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Grid stabilization utilizing an AC/DC converter with adjustable power factor
EMIN HANNUSA

IVAN KUSTURA

Department of Electrical Engineering

Division of Electric Power Engineering

Chalmers University of Technology

Abstract

This master thesis investigates the feasibility and consequences of implementing a
modified single phase AC/DC converter with adjustable power factor, enabling a
local phase compensation in the electrical grid. The theory was validated through
simulations in LTspice and a real-world prototype was made from an existing eval-
uation kit from Texas Instruments. The desired power factor was obtained though
a phase shift, employing two primary approaches: one analog and one digital. For
the main analog case that provided the best signal integrity, a signal generator and
a diode bridge were used to modify the phase angle. Conversely, the digital case
utilized the Arduino UNO R4 with an integrated 12 bit digital to analog converter.

The project showed that with an increased phase shift between the current and
voltage, a greater local phase compensation could be achieved. This came at the
expense of lower e [ciehcy in the converter, transients through the zero crossings,
and an increase in harmonics. For one case, where the output current was set to
0.5 A, the maximum amount of phase shift obtained was 13.5°. Simultaneously, the
e Lciehcy decreased from 94.3 % to 72.1 % and the total harmonic distortion of the
current increased from 38.9 % to 72.6 %.

Additionally, the prototype was tested in a microgrid environment with an AC
side current of 1.59 A RMS, demonstrating its ability to achieve a local phase com-
pensation. It was seen that when the current from the converter was high, 0.977 A
RMS, the grid current could be adjusted significantly. Conversely, for a lower cur-
rent, 0.111 A RMS, only minor adjustments could be made. Key regulations were
also studied, including IEEE 519-2022 and IEC 61000 that govern performance and
electromagnetic compatibility.

Furthermore, the project investigated how local power factor adjustments via a
single phase AC/DC converter could enhance grid e [ciehcy and stability. This is of
importance for voltage regulation with growing renewable energy integration. The
technology could be implemented across Ericsson’s base stations, where each station
could provide a local grid stabilization service.

Keywords: AC/DC Converter, Power Factor Correction, Local Phase Compensa-
tion, Phase Shift, Grid E Lciehcy, Real-World Prototype.
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Introduction

1.1 Background

Controlling reactive power in the electrical grid is essential for maintaining a stable
and e cient power system. Reactive power is the component of electrical power that
oscillates between the source and the load without performing any useful work. A
fundamental reason for the necessity of controlling reactive power lies in voltage reg-
ulation. Devices such as motors and transformers, characterized by inductive loads,
consume reactive power, leading to a lagging power factor. Without proper con-
trol, this could result in voltage instability across the grid, thereby a ecting voltage
regulation and impacting the operation of electrical devices. Conversely, capacitive
loads contribute to a leading power factor, resulting in voltage instability.

Voltage regulation becomes important when there is an excess of either leading-
or lagging reactive power, emphasizing the need for control mechanisms. Managing
reactive power plays a crucial role in optimizing the e ciency and stability of the
electrical grid. It facilitates power factor improvement, which reduces energy losses
and maximizes power transfer e ciency. This in turn contributes to a increased
lifetime for electrical equipment.

With the transition towards increased renewable energy sources such as wind and so-
lar, there's a increased need for various grid stabilization services. Unlike traditional
power generation from fossil and nuclear plants, providing consistent and control-
lable output, renewables introduce variable output. Therefore, it is of importance
to manage the reactive power for grid stability. One possible solution regarding this
Is through an active AC/DC converter with adjustable power factor. The active
management of both inductive and capacitive reactive power is vital for voltage sta-
bility, power factor improvement and equipment e ciency, laying the foundation for

a resilient future electrical grid.

1.2 Purpose of work

As for today, there are few commercial solutions o ering both inductive and ca-
pacitive behavior with user-de ned power factor. This thesis aims to investigate
the feasibility and potential of developing a single phase AC/DC converter with ad-
justable power factor. This allows for a controllable inductive or capacitive behavior,
utilized for various grid stabilisation services.
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1.3 Scope

The overall objective of this thesis is to analyze the possibility of local phase com-
pensation by adjusting the power factor using an single phase AC/DC converter.
A theoretical analysis on the demand and potential application for this technology
will be conducted. A demonstrator will virtually be developed, alongside a real-life
prototype of the regulated AC/DC converter. This prototype is based on modifying
an existing evaluation kit from Texas Instruments, to achieve the controllable induc-
tive and capacitive features. The performance of the prototype will be compared to
the virtual demonstrator and is based on meeting the local grid needs. The present
regulatory aspect will also be taken into account.

1.3.1 Research gquestions

The report studies the following questions:
" Propose an AC/DC converter solution with user de ned power factor through
modifying an existing AC/DC evaluation Kkit.

Determine at a high level, the demand and application for a local phase com-
pensation through the proposed AC/DC converter.
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Theory

2.1 Technical background

2.1.1 Power triangle

In electrical systems, the power is divided into active and reactive power, which
together constitute the apparent power [1]. Understanding these components is a
necessity for comprehending the behaviour, e ciency and performance of electrical
systems. These three components, the active-, reactive- and apparent power are
illustrated in Figure 2.1, graphically showing the conjunction between them through
the angle' .

Figure 2.1: Power triangle with active, reactive and apparent power.

Active power represents the actual energy consumed by an electrical device to per-
form useful work. It is measured in watts, W, and is denoted by the real component
of the power in an alternating current, AC, system. It is calculated as

P =Vlcos() (2.1)
whereV is the voltage,| the current and' angle of the load impedance.
The reactive power is the power that oscillates between the source and the load
without performing any actual work. It is measured in volt-amperes reactive, VA,

and is denoted by the imaginary component of the power in an AC system. The
reactive power is determined as

Q=VlIsin() (2.2)

3



2. Theory

and emerges due to the presence of inductive and capacitive elements in a circuit.
Devices such as motors, transformers, and capacitors contribute to the ow of re-
active power. While reactive power itself does not do any work, it is crucial for
maintaining voltage levels and supporting the overall grid stability [2].

The apparent power is the combination of active- and reactive power, measured
in volt-amperes, VA. It is a measure of the total power owing in the circuit, and
calculated as

S=VI (2.3)

2.1.2 Power factor

Another measurement is the power factor, PF, which is the ratio between the active-
and reactive power [3]. When a purely resistive load is applied, only active power is
used and there is no phase di erence between current and the voltage. No reactive
power is therefore drawn and the active power is equal to the apparent power, giving
a unity PF. This implies that all the power owing is being used for useful work.
Aiming for a power factor approaching unity is therefore desirable, as it signi es ef-
cient utilization of electrical energy in the grid, through the lowest possible current
for a given power level [2].

When there is an inductor or capacitor present in the circuit, a phase di erence

is created, leading to reactive power being drawn [3]. In a perfectly balanced sys-
tem, where the phases of inductive and capacitive components are exactly opposite,
they can e ectively cancel out each other out [4]. However, if the system is not
balanced, and there is an increased presence of inductive loads, such as motors and
transformers, the current will lag the voltage. This results in a lagging power factor,
shown in Figure 2.2.

Figure 2.2: Power triangle with inductive load, lagging current.

On the contrary, if the system contains a higher presence of capacitive loads, the
current will lead the voltage, resulting in a power factor less than one. This case is
shown in Figure 2.3.

4



2. Theory

Figure 2.3: Power triangle with capacitive load, leading current.

The power factor is therefore given by

_ P _Vicos()
PF=35=—y (2.4)

2.1.3 Harmonics and THD

Another important aspect to consider is harmonics, which are waveforms consisting
of multiples of the fundamental frequency [4]. They can be caused by nonlinear
loads, such as computers and lights, and can disturb the quality of the grid.

The total harmonic distortion, THD, is the measurement of how much the har-
monics are a ecting a waveform [4]. It is usually measured as the sum of all the
harmonics along with the e ect of the fundamental frequency. By reducing the THD
value the impact of harmonics on the waveform is minimized, resulting in a purer
signal. THD is therefore an important parameter in order to assess the signal quality.

If assumed that the input RMS voltage is an ideal sinusoidal waveform with no
harmonics, resulting inVrus = Virms, (2.4) could be rewritten as the product
of the displacement power factorkppr, and the distortion power factor, kp [5],
expressed as

PF = kD kDPF (25)

The displacement- and distortion power factor could be written as

I ..
kopr =cos(') ; kp = ll'RMS (2.6)
RMS

where' is the phase angle and;rus is the fundamental component of the total
current, lgms. The distortion power factor is directly related to the harmonic
distortion, THD, which gives

9% 1
n:2|n2 1
THD= — ™" | k=g—=> 2.7)
| 1;RMs 1+(THD)?

By combining (2.6) and (2.7), the following total power factor equation is derived

5



2. Theory

PF = kaDPF = 4 1—COS( ) (28)
1+(THD)?

which considers both the displacement power factor and the distortion power factor.

2.2 Single phase passive AC/DC converter

A critical consideration in converter design is ensuring adequate power quality. This
necessity arises from the fact that most modern devices are connected to the main
power supply, requiring the conversion of AC to DC power [4]. This conversion
process is called recti cation. It is commonly used in applications such as power
supplies, air conditioners, battery chargers, electric cars, and solar power systems,
to mention some. The process of passive recti cation is achieved by using power
converters consisting of a diode bridge, usually followed by a large capacitor for
smoothing and lowering the output ripple, see Figure 2.4. The power supply is
shown as a sinusoidal voltage sourc¥;, in series with its internal impedance, which

is mainly inductive and is represented by s. However, passive recti cation can cause
some problems in the main power supply. This is because the converter does not
draw power in a smooth way (non-sinusoidal), which creates additional electrical
oscillations, harmonics.

Figure 2.4: AC/DC recti cation using diode bridge and bulk capacitor.

The non-sinusoidal phenomena, presented in Figure 2.5, demonstrates the waveforms
of the line current, |, and grid voltage,V, and the numerous current harmonics for
the conventional recti cation approach.
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(a) AC voltage and current using a passive (b) Current FFT spectrum using a
recti er. passive recti er.

Figure 2.5: Input voltage and current of passive recti er with its harmonic content.

2.2.1 Passive AC/DC converter with Ls=0

In Figure 2.6 L is assumed to zero, while the DC side of the recti er is replaced by
either a resistance or a constant DC current source. The representation of a load
by a constant DC current is an approximation to a case when a large inductor is
connected in series with the DC output for Itering.

(@) DC side replaced by a resistive (b) DC side replaced by a current
load. source.

Figure 2.6: Two bridge recti ers with L = 0 but di erent loads.

The circuits from Figure 2.6 are redrawn in Figure 2.7, highlighting that this circuit
consists of two sets of diodes: the top group with diodes 1 and 2, and the bottom
group with diodes 3 and 4. When the inductoL s is set to zero, it becomes evident
how each group of diodes operates. The curreng) ows continuously through one
diode from the top group and one diode from the bottom group.
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Figure 2.7: Redrawn structure of the recti ers in Figure 2.6.

In the top group, where the cathodes of the two diodes share a common potential,
the diode with its anode at the highest potential conductsy [4]. This means that
when the voltage sources, is positive, diode 1 conductsy, and Vs appears as a
reverse-bias voltage across diode 3. Wh&h goes negative, the currenty instantly
shifts to diode 3 sincel. is zero, and a reverse-bias voltage appears over diode 1.

In the bottom group, where the anodes of the two diodes share a common po-
tential, the diode with its cathode at the lowest potential conductdy. This means
whenVj is positive, diode 2 carriesy, and Vs appears as a reverse-bias voltage across
diode 4. WhenV; goes negative, the currenty instantaneously shifts to diode 4,
and a reverse-bias voltage appears over diode 2.

When the voltage, Vs, is positive, the diode 1 and diode 4 conducts and the output
voltage will be equal to the input voltage,Vy = Vs, and output current will be equal
to the input current iy = is. This is only applicable for ideal components. On the
other hand, whenV; is negative, diode 2 and diode 3 will conduct, and therefore the
output voltage will be Vg = V45 and similarly the current will beis = ig. The DC
voltage of the converter can be expressed as

Va(t) = Vs (2.9)
similarly, the current on the AC side can be expressed as

. i if Vo> 0
- 2.10
's i if V.< 0 (2.10)
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Due to the assumption ofLs = 0, the transition between the two values is instan-
taneous. The average value of the output voltage can be obtained by integrating a
sine wave over a half period. The average output voltage is expressed as

2P _
Vd;avg = *p 2VS 09VS (2.11)

where Vs in this case is the RMS value for the input voltage.
When performing a Fourier analysis of currents, the fundamental and the harmonic

components can be obtained [4]. The RMS value of the fundamental component is
expressed as

. 2P - .
Isy = —p 2ig =094 (2.12)
The RMS values for the harmonics are expressed as
8
: <0 for even values oh and
i = r even values (2.13)

" ig1=h  for odd values ofh

whereig, is a harmonic component and is representing the harmonic order. The
harmonic components are displayed in Figure 2.8 and THD is calculated by (2.7) to
48.43 % with the fundamental component of 1 A.

Figure 2.8: Harmonic components of idealized recti er withLs = 0.

2.2.2 Passive AC/DC converter with nite Ls

To make the line current waveform better, an inductor could be added on the AC
side, e ectively increasing the value of ¢ [4]. In this case the load is represented by
a constant DC current, | 4. Consequently, due to the niteLg, the transition of the
AC side current from a positive value ofrl4to 14 (or vice versa) will not happen
instantaneously. This process, where the current conduction shifts from one diode
(or a set of diodes) to the other, is known as the current commutation process.
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Figure 2.9: Single phase AC/DC converter with nite Ls.

Current commutation occurs at the transition point between the positive and neg-
ative half-cycles of the AC input. It can be divided in two stages, end of positive
half cycle and start of negative half cycle.

During the end of the positive half cycle, when the input AC voltage approaches
zero and starts to reverse its polarity, diodes 1 and 4 (which were conducting) be-
come reverse-biased. There is a brief moment when these diodes are still conducting,
due to the characteristics of the diode referred to as the diode's reverse recovery time.

During the start of the negative half cycle, almost simultaneously, diodes 2 and
3 start to become forward-biased as the input voltage becomes negative. However,
there's a slight overlap during which diode 1 and 4 are turning o, and diode 3 and
4 are starting to conduct.

This overlap and the brief period of no or minimal conduction is where the commu-
tation takes place. Proper commutation ensures that there are no short circuits and
the diodes e ectively block current when reverse-biased. Due to the commutation
the output voltage, Vy.avg Will be reduced and expressed as

_ |
Viavg = Ep 2Vs 2L &l

(2.14)

wherel s is the value of the inductance on the AC sidd,q is the constant DC current
and! is2f .

In practical applications, current commutation is critical as improper commutation
can lead to voltage spikes, diode stress, and ine ciency [6]. Ideal diodes exhibit
commutation instantaneously, while real diodes posses characteristics like recovery
time a ecting the commutation.

10
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2.3 Boost converter

A boost converter or a step-up converter, shown in Figure 2.10, is a circuit which
takes a DC voltage and increases it to a higher DC voltage by utilizing an inductor
to store energy [7]. When the circuit turns on, current ows through the inductor,
building up a magnetic eld and storing energy. When the circuit turns o, the
inductor resists the change in current and pushes the stored energy to the output.
This energy is transferred to a capacitor, which helps maintain a steady output
voltage. By controlling the on and o cycles of the circuit through Pulse Width
Modulation (PWM), the switching frequency of the boost converter can be precisely
regulated. This control mechanism allows for the adjustment of the amount of energy
transferred to the capacitor, ensuring e cient energy conversion. This nally results
in an increase of the output- compared to the input voltage. Observe that power is
conserved, meaning that while the voltage increases, the output current decreases,
maintaining the same power level.

Figure 2.10: Boost DC/DC converter.

The boost converter's two operational modes are illustrated in Figure 2.11. During
the on stage, Figure 2.11a, the switch is closed, enabling current to ow through
it. The capacitor is simultaneously discharged through the load. Conversely, during
the o stage, Figure 2.11b, the switch opens, allowing the capacitor to recharge from
the power source.

11
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(a) Switch ON. (b) Switch OFF.

Figure 2.11: The two operational modes of the boost converter.

2.4 Active AC/DC with boost PFC converter

In practical situations, achieving unity power factor is challenging due to the pres-
ence of energy storage components like capacitors and inductors. However, using
active power factor correction, PFC, converters between the power source and the
load, a power factor greater than 0.99 could be achieved [8]. Figure 2.12, illustrates
the boost PFC converter which is commonly used in PFC applications. As the uni-
versal line voltage ranges from 85-265 V, it varies sinusoidally up to a peak voltage
of 375 V [9]. Therefore a step-up converter is required to obtain a DC link voltage
of 380 V or more.

Boost converters are preferred because the input remains continuously connected
to the power source through the inductorL [8]. This continuous connection en-
sures that the current does not experience high rates of changksdt. This makes

it easier to shape the input current by controlling the switching deviceS,,, and
achieving low THD. A well known method for controlling the boost PFC is with av-
erage current control [10]. It uses two loops for smooth operation, one loop keeps the
input current in sync with the input voltage, maximizing e ciency. The other loop
ensures a steady output voltage. While these loops o er great bene ts, designing
them can be di cult as they require a lot of components.

12



2. Theory

Figure 2.12: Recti er with boost PFC stage.

2.4.1 Consequence of power factor correction

To ensure an e cient power transmission with low losses, it is important to com-
pensate for di erent loads and achieve a unity PF [11]. In systems with a low PF
the ow of reactive power is increased, leading to energy losses in terms of heat,
decreasing the overall e ciency. Hence, by controlling the PF closer to one, the
e ciency is increased. This means that by the implementation of PFC, equipment
will operate more e ciently, reducing the energy consumption and extending the
lifespan. Additionally, it is of importance to use PFC circuits correctly and not
cause over-correction, which may cause voltage uctuations, equipment damage and
resonance issues.

Another issue regarding a PF distinct from one are the current harmonics [12].
They can cause serious problems like distorting the voltage in the system, making
devices less e cient, and even harming nearby electronic devices connected to the
main power supply. To deal with this issue, governments are setting regulations and
controlling the amount of harmonics devices can emit [13]. Consequently, interna-
tional standards like the IEC-61000-3-2 and IEC 1000-3-2 have been set. To meet
the rules of the standards, the conducted emissions need to be limited, which can be
done utilizing active PFC converters. As mentioned in 2.3, these converters include
a PWM stage, placed between the bridge recti er and the load. By using active
PFC the power factor will be increased due to the reduced harmonics, showed in
Figure 2.13, where the line voltage and current are presented as well as the reduced
harmonic components [13].
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(a) AC voltage and current using an (b) Current FFT spectrum using an
active AC/DC recti er shown in Fig- active AC/DC recti er shown in Fig-
ure 2.12. ure 2.12.

Figure 2.13: Active PFC converter with its waveforms of current and voltage and
the harmonic spectrum.

242 CCM

The continuous conduction mode, CCM, is an important operation mode for dif-
ferent switching components in electrical devices [14]. In this operating mode the
inductor in the circuit never gets fully discharged during a switching cycle. Instead,
the inductor continues to conduct current during the cycle, which results in a more
controlled and stable power/energy conversion from input to output.

This approach controls the current through the inductor, preventing it from reaching
zero during a switching cycle [14]. By maintaining the current above zero through
the cycle, the loss of magnetic energy over the inductor is reduced, leading to more
e cient operation with less EMI. The CCM operation of the converter is shown in
Figure 2.14.

Figure 2.14: Inductor current for CCM operation, actual value and average.
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To ensure CCM mode it is important to consider the component values in the circuit
together with the switching frequency. One parameter is the ripple factok;igpe ,
which quanti es the peak to peak inductor current in relation to the average current
[15], given as

[
kripple = .7Lmax (2.15)

IL;avg
This parameter in uences the currents owing through both the input and output
capacitors in the PFC boost conversion stage. A typical value for thigippe param-
eter is around 20-40 % of the average input current [15, 16]. The boost inductor
current in an non-interleaved PFC converter corresponds to the recti ed line current
as

iL; max — kripple iL;avg (2.16)
wherei.ayq Is calculated by

iLavg = Jlin] = Jlinpk SINC )] (2.17)
The is the phase angle where the maximum current ripple occurs. For a sinusoidal
waveform this can be determined as 0
2 2
Iin;avg = ——linRrMs (2.18)

Subsequently the RMS and peak input current can be determined as

P P
linrms = ﬁ v linpk = 2linrms (2.19)
in;

From [4], it is given that the ratio between the output- and input voltage is

Vou _ 1
V, 1 D
and with a duty cycle of D = 0:5 yielding the maximum current, the input voltage

IS given by

(2.20)

Vout

V,, = > (2.22)
Additionally, Vi, can be described as

Vin = Vingk sin( ) (2.22)
giving the angle, , where the maximum ripple occurs.
The voltage over the inductance could be expressed as

VL =V = Li (2.23)

DTs
which by using (2.21) and settingD = 0:5 gives the minimum inductance value for
a CCM operation

V,
Leem > o — (2.24)

4 IL;maxfsw
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2.5 Interleaved AC/DC with boost PFC converter

The interleaved power factor correction circuit, seen in Figure 2.15, is a power supply
circuit that uses multiple parallel boost-converters working in phase [17]. This con-
guration divides the total input current into multiple currents and treating them
separately, in parallel. The interleaved arrangement therefore lowers the load on
each separate converter, improving the system's performance and e ciency. Com-
ponents like the DC-bus capacitor, MOSFETS, and diodes are sized for lower current
ripple [17], resulting in higher power density.

In addition to the lower operational current in the interleaved state, each indi-
vidual converter can operate at a lower switching frequency [18]. This could lead
to smaller and more cost e ective input Iter components and EMI lItering. To
ensure the safe operation of the interleaved PFC boost converter, it is important
to phase shift the converters operation to avoid collisions and unwanted noise [19].
This can be achieved by a su cient control strategy and signaling to synchronise
their operation, described more in section 2.6.

Figure 2.15: Interleaved AC/DC converter with PFC boost stage.

One important advantage with the interleaved operation, shown in Figure 2.15, is
the current ripple cancellation [20]. In Figure 2.16 the on and o stages for the
switches are showedSw; and Sws,, as well as the recti ed input current, 1, and
current waveforms,l 1 and | ».
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Figure 2.16: Interleaved boost stage, on/o switch signal and the resulting induc-
tor current waveforms.

A parameter that demonstrates this is the cancellation factork ¢, which compares
the ratio between the interleaved ripple magnitude to the single phase ripple mag-
nitude [20]. It is therefore de ned as

Kc = N (2.25)
ILl

The cancellation factor can be reformulated, based on the duty cycle, D, depending
on whether it is greater than, equal to, or less than 50 %, as

1 2D
1 D

2D 1

Kc(D) = if D 6 0:5 (2.26)

Kc(D) = if D> 05 (2.27)

Because of the duty cycle variation in the PFC converter, the cancellation of the
current ripple does not occur in every part of the cycle [20]. Multiple interleaved cells
could therefore be used to reach the maximum amount of current ripple cancellation.
Figure 2.17 shows cancellation factor for one and two interleaved cells, in regards
to the duty cycle. It could be concluded that at a duty cycle of 50 %, D = 0.5, the
interleaved operation with two cells theoretically results in a ripple free current.
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Figure 2.17: Cancellation factor in regards to duty cycle for one and two inter-
leaved cells.

Another relevant aspect to consider in an interleaved cell is the energy stored in the
inductor [20], given by
1
= ZLI*? 2.28
; (2.28)
Because of the interleaved operation, the input current is divided between the two
parallel inductors, resulting in

£ = 1L linrMs 2+ 1L linrMs 2 _ 1L | 2 2 29
int — E int 2 E int 2 - Z int 'in;RMS ( . )

It should be noted that in order to maintain a constant energy storage, in regards
to an non-interleaved cell, the inductance of each interleaved cell should be doubled

Lint =2 Lsingle (2.30)

2.5.1 Capacitor- and inductor design

In the interleaved converter the parameter calculation for the output capacitor design
[21], is stated as

2I:)outthold
Vozut Vozut;min
where tyog IS the holdup time and Voyuemin 1S the minimum output voltage. This
encompasses the capacitors time to maintain the desired output voltage within the
acceptable voltage range for a certain duration. Consequently, the capacitance value
Is also a ected by the load. Increasing the load demand requires a higher capaci-
tance to guarantee the necessary voltage- and current output.

Cuc > (2.31)

The inductance value is determined in a similar way as in section 2.4.2. The in-
ductance equation stays the same as in (2.24) for the non-interleaved case, while the
input current is halved. This due to the current distribution between the inductors,

giving
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_ linpk
IL;avg;int -

sin( ) (2.32)

The average inductor current,| | .avg:int , IS calculated as the peak input current| n.pi
divided by the number of interleaved phases). This consequently gives

_ VoutD(l D)

I-CCM;min -

(2.33)

fsw iL;max
This implies that with increased output power (increased current), the required in-
ductance value to keep the converter in CCM decreases, assuming all other parame-
ters remain constant. This occurrence is attributed to that the inductor experiences

a higher ripple at higher power demands, due to an increased average inductor cur-
rent, seen from (2.16). Conversely, at a lower power, the inductance to keep the
converter in CCM increases.

2.5.2 Power losses, interleaved PFC

The power losses in the interleaved circuit, Figure 2.15, could be categorized as
bridge recti er losses, conduction losses and switching losses [17]. The losses in
the bridge occur in the diodes due to their forward voltage drop as the diodes are
conducting, and can be estimated by

2
Pdiode - Vth | in;avg;BR + RdiodeI in;RMS;BR (2-34)

where Vy, is the threshold voltage, linavger IS the average current through the
bridge recti er, Rgioge IS the dynamic resistance of the diode antl,rus:sr IS the
RMS current through the bridge recti er. The input current RMS value, liinrms
is determined as

P
linrms = Vooe (:l:/ls (2.35)
in;

The total bridge recti er losses are therefore
Per = 4Pdiode (2.36)
Conduction losses are also present due to the resistive elements of the components.
The switching conduction lossesPs_,, , could be determined as
Psena = DVeessatlc (2.37)
and the diode conduction losse$)p; , , as

PDi cond — (l D)| f Vf (238)
This gives the total conduction losses of

Pconditotal = PScong + Pbi cong (2.39)

The switching losses, arising during the transition between the on- and o states,
are determined by

19



2. Theory

Psw = fsw (Eon + Eoff ) (2.40)
During the on-time, the energy dissipationE,,, is given as
_ ton
Eon - 7' c;kace;pk + er Vce;pk (2-41)

where the I is the peak collector current, Ve is the peak collector emitter
voltage. The Q; is the reverse recovery charge that puts stress on the components
upon switching, which is determined by

1

Qn = étrr e (2.42)

Naturally, t,, is the reverse recovery time and,, is the reverse recovery current.
The energy dissipation at the o state,Eq+ is determined as
toft

Eott = 2 Ic;kace;pk (2.43)

2.6 Control structure, interleaved PFC

Figure 2.18 represents the block diagram of the interleaved AC/DC with the PFC-
and control stage [17, 19]. The goal of the PFC controller is to achieve both low
line current distortion, resulting in a high PF, and a precise output voltage regu-
lation. The control method for achieving this is the average current mode control,
ACMC [19]. It operates on the principle of regulating the mean value of the current
through each inductor and controlling it to be proportional to the recti ed input
voltage. Consequently, this regulation ensures that the line current corresponds to
a sinusoidal waveform and remains in phase with the line voltage, shown in Figure
2.13a. This control strategy is dependent on monitoring the inductor currents, »
and i s, the output voltage, V,,: and the recti ed line voltage, Vinac , Seen in Figure
2.18.
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Figure 2.18: Schematics of the control strategy for the interleaved AC/DC con-
verter.

A cascade controller is a control system that uses two interconnected control loops,
where the primary loop provides a setpoint for the secondary loop [22]. For the
interleaved case, the cascaded controller consist of two inner loops, regulating the
current, and one outer loop, regulating the voltage [23]. This improves the control
performance and enhances the stability of the system. The two inner loops are used
for controlling the input current to achieve a high power factor [23]. The bandwidth

of the loops is high to get a fast response, due to the rapidly changing input current.
The outer loop is instead used for regulating the DC voltage. Here, the bandwidth is
low and the response is therefore slow, due to that it focuses on the slower-changing
output voltage. The outer loop does not therefore need to react as quickly as the
inner loop. Its main job is to maintain a steady output voltage for the converter,
even with changes in load or input voltage. A slower response here is acceptable
because the voltage does not uctuate as much as the current. The result is a control
strategy that o ers inherent stability across a wide range of operating conditions,
making it well-suited for applications demanding high performance and reliability.
One should also note that the inner current loop bandwidth should be much higher
than the bandwidth of the outer voltage controller in order to avoid interactions
between the control loops and maintain stability [24].
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2.6.1 Current controller design

In the current controller the current through each inductor is initially sensed. The
sensed current is then averaged over a complete switching cycle to eliminate the
high-frequency ripple component. Next, this averaged current value is compared to
a reference current signali,e; , See Figure 2.18. This reference current is generated
based on the desired input power and the AC mains voltage. By controlling this
reference current, the shape of the input current waveform is indirectly in uenced.
The goal is to achieve a sinusoidal and in-phase current that aligns perfectly with
the AC line voltage, thus achieving a PFC e ect. Finally, the di erence between
the sensed average current and the reference current is utilized to adjust the duty
cycle of the PWM signal driving the switch in each boost converter.

Fundamentally, the controller increases the duty cycle if the sensed current falls
below the reference current [23]. If the sensed current is higher than the reference,
the duty cycle is decreased. This feedback loop ensures that the average input cur-
rent of each stage tracks the reference, ultimately shaping the overall input current
waveform to the converter. By modulating the duty cycle in response to variations
in the input or output conditions, the average current mode controller e ectively
regulates the power transfer. This in turn ensures e cient utilization of energy and
reduces distortions in the input current waveform. Another feature when using the
ACMC is the possibility to detect irregularity or overloads early, which in turn can

be used as a safety function to mitigate errors and faults of the converter [25].

A PI controller that satis es the CCM current controller requirements is obtained
though

K i;c

Gei(S) = Ge(s) = Kpe + (2.44)

where K .. is the proportional gain andK. is the integral gain for the current
controller [24]. To avoid aliasing, the sampling period is chosen in accordance to the
Nyquist Theorem, as

fs  2fmax (2.45)

wheref s is the sampling frequency and .« IS the maximum frequency in the sys-
tem [26].

When the input sine wave's inherent symmetry is combined with average current
mode control, even harmonics are signi cantly reduced or canceled [4]. For every
positive half-cycle, there is a corresponding and identically inverted negative half-
cycle in the original waveform. The more closely the input current of the converter
matches a sine wave, the more e ective the cancellation of the even harmonics is.
Speci cally, if the duty cycle approaches 50 %, the input current more closely re-
sembles a sine wave, enabling the controller to more accurately detect the average
current and enhance the cancellation of even harmonics.
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2.6.2 \oltage controller design

In the voltage loop the sensed voltage is compared to a predetermined reference
voltage Vier , S€en in Figure 2.18. The di erence between the sensed voltage and
the reference voltage serves as the control signal. This signal is used to adjust the
reference current signal provided to the inner current loops. By increasing the ref-
erence current, the average current owing through the inductors increases as well,
consequently boosting the output voltage.

In contrary, decreasing the reference current leads to a lower output voltage [23].
The outer loop acts as a main controller, continuously ensuring that the converter
maintains the desired output voltage level. It achieves this by ne-tuning the inner
current loops. Even in the presence of variations in the input AC voltage or load
current, the outer loop ensures the converter delivers a stable output voltage [25].
The voltage loop needs to operate at a low bandwidth to reduce distortion in the
line current. However, it is crucial for the controller to respond quickly to changes in
the output voltage reference, especially during load variations. Given the presence
of a second harmonic component, 100 Hz, in the output voltage, the bandwidth of
the voltage controller is typically limited to a maximum of 20 Hz [10].

A PI controller that satis es the CCM current controller requirements is obtained
though

S
where K., is the proportional gain and K, is the integral gain for the voltage
controller [24].

Gu(s) = Kpy + (2.46)

2.7 AC/DC converter utilizing the UCC28070 con-
troller

The controller utilized in this project was the UCC28070 from Texas Instruments.
It was selected due to its availability and accessibility of the control parameters.
This allowed for modi cations to the controller to obtain the desired power factor.

The UCC28070 is an PFC controller, using an interleaved operation that integrates
two PWM signals which operate 180 degrees out of phase [27]. This interleaved op-
eration results in a reduction of input- and output current ripple, which makes the
EMI ltering easier to handle. The UCC28070 promotes performance enhancements
in PF, e ciency, transient response and THD. It also implements multiple protec-
tion and safety features, including a over-voltage detection at the output, a peak
current limit and a open loop protection. Furthermore, Texas Instruments has de-
veloped an AC/DC Evaluation module, designed for 300 W utilizing the UCC28070
controller [28]. It consists of a motherboard, Figure 2.19, and a daughterboard,
Figure 2.20, linked through the connection port J1. In this chapter, key functions
of the UCC28070 and its EVM kit will be presented, for additional information see
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respective datasheet [27, 28].

In Figure 2.19 the motherboard of the EVM kit is presented, where the passive
recti cation and power stages are implemented. Some of the key components are
highlighted.

Figure 2.19: Motherboard of UCC28070EVM [28]. Reprinted with permission.

The motherboard is responsible for rectifying the alternating voltage and ensuring
reliable power delivery to the components. The recti cation occurs within the diode
bridge, working in conjunction with the capacitor, C1, to lter the signal, resulting

in a DC output. Simultaneously, to ensure an accurate signal measurement to the
controller a separate half bridge, consisting of diodes D5 and D6, is used without a
capacitor. This is due to that a direct measurement immediately after the full diode
bridge (D3) would result in inaccuracies due to damping by the EMI capacitor, C1.

Two diodes are also present at the output side of the motherboard, D1 and D2.
The rst one, D1, is a Schottky diode and is used during the startup, while the out-
put capacitors (C6 and C7) are being charged, and during possible transients. The
aim of this is to ensure safe operation for the other diode, D2, which is made out of
silicon carbide and cannot handle as high currents. This diode is used to reduce the
reverse recovery losses, as it 0 ers low reverse recovery currents and short reverse
recovery times.

Other important components in the motherboard are the resistor, RT1, and the
varistor, VAR1. The resistor, RT1 limits the inrush currents, which are the initial
high currents occurring during startup. The varistor, VAR1, plays an important role
by controlling the voltage transients. When the voltage level suddenly increases, due
to for example disturbances in the grid, the varistor absorbs the excess voltage, sta-
bilizing the voltage level. Both of these components therefore act as protection for
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the circuit, ensuring that the startup phase is handled correctly and that the circuit
iIs not being overloaded. Additionally, there is also a glass cartridge fuse on the
motherboard, protecting against overcurrents and short circuits.

In Figure 2.20 the daughterboard of the EVM kit is presented, consisting of the
control circuitry for the active PFC stage.

Figure 2.20: Daughterboard of UCC28070EVM [28]. Reprinted with permission.

In Figure 2.20, some important pins of the controller are highlighted. CSA and
CSB are used for measuring the current for the two phases. In the same way, GDA
and GDB are used to control the two di erent switches. The pin DMAX sets the
maximum duty cycle and VREF is the reference voltage and the internal bias volt-
age. VCC supplies the output bias voltage. VINAC is the scaled AC line input
voltage that is connected to the multiplier, a ecting the phase shift. VAO is the
voltage ampli er output, used to amplify the error between the desired voltage and
the actual voltage. These pins combined mainly set the control for the active PFC
circuit. The complete block diagram for the daugheterboard is presented in Figure
A.10.

The equations specic to the design of the converter using the UCC28070 dier
from the general equations presented in section 2.5.2. These variations are due to
the characteristics of the UCC28070. All of the following equations originate from
[28].

The capacitor design accounts for the holdup time and is determined by

2Pout

C Hne 2.47
ot Vour?2  (0:75V out)2 ( )
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The inductor value is de ned by

p_
Vin.. 2D
L= L,= nmn PLL

L fs

(2.48)

where theDp |, is the converter's duty cycle at the peak of low line operation. This
Is described as

p_
V, Vip 2
Dpy. = -~ v (2.49)
out
The conduction- and switching losses are calculated by
i 0:5P E 16" 2V .
P — _ out 2 - iN min R 250
M cond %’pm 3 Vout X DS (on) ( )
P sw = fow Vou Jinemax CossV.2 2.51
M sw — é sw out 2 (tr + tf)+ 0ss Vout ( . )
Lastly, the bridge recti er loss is estimated by
I:)BR;max = 2VF I n;avg;max (2-52)

2.8 EMI and EMC

Electromagnetic interference, EMI, and electromagnetic compatibility, EMC, are
two important concepts regarding electrical components and their performance [29].
EMI refers to disturbances that a ect the performance in an electrical device or sys-
tem due to electromagnetic radiation och conduction from an external source. This
interference can impact the normal operation, leading to errors, defects and other
unwanted e ects. On the contrary, EMC denotes the ability of an electronic de-
vice to endure such interference and operate correctly without causing disruption to
other devices. This could entail designing the electrical devices with considerations
for ltering, grounding and shielding among other protective measures.

2.8.1 Types of emissions

When looking at EMI and EMC there are di erent types of emissions to consider
[29]. Conducted- and radiated emissions, are both mainly cased by switching events
and high frequency signals. The conducted emissions refer to electromagnetic radi-
ation going though cables and wires. This results in interference with the operation
of other electronic equipment connected to the same power or signal lines. Radiated
emissions are instead manifested as electromagnetic waves. Furthermore, there are
transient emissions, descending from abrupt changes in voltage or current within a
system, often due to turn on and o [29].

Two other types of emissions, signi cant to electrical devices are common mode,
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CM, emissions and di erential mode, DM, emissions [29]. These are generally con-
sidered when designing an input Iter. The DM noise is the voltage dierence
between the supply line and return line in the circuit, see Figure 2.21. This noise
iIs mainly prevalent due to the switching events taking place in the device and is
directly a ecting the circuit components. As for the CM noise, it is usually shown
as the voltage transient between supply lines and ground, becoming uniform to all
lines in regards to ground.

Figure 2.21: Conducted interference, DM and CM.

2.8.2 EMI standards

There are di erent types of standards such as CISPR, IEC, VDE and FCC that
specify the maximum limit of conducted EMI [4]. To asses the conformity between
these limits the conducted EMI is measured with an Line Impedance Stabilization
Network, LISN. This establishes an standardized testing environment and provid-
ing accurate measurements. Through following these standards, manufacturers can
guarantee that their products meet the regulatory requirements, ensuring electro-
magnetic compatibility and minimizing unwanted interference in electrical systems
[30].

In Figure 2.22 the CISPR 32 standard is presented for main ports, which applies
to multimedia equipment with a supply voltage not exceeding 600 V, whether it

is AC or DC [31]. The standard ensures that the multimedia equipment does not
generate electromagnetic interference, a ecting other equipment, and it is immune
to the interference present in its intended environment. In the standard there are
two de ned classes, as shown in Figure 2.22, class A and class B. Class A addresses
equipment intended for commercial or industrial use, usually with higher levels of
emissions, while Class B is for residential environments with stricter requirements
[29]. Within respective class there are two di erent measurement parameters, av-
erage, AVG, and quasi peak, QP. The average measurement method addresses the
average emissions over a speci ¢ frequency spectra, while the quasi peak treats short
term repetitive peaks.
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Figure 2.22: Conducted Emission levels as per CISPR 32 standards for main ports.

2.8.3 Standards applicable to AC/DC converters

To ensure reliable and compliant AC/DC converters, following industry standards
Is necessary. Key standards include the IEC 61000 and IEEE 519-2022, that govern
performance and electromagnetic compatibility for devices like AC/DC converters
[32, 33]. For both standards, speci c criteria are established regarding allowed lev-
els of distortion, power factor, and overall power quality. By adhering to these
standards, the converter maintains a clean and stable EMI pro le, ensuring reliable
operation and compliance with regulatory requirements.

The IEC 61000 consist of multiple standards, including IEC 61000-2-2 that speci es
a maximum voltage distortion of 8 % for low frequency devices in public networks
[33]. Therefore, when designing an AC/DC converter, the input voltage distortion
must not exceed 8 %. The standard also sets a limit for each odd harmonic, where
the maximum allowed distortion decreases as the harmonic order increases.

Another important standard to consider is the IEC 61000-3-2, which is a safety
standard related to EMC [31]. It applies to equipment intended to be connected to
public low voltage distribution systems with a maximum rated input current of 16 A
per phase. The standard is divided into four classes, A-D, each with speci c limits
for accepted harmonic currents across di erent harmonics. In regards to section 2.7,
the used converter is designed for 300 W, making class D relevant as it applies to
equipment with a maximum power consumption of 600 W. In Table 2.1 the limits
for the 15 rst harmonic current components for class D are presented [31].
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Table 2.1: IEC 61000-3-2 harmonic limits for the rst 15 components (Class D).

Harmonic Order Limits class D [A]
2 -

3 3.40
4 -

5 1.90
6 -

7 1

8 -

9 0.50
10 -

11 0.35
12 -

13 0.29
14 -

15 0.25
16 -

IEEE 519-2022 sets the standard for operating AC/DC converters safely and e -
ciently [32]. It establishes requirements to minimize electromagnetic interference
and ensure proper function in di erent environments. According to the standard,
the THD on the grid must not exceed 8 % for voltages below 1 kV. Additionally, no
individual harmonic component should exceed 5 %.

On the DC-side, the regulations are dependent on the application. For instance,
in a railway application the voltage ripple should not exceed 15 % [34], while DC
power systems on ships should not exceed 10 % [35]. Devices connected through
USB should not experience a ripple higher than 5 % [36].

Although, one should be careful when designing an electrical device as there are more
standards to consider, and one of them being the IEC/EN 62368-1 [37]. This stan-
dard applies to audio/video-, information-, and communication technology equip-
ment. It includes a wide range of products, covering computers, monitors, TVs,
audio equipment, and other similar devices. In this standard there are safety re-
quirements for electrical, mechanical, chemical and thermal hazards. By following
this standard, the safety of the users can be ensured and the risk of accidents in-
volving electronic devices is reduced.

2.9 Microcontroller
The microcontroller can be seen as an all-in-one solution for many calculation- and

control needs [38]. It stands as a compact device, housed within a single integrated
circuit, enabling the processing of data through various control algorithms. Although
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its small size, it usually includes a processor, memory, input- and output ports, and
a variety of di erent functions, enabling it to handle a diversity of tasks.

2.9.1 Arduino UNO R4 and LOLIND32

The two development boards used in this project, seen in Figure 2.23 are the
LOLIND32 using an ESP32 controller and the Arduino Uno R4, utilizing a Renesas
RA4M1 as a controller and an ESP32 for connectivity [39, 40]. This means that
both boards o er integrated WiFi and Bluetooth connectivity due to the ESP32.
They are compatible with the Arduino Integrated Development Environment, IDE,
and provide an integrated USB to serial conversion, making uploading code from
a computer easy. The development boards also provide multiple amount of pin
connectors, enabling connection to various sensors and devices without the need of
soldering. Additionally, the LOLIND32 o ers a 8 bit digital to analog converter,
DAC, while the Arduino Uno R4 utilizes a 12 bit DAC resolution.

(@) Arduino UNO R4 WIFI. (b) Wemos LOLIND32.

Figure 2.23: The two di erent microcontrollers used.

2.9.2 Wi-Fi, Bluetooth and Modbus

The ESP32's built-in Wi-Fi and Bluetooth capabilities, coupled with the LOLIND32

and Arduino Uno R4, makes the modules excellent for crafting wireless 10T devices
or sensors with seamless communication [41]. The ESP32 provides two Wi-Fi modes,
station and access point [42, 43]. In the station mode the ESP32 connects to a Wi-Fi
access point and works similarly to a computer, connected to a router. If the router
has Wi-Fi, so does the ESP32. It can act as a client, initiating requests to other
devices on the network, or as a server where it receives requests from other devices.
In the access point mode, the ESP32 is transformed into a Wi-Fi network that is
similar to a router, providing other devices to connect to it. In this standalone mode
the ESP32 is not connected to another network and therefore lacks internet access.

The ESP32 also enables the use of Modbus communication, accessible through li-
braries on the Arduino platform [44]. However, both the LOLIND32 and the Ar-
duino UNO R4 need to be connected to a separate communication unit, for example
an Ethernet- or an RS-485 module. The modules could be used for reading and
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transmitting data with other Modbus units. They could be programmed as either
a Modbus slave or a Modbus master, enabling a wide variety of potential uses.

2.10 Electricity grid

In the world of power systems it is of great importance to strive for stability, reliabil-

ity and e ciency in the electrical grid [45]. This is especially true with the increased
implementation of renewable power sources, such as solar- and wind power, making
the grid stabilization services of great importance.

To ensure smooth operation throughout the power grid, voltage regulation is a
critical aspect [46]. It describes the system's ability to provide constant voltage over
di erent load conditions. Another critical aspect to consider is the phase relation
between the current and voltage. Therefore, phase compensation is of importance
in the grid. By adjusting and optimizing the phase relations a better power ow
could be achieved, which in turn gives the power system increased e ciency.

2.10.1 Swedish electrical grid infrastructure

In Sweden there is a well developed and diversi ed energy supply that includes mul-
tiple production sources as hydropower, wind power, nuclear power and solar energy
[47]. Most of the large production facilities in terms of hydro- and wind power are
located in the north of the country, due to the favorable conditions. In recent years
the previous nuclear power plants, located in the southern part of the country, have
been discontinued and closed [48]. This consequently lead to di culties in regards
to the distribution system, with most of the energy production in north and most
of the energy consumption in south.

The Swedish grid infrastructure can be divided into di erent levels [49], shown in
Figure 2.24. Following the energy production, the distribution of high voltage elec-
tricity goes through the transmission grid. Svenska Kraftnat is the state owned com-
pany responsible for the transmission grid, which enables transfer of large amounts
of electricity over long distances.

Figure 2.24. Sectioning of the Swedish grid, divided in transmission-, regional-
and local grid.

Regional grids receive the electricity from the transmission grid and distribute it
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through transformer stations to local networks [49]. These grids are administered
by multiple companies, including for example Vattenfall, ensuring that the electric-
ity is accommodating the demand in cities and industrial areas.

Lastly, there are the local distribution networks, which are responsible for deliver-
ing the electricity from the regional grids to for example households and businesses
within a speci ¢ geographical area. These grids could either be municipal or private,
and consist of transformers, distribution lines and other components to distribute
electricity to consumers.

2.10.2 Evolving grid services

The need for di erent grid services is constantly increasing as more renewable energy
sources are implemented in the electrical grid [45]. These could involve balancing
the supply and demand, controlling the frequency and regulating the voltage. Si-
multaneously, the electricity market is undergoing a change with a relaxation of
regulations and the supply chain being divided into various segments [50]. This en-
courages companies to o er more e cient and a ordable services to consumers. By
dividing the market into these segments, competition increases because no monopoly
is in control. Additionally, deregulation supports this by encouraging exibility and
innovation, reducing government barriers in the electricity market. This encourages
new companies to enter the market, contributing to the rise of renewable energy
sources, and advancements in smart grid technologies. There is a push to optimize
each part of the electricity supply chain, ultimately making the market more focused
on the needs of consumers.

One way of doing this is with demand response programs, which can be seen as
part of the evolving grid services. These programs enhance grid exibility by pro-
viding services to quickly change the load, therefore supporting the integration of
renewable energy sources [51]. With the decentralization of the grid, consumers are
becoming more active participants. This is due to increase of distributed energy
sources, such as solar panels, electric vehicles and energy storage systems, comple-
menting the demand response e orts. These the smart grid technologies facilitate
more e ective demand response, it is of importance to implement a real-time com-
munication and control. It could be achieved by di erent time based rates and
incentive-based programs [51].

2.10.3 Ericssons Base stations

Within telecommunications, a base station is a device that provides coverage within
a speci c region, essentially functioning as a cell phone tower that connects devices
to the network [52]. These towers require a constant electricity supply from the
Power Supply Unit, PSU, to operate e ectively. As of today, Ericsson's network
is divided into multiple base stations, each equipped with multiple single phase
AC/DC PSUs and a battery [50], as illustrated in Figure 2.25. The battery serves
as a backup power source that sustains the base station for several hours in the
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event of a grid connection failure. The duration is dependent on the regulatory
requirements. During this time, most operators should be able to activate their
backup generators and restore power.

Figure 2.25: Base station with PSU and battery [50]. Reprinted with permission.

Expanding on this, Ericsson's AC/DC converters within the base stations can be
synchronized with the Swedish Transmission System Operator, TSO, [53]. The TSO
emits a clock signal that represents the frequency, which could guide the adjustment
of the power factor in the converters. This synchronization enables the converters to
dynamically adjust their operation in response to changes in the grid frequency and
load demand. Consequently, during peak demand periods, the converters can adjust
their PF to ensure e cient energy utilization. This capability o ers a method for
enhancing grid stabilization services.
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Case Setup

This chapter introduces the constructed simulation model together with the de-
sign and assembly process of the prototype. Additionally, it outlines the essential
tests conducted to assess the prototype's functionality and compliance with the grid
stabilization requirements. The integrated circuit, IC, that has been used is the
UCC28070 together with its evaluation kit, UCC28070EVM, which is an AC/DC
converter solution speci ed for 300 W.

3.1 Simulation

A behavioral model of the interleaved boost AC/DC PFC converter has been cre-
ated using LTspice. The model draws inspiration from the UCC28070EVM and is
generally based on the same control structure, ACMC. It serves as a tool in validat-
ing the theoretical feasibility of the rst research question, presented in 1.3.1, of an
possible AC/DC converter solution. The simulation behaviour was conducted for
three di erent values of phase shift: 0, 30°, and 6C°. This was done for half power,
150 W, and for full power, 300 W. In Figure 3.1 the interleaved AC/DC PFC model
is presented.

Figure 3.1: Schematics over the simulation model. Behavioural model of inter-
leaved AC/DC with PFC.

The parameters used in the simulation are presented in Table 3.1.
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Table 3.1: Simulation parameters.

Parameter | Value

f 50 Hz

Vi, 230V

Vout 390 V

Pout 150/300 W
Fsw 150 kHz

In Figure 3.2 the control structure of the behavioral model is presented.

Figure 3.2: Control network consisting of voltage comparator, current compara-
tors, sawtooth signals, modi ed recti ed signal and initial conditions for the simu-
lation.

The model bases its control strategy on the theory presented in section 2.5, and con-
sists of a voltage comparator and two current comparators. The voltage comparator
in the model serves as a control element that outputs a high or low signal depend-
ing on how the actual output voltage compares to the set output voltage. In the
simulation model the voltage comparator was connected in series with a capacitor,
symbolizing an analog PI controller seen in Figure 3.3.
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Figure 3.3: Analog PI controller.

The analog PI controller sets the proportional- and integral gain of the feedback.
The combination of Rsy and Cs, initially shapes the error signal, allowing the
controller to react proportionally to changes in the output voltage.Rpa and Cpa
creates an RC network that determines the rate at which the integral part becomes
e ective. This network integrates the error signal, providing a summing action that
helps reducing steady-state errors and improve system stability.

The two current comparators are vital components in the feedback loop, control-
ling the converter's switching frequency and duty cycle. They compare the recti ed
voltage that is modi ed at the behavioral voltage source, B5, in the block called
'‘Modi ed recti ed signal’, to the voltage comparator, seen in 3.2. The phase shift is
set in radians at this modi cation stage, in uencing the switching behavior through
the feedback loop of the current comparators. This results in a phase shift of the
current in regards to the voltage. The two current comparators are also connected in
series with a capacitor, symbolizing the analog PI controller. It should be noted that
the simulation model follows a similar ACMC control structure as the UCC28070,
but without the additional complex structure. The primary focus of the model is to
validate the theoretical framework and its practical feasibility.

3.2 Information applicable to both case setups

For both the analog and digital cases, the primary task was to modify the VINAC
pin (pin 5) on the daugtherboard, as shown in Figure 2.20, in order to achieve a
phase shift in the current. This approach was deemed most reasonable after study-
ing the functional block diagram of the PFC, see Figure A.10. The reason was that
this pin directly leads into the multiplier of the circuit, impacting the feedback loop
regulating the phase of the current in accordance to section 2.6.

One thing that was changed in the motherboard, presented in Figure 3.4, was the

fuse marked as F1. It was initially rated as 4 A fast fuse, which was changed to 5 A
slow. This was done due to the initial fast transient, which did not work with the
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