-
ent parameters such as changing irradiance but constant electrolyser temperature, changing temperature of
the electrolyser but at constant irradiance of the PV system, Varying both the temperature and irradiance of
the system. At the end a number of simulations were done for different parameter values of the step size and
time delay implemented in the controller to find the efficiency. For these simulation a buck converter was
connected to the electrolyser to check the working of the control system as this is the most simple stepdown
converter.

4.2.1. Two converter simulation
Figure 4.10 shows the two converter model in the Simulink environment. The PV array with the irradiance
and ambient temperature as inputs. The output of the PV system is connected to a boost converter with a
MPPT controller this converter ensures the MPPT is tracked and the maximum power from the PV is sup-
plied to the rest of the system. The boost converter is connected to a buck converter that is connected to the
electrolyser model. This buck converter its power electronic switch is controlled by the control algorithm ex-
plained in section 4.1.2 and ensures the right voltage is delivered to the electrolyser from the buck converter.
In this simulation the electrolyser temperature was kept constant at 20◦C and at that temperature the highest
amount of power the electrolyser can consume is 4160 W as seen in Figure 3.3. In figure 4.9 the simulation
result is shown. On top the electrolyser voltage is shown and on the bottom the PV and electrolyser power.
In the beginning the irradiance is 1000W /m2 and the PV power is around 5600 W, but at 20◦C the maximum
working load of the electrolyser is 4160 W but after time period four seconds the irradiance drops and the PV
power is around 4000 W resulting in the electrolyser working at the point of 4000 W which can be seen also
in the voltage going down from 260 V to 258 V on the top part of Figure 4.9. This is the work of the control
algorithm selecting the right working voltage for the electrolyser. This continues for the rest of the simulation
as the irradiance goes down and the PV power becomes less the electrolyser matches itself to that amount.

4.2.2. Varying Irradiance & constant Temperature
For the next simulations the 1 converter model was used to show that the controller works in both one and
two converter models. Figure 4.10 shows the simulated model in MATLAB/Simulink. Just like in the two
converter model the PV array has inputs the irradiance and ambient temperature. But in this model the PV
array is connected to the input of the buck converter and the output of the buck converter is connected to
the electrolyser model. The buck converter power electronic switch is controlled by the control algorithm
as explained in Section 4.1.2 to regulate the output voltage. Figure 4.13 a simulation is shown where the
electrolyser works at a temperature of 20◦C but the irradiance of the PV system changes.On the top of this
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Figure 4.7: Control algorithm garcia-valverde [12]

Table 4.1: PV system Maximum Power Points (MPP)

Irradiance [W/m^2] PV System MPP [W]
200 1099
300 1669
400 2243
500 2817
600 3391
800 4535

1000 5671

figure the electrolyser voltage is shown and the power of both the PV and the electrolyser at the bottom. In
this simulation can be seen that the power of the PV and Electrolyser is matched as the Maximum power from
the PV which we can see in Figure 1.5 at 100W /m2 irradiance the power is 535 W due to this the Electrolyser
will work at 535 W at 20◦C which results in the control algorithm to select the voltage of 223 V which can be
seen in both Figure 4.13 and Figure 3.3. Figure 4.12 shows the zoomed version of the simulation at 6 seconds
the irradiance is 400W /m2 with the PV MPP being around 2240W ≈ 2243W which is the actual MPP which
can be seen in Table 4.1 and Figure 1.5. Figure 4.12 shows that with this control also the MPP of the PV system
is found without using a MPP tracker. On top of Figure 4.12 the voltage can be seen and the ripple was found
to be ≈ 0.01%. This is due to over sizing the output capacitor. This capacitor was sized at 10E-3 F. The inductor
was also oversized at 0.18 H resulting in a ripple of 0.1%.

This control continues for the different time periods and irradiance levels. But at time period t = 11s the
irradiance goes to 800W /m2 and the maximum power point of the PV system is 4535 W but the electrolyser
at temperature 20◦C has a maximum working point of 4160 W and 260 V resulting in the control algorithm to
select this voltage which causes the PV system power point to drop to this value of 4160 W. Also at a irradiance
of 1000W /m2 this happens as the power is 5671 W and the power that can be generated by the PV is higher
than the maximum load from the electrolyser at that temperature resulting in the PV power dropping to the
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Figure 4.8: Simulink model with 2 converters : MPPT & Controller converters

Figure 4.9: Simulink result of 2 converter model

maximum power that the electrolyser can use.

4.2.3. Constant Irradiance & Varying Temperature
Figure 4.14 shows the simulation where the different VI curves of the Electrolyser are used differentiating
between the different temperatures. During this simulation the irradiance level is kept on 800W /m2 with a
maximum power point of 4535 W at 60 degrees this results in a Voltage level of 245 V which can be seen in
Figure 3.3 timeperiod 0-4s and this also happens for temperatures of 50◦C (4-8s), 40◦C (8-12s) and 30◦C (12-
16s) as the maximum load of the electrolyser is higher than the maximum powerpoint of the PV system at
that irradiance. But at 20◦C the maximum working load of the electrolyser is 4160 W resulting in the power of
the PV being matched to this value as can be seen in Figure 4.14 at timeperiod 16-20 s.

4.2.4. Varying Irradiance & Varying Temperature
Figure 4.15 shows the simulation in which both the irradiance changes and the temperature of the electrol-
yser. The irradiance changes follow Figure 4.11 and the Temperature changes in between these changes which
can be seen in the Voltage levels of the electrolyser voltage curve on top of the Figure 4.15 at timeperiod 2
second the irradiance goes up resulting in the voltage going up to 238 V but at timeperiod 3 seconds the tem-
perature of the electrolyser goes up to 30◦C resulting in the voltage of the electrolyser going down but still the
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Figure 4.10: Simulink model 1 converter model

same power from is PV is consumed by the electrolyser. The same occurrence happens at time periods 6, 10,
14 and 18 seconds in which the temperature change results in the voltage change of the electrolyser.

4.3. PV system variation & day irradiance model
For the next simulations a more realistic simulation was done with a irradiance pattern resembling the irra-
diance during a day as seen in Figure 4.17. Also the temperature of the electrolyser was resembled as it would
increase during the day just like in the case of the irradiance pattern. For the control a change was made, the
change was to implement a power limit on the electrolyser. The power limit in this case should represent the
electrolyser at its rated power in all temperatures/situations. The electrolyser rated power is rated at 5000 W.

The result of this simulation can be seen in Figure 4.18. On bottom of Figure 4.18 we see that with the ir-
radiance increase during the day the PV power and also the electrolyser power increases, but at a certain time
period the amount of power coming from the PV to the electrolyser hits 5 kW which is the limit and maxi-
mum power point (rated power) of the electrolyser. This stays constant but after some time the irradiance
goes down again and goes lower than 5 kW and the PV power and Electrolyser power are matched again. On
top of the Figure 4.18 we see the electrolyser voltage which fluctuates due to the irradiance changes and also
due to the temperature changes which can be seen in Figure 4.16. When the irradiance is 1000w/m2 and the
electrolyser temperature goes to 60◦C , the output voltage goes down as this temperature has a lower voltage
for the same amount of power. From this result we see that the electrolyser works at its rated power from 12.5
seconds to 14.9 seconds (this can be seen as two and a half hours). This simulation with the same irradiance
pattern can be simulated for different PV sizes to see how long the electrolyser would work for its rated power.
This gives the advantages of having the electrolyser work at its rated power but also that when the irradiance
is high there will be more extra unused power from the PV size. Figure 4.18 has a PV system sized for 6300W.

Figure 4.19 shows the simulation for PV system sizes at 7000 W and it can be seen that the electrolyser
works at its rated power from 11.5 seconds to over 15.5 seconds which is an increase of 1.5 hours of the
electrolyser working at its rated power but also seen in Figure 4.19 the blue line which is the PV power goes
higher as it the size of the PV was increased. This extra power could be fed into a storage or grid if the model
is further developed. Another simulation was done for PV size 8000 W in this case the electrolyser works at
rated power from 11.25 to 15.75 so an increase of half an hour in regards to 7000 W.

4.3.1. Winter & Summer day Delft
The following simulations were done in which the irradiance was changed to authentic irradiance data ac-
quired from the KNMI dutch pv portal. The weather station selected was the closest one to delft (KNMI station
rotterdam). This irradiance data is the average of the irradiance data for a specific period from 1991-2017 [44].
Two days were selected one in the summer(July 1) and one in the winter (January 1).

The simulations show that the control system has the ability to follow authentic irradiance data and fol-
lows the curve well.

4.3.2. Clear day simulation
In this section the model is simulated with measured irradiance data for a clear day. To speed up the sim-
ulation the irradiance data is reduced to only looking at day time as the rest of the data is just 0W /M 2, the
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Figure 4.11: irradiance levels

Table 4.2: Converter+algorithm efficiency clearday (Voltage step vs time delay)

Voltage steps[V]
Time delay [ms]

1 2 5 10 20 50

0.1 0.9842 0.9821 0.9824 0.9828 0.9831 0.9829
0.15 0.9809 0.9759 0.9784 0.9791 0.9797 0.9798
0.2 0.9785 0.9730 0.9750 0.9763 0.9765 0.9769
0.25 0.9755 0.9698 0.9717 0.9732 0.9736 0.9735
0.3 0.9725 0.9663 0.9688 0.9709 0.9708 0.9709
0.5 0.9589 0.9592 0.9590 0.9621 0.9618 0.9624

location where this data was taken is Cabauw, Utrecht, The Netherlands. The irradiance pattern can be seen
in Figure 4.23. For this simulation the controller will have different delays and varying voltage steps it will
take to find the right reference voltage. This is done to see the converter+algorithm or System efficiency. As
mentioned in 4.2 the converter used for this one converter model simulations is the buck converter. This
efficiency is calculated in the following way Equation 4.1 :

η= Pelectr ol y ser

P pv s y stem
(4.1)

A Steca 1010 MPP tracker used in the PVMD Lab takes voltage steps of 0.15V to find its MPP. The voltage
range of the electrolyser that the controller will work in starts at 210 V and the maximum voltage is 260 V
resulting in a voltage range 210-260V (40 V). Taking this into account the following voltage steps (deltaV)
were selected for the controller 0.1, 0.15, 0.2, 0.25, 0.3, 0.5 V. Also to account for non-idealities time delays
were also implemented into the system for the controller. The MPPT controller in [45] implemented time
delays from 1 ms to 10 ms for its MPPT controllers. As it is a digital controller, time delay is not a parameter
that can be predefined. This is because several factors have an effect on this delay such as computing time
and communication [45]. The time delays implemented were 1, 2, 5, 10, 20, 50 ms.

In this model the passive components were modelled to be ideal resulting in no losses from these com-
ponents as there was no series connected resistances. But the power electronic switch and diode were not
ideal, these had some losses. The series resistance of both the diode and switch was found to be 1mΩ



38 4. Control systems

Figure 4.12: Zoomed in 400W /ms Temperature 20◦C

Figure 4.13: PV vs electrolyser at 20◦C power matching with changing irradiance

(Rdi ode Rswi tch). The losses in these two components can be calculated using equations 4.2 and 4.5 [46].
The highest amount of PV power received ≈ 3730 W using this and the voltage and current of the input and
output of the converter the losses can be calculated. But the forward voltages were put on 0 V resulting in the
equation for the Power loss in the diode 4.2 that the first term disappears [46]. The power electronic switch
was selected to be a Mosfet although a IGBT switch could easily be implemented in the model.

The power lost in the diode was found to be ≈ 15.30 W and the power lost in the switch ≈ 11.25 W. This
resulted in a efficiency lost of ≈ 0.7 % at the highest amount power transferred through the converter.

Pdi ode =V f or w ar d Iav g +Rdi ode I 2
r ms (4.2)

Ir msdi ode =
√

(1−D)
(
I 2

o +
∆I 2

L

12

)
(4.3)

∆IL = Vs −VoDTs

L
(4.4)

Pswi tch = Rswi tch I 2
r ms (4.5)
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Figure 4.14: PV at 800 W /m2 vs electrolyser at changing temperature

Figure 4.15: PV vs electrolyser power at changing temperature and changing irradiance

Ir msswi tch =
√

D
(
I 2

o +
∆I 2

L

12

)
(4.6)

The simulation ran for 36 different combinations of time delays and voltage steps taken by the controller
of the system in the one converter model using the buck converter. From Table 4.2 and Figure 4.24 the effi-
ciency was highest for the voltage steps of 0.1 and a time delay of 1ms. If the voltage step taken is too large
the accuracy of finding the exact reference voltage by the controller goes down [47]. The average efficiency
of the Converter+Algorithm was calculated for all combinations of the Stepsize and Time delay implemented
into the controller. These values can be found in Table 4.2. Also Figure 4.24 shows the the efficiencies for the
different combinations. The results show that the efficiency is highest for a stepsize of 0.1 and time delay of
1ms, the efficiency was 98.4 %. These are the smallest time delay and the smallest voltage step of the different
combinations. This is as expected as the accuracy of the controller is highest for the smallest voltage step
[47]. The efficiency difference when changing the time delay for each voltage step is between 0.1 and 0.2 %
but when changing the voltage step size the efficiency difference is between 1 and 2 %. Showing that variation
in time delays gives less difference and that the controller is affected more by the voltage step. Concluding on
this the recommended parameters are a voltage step size of 0.1V and time delay of 1ms.
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Figure 4.16: Electrolyser temperature changes for a day

Figure 4.17: Irradiance levels in a day
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Figure 4.18: PV vs electrolyser power with new 5000W limit and hourly irradiance levels

Figure 4.19: PV vs electrolyser power with 5000W limit and hourly irradiance levels PV sized at 7000 W
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Figure 4.20: PV vs electrolyser power with 5000W limit and hourly irradiance levels PV sized at 8000 W

Figure 4.21: PV vs electrolyser power with 5000W limit Winter day delft
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Figure 4.22: PV vs electrolyser power with 5000W limit Summer delft

Figure 4.23: Irradiance pattern for a clear day
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Figure 4.24: Converter+algorithm efficiency stepsize vs timedelay "clearday" (Buck converter)



5
Conclusion & future recommendations

5.1. Conclusions
As the threat of climate change is still as present as ever, the need of the transition to more renewable energy
sources from fossil fuels is as important as ever. The introduction of adding storage to the renewable energy
system is one of the practices to introduce more renewable energy sources into the energy sector. For this
project the idea was to connect a renewable energy source in this case PV system to an electrolyser system to
produce hydrogen, which can be used later on. The main goals of this project were to select the most suitable
DC-DC converters for the PV-electrolyser system, while also developing a control strategy that will optimize
the efficiency/working points of this system. And from this project the following conclusions were drawn.

• The buck-boost converter was selected for the connection to the PV system for MPPT for its simplicity
and ability to track the PV I-V curve.

• The 3-level interleaved buck converter was selected for the connection to the electrolyser system for
the increased reliability and division of current ripples.

• A control strategy was developed for both two converters model as well for a one converter model.

• The control strategy was tested against multiple varying inputs such as changing irradiance and elec-
trolyser temperature.

• A combination of different parameters (controller stepsize and time delay) were simulated to find the
best performance.

To conclude the research objectives (Milestones) as mentioned in 1.4 were achieved and the research
questions were answered. Indeed, the selected converters along with the designed control strategies achieved
a sufficiently high efficiency according to the standards in the literature.

5.2. Recommendations
Improving on this model of a indirect connection of a PV system to an electrolyser system can be looked
at from different angles such as other technical areas or even economic evaluations of the system sizes to
optimize the hydrogen production and efficiency of the system.

• Other storage options (Batteries can be implemented to increase operation of the electrolyser at rated
power.

– Charge controller (converter) needed to charge (With the extra solar energy depending on the PV
system size) and discharge the batteries (to increase operation time)

– Control system adjustment to incorporate the storage system

• Implement grid connection to increase operation time of the electrolyser and feed the excess solar
energy into the grid.

45
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• Optimal Economic Evaluation of PV-storage-Electrolyser system to find the optimal size and costs of
the system depending on the efficiency of the system.

Furthermore as mentioned in Chapter 2 soft switching can be used to increase the efficiency of the converter.
Performing these different changes and evaluations will further improve this promising project and help ex-
pand the options for the energy transition in the upcoming years in battling climate change.
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