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Abstract

This thesis investigates the implementation of active flux balancing on a planar
transformer within a PSFB-DAB converter system. This is used to mitigate mag-
netizing flux and prevent transformer core saturation. The approach starts with
the creation of a state-space model of the transformer, followed by the development
of two Pl-based controllers including a flux balancing controller and a DC offset
controller. A hybrid control approach was also briefly investigated. The worst-case
operating scenario for the system was examined considering component variations,
temperature effects, changes in primary and secondary voltages and phase shifts.
This was then used to evaluate the worst-case operating conditions to determine the
maximum offset the controller could handle while still preventing saturation. The
results show that the converter can handle a maximum voltage step of 4.9V for the
worst case operating condition of, V,, = 850, V5 = 550 and ¢ = —90°.

Keywords: Planar transformer, PSFB-DAB, DAB, Active flux balancing, current
control, control system, PI-control, DC-DC application, state-space, PWM
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AC Alternating Current

DAB Dual Active Bridge

DC Direct Current

FIR Finite Impulse Response

GBW Gain Bandwidth

Gm Gain Margin

IC Integrated Circuit

KCL Kirchhoft’s Current Law

KVL Kirchhoft’s Voltage Law

LTI Linear Time Invariant

MMF Magnetomotive Force

MOSFET Metal Oxide Semiconductor Field Effect Transistor
Op-amp Operational Amplifier

PCB Printed Circuit Board

PI Proportional-Integral

PSFB-DAB Phase Shift Full Bridge Dual Active Bridge
PV Photovoltaic

PWM Pulse Width Modulation

RC filter Resistor Capacitor Filter

SPICE Simulation Program with Integrated Circuit Emphasis
TPS Triple Phase Shift
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1

Introduction

In today’s ever-evolving world, the demand for electrical power continues to increase
rapidly. The growing loads on the electrical grid such as electric vehicles and appli-
ances, along with the rise of renewable energy sources all contribute to this increased
demand [1]. The variable nature of renewable energy sources such as photovoltaic
(PV) and wind leads to the need for energy storage systems. To manage the power
flow between these sources, DC-DC power converters play an important role. This
creates a demand for new engineering solutions to meet these new requirements. By
enhancing the performance of existing power electronics technology a lot of energy
and money can be saved.

This section of the report will introduce background to the topic, the aim of the
report, the objective and scope as well as the limitations for the project.

1.1 Background

With the global transition towards green energy the development in industries such
as electromobility and smart-grids have increased dramatically. This increased need
for energy storage systems such as batteries has lead to an increased interest in Dual
Active Bridge (DAB) converters thanks to their versatility and efficiency.

To galvanically isolate two different DC links in the DAB topology a high frequency
transformer is used in the converter. This transformer protects the DC links from
faults in the connecting circuit such as undesired current flow, noise and voltage
spikes at the cost of increased component costs [2].

In high-frequency transformer applications, it is crucial to regulate the magnetic
flux in the core to prevent saturation. Traditional passive methods such as operat-
ing at low duty cycles or using a DC-blocking capacitor to eliminate offset current
can help reduce core saturation. However, these approaches often come with sig-
nificant trade-offs, including the need for bulky capacitors which mainly add both
size and cost, making them unsuitable for applications where factors such as size,
cost, weight, and power density are critical. An alternative is active flux balancing,
which adjusts the duty cycles on the primary and secondary sides to cancel out DC
bias, effectively preventing core saturation without compromising performance.

The focus of this thesis is to implement and analyze a working active flux bal-
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ancing method for a high frequency Phase Shifted Full-Bridge Dual Active Bridge
(PSFB-DAB) converter. The design and implementation of the required amplifica-
tion circuits as well as parameter dependencies will also investigated.

1.2 Aim

This thesis aims to implement and investigate active flux balancing on a PSFB-DAB
converter and its effect on transformer core saturation. This was done by utilizing
simulation in MATLAB Simulink to establish the performance of the flux balancing
method. The method will also be implemented and tested on hardware provided by
Aros electronics AB.

1.2.1 Objective and Scope

In order to accomplish this the system and transformer are modeled and evaluated in
Simulink. Control systems to adjust the duty cycles on the primary and secondary
side of the transformer will also be implemented in Simulink. Amplification circuits
for the currents will be modeled and evaluated in LTspice.

The ability to eliminate the DC-bias current responsible for saturating the trans-
former was investigated. The impact of different converter operating conditions and
measurement accuracy on the active flux balancing performance was also evaluated.

1.3 Limitations

This thesis is limited to primarily investigate one active flux balancing method and
some variations of its implementation. Factors that will be evaluated for the different
variations of active flux balancing will be limited to flux levels, size and cost to more
effectively analyze the performance of the method.
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Theory

In this chapter, a theoretical background is introduced to allow the methods and
results to be better understood. The functionality of the PSFB-DAB converter will
be explained as well as the relevant theory for the flux balancing control and circuit
designs.

2.1 PSFB-DAB converter

The PSFB-DAB is a dual active bidirectional DC-DC converter with a full bridge
configuration on the primary and secondary sides [3]. Figure 2.1 shows a simplified
circuit model of a PSFB-DAB converter. The gate signals control the high frequency
switching of the MOSFETSs in the full bridge circuits, which in turn is used to convert
the voltage from DC to a square wave modulation resembling an AC voltage. This
then passes through the transformer and is converted back to DC [3].

G1—|E} G3—|E} 65{7} G7—|LZ}

Lp leakage Lp leakage

Y'Y Y

® B o

G2—|E} G4 GG—E} G8—|E}

Figure 2.1: Schematic of PSFB-DAB converter

The primary-side voltage is controlled using gate signals G1, G2, G3, and G4, while
the secondary-side voltage is regulated by gate signals G5, G6, G7, and G8. The
overall voltage waveform of the full bridge representing the differential voltage seen
by the transformer is determined by the combined switching behavior of the MOS-
FETs, as illustrated in Figure 2.2. Corresponding switching patterns are available
on both sides of the transformer and are applied selectively based on the chosen
control strategy.
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Figure 2.2: Switching pattern of the MOSFETs and resulting voltage

The PSFB-DAB converter has three degrees of freedom when it comes to control-
ling the power flow from the primary to the secondary side. The duty cycles for
the primary and secondary side as well as the inter-bridge phase shift are adaptable
to decide the primary and secondary side voltages and as a result the amount and
direction of power transfer respectively. This gives the converter advantages such
as controllable bi-directional power transfer, zero-voltage switching, fast dynamic
response, symmetric structure and modularity [4], [5].

Figure 2.3 shows how the primary side duty cycle D,, secondary side duty cycle D,
and inter-bridge phase shift ¢, are defined in this thesis.

¢
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H_J g
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N J

=<

Figure 2.3: Definitions of phase shifts
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To increase efficiency and optimize power transfer, Triple Phase Shift (TPS) modu-
lation is used [6]. TPS modulation is an advanced control technique used in PSFB-
DAB converters. By adjusting these three phase shifts independently, TPS modu-
lation allows several degrees of freedom. This can be used to optimize the converter
for a wide range of voltage and power levels. TPS modulation can reduce circulating
currents, minimize switching losses hence maximizing the efficiency of the converter
for a specific operating point.

In the following sections of the report, slight adjustments to the duty cycles will be
defined using two control signals: df, and dg4. which are added to the gate signals
of the converter. A visual representation of this configuration is provided in Figure
4.22.

2.2 Planar transformer

Planar transformers are made for high frequency applications that utilize flat wind-
ings which most often are traces on a PCB instead of copper wire wound around the
cores. These flat conductors increase the available operating frequency as the flat
conductors are less limited by the skin effect. Figure 2.4 shows a render of a planar
transformer and how the core material fits into the PCB.

Figure 2.4: Render of a planar transformer

This architecture also provides a lower profile which generally is 1/4 to 1/2 of the
height of a wire wound transformer [7]. The thermal characteristic and power den-
sity of the transformer are also improved due to the increased surface to volume
ratio which helps increase the heat transfer of the transformer [7]. Additionally the

5
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interconnection between arbitrary layers inside multilayer PCBs provide significant
reduction in leakage inductance and high-frequency winding losses, improving the ef-
ficiency of the transformer [7]. There are several advantages of a planar transformer
compared to a wire wound transformer including ease of manufacturability, cost re-
duction, repeatability and modularity. Some disadvantages of a planar transformer
are larger footprints, higher winding capacitance and limited number of turns.

2.2.1 Magnetic saturation in a transformer

Magnetic saturation in a transformer core occurs when the magnetic flux density B
[Wbh/m?] no longer increases, even as the magnetic field intensity H [A/m] continues
to rise [8]. This happens because the magnetic domains within the core material
become fully aligned with the external field. Once all domains are saturated and
cannot reorient further, B reaches its maximum value, and additional increases in
H have no further effect on the flux density.

Figure 2.5a shows a typical hysteresis curve and the path it takes for increasing and
decreasing H. In Figure 2.5b the saturation regions are marked red and can be seen
where the curve starts to flatten and become non-linear.

B
H
Saturation Linear Saturation
Region Region Region
(a) Hysteresis curve (b) Hysteresis curve showing satura-

tion regions

Figure 2.5: Hysteresis curves

Figure 2.6 shows how the magnetizing current increases when a DC component is
added to the flux density [9], [10]. Typically the DC offset in the magnetic flux
density becomes smaller if the equivalent series resistance of the transformer circuit
is larger [11]. To reduce conduction losses, the series resistance is kept as low as
possible which means that a small DC component in the applied voltage will generate
a large DC flux density component. This results in that the flux easily is being driven
out of the B-H curves linear region.

6
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Flux density
(B) A

Flux density
with offset

Field strength
(H)

Flux density
without offset

Magnetizing
current (A)

Figure 2.6: Relation between flux density and magnetizing current

When operating outside the linear region, increased conduction and switching losses
occur which cause reduced efficiency of the converter coupled with increased opera-
tional temperatures of both semiconductors and the transformer [11]. Additionally
a DC biased flux density waveform will result in more core losses which contributes
to reducing the efficiency further [12].

2.3 Transformer flux balancing

Flux balancing methods are used to prevent saturation of the transformer core by
controlling the magnetic flux in the transformer. There are two main types of flux
balancing, passive and active flux balancing. Passive flux balancing mainly utilizes
the electrical properties of added components to balance the flux in the transformer
core without adding control circuits, while active flux balancing uses various real-
time control systems to adjust the flux in the transformer.
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2.3.1 Passive flux balancing methods

One of the most common and simple passive flux balancing methods is the addition
of DC-blocking capacitors. The capacitors are connected in series with both the
primary and secondary side windings [13] and are used to remove the DC part of
the voltage signals that cause an offset in the transformer flux [14]. This is however
unsuitable for most high-power applications due to the increase in converter size,
losses, cost and the introduced slow dynamic responses [15]. Figure 2.7 shows how
the DC-blocking capacitor can be implemented.

Added DC-blocking

capacitor
I-p leakage Ls leakage
I-mag “

Figure 2.7: Schematic of implemented DC-blocking capacitor

Another passive way to prevent saturation is to include an air gap inside the trans-
former core magnetic path. When this is done, the relative permeability of the core
is decreased which allows the transformer to withstand a higher DC magnetization
without saturating. This however does not remove the DC flux component as the
DC blocking capacitor would. The addition of an air gap also increases the peak
value for the magnetizing current which would cause increased losses in switching
and conduction [15].

Another way to passively prevent saturation is by operating the transformer with
long dead-times between duty cycles, allowing the transformer’s passive properties
to dissipate the accumulated flux. However this method significantly increases con-
duction in both the diodes and the transistors. Increasing reverse recovery losses.

2.3.2 Active flux balancing methods

Active flux balancing is when the flux in the transformer is measured or estimated
and a controller implements a control action to counteract the flux inside the trans-
former. This can be done by changing the voltage. In a PSFB-DAB converter,
changing the voltage is done by making a slight change in the duty cycle on the
primary, secondary or both sides of the converter to eliminate the DC bias over the
transformer.

To implement this type of control, a flux measurement or saturation detection
method is required to provide feedback to the controller. This allows the controller
to determine when and to what extent the flux needs to be controlled.
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The most direct method for measuring magnetic flux is to insert a flux sensor into
the magnetic flux path and directly measure its value. However, this approach re-
quires physical space within the flux path, which in most cases implies the use of
a gapped core. Furthermore, the method must account for potential issues such as
sensor saturation and temperature-induced measurement errors due to sensor heat-
ing.

In [11], a flux measurement method is proposed that involves the use of an auxiliary
core, referred to as the "Magnetic Ear', which shares the magnetic path with the
main core. This auxiliary core includes its own winding, allowing instantaneous de-
tection of changes in its inductance. These inductance variations are highly sensitive
to the instantaneous magnetization state of the main core, making them a reliable
indicator of the core’s magnetization [11].

AUXILIARY

CIRCUIT

IP’ ‘Is

a— —

v — pA—

[ — — VY
& —_—
& —_—

Figure 2.8: Simplified schematic of "Magnetic Ear"

This method however, has its drawbacks including the need to modify the trans-
former core’s physical structure, as well as only being able to detect changes in
inductance in cores where the permeability of the core continuously changes along
the B-H curve. For example, in gaped cores where the B-H loop is linear until sat-
uration, only saturation can be detected.

In cases where the transformer is wound and the primary and secondary windings
are close enough to be placed next to each other, the flux can be measured using a
Hall sensor between the windings [16]. This is illustrated in Figure 2.9.
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Figure 2.9: Simplified schematic of Hall sensor implementation in between wind-
ings

This method works if the turn ratio is unity or simple fraction, and the insulation
requirements are not demanding. There are also flux saturation correction methods
where saturation detection is used to implement a control action when core satura-
tion characteristics are detected [17]. This however is not optimal since when the
core reaches saturation it is already in an undesirable state that compromises the
performance. This method also requires modification of the transformer structure
as seen in [18].

Integrating the applied voltage to the transformer to obtain the flux is proposed
in [19]. This could be used to detect the flux unbalance due to variations in the
loading conditions of the converter. However, due to the need for integration, only
changes in the flux can be detected. This results in steady-state errors remaining
undetected. Figure 2.10 shows how this can be implemented with an RC-network
integrator.

—. —.

Ve 1

L& ox| T

RC-network integrator

Figure 2.10: Schematic showing implementation of a RC-network integrator

Another method is to measure the magnetic current i,,(t) which is directly related
to the flux density in the core. Although this approach is more complex than es-
timating 4,,(t), through subtraction of the primary and secondary currents while

10
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accounting for winding ratio as suggested in [19]. This approach instead requires
non-invasive current measuring with relatively good accuracy to access the current
to control.

2.3.3 Shunt current sensing

Shunt current sensing utilizes Ohm’s law by inserting a resistor of a known value
into the circuit. This resistor is then used to cause a voltage drop which is propor-
tional to the current flowing in the circuit. The voltage over the resistor is then
simply measured and dividing the measurement by the known resistance gives the
current using Ohm’s law. This same method can also be utilized without adding
a dedicated shunt resistor, for instance by using an existing conduction element in
the circuit such as a copper trace [20]. This method does not require any additional
components inside the circuit which prevents additional power loss. However the
resistance of a copper trace is very low which gives a very small voltage drop [20].
Which results in the need for additional amplification circuits to implement the con-
trol.

2.4 Softwares

In this section the software utilized during the thesis is introduced together with
their respective usage areas.

2.4.1 Simulink

Simulink [21] is a simulation software that lets users create block diagram environ-
ments that translate to simulation models. The blocks can execute complex math-
ematical calculations without the requirement of additional code. Simulink offers
pre-developed models of electrical components from the Simscape library such as
transformers, MOSFETs and measuring equipment. Simulink also offers component
models of both ideal and non-ideal characteristics which broadens the simulation
possibilities and how the results correlate to real life operation [22].

2.4.2 LTspice

LTspice [23] is a simulation software where users can build electrical circuits and
analyze different signals and measurements. SPICE stands for Simulation Program
with Integrated Circuit Emphasis [24]. LTspice offers users circuit modeling possi-
bilities with both ideal and specific component operation which makes it possible for
users to design circuits with specific components to closer mimic real life operation.
LTspice enables many different methods to analyze and verify simulation of electri-

cal circuits, for example by performing frequency analysis and signal measurements
[25].

11
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2.4.3 Bode Analyzer Suite

Bode Analyzer Suite is a graphical user interface where the user can configure a
Bode 100 to match their specific measuring requirements. The software offers both
impedance and gain measurements for a large frequency range which enables thor-
ough analysis of the connected component or circuit. In Bode Analyzer Suite the
user can plot their measurements and analyze properties such as stability with the
help of available cursors and mathematical tools [26].

2.5 Bode 100

The Bode 100 is a vector network analyzer and frequency response analyzer which
can be used for complex impedance measurements and stability analysis of control
circuits [27]. The bode 100 can also be used for modeling transformers and their
parasitic elements, as well as measure leakage inductance of both the primary and
secondary side of the transformer [28].

The Bode 100 has three ports, output, channel 1 and channel 2. The output channel
sends out sine waves at different frequencies while channel 1 and channel 2 simulta-
neously measures the voltage. The software Bode Analyzer Suite uses the magnitude
and phase ratio of these signals to calculate factors such as impedance, reflection
and complex gain values for the test object [29].

2.6 Monte Carlo method

The Monte Carlo method is often used to asses the risk probability of an electri-
cal system using a mathematical model [30]. The Monte Carlo method is based
on statistics and in circuit analysis the tolerance for each component is taken into
account. The basic methodology of Monte Carlo is that a sweep is made for the
electrical circuit where different values within the tolerance range are used randomly
for different components. This way, the results become random and a better overall
result for the circuit can be achieved in contrast to only changing the value for one
component within its tolerance range.

Monte Carlo can be used in SPICE simulations for circuit analysis and is a great
tool to mathematically predict the characteristics of a circuit. This is very helpful
in large scale PCB production as the risk of component value deviations become
larger when more components are involved.

2.7 State-space model

A state-space model can be used to create a mathematical model of a linear time-
invariant (LTI) system [31]. The state-space model of a system can be utilized for
many things such as control analysis and controller design. If the relation between
input and output of a continuous time dependent system can be written on the form

12
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z(t) = Az(t) + Bu(t) (State equation)

y(t) = Cx(t) + Du(t)  (Output equation) (2.1)

a state-space form of the system can be defined. In (2.1) #(¢) represents the deriva-
tive of the state vector z(t), y(t) is the output vector and u(t) is the control vector.
A, B, C and D represent the state, input, output and feed through matrices respec-
tively.

2.8 PIl-control

The Pl-controller is the most common control scheme used in industry today [32].
This is because of their effectivity for controlling various systems as well as their
simplicity in implementation. These controllers can also be implemented without
having to model the system mathematically. The controller consists of both a pro-
portional and integral control term which together work to minimize the error signal

e(t) - X’I’ef(t) - Xactual(t> (22)

where X, is the reference value and X4 is the real value. The error is calculated
as the difference between the reference and the real value. The proportional term
takes the error signal e(t) and multiplies it with the constant proportional gain K,
while the integral term integrates the error over time with the integral gain K; [32].
The output of the controller u(¢) can then be determined as

u(t) = Fye(t) + K | "e(r)dr (2.3)

where the proportional term is responsible for the bulk of the change in the output.
A low proportional gain will result in a too slow response but with a too high
proportional gain the system can become unstable. The integral term is used to
minimize steady-state errors, but it can also make the system more unstable and
may cause oscillatory behaviors.

13
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Case Setup

The simulation software Simulink was used together with Matlab to build the trans-
former model and controllers. Matlab was mainly used for deriving the state-space
matrices, while Simulink was used to generate DAB converter switching signals,
build the transformer model as well as to build the controllers for the flux and cur-
rent control. The controllers were implemented to limit magnetizing current and
prevent drifting between the primary and secondary currents. Evaluation of the
control was performed and compared to testing on the real converter.

3.1 State-space model derivation

To build a state-space model, equations that express the state variables need to
be defined. These equations can be derived from several different types of models
but they essentially describe how the different parameters relate to each other in
equation form. For the transformer in this thesis, the state-space equations were
obtained from the magnetic equivalent circuit.

3.2 Transformer model

The simulation model developed in this thesis was developed using Simulink. A
model of the full bridge converters had already been created and was provided by
Aros Electronics AB. This model was used to provide voltage signals for the trans-
former simulation model.

Matlab was used to define the A, B, C and D matrices while the state-space Simulink
block was used to implement the state-space model in the simulation model. Figure
3.1 shows how the voltage signals provided by the full bridge models are feed into
the state-space block and used to calculate the primary and secondary currents. The
magnetizing current is then calculated by taking the difference between the primary
and secondary current.
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State-space model of

transformer
B\ Ip
Vo—> i=Ax+Bu - |
Vs y=Cx + Du - m
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Figure 3.1: Transformer state-space model implementation in Simulink simulation

3.3 Transformer parameter measurements

Parameters such as the leakage and mutual inductance of the transformer were
initially unknown. Because of this they had to be experimentally determined and
measured on the hardware. The method used to do this originates from OMICRON’s
own transformer modeling instructions using a Bode 100 [28].

Firstly, the Bode 100 was calibrated using the inbuilt calibration function where
an open circuit, short circuit and loaded test was performed. After the calibration
was finished, the primary side winding resistance R;, was measured. This was done
through a One-Port measurement method where the output channel on the Bode
100 is connected to the primary side of the transformer as seen in Figure 3.2, while
the secondary side of the transformer remains open-circuited.

BODE 100
OUTPUT CH1 CH2
@ ® @®

Figure 3.2: Measurement setup for primary leakage and magnetizing inductance

The Bode 100 was connected to a computer and controlled through the software
Bode Analyzer Suite, where a frequency sweep and impedance analysis was con-
ducted. The results of the frequency sweep showed the impedance as a function of
frequency, where R; was measured at a frequency value where the trace was at a
stable value.

To measure the leakage and magnetizing inductance of the primary side, another
One-Port measurement was preformed. For this measurement the sum of the leakage
and magnetizing inductance for different frequencies was measured. The measured
inductance value decreases for higher frequencies since the core resistance also de-
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creases for high frequencies, therefore the measured inductance should be read at a
frequency where the measurement contains less noise and before the measurement
values start to drift. The measured value in this One-Port measurement is called L.

Since the values of the magnetizing inductance and the leakage inductance need to
be defined separately for the state-space model, a gain-measurement was conducted
to retrieve their independent values. The setup for this measurement can be seen in
Figure 3.3.

BODE 100
OUTPUT CH1 CH2
@® ® @
= =+

Figure 3.3: Measurement setup for primary magnetizing inductance

For this measurement method, the gain GG, was measured in a frequency sweep. The
gain at the same frequency used to decide L; in the previous One-Port measurement
was read and used in

wl,, 1

\/ R% -+ (WL1)2 5

where w is the angular frequency at the same frequency as L; was measured. The
variable a is the turn ratio and L,, is the magnetizing inductance. L,, was calculated
from (3.1) as

G:

(3.1)

Lo = SR+ L)y (3.2)

T w
when the turn ratio of the transformer was 1 : 1. From this the primary side leakage
inductance Ly,, was finally calculated as

Lip=1Li— Ly, (3.3)

The same procedure was used to calculate the secondary side leakage inductance.
The calculated values were fed into the state-space model in Simulink to get a trans-
former model that was more realistic to the real operational case.

To verify the measurements an open circuit and a short circuit measurement was
also conducted and used to calculate the inductances. This calculation method was
considerd not as accurate but was used to verify the magnitude of the previous
measurement.
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3.4 Control implementation in Simulink

Two PI-Controllers were implemented into the Simulink model, one flux balancing
controller used for bringing the average value for the magnetizing current to zero and
one DC offset controller used for bringing the average value of the primary current
to zero. For simulation, discrete PI controllers with a bandwidth of 5000 Hz were
used to mimic the limited bandwidth of the control loop in the target’s software.
Theoretically controllers with only proportional gain (P) controllers might suffice
for the application, however they would require very high measurement resolution
which is why PI controllers were implemented instead.

3.4.1 Flux balancing controller

The flux balancing controller was implemented to control the average value of the
magnetizing current to zero to prevent saturation of the transformer core. Figure
3.4 shows a simplified feedback system of the flux balancing control.

I, error (—
Imrer=0 —>T > Pl-controller + > dip
I'm

Vo

State-space Full-bridge

transformer model v converter
S

Figure 3.4: Feedback system of flux balancing control

The average value of the magnetizing current was calculated by passing the magne-
tizing current signal I,,, through a low pass filter. The average value of the mag-
netizing current, I/, was then compared with the reference value of the controller
I res = 0, to calculate the error. The error was then fed into the PI controller to
calculate the duty cycle signal that needs to be added to the switching duty cycles
to reach the reference value and a steady state. The duty cycle output signal from
the PI controller is added to both the primary and secondary side duty cycles. In
this way the voltage could be adjusted so that the magnetizing current would reach

the desired value.

3.4.2 DC offset controller

After the implementation of the flux balancing controller. The DC offset controller
was added to prevent DC offset from forming in the primary or secondary side cur-
rents. A DC offset in either current tend to result in the equal offset in the other
current. This could cause the currents to push the signal outside the hardware’s
limited measurement range, potentially leading to component damage due to exces-
sively high currents. The average value of the primary current I, was controlled to
reach a steady state of zero. Figure 3.5 shows a simplified feedback system of the
DC offset controller.
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I error (—) d
Ip ref= 0—>(+_ > Pl-controller + » Ydc
State-space Full-bridge
transformer model converter

Figure 3.5: Feedback system of DC offset control

The feedback works similarly to the flux balancing controller, except that I is
controlled to zero instead of the magnetizing current. The calculated error is than
fed into the PI controller and the output duty cycle is only added to the primary
side duty cycle signals. This control system brings I, to zero. Because of the
characteristics of the flux balancing controller, the secondary side current is pushed
to follow the primary current. In this way the average current of both the primary
and secondary side are controlled to 0 and by combining both controllers, the drifting
between the current waveforms is eliminated.

3.4.3 Proposed hybrid control

As previously mentioned, in theory the flux in the transformer can be estimated
through integrating the applied voltage to the transformer. Due to the integration
this method can not detect steady state errors which prevents it from being used.
However, using this flux detection method together with the already implemented
current measurement could create a hybrid control scheme. That in theory could
outperform the already existing implementation. This proposed method is purely
theoretical and is only practical if the voltage measurement has a lot higher band-
width than the current measurement. In general, the current measurement requires
really small voltage signals to be measured if shunt measurements are being used
which could be more challenging compared to the voltage measurements. This hy-
brid control approach was implemented in simulation and investigated compared to
the previously mentioned implementation. A simplified model of the implementation
can be seen in Figure 3.6.

I, error fﬁ
Imref=0 _>© > Pl-controller ’ > dyy
A

Full-bridge
converter

(e
4 m,If

'm av, p
. Y 1 + Full-bridge
x HPF
I S - converter
m ,hf . Vs
- m

Added voltage feedback

Figure 3.6: Feedback system of hybrid control
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The voltage measurement method was implemented in a way that it complements
the current measurements by feeding the flux balancing controller the high frequency
part that is estimated from the measured voltage. Basically trying to artificially in-
crease the bandwidth of the current measurement. This allows for faster feedback
results in a faster controller with better disturbance rejection at a wider range of
frequencies. This is implemented by high pass filtering the signal from the voltage
measurements while the current measurement signal is low pass filtered. The filters
have non-overlapping cutoff frequencies. This then adds to the error of the flux bal-
ancing controller resulting in a quicker action to the system dynamics as compared
to only the current measurements.

3.5 Three variable sweep setup

A three-variable sweep was performed to study how phase shift ¢, primary voltage
Vp, and secondary voltage V, influence controller behavior and the resulting plant
gains used for tuning. Additionally, I/ was measured to evaluate control perfor-
mance.

The variables were swept between their max and minimum values with appropriate
sectioning between each step. Table 3.1 shows the swept parameter values for each
variable.

Table 3.1: Three variable sweep parameter values

v, [V] 550 | 650 | 750 | 850
V, [V] 550 | 650 | 750 | 850
Phase-shift [¢] | —90° | —45° | 0° | 45° | 90°

The sweep was performed using a custom script that launches 16 Simulink simula-
tions in parallel, with each simulation running on a separate processor thread. The
process is initiated by a batch file that creates 16 individual MATLAB instances
each responsible for handling a unique voltage combination.

Each MATLAB instance runs one Simulink simulation for its assigned voltage com-
bination and phase shift, resulting in 5 simulations per instance. This setup yields
a total of 80 simulations. This approach was necessary due to the large number
of simulations combined with the need for extremely high accuracy, which led to
unreasonably long simulation times.

The data was then down sampled to reduce storage requirements and simplify han-
dling before being saved and analyzed. The simulation was run with all tuned
controllers active and a 3V step was added to the secondary side voltage at 0.0075s.
This data was then analyzed to calculate the slopes and corresponding gains for the
different operating conditions, which were later used to tune the converters.
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3.6 Tuning methodology

The PI controllers were tuned to achieve optimal control parameters using MAT-
LAB’s pidtune() function, which designs controllers based on linear time-invariant
(LTI) models. However, linearizing the system’s PWM modulation to obtain an
LTT model proved challenging. To address this, an alternative approach was taken
by linearizing the current as a function of the duty cycle, resulting in an equivalent
model. This method is justified by the assumption that the output voltage magni-
tude is proportional to the converter’s duty cycle. Within the operating interval,
this relationship simplifies the system, allowing the transition to be modeled as a
gain.

Several different tunings were also performed for varying magnetizing inductances
of the transformer. They were then tested and the best tuning suited for the whole
range was chosen. This was done to ensure that the controller could handle in-
ductance values ranging from 1 mH to 3mH, as the transformer’s magnetizing in-
ductance can vary within this range. This is due to the system’s sensitivity to air
gaps, where surface imperfections can introduce small gaps that significantly affect
the magnetizing inductance. Additionally, the magnetic material itself has a wide
tolerance range of about 30%, which must be accounted for in the controller design.

3.6.1 Flux balancing controller tuning

The gain for the equivalent system was calculated by studying the magnetizing cur-
rent for the additional duty cycles contributed by the converter. Ranging between
0 and 0.05 which is the positive side of the operating range of the output of the
controller. The negative side of the operating interval was verified to have the same
response and was because of this neglected during gain estimations. For these sim-
ulations all controllers were disabled. The gradient of the current response was
calculated for each duty cycle value and plotted. A linear regression model was used
to estimate a linear relationship between the gradient values previously calculated.
The slope of the regression line, representing the rate of current change per duty cy-
cle, was then used in the linearized version of the model as the gain. The linearized
model for the flux balancing control system can be seen in Figure 3.7.
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Imag ref = 0
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Figure 3.7: Linearized model of flux balancing control system

The model simulates the relationship between the control signal and output voltage
by multiplying the converter’s control signal by a gain factor, reflecting the propor-
tional dependence of voltage on duty cycle. The resulting difference is integrated
over time and low pass filtered to model the additional delay introduced by the fil-
ter. This integrated voltage difference represents the magnetic flux, which is directly
proportional to the current being controlled 7,,,.

To achieve a similar step in the linearized model as the original model the applied
step also had to be adjusted. This was done to produce a step of equal magnitude
as in the original model. The size of the step was approximated to

1

‘/step = ﬁ

2
where G represents the previously calculated gain and V., the magnitude of the
step applied to the system. The calculated voltage step was then validated against
the original simulation model and slightly adjusted to achieve a step response that
matched the behavior of the original model.

(3.4)

Once the equivalent system was constructed and verified to have the same step re-
sponse as the original system, it was rewritten as a transfer function and used to
tune the controller analytically. The tuning for the flux balancing controller was set
to achieve the quickest control possible with a phase margin of 6 = 60°.

3.6.2 DC offset controller tuning

Once the flux balancing controller had been tuned, the DC offset controller could
also be adjusted. To determine the gain for the equivalent system, the primary-side
current was simulated with the tuned flux balancing controller active. Additional
duty cycles between 0 — 0.025 were applied, corresponding to the positive side of
the converter’s operating range. As with the flux controller, the negative part of
the operating interval was verified to produce the same response and was therefore
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neglected. The same procedure used for the flux controller was applied to determine
the slope of the primary side current. A regression line was then plotted, and its
slope was used as the gain. The equivalent step was then calculated according to
(34).

After verifying that the model exhibited the same step response as the original
system, the DC offset controller was tuned to be ten times slower than the flux bal-
ancing controller, with a phase margin of # = 60°. This tuning approach was chosen
to minimize the DC offset controller’s interference with the flux balancing controller,
while still ensuring a response fast enough to effectively control the current.

3.6.3 Hybrid control tuning

For the implementation of the hybrid control, which incorporates a second measure-
ment source with higher bandwidth into the existing flux balancing controller, the
previously established tuning parameters were used.

3.7 Sensitivity analysis

To ensure reliable current measurement in the presence of component tolerances and
thermal variations, a structured tolerance analysis was carried out using LTspice
simulations. The objective was to quantify the impact of component variations on
measurement accuracy. The approach included sensitivity analysis, extreme-value
evaluation, and Monte Carlo simulations conducted at two different temperatures.
This includes the nominal temperature of 25°C and the maximum operating tem-
perature of 100°C.

3.7.1 Component sweep

To conduct a sensitivity analysis, a LTspice model was constructed and modeled af-
ter the amplification circuits provided by Aros electronics. Since not all components
used in the amplification circuits were available in the LTspice library, models from
the manufacturers websites were manually converted from standard SPICE models
into LTspice models. For the IC circuits, frequency analysis was used to verify that
the gains aligned with the datasheet specifications.

Initially an ideal case was set up with a nominal temperature of 25°C and ideal
component values. The output peak to peak voltage as well as the average output
voltage was measured for this case and used as a reference for the following simula-
tions.

Following this, a sensitivity analysis of the amplification circuitry was conducted
to better understand which components affect the amplification the most. Each
component in the LTspice simulation model was individually varied by +10% of its
nominal value, and the resulting average output voltage was measured. Although a
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10% variation is larger than the tolerance ratings of the components used in the ac-
tual circuit, it was intentionally chosen to clearly highlight which components have
the greatest impact on output voltage. It is also important to consider the threshold
voltages of the different ICs used, but during the component sweep these remained
inside of their operating range.

To assess the influence of component tolerances on amplification, an initial analysis
was carried out by setting the six most critical components to the extreme ends of
their allowable tolerance ranges. This approach was used to estimate the maximum
potential amplification error. However, this method does not accurately represent
typical operating conditions, as component values generally vary randomly, and
some deviations may partially cancel each other out. To better reflect these realistic
variations, a Monte Carlo analysis was also performed.

3.7.2 Monte Carlo analysis

To model realistic temperature and tolerance variation across the components, Monte
Carlo simulations were conducted in LTspice, with all component values randomly
varied within their specified tolerance ranges over 500 iterations. The changing
resistor values were calculated as

R = RMC<1 + Tcoeff<T — Tnom)) (35)

where R represents the resulting resistance in the simulation, R, is the resistance
decided using the Monte Carlo method, Ti.,s¢ is the temperature coefficient, 1" is
the simulation temperature and 7, is the nominal temperature. T},om, Teoesf, T€-
sistance at nominal temperature as well as the resistance tolerance values were all
found in the datasheet for each resistor in the circuit.

Since capacitors generally show a non-linear relationship between temperature and
capacitance, temperature-specific capacitance values were manually added to each
capacitor in the simulation model. These values were taken from the manufacturers
websites.

Simulations were performed at two temperature points: 25°C (nominal) and 100 °C
(the estimated maximum operating temperature of the converter). For each itera-
tion, the gain and average output voltage were calculated and statistically analyzed
to characterize typical variation and the influence of elevated temperature. These
simulations were compared to the previously simulated ideal case.

To isolate the effects of temperature from component tolerance, an additional simula-
tion was performed using ideal component values at 100 °C. Temperature-dependent
component characteristics were sourced from manufacturer data sheets and applied
to the LTspice model. This allowed direct comparison of temperature-induced gain
shifts without the confounding influence of component variability.

24



3. Case Setup

3.7.3 Measurement error estimation

The total gain deviation was defined by combining the maximum observed variation
due to component tolerances with the gain shift caused by temperature. This total
deviation was then used to estimate the resulting input voltage measurement error.
Since the measurement is taken across a trace with known resistance, the voltage
error was converted into a corresponding current estimation error.

In the implemented system, both primary and secondary current measurement sig-
nals undergo initial calibration at startup. As a result, any gain error present at
that time is canceled out by the calibration process. Since component variation
is present in the initial stage, this is effectively cancels out during calibration. As
a result, only deviations caused by drifting temperatures remain relevant during
runtime. The worst-case scenario was defined as a condition where one current
path remains at 25°C, while the other rises to 100°C, creating an imbalance that
represents the maximum expected error in magnetizing current estimation.

3.8 Test cases

In this section the different cases used to test the functionality of the controllers in
simulation is presented. To evaluate the efficiency of the controller, test cases for
simulation was setup and used to test the controllers performance.

3.8.1 Case 0

Initially a base case was used to show how the Simulink model performs with all
controllers turned off. Utilizing the base operation condition of 1 : 1 voltage ratio
with a phase shift of 0°. 850V was used on both the primary and secondary side.
In this case a 1V step was applied at 7.5 ms.

3.8.2 Casel

Case 1 was designed to evaluate the performance of the flux and DC offset con-
trollers, along with the implementation of the dead-time effect. These were tested
in the Simulink model using a sequence of voltage steps applied to the secondary
side of the transformer. The applied steps are specified in Table 3.2.

Table 3.2: Actions in case 1

Time (ms) | Action

7.5 Apply step of 0.5V
15 Remove step of 0.5V
25 Apply step of 2.0V

To evaluate the controllers without interference from other variables, the phase shift
was fixed at 0° and the voltage ratio was set to 1:1.
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3.8.3 Case 2

Case 2 is designed to evaluate the systems characteristics during a worst-case sce-
nario. The base of case 2 is identical to case 1, apart from that the worst-case
combination of voltage ratio and phase shift is used in the model. The worst-case
combination of thee voltage ratio and phase shift is defined in the three variable
sweep as a primary voltage of 850V, a secondary voltage of 550V together with a
phase shift of —90°. The steps defined in Table 3.2 are used to evaluate the model
and easily analyze how the worst-case variables affect the system.

3.8.4 Case 3

Case 3 was used to test the maximum step the controller could handle before satu-
rating the transformer or becoming unstable. This was done by gradually increasing
the magnitude of the step until either the controller reached instability or the magni-
tude of the magnetizing current reached the saturation threshold. This case utilizes
both controllers together with the dead-time effect implementation, as well as the
three variable sweep worst-case scenario.
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Analysis

4.1 Transformer model

A state-space model of the transformer was chosen because of its simplicity together
with its ability to provide a framework for understanding system dynamics, con-
trollability and providing observability. State-space models also provide very quick
simulation time compared to existing transformer models in programs like Simulink
which greatly improved our ability to quickly test and implement controllers.

4.1.1 Derivation of magnetic equivalent circuit

The magnetic equivalent circuit was derived from the base model of the transformer
seen in Figure 4.1. In this model I, and I, represent the primary and secondary
side currents. ¢, and ¢, are the primary and secondary side leakage fluxes. ¢,, is
the magnetizing flux and n, together with n, represent the number of turns of the
primary and secondary side windings.

p
” v I : I ,’ \
—) — - 4 1
I ; :: — I 1
I b I
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! | = b ! .
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! ! | I ' 1
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Figure 4.1: Transformer flux model

Figure 4.2 shows the magnetic equivalent circuit derived from the model in Figure
4.1. In the equivalent model, R,, represents the magnetizing reluctance. R, and
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Ry, represent the leakage reluctance on the primary and secondary side. F, and F;
represent the primary and secondary side magnetomotive force (MMF). ¢, and ¢
represent the total primary and secondary side flux.

CDLp b,

Figure 4.2: Equivalent magnetic circuit of the transformer

From the magnetic equivalent model several equations can be derived. The primary
and secondary side leakage flux can be calculated as

J p
= — 4-]_
¢LP RLp ( )
-; s
= 4.2
¢Ls RLs ( )

where ¢, and ¢ are derived from Kirchhoff’s voltage law (KVL). Furthermore the
relationship between the different flux paths can be described as

¢p - QSLp - Cbm =0 (43)
¢s - ¢Ls - ¢m =0 (44)

by using Kirchhoff’s current law (KCL), which explains the relationship between the
sum of different currents in one node. From KVL in the inner middle loop of the
equivalent model, ¢,, can be expressed as

Fp+Fs
Ohm’s law also gives that
Fp = nsl, (4.6)
Fs = nsls (47)

and explains the relation between primary and secondary side MMF, number of
turns and current.

Figure 4.3 shows a simplified electrical equivalent model of the transformer that has
been derived from the model in Figure 4.2. In this model U, and U represent the
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primary and secondary voltage. L, and L, represent the leakage inductance of the
primary and secondary side while L,,, represents the magnetizing inductance seen
from the primary side. The currents ¢,, 75 and i,, visualize the primary, secondary
and magnetizing currents respectively.

I
‘T

LLs

Ideal
transformer

Figure 4.3: Simplified electrical equivalent model of the transformer

By combining equations derived from the magnetic equivalent model and the elec-
trical equivalent model seen in Figure 4.3, together with Faraday’s law of electro-
magnetic induction, the primary side voltage can be derived as

d¢
Up = npditp (48)
inserting (4.3) in to the expression gives
d
Up = np%(ﬁpr + m) (4.9)

then replacing the fluxes with (4.1) and (4.5) gives

d, F, Fp+7F
U —n. 2 (lp P s

(4.10)

and finally inserting (4.6) and (4.7) into this and continuing to simplify the expres-
sion gives

d npip  Nplp + Nyl

U,=n,—
p =Ty dt(RLp R, )
B nf) diy, nf, di,  npns dig

Bup dt R db B di (4.11)

LLp anp M

di di

= (L Lpp) =2+ M —

Loyt Low) 5, +?/ dt

Ll] 12
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where M is the mutual inductance which also can be written as L. Lq; is the self
inductance of the primary side. The same derivation can be made for the secondary
side voltage resulting in

dps
Us = N dt eq.74.4 nsi(QSLs + ¢m)
B <%F+f%_ﬂ)
eq.(4.2) and dt Rm RLs

d npi, +ngis Nl

eq.(4. 6) “and (4.7) dt( Ry, RLs> (4.12)

nsny, di, — n? dis n? dig

“ R at " R.dt R, dt
-

N—— N——
M LLs Lms
di dig
M 717 L s Lms
~~ dt E,_), dt
La2

where L,,, is the magnetizing inductance seen from the secondary side, Lo is equal
to the mutual inductance M and Lgs is the self inductance of the secondary side.

To simplify the calculation of the magnetizing current, iy is expressed as a current
from the view of the primary side by taking the winding ratio into account. ¢,, can
now be written as
n
iy = iy + —2i (4.13)
according to KCL. The derived equations can now be used to define the state-space
model of the transformer.

4.1.2 Resulting state-space model

To derive the A, B, C and D matrices for the state-space model as seen in (2.1),
the equations from section 4.1.1 were utilized. First the voltage equations for the
primary and secondary voltages were written in matrix form according to (4.8) and
(4.12). The differential equations and output equations were then arranged in the
standard state-space form. From the matrix equations

Up - LH L12 d . .
lUJ - le L22]dt[zp i &

d [i] _fo o] [i] | [Zu L U, (4.14)
dt |is| [0 0] |is Loy Lo Us
i 5

the A and B matrices could be identified. Equation (4.13) was then written in
matrix form as
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?p} +[0 0] [gp] (4.15)

which helps define the C and D matrices. From this, the A, B, C and D matrices
are found to be

0 0
A:lo 0]
L, L
p= i
o[ 3
D:[o o}

The state-space model of the transformer accurately models the inductances and
the behavior of the magnetizing and leakage currents. However, it does not include
any resistance modeling and therefore completely neglects parasitic resistances. As
a result, certain simulation results deviate from real hardware behavior. Specifically,
the primary and secondary side currents can grow to unrealistically large values in
simulation, as they are not limited by the inherent winding resistances that exist in
the physical transformer.

4.2 Transformer inductances

The primary winding resistance R;, was determined with a 4 point Kelvin method
using a low resistance ohm meter, measuring a resistance value of R; = 19.407m(.
To characterize the transformer’s leakage and magnetizing inductance, a Bode 100
was utilized. A One-Port measurement was conducted to determine the combined
inductance of the leakage and magnetizing components L;. The resulting impedance
plot is shown in Figure 4.4.

31



4. Analysis

1.085

T

1.084

T

1.083

T

1.082

Impedance (mH)

T

1.081
1.08 WJWV 4

1.079
103 10*
Frequency (Hz)

Figure 4.4: One-Port measurement results showing leakage and magnetizing in-
ductance

At a frequency of 1kHz, the impedance of L; was measured to be 1.08198mH. For the
gain measurement described in Figure 3.3, a vector network analysis was performed.
The results for this measurement can be seen in Figure 4.5.
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Figure 4.5: Gain measurement results
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The gain, expressed as impedance magnitude on the Y-axis, was measured to be
0.99599m(2 at 100kHz. From this, the magnetizing inductance L,,, was calculated
using (3.2) as

0.99599

= m\/o.owzm?? + (1000 - 2 - 71.08198)2 = 1.07712mH  (4.16)
. . ’ﬂ'

The leakage inductance of the primary side L;; could then be calculated as

Ly = 1.08198mH — 1.07712mH = 4.42;H (4.17)

These inductance values were later implemented in the state-space model of the
transformer in Simulink.

To verify the accuracy of the measured values, short-circuit and open-circuit tests
were also performed. The results were used to calculate the magnetizing and leakage
inductance’s and confirmed that the measured magnitudes were within a reasonable
range of expected values.

4.3 Three variable sweep

A three-variable sweep was used to determine the system gains needed for tuning the
controllers. By applying a step input with the target controller disabled, the rate of
change of the current slope could be observed under different converter voltages and
phase shifts. This process was repeated for all combinations of the system variables.
The resulting regression slopes were then combined, and the final regression line was
used to define the plant gains for controller tuning. This plant can be seen in Figure
3.7.

With the controllers enabled, the three-variable sweep was repeated. By analyzing
the magnetizing current, a worst-case operating condition could be identified. The
peak value of I/ was extracted for each simulation and was plotted in a 3D scatter
plot to visualize the worst case with the largest peak. Figure 4.6 shows the results
of the peak I! | for each simulation run. The largest peaks are colored in yellow
while the smallest peaks are colored in dark blue.
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Figure 4.6: 3D scatter plot of 3 variable sweep results

The results indicate that the largest I) peaks occur when the primary voltage is at
its lowest value, 550 V. This is because the step voltage is applied on the secondary
side, and at lower primary voltages, this step represents a proportionally larger dis-
turbance. The highest simulated I}, peak was 0.4468 A.

Although variations in primary voltage and phase shift result in small differences
that are difficult to distinguish in the plot, the data shows that higher primary
voltages and the resulting larger voltage differences across the transformer tend to
produce higher magnetizing currents. This occurs because the voltage step is applied
to the secondary side of the transformer. If the secondary voltage is smaller, the
same voltage step appears relatively larger by comparison. Additionally, for each
voltage combination, phase shifts of higher magnitude, particularly negative ones,
were associated with slightly higher I/ . This observation contradicts the earlier
assumption that the controller would respond symmetrically to both positive and
negative phase shifts. However, the differences are minimal and are most likely due
to sampling artifacts or variations in data processing. From this, the worst case
scenario was defined as when the primary voltage was 850V, the secondary voltage
was 550V, and the phase shift was —90°.

4.4 Frequency response analysis of controllers

In this section the results from the PI tuning of the two converters together with
their respective stability analysis is shown.
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4.4.1 Open loop frequency response
After tuning the flux balancing controller, the PI values were optimized to

Kp = 0.0040 K, = 2.5943 (4.18)

for the open loop transfer function of

3152.239s + 2044086.8
0.0001061s3 + s2

Where Kp is the proportional gain and K the integral gain of the controller. After
applying these variables in the flux balancing controller the system’s stability could
be analyzed. A Bode analysis was mainly used as the foundation for the stability
evaluation. Figure 4.7 shows a Bode plot of the open loop system for the flux
balancing controller.
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Figure 4.7: Bode plot of the open loop system for the flux balancing controller

It can be observed that the gain margin (Gm) for the open loop system is infinite.
This is caused by the system never crossing the —180° for the phase plot. This
suggests that the system is robust since there is no gain margin within the range
that will cause the system to move out of stability. The phase margin was set to be
60° which resulted in a cross over frequency of approximately 3060 rad/s.

Figure 4.8 shows the closed-loop step response for different system gains. It can be

observed that the system remains stable in all cases, but the time to reach stability
increases as the gain decreases.
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Figure 4.8: Comparison of step response with system gains

For the DC offset controller the P and I values were optimized to

Kp = 1.4990e — 05 K; = 0.0025 (4.20)

for the open loop transfer function of

270.008s + 45025.93
0.0001061s3 + 52

(4.21)

and were added in the DC offset controller to conduct a stability analysis of the
system. A bode analysis was also conducted for the open loop system of the DC
offset controller. Figure 4.9 shows the resulting bode plot.
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Figure 4.9: Bode plot of the open loop system for the DC offset controller

The Bode plot shows that the DC offset controller also has an infinite gain margin.
One crucial characteristic of the DC offset controller is that the crossover frequency
at a phase margin set to 59.6° is equal to approximately 307 rad/s. This lower cross
over frequency, compared to the cross over frequency of the flux balancing controller,
results in a slower system response. As designed, the crossover frequency of the DC
offset controller is set to be about 10 times lower than the flux balancing controller
to avoid unwanted interference between the two controllers.

4.5 Sensitivity analysis results

To understand the maximum fault that can propagate into the controllers from the
current measurement, a sensitivity analysis was conducted. This analysis is mainly
based on LTspice simulation results.

4.5.1 Component sweep

A simulation of the amplification circuit for an ideal case was first performed under
ideal conditions, serving as a reference base simulation for comparison. In Case 1,
ideal component values were used in the LTspice model. The ideal case is defined as
a nominal temperature of 25° without taking any tolerance or component variation
into account. The input voltage to the amplification circuit was defined as a trian-
gular waveform with a peak-to-peak amplitude of 4mV, and a frequency of 10 Hz.
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This waveform represents a simulated measurement signal on the converter. From
the resulting output, the gain of the amplification circuit could be calculated as

G = W (4.22)
p—p,input
where G represents the gain of the amplification circuit, V,_, oupur T€presents the
peak-to-peak voltage measured at the output of the amplification circuit and V,,_, input
represents the input voltage peak-to-peak value. The simulated output voltage for
Case 1 is shown in Figure 4.10.
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Figure 4.10: Output voltage for case 1

The peak-to-peak value of the output voltage was measured to be 1.5622V while
the average voltage was measured to be 1.4982V. From (4.22), the gain for the ideal
case could then be calculated to

1.5622V
0.004 V

This gain value serves as a reference for the following simulations.

Glideal = = 390.55 (4.23)

From the sensitivity analysis, it was found that the two resistors in the input RC-
filter cause the largest deviations in the output voltage, resulting in a max average
output voltage of 1.555V for a +£10% variation. This shows that the largest devia-
tion from the ideal case is 0.0568 V. Furthermore the four resistors in the differential
OP-amp circuit caused the second highest voltage deviation of 0.0059V when varied
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with £10%.

Overall, the analysis indicates that the two resistors in the input RC-filter, followed
by the four resistors in the differential amplifier stage has the largest effect on the
output voltage of the amplification circuits. An interesting observation during the
analysis was that some components in the circuit could be varied by this amount
without affecting the output voltage of the converter noticeably. This finding is
useful, as it suggests that cost savings can be achieved by using less precise and
cheaper components. Potentially even replacing the components with different ones
that have other nominal values or cheaper ones that have a larger component value
variation which could further save cost.

After identifying the components that primarily influence the amplification, a worst-
case scenario analysis was conducted by giving the six main components their max-
imum or minimum values within the their tolerance range. This approach aimed to
determine the maximum possible amplification error. Using the actual component
tolerances, the analysis yielded a maximum average output voltage of 1.5099 V| rep-
resenting a deviation of 0.0117V from the ideal output. However, this method does
not fully reflect realistic conditions, as in practice, component values vary randomly
within their tolerance ranges, and some variations may partially cancel each other
out. To account for this, a Monte Carlo analysis was also performed.

4.5.2 Monte Carlo analysis

To evaluate the combined impact of component tolerances and temperature varia-
tions on the performance of the amplification circuit, simulations were conducted
in LTspice. These simulations focused on analyzing changes in output voltage and
gain, with the goal of identifying how measurement error and gain may deviate under
realistic conditions. Additionally, a worst-case condition was examined to determine
the highest possible measurement error that could occur within a realistic range of
operating parameters.

Two temperature cases were simulated together with the previously defined ideal
case:

Case 1: 25°C - ideal case
Case 2: 25°C - nominal temperature
Case 3: 100°C - approximated max operating temperature of converter

Case 2 was simulated at a nominal temperature of 25°C, with component tolerances
taken into account using LTspice’s Monte Carlo simulation feature. Each compo-
nent’s value was varied randomly within its specified tolerance range across 500
simulation runs. For each run, the gain of the amplification circuit was calculated
in the same manner as in Case 1. The distribution of the resulting gain values is
illustrated in the histogram shown in Figure 4.11.
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Figure 4.11: Histogram of gains for case 2

The results are centered around a mean gain of 391.6680 and appear to follow a
Gaussian distribution. This suggests that the gain varies within a limited range
when component tolerances are introduced. The spread of the distribution provides
a visual indication of the extent of gain variation across all simulated cases.

A summary of the key statistical parameters from the Monte Carlo simulation is
presented in Table 4.1.

Table 4.1: Gain statistics from Monte Carlo simulation at 25°C

Parameter Value
Mean gain 391.6680
Standard deviation of gain 0.9196
Minimum gain 389.4633
Maximum gain 394.2231
Gain range 4.7598
Maximum average voltage [V] 1.5175
Max deviation from ideal avg [V] | 0.0559

The mean gain obtained from the Monte Carlo simulations at 25°C was 391.6680,
which closely aligns with the ideal gain value of 390.55. The standard deviation is
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0.9196, with gain values ranging from 389.4633 to 394.2231, resulting in a total gain
range of 4.7598. This indicates that, within the simulated component tolerances,
gain variations remain relatively small. The average output voltage across simula-
tions varied between 1.4423V and 1.5175V, with a maximum deviation of 0.0559V
from the ideal average value of 1.4982V.

These results indicate that, under nominal temperature conditions and within the
specified component tolerance ranges, the amplification circuit demonstrates stable
and predictable behavior. Although minor variations in gain and average output
voltage are present, the overall spread remains tightly bounded. No significant out-
liers or abrupt shifts were observed across the simulation data. The output remains
within a predictable range, supporting its use in applications where measurement
consistency is important.

To evaluate the effect of elevated temperature on the performance of the amplifi-
cation circuit, a Monte Carlo simulation was conducted at 100 °C, representing the
converter’s estimated maximum operating temperature. As in case 2, 500 simulation
runs were carried out with component values varied within their specified tolerances.
Figure 4.12 shows a histogram of the simulated results.
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Figure 4.12: Histogram of gains for case 3
The results are centered around a mean gain of 392.4125 and show a close to symmet-
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rical, normal distribution. This suggests that the gain remains statistically stable,
with most simulations producing results within a relatively narrow range around
the mean. The width of the distribution provides a visual indication of the gain
variation due to component tolerances at elevated temperature.

The data presented in Table 4.2 provides a numerical summary of the gain variation
and output behavior at 100 °C.

Table 4.2: Gain statistics from Monte Carlo simulation at 100°C

Parameter Value
Mean gain 392.4125
Standard deviation of gain 0.9206
Minimum gain 390.2154
Maximum gain 394.5541
Gain range 4.3387
Maximum average voltage [V] 1.5780
Max deviation from ideal avg [V] | 0.0798

The gain values ranged from 390.2154 to 394.5541 with a standard deviation of
0.9206, resulting in a total range of 4.3387. The mean gain of 392.4125 deviates
slightly from the ideal value of 390.5553. The maximum average voltage observed
across the simulation runs was 1.5780V, and the deviation from the ideal average
voltage reached up to 0.0798 V. These results indicate a moderate shift in the out-
put voltage baseline with temperature, while the gain itself remains within a limited
range.

A comparison between the simulation results at 25°C and 100 °C provides insight
into how temperature influences the performance of the amplification circuit. The
mean gain at 25°C was 391.6680, while at 100 °C it increased slightly to 392.4125.
Although this difference is small, it indicates a measurable temperature dependency
of the gain, likely due to temperature-induced changes in component behavior.

The standard deviation of the gain was similar in both cases: 0.9196 at 25°C and
0.9206 at 100°C, suggesting that temperature has a minimal effect on the spread
of gain values resulting from component tolerances. The gain range also remained
narrow in both cases, with ranges between 4.7598 at 25°C and 4.3387 at 100°C.

More noticeable differences were observed in the average output voltage. At 25°C,
the maximum deviation from the ideal average voltage was 0.0559V, whereas at
100°C it increased to 0.0798 V. These shifts indicate that the average output volt-
age level is sensitive to temperature.

To isolate the influence of temperature alone, excluding the effects of component
tolerances, an additional simulation was performed using ideal component values at
100°C. The component values at this temperature were found in the manufactur-
ers data sheets. The resulting output waveform yielded a peak-to-peak voltage of
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1.5704V and an average output voltage of 1.5027 V. From this, the temperatures
effect on gain was calculated as:

~1.5704V

©0.004V
Compared to the ideal case, the gain increased by 2.05 and the average voltage in-
creased by 0.0045V. When compared with the Monte Carlo simulation at 100°C,
which included both temperature and tolerance effects, the ideal simulation results
are close to the observed mean gain and within the expected voltage range.

— 3926 (4.24)

4.5.3 Measurement error estimation

To summarize the fault factors, the elements affecting the measurements include
tolerance-induced gain deviation, tolerance-related DC offset, temperature-induced
gain deviation, and temperature-related DC offset. To define the worst-case mea-
surement error, the maximum gain deviation from the ideal case must first be eval-
uated. Based on simulation results, the largest deviation occurs when combining
the effects of component tolerances and temperature. The maximum gain varia-
tion caused by component tolerances is 1.1127, as seen in case 2. The additional
gain shift due to temperature is 2.0468, as observed in the ideal simulation at 100 °C.

Component tolerances can vary equally in both directions one amplification cir-
cuit might experience a positive deviation while the other experiences a negative
one. In contrast, temperature induced variation is generally unidirectional, since
it’s unlikely that one part of the circuit would be below zero while another reaches
the maximum operating temperature. Therefore, the worst-case gain deviation is
defined as twice the component tolerance deviation plus the temperature-induced
gain variation, resulting in a total worst-case gain deviation of 4.2722. Therefore,
the worst-case gain deviation AG is defined as 4.2722, as it represents the largest
possible deviation.

However, AG caused by both temperature and component tolerances are not critical,
as they only impact the converter when a DC offset is present in the primary side
current. In the absence of a DC offset, the controller can drive the magnetizing
current to zero regardless of gain mismatches, since there is no persistent error to
prevent it from settling. This relationship between the gains and offsets can be
explained by

‘/sense = RShunt(Glip + GQZS))

4.25
- RShunt((Gl - GQ)ip + G27:m) ( )

where Viense is the difference in sensed voltage between the two amplification circuits
and (G, G4 are the gains of the first and second amplification circuits, respectively.
Rgpnunt 1s the shunt resistor used for the current measurement. The shunt resistors
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are assumed to have negligible tolerance variation, as both measurements are taken
on the same PCB and will therefore most likely have equal resistance. If separate
PCBs were used, the tolerance differences between the shunt resistors would need
to be considered.

Using the assumption that the controllers always regulate the DC offset of 4, to zero
together with the assumption that ¢,, is controlled to zero. The gains of the ampli-
fication circuits no longer affect the current. However, if a DC offset were to occur
in the primary current, the gains would have an effect. For example, a DC offset of
1 A would result in an amplified offset of 0.85444mV for the worst case tolerance
and temperature gain scenarios. This highlights the importance of the DC offset
controller, as by minimizing the DC offset in the current the accuracy of the mea-
surement can be improved which improves the functionality of the flux-balancing
controller.

In the model used in this thesis, two identical amplification circuits are used for
current measurement, one for the primary current and one for the secondary current.
Figure 4.13 illustrates a simplified version of how these signals are amplified and
calibrated to estimate the magnetizing current.

Calibration

Im measured

Calibration

Figure 4.13: simplified model of amplification and calibration signal during startup

Both the primary and secondary current signals are calibrated at startup of the con-
verter. This means that during system initialization, the output of the amplification
circuit is calibrated to zero based on a known input value. This process removes the
offset variations caused by component tolerances. However, it does not eliminate all
offset variations due to temperature, as it only corrects for the conditions present
at startup. As the converter operates, its temperature is likely to rise, and any
resulting offset changes are not accounted for by the initial calibration.

Because of this temperature variations can still introduce an offset in the amplifica-
tion circuits. In the worst-case scenario, the temperature difference AT between the
circuits reaches 75°C. To quantify the temperature induced offset error, the ideal
average output voltage AV is computed. In the simulation, the ideal average output
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voltage at 100 °C was 1.5027 V, representing a deviation of 0.0045V from the 25°C
ideal case. This output voltage deviation can be translated to the current deviation
Ai using

1
Ai = AV - 4.26
0 Gnominal RShunt ( )

where Gominal 18 the ideal gain and Rgpune the shunt resistance which is estimated
to be 200 pf2. The current deviation for this simulation was then calculated using

1
' 390.5553 - 200 m (4.27)

If assuming that the error increases linearly, and the temperature ranges between
25°C - 100°C, the voltage error per degree C on the input of the amplification
circuit is calculated to 0.153627 uV/°C. The current estimation error per degree
Celsius is approximately 0.768 133 mA /°C. This potential error must be considered
when analyzing the system’s response in Simulink, particularly in evaluating the
peak step response.

4.6 Dead-time effect on magnetic flux

During simulations, an unexpected spike in the magnetizing current consistently
appeared at the start of each run. This initial peak also appeared when comparing
simulation results to hardware measurements. In the hardware, the spike natu-
rally settled to 0 A due to self-regulating behavior, while in the Simulink model, the
controllers were required to bring the current down to 0 A. Further investigation
revealed that this initial spike was caused by a large inrush of magnetic flux into
the transformer. This can be explained by the shape of the voltage that is applied
to the the transformer. As shown in Figure 4.14.

It can be observed that, due to the voltage waveform being either positive or neg-
ative, the current responds with an immediate rise or fall upon the application of
voltage. Subsequently, the current decreases by the same magnitude as the initial
change when the opposite polarity is applied. This behavior leads to the current
attaining a net positive or negative average value following the initial application
of voltage instead of centering around zero. To reach an average zero current over
time, this imbalance must be controlled.
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Figure 4.14: Diagram showing how the initial spike in current is created

However the self regulating behavior observed in the hardware was a result of a
dead-time effect present in the system. To investigate this, a model was constructed
in LTspice to determine the effect of dead-time on the magnetic flux inside the core.
The model consists of a base model of a full bridge converter with ideal switches
and a 1 mH inductor as the load. The value was chosen to resample the one in the
real converter. The inductor was initiated with a current of 5 A at the start of the
simulation. The model can be seen in Figure 4.15.
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.step param Don 0.85u 0.95u 0.025u

.tran 0 0.25m 0

Figure 4.15: LTspice model for dead-time effect on flux investigation

To generate the switching pattern for the ideal switches, voltage sources using the
PULSE function were employed. These sources output a high signal (5V) to acti-
vate the switches and a low signal (0V) to deactivate them. The rise and fall times
were set to 10ns, and the total duration of one switching period was defined as
2 us. The system’s dead-time was controlled by adjusting the variable D,,. In this
simulation, D,, was swept from 0.85 us to 0.95 us in increments of 0.025 us. The
dead-time for one switching period was calculated as

Tpead—time = 1T — 4TRise/fall time — 2Don (428>
where Tpead-time 1S the total dead-time per switching cycle, T' is the switching period
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(20 ps), and Trise/fan time is the specified rise/fall time (10ns). Based on this rela-
tionship, it can be observed that the dead-time decreases as D,,, increases. For the
swept range of D,,, the calculated dead-time varied between 60 ns and 260 ns.

The total time for the simulation was set to 0.25ms. The results of the simulation
can be seen in Figure 4.16.
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Figure 4.16: Dead-time impact on magnetizing current results (positive current)

The behavior of the current flowing through the inductor reflects the characteristics
of the magnetizing current. Simulation results show that this current self-regulates
to a value close very close 0 A, and that a longer dead-time causes it to reach 0 A
more quickly. When the current through an inductive load suddenly increases a DC
offset component appears, but this offset only decays when dead-time is present.
These results demonstrate that dead-time can be used to passively reduce the mag-
netizing current.

The previous simulation was performed again but with an initial current of —5A
instead to verify the behavior. Figure 4.17 shows the simulation results.
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Figure 4.17: Dead-time impact on magnetizing current results (negative current)

The results demonstrate behavior consistent with the previous simulation. The cur-
rent approaches 0 A, and does so more rapidly as the dead-time increases, but with
reversed polarity. This explains our previous observation and was investigated fur-
ther.

The self-regulating behavior can be explained by analyzing the voltage across the
inductor. Figure 4.18 shows how this voltage varies in relation to the switching
patterns of Switches 1 and 2 (scaled by a factor of 100 for clarity), along with the
inductor current. In this case, the inductor is initialized with a current of —5 A.

It can be observed that when the inductor current is negative, the voltage across the
inductor remains positive for a longer duration than it is negative. Comparing this
to the switching signals, it becomes clear that this positive voltage occurs during
the dead-time. In contrast, when the inductor is initialized with a current of 5 A, as
shown in Figure 4.19, the opposite behavior is observed. Here the voltage becomes
negative during the dead-times to compensate for the current’s opposite polarity.
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Figure 4.18: Current and average voltage over inductor (negative)

This demonstrates that the voltage opposes the direction of the current, helping
to drive it back toward zero. The effect becomes more pronounced with increased
dead-time, as the extended interval allows the voltage to maintain a higher average
value opposing the current. This results in a faster reduction of the current toward
zero. This is the dead-time effect.
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Figure 4.19: Current and voltage over inductor (positive)
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Figure 4.20 shows the same plot after the current reaches a value close to zero.
Here it is observed that the voltage is on for half of the dead-time and off for half,
resulting in an average value of zero no longer opposing the current.
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Figure 4.20: Current and voltage over inductor after reaching zero

4.6.1 Simulink implementation of dead-time effect

To emulate the dead-time effect observed in the hardware, a simple Simulink block
was added. The model can be seen in Figure 4.21.

Gate signals

b=

Moving avg.

Sample and
Hold

Transformer _

. . <
simulation model

Figure 4.21: Model of dead-time effect implementation in Simulink

The Simulink block works by taking the primary side current as input. The signal is
then put through the moving average filter and compared against a threshold values
of +5 to tell if the magnetization current has drifted above or below the zero level.
5 A was used since it is a value larger then the ripple in the magnetization current
which means that by reaching that value you are already getting the full correction
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offset effect from the dead-time. These values work in simulation and were chosen
for that reason. However, they are not scientifically derived and could likely be
lower, though they approximately replicate what was observed in practice. Instead
this serves as an implementation to fix the simulations. This simple model therefore
does not consider the dead-time effect until it reaches its maximum capacity. The
effects of dead-time before this point proved more complicated to model and are
assumed to be small enough that this implementation is enough to achieve sufficient
simulation accuracy.

If the magnitude of the current is larger or equal to 5 a value of 0.01 is added or
removed from the primary side voltage depending on the sign of the current. This
gain factor is proportional to the system’s dead-time characteristics. Since the pri-
mary current and voltage are directly linked, this method offers a fast and effective
way to counter act offsets. It creates an input in the opposite direction when an
offset is present. While this implementation does not accurately model the dead-
time effect, it serves as a functional workaround for simulations. It successfully
introduces offset correction, which is the effective role of the dead-time in this case,
thereby making the simulations more closely resemble behavior in practice. This
implementation also slightly interferes with the DC offset controller, as it limits the
current so rapidly that it reduces the control signal, preventing further integration.
However, the effect is minimal and has therefore been considered negligible.

4.7 Hardware implementation

The hardware implementation of the control system consists of several different
steps including current measurement, amplification circuitry, controller implemen-
tation together with feedback implementation. A schematic showcasing how this is
implemented can be seen in Figure 4.22. The current sensing and the amplification
circuits required was provided by Aros Electronics AB.
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Figure 4.22: Hardware implementation overview

4.7.1 Shunt current sense

To sense the current in the hardware, shunt current sensing was used. However,
instead of a dedicated resistor, the existing copper trace in the circuit was utilized.
As discussed earlier, this results in a very small voltage drop to measure. Because
of this the use of amplification circuits was needed.

4.7.2 Amplification circuits

To develop an accurate Simulink model, a comprehensive analysis of these circuits
was conducted to understand their signal filtering characteristics. The analysis iden-
tified three primary components contributing to signal filtering:
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1. Initial Low-Pass Filter: This stage exhibits low-pass characteristics with a
bandwidth of approximately 4080.892 Hz.

2. Secondary Low-Pass Filter: Functioning as an additional filtering stage
with low-pass characteristics, this component has a bandwidth of 1590.154 Hz.

3. Operational Amplifier Bandwidth Limitation: The op-amp’s inherent
bandwidth limitation, determined to be 11482 Hz by dividing the Gain band-
width product (GBW) from the datasheet by the closed loop gain in our use
case.

The three filter components were combined by summing their respective transfer
functions in MATLAB. The resulting equivalent transfer function showed a 3dB
cutoff, corresponding in a drop of % at the peak value at 1554.40 Hz. This frequency
was used in the Simulink model to apply filtering to the current signal before it was
fed into the controllers. This approach was chosen to replicate the behavior of
the physical hardware, where the signal is filtered during amplification prior to the
control input. Several alternative low-pass filter designs were explored to evaluate
whether a steeper cutoff would offer improved performance. However, a first-order
low-pass filter was ultimately selected for implementation.

4.7.3 Flux balancing controller implementation

The flux balancing controller is implemented to control the average magnetizing
current I to zero while the PI controller outputs a duty cycle. This small change
in duty cycle is then inserted on both the primary side PWM leg as well as on the
secondary side PWM leg. This controls I/, to zero by applying a small change to the
duty cycle on the primary side and a small change in the opposite direction on the
secondary. The difference in duty cycle creates a difference in voltage which causes
the current to correct itself. This small change is enough to not effect the power
transfer noticeably while still controlling the magnetizing current.

4.7.4 DC offset controller implementation

The DC offset controller is implemented in a very similar way to the flux balancing,
however instead of controlling the magnetizing current it controls the average pri-
mary side current I, to 0. This is only inserted on the primary side PWM leg. When
the DC offset controller pushes I, current to 0 A our flux balancing controller will
control the secondary current to 0 A as well. Since the magnetizing flux is the differ-
ence between the primary and secondary side currents according to our state-space
model. This way this controller prevents our primary and secondary side currents
from drifting apart.
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4.8 Analysis of simulated control

In this section, the results and analysis of the simulations are presented. All current
waveforms shown are taken from after the low-pass filters to improve clarity. In
practice, these are also the currents that are fed to the converters. For the primary
and secondary currents, the secondary current is inverted before plotting to better
illustrate their relationship. In practice, the primary and secondary currents have
opposite signs due to traveling in different directions from each other.

All simulations were performed using Simulink with a maximum step size of 1ns and
a relative tolerance of 0.1us. This level of accuracy was necessary, as even slightly
relaxed settings had a significant impact on the results. However, it also resulted in
very long simulation times. Despite the extremely fine step size, some simulations
still exhibit a very small steady-state error due to sampling. This error was consid-
ered minimal enough that it was acceptable for the purposes of the analysis.

The transformer used in this thesis is calculated to saturate at a value of 2.8 A.
However, this is a theoretically calculated value assumed for symmetrical flux. For
the planar transformer with a square shape, different parts of the transformer would
saturate more quickly. Due to the desire to avoid pushing the transformer into
saturation and risking damage to any components, an exact saturation value was
never determined experimentally. The threshold value of 2 A was instead chosen to
represent saturation in simulations, allowing for a clear assessment of the results.
This also provides a small safety margin for the converter. In practice, operating
even this close to the saturation region would be risky and the threshold value of 2 A
will be considered to be the limit at which the converter saturates for all following
simulations.

4.8.1 Case 0

The simulated average magnetizing current ), is shown in Figure 4.23. Initially,
the current rises due to the inrush of magnetic flux into the transformer. It then
reaches a steady state until a voltage step is applied at 7.5 ms. Following the step, I/,
begins to rise linearly, crossing the saturation threshold of 2 A after approximately
17ms. This clearly demonstrates how quickly even a small imbalance in voltage
can drive the transformer into saturation. The simulation does not account for
dead-time, which would slightly delay the onset of saturation. However, even with
dead-time included, the transformer would still saturate within a few milliseconds.
This highlights the importance of fast and accurate control. In practical operation,
where the converter runs continuously for extended periods, even a minor voltage
difference can cause near-instant saturation within this time frame.
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Figure 4.23: Simulated magnetizing current of standard case

Figure 4.24 shows the average primary and secondary currents, [, and I, during
simulations for case 0. It can be observed that the y-axis of the figure displays ex-
tremely large current values. This is due to the model not including any resistances,
which causes the currents to increase indefinitely in the simulation if left unchecked
by the controllers. In practice, these currents would be kept at much lower levels
due to parasitic elements and other losses.
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Figure 4.24: Simulated currents of standard case
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As observed in the lower plot in Figure 4.24 The currents have started to separate
slightly. However are generally kept at equal magnitudes

In practice, when losses and parasitic elements are taken into account, the current
can still reach magnitudes that may lead to serious issues. To address this, a DC
offset controller is implemented to regulate the net current to zero. This ensures
that both currents remain within the measurement range of the hardware and pre-
vents them from rising to levels that would increase losses or damage components.
Additionally, it helps prevent the accumulation of a DC offset in either current.

4.8.2 Case 1l

The simulated I/ in case 1 is shown in Figure 4.25. Although the signal shows
a clear peak whenever a step is applied as well as at the start of the simulation.
It can clearly be observed that the system manages to reach a value close to zero
quickly after each instance. It is also clear that the controller never comes close
to instability while still accomplishing quick and efficient mitigation of the errors.
Removing the 0.5V step at 15 ms produces an equally sized step in the opposite di-
rection, since the controllers had already compensated for the initial voltage change.
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Figure 4.25: Simulated average magnetizing current for case 1

At 0.0075s when the 0.5V is applied a maximum current of 0.1609 A is reached.
Similarly when the step is removed the current reaches a maximum of —0.1616 A.
As expected a significant peak is recorded when the step of 2V was applied reaching
a maximum value of 0.6357 A. Even at this step the current stays well below the
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saturation region of the transformer. In practice, a voltage step on one side of the
transformer may result from the nonlinear behavior of the MOSFETs. This can
cause by slight imbalances in heating, leading to a small voltage difference between
the MOSFETs. However, this difference is typically much less than 2V, and even
0.5V is likely an overestimate. This highlights the system’s robustness and its ability
to prevent saturation, ensuring stable operation even under demanding conditions.
As discussed earlier, the initial step observed at the start of the simulation is caused
by inrush current when the transformer is first energized. In this case, the current
reaches a very high value, but only for a very short duration.

Figure 4.26 shows I, and I for case 1. As observed, the current levels remain within
reasonable magnitudes. At first glance, it may appear that the controller fails to
drive the currents to zero after each step. However, this behavior is intentional as the
current-balancing controller is deliberately designed to be ten times slower than the
flux-balancing control loop. Within such a short time frame, the DC offset controller
does not have sufficient time to bring the currents to zero. In extended simulations,
the controller effectively drives the currents to zero between steps. However, in the
simulations presented here, this additional time is deliberately omitted to more easily
display system behavior and test the systems performance under more demanding
conditions. It can however be observed that the controllers still manage to keep the
currents together. After each step the currents drift apart slightly but are quickly
controlled together again.
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Figure 4.26: Simulated current response for case 1

Some key observations include the system’s response to the initial 1V step input,
where the currents initially move in opposite directions. The dead-time effect in com-
bination with the DC offset controller limit the current step so that both currents
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reach a steady state. The DC offset controller then gradually accumulates integral
action, slowly driving I, back toward zero. Simultaneously, the flux-balancing con-
troller pushes I to match the primary, causing both currents to converge towards
zero. This process is abruptly interrupted when the step is removed at 0.015s, trig-
gering a similar response in the opposite direction. Since the initial position for the
second step is below 0 A, the controllers have additional time to accumulate the er-
ror. This results in that the DC offset controller together with the dead-time effect
manages to stabilize the currents at a lower magnitude compared to the initial step.

The third step interrupts the currents before they have time to fully stabilize or
accumulate sufficient integral action to return towards zero. This sudden increase
pushes the current close to the —5 A range, causing a brief mismatch between I, and
I.. This is followed by a slow buildup of integral action in the DC offset controller,
which gradually begins to steer the currents back towards zero.

When testing on hardware it was observed that the converter could operate with-
out the DC offset controller implemented, contrary to the conclusions drawn from
this simulation. In practice the separating behavior could only be observed to a
minor degree which did not effect the converter noticeably. This was investigated
and deemed to be caused by the dead-time effect inside the converter. In practice,
at least for some values of dead-time, the dead-time effect seems to be sufficiently
eliminating DC offsets in the primary and secondary currents. This was not stud-
ied extensively and would require further investigations, although the results look
promising. The DC offset controller did however, perform better at limiting and
balancing the currents in the hardware when implemented, even though operation
was possible without it. If these improvements are to minor they might not be
necessary and might not justify the added complexity and cost of implementing the
additional controller in practice.

4.8.3 Comparison with hardware

Figure 4.27 shows the response of both the simulated model and the hardware system
when a reference step of 0.2 A is applied. In this case, a reference step is used instead
of a voltage step, as applying a voltage step is not possible in the hardware without
adding extra functionality. To enable easier comparison, the same reference step is
also applied in the simulated model.
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Figure 4.27: Comparison between magnetizing current response between hardware
and simulation.

For this setup, the primary and secondary voltages were set to 850V and 550 V
respectively and a 20kW load was applied. In the hardware measurements, I was
sampled at a frequency of 10kHz. As observed, the simulated response exhibits a
faster rise time than the experimental one with rise times of 1.5445 ms and 3.187 ms
respectively. The hardware response also exhibits slightly more oscillation after the
initial overshoot compared to the simulated response, but remains well within the
stability margins. The difference in rise time of almost twice the size was unexpected
and indicate that certain aspects of the hardware behavior might still remain un-
modeled in the simulation. One feature that could contribute to this is the dead-time
effect which could require better modeling to achieve more accurate results. Another
factor here is the exact inductance value of the transformer. For the simulation the
measured values were used but as previously discussed the inductance can vary no-
ticeably.

Nevertheless, the results are very promising demonstrating faster control dynamics
than initially expected. Both systems achieve a rapid and effective error mitigation,
which is more than sufficient for the intended application. The hardware behavior
is also clearly reflected in the simulation and is therefore considered an accurate
enough representation of the converter to support continued analysis using simula-
tion.
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4.8.4 Case 2

For case 2, the worst case operating condition for the converter was investigated
with the same setup as seen in case 1 to investigate the operating point of the
converters effect on stability. The steps applied to the model are the same as for
case 1 and follow the magnitudes and times specified in Table 3.2. The resulting I/,
step response can be seen in Figure 4.28.
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Figure 4.28: Simulated magnetizing current for case 2

As observed in the step response of I, the behavior closely resembles the step
response seen in case 1. The initial step of 0.5V, applied at 0.0075s, results in a
current peak of 0.2229 A, which is higher than that observed in case 1. This outcome
is expected, as the increased voltage difference across the converter introduces more
challenging control conditions. Nevertheless, the system still achieves a near-zero
value rapidly, although it is slightly slower than in case 1. This swift stabilization
following each step demonstrates the robustness of the control system.

When the voltage step is removed at 0.015s, a corresponding negative peak of
—0.2207 A is observed, mirroring the initial response. For the third and larger volt-
age step of 2V, applied at 0.025 s, the peak current reaches 0.8258 A and the response
is significantly more pronounced compared to case 1. As a result, the transformer
operates closer to its saturation limit. Although the controller responds nearly as
fast as for case 1, the substantial increase in current emphasizes the importance of
operating conditions to prevent saturation of the transformer. Consequently, the
following case will examine the worst-case operating point to ensure a sufficient
margin of error, even under the most demanding operating conditions.
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Another interesting observation is the initial current peak caused by the inrush of
magnetic flux into the transformer. Interestingly, this peak is lower in the second
case simulation compared to the first, despite expectations to the contrary. Case 2
also showcases slightly less stability in the initial stages when the current is controlled
to zero before the initial step is applied. The step responses of I and I for case 2
are shown in Figure 4.29.
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Figure 4.29: Simulated currents for case 2

An important observation here is that I, and I exhibit a significantly higher initial
peak compared to case 1. This may be attributed to how the initial currents are
computed within the state-space model, particularly when a large voltage difference
exists between the primary and secondary sides coupled with the phase shift be-
tween the primary and secondary voltages. In this case, the phase shift limits the
initial current peak in the transformer, but results in larger current values in both
the primary and secondary windings compared to Case 1.

Similar behavior to Case 1 is observed for the currents, but with significantly more
ripple throughout the simulation. The increased ripple is primarily due to the phase
shift, which introduces more fluctuation as the currents deviate from the 0° phase
used in Case 1. Additionally, the higher overall voltage and the larger voltage dif-
ference between the primary and secondary sides contribute to a larger initial peak.
The current does not stabilize at zero before the next step is applied. Instead, it set-
tles at a value close to 5 A. This is likely the cause of the reduced stability observed
at the beginning of I/ . Although this behavior is not optimal, it would typically
be addressed by the DC offset controller, as discussed earlier. However, due to the
short simulation time, the system is required to respond to the steps before it can
reach a steady state. This setup was intentionally chosen to simplify comparison
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and test the system under more challenging control conditions. It is important
to note that, despite this behavior, the system effectively keeps I’ near zero, suc-
cessfully preventing core saturation, which is the primary function of the controllers.

It is also important to note that the difference in I, between Case 1 and Case 2
was more pronounced with different PI controller values. However, after tuning the
controllers, the optimized gains resulted in significantly better control, reducing the
difference between the cases noticeably.

4.8.5 Case 3

In case 3, the largest voltage step that could be applied to the worst-case scenario
was investigated. After simulation, it could be established that the largest voltage
step that could be applied in the Simulink model without reaching saturation was
4.9V. Figure 4.30 shows I/ when first applying and removing a 0.5V followed by
the 4.9V step.
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Figure 4.30: Simulated magnetizing current response for case 3

As shown in Figure 4.30, I reaches approximately 2 A shortly after the step input
is applied at 0.025s. In a practical scenario, the transformer is unlikely to enter
saturation despite the current reaching the nominal saturation level, due to the ex-
tremely short duration at which this condition occurs. Nevertheless for analytical
purposes, this current level is still defined as the theoretical saturation threshold
within the simulation this is done to facilitate analysis.

As previously noted, a voltage step of 4.9V is highly unrealistic and would not occur
under normal operating conditions. Should such a step ever arise, it would likely
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indicate the presence of more critical underlying issues within the system. However,
for the purpose of this analysis, the 4.9V step is applied to evaluate the maximum
offset the system can tolerate.

It is clear that the system remains within stable operating conditions, even under
this extreme step input, highlighting the robustness of the controllers as the trans-
former reaches saturation before any signs of instability appears. It can also be
noted that tI] still reaches a steady state within 10 ms.
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Figure 4.31: Simulated currents for case 3

As observed, II’) and I’ rapidly rise to unrealistic levels when the 4.9V step is ap-
plied. The main reason the current is not constrained within reasonable limits is the
magnitude of the step input, which causes the dead-time implementation to saturate
reaching its maximum output shortly after the step is applied.

Once the dead-time implementation reaches its maximum output, it maintains this
while the DC-offset controller continues to integrate the error. Due to the extremely
large current values, the DC-offset controller integrates a larger error, allowing it to
drive the currents back to zero more quickly than expected. In practice, such a large
rise would not occur due to parasitic elements and losses in the transformer, which
as previously discussed are not included in the simulation model. However, even
with these practical limitations, the current could still reach high levels that may
cause significant efficiency losses or damage system components. It is worth noting
that even under these unrealistic conditions, the controller successfully drives the
currents back to zero within an acceptable time frame. Showcasing the robustness
of the control.
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This establishes 4.9V as the maximum offset the system can tolerate under worst-
case operating conditions, as identified through the parameter sweep. This total
offset could result from a combination of sources within the system. As shown in the
sensitivity analysis, dc offset due to temperature could account for a measurement
error of 57.61 mA alone. By subtracting this error from the maximum step, we
determine the remaining current margin that the system can safely handle before
reaching saturation.

4.9 Results from hybrid control

To compare the hybrid control approach, all controllers were implemented in the
continuous domain, while sampling frequencies were applied to the corresponding
voltage and current measurements. In Figure 4.32, the resulting I/ is shown. The
system response is similar to that of case 1. However, upon closer examination, the
hybrid control approach appears to be slightly faster than Case 1 and is also able
to restrict the rise in current more effectively, resulting in lower peak values for all
three steps: 0.1542 A, —0.1769 A, and 0.6039 A, respectively. Figure 4.33 compares
the standard and hybrid cases during the largest current step. It is shown that the
peak decreases by 31.764 mA, corresponding to a 4.996 % reduction. This approach
highlights the impact of sampling rate on the efficiency of the control and demon-
strates the benefits of implementing a hybrid control strategy.
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Figure 4.32: Simulated magnetizing current response for the hybrid control

This hybrid approach also seems to have slightly less oscillations than case 1 as seen
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in both the early parts as well as the end of the simulation when approaching zero.
Even including the decrease in oscillations this approach would most likely still be
unrealistic to implement in hardware, as it would require two different measurement
setups, significantly increasing the cost. A more cost-effective solution would likely
involve investing in higher quality current sensors rather than implementing two
separate measurement and control systems. This, combined with the fact that
voltage measurement cannot be used on its own, due to its inability to detect steady-
state errors caused by the integration required, further supports that this approach
is only viable in simulation. Hence, it would likely increase both the complexity and
the cost significantly to implement in hardware. These tradeoffs coupled with the
lack of providing a more noticeable improvement in performance most likely makes
implementation undesirable. To achieve better results, alternative strategies such as
using different types of high-pass filters or amplifying the integrated voltage signal
may be more effective. Retuning the controllers to match the new system response
might also yield better results. However, these alternatives were not explored in
depth or prioritized in this study.
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Figure 4.33: Comparison between hybrid and standard control

66



4. Analysis

4.10 Ethical and environmental aspects

It is important to consider environmental and ethical factors when developing power
electronic systems, particularly in the context of increasing global demand for energy-
efficient and sustainable technologies. As engineers, we not only strive for perfor-
mance and reliability, but also carry a responsibility to minimize the environmen-
tal impact of our designs. This is especially relevant when proposing new control
strategies, where the balance between system complexity, performance gain, and
environmental footprint must be evaluated.

One of the key advantages of active flux balancing in a PSFB-DAB converter is
its effectiveness in reducing magnetizing current and mitigating core flux accumu-
lation. This significantly decreases the risk of transformer core saturation, which
in turn reduces thermal and electrical stress on the transformer. A lower operat-
ing current contributes to reduced operating temperatures, thereby extending the
lifespan not only of the transformer but also of surrounding components exposed to
the same thermal environment. Prolonging component lifetimes reduces the amount
of replacement components, ultimately contributing to lower electronic waste and
improved sustainability.

When implemented effectively, this control strategy enhances overall system effi-
ciency by correcting flux imbalances and minimizing losses associated with core
saturation and increased ripple currents. Higher efficiency directly correlates with
reduced energy consumption over the converter’s lifetime, thereby lowering its en-
vironmental footprint. The bidirectional power flow in PSFB-DAB converters also
allows for power saving through for example regenerating power when a machine
needs to break which could be used to feed energy back into the battery. This also
enhances system efficiency by utilizing energy that would otherwise be wasted.

Active flux balancing also eliminates the need for passive balancing, which often
relies on large DC-blocking capacitors. As a result, the environmental impact is
reduced by decreasing the demand for these components, thereby lowering material
depletion and carbon dioxide emissions involved in extraction and production.
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Conclusion

To conclude this thesis, the implementation of active flux balancing on a PSFB-DAB
converter equipped with a planar transformer was investigated. The magnetizing
current of the transformer was modeled using a state-space approach and together
with two controllers, was used to make slight adjustments to the primary and sec-
ondary voltages using the converter’s duty cycles to prevent transformer saturation.
Several alternative flux balancing methods were also presented and discussed, along
with their respective advantages and disadvantages.

It can be concluded from the three variable sweep that the voltage ratio between the
primary and secondary side affects the average magnetizing current, I, peaks much
more compared to the phase shift. The phase shift does however effect the initial
magnitude of the average primary and secondary currents, I, and I, significantly.
The worst case operating condition was defined to V, = 850V, V; = 550V and a
phase shift of —90°.

The sensitivity analysis indicates that the saturation limit of the magnetizing cur-
rent could be reached more easily depending on the temperature difference between
the amplification circuits. The analysis revealed that temperature differences be-
tween the two current measurement paths represent the dominant source of error
in magnetizing current estimation. The influence of component tolerances is small
and is further reduced following the initial calibration performed at system startup.
The resulting total worst case measurement error was calculated to be 57.61 mA,
which in simulation corresponds to a 2.88 % of the magnetizing current during the
maximal step applied.

As demonstrated in the worst-case scenario, the system is capable of handling signifi-
cant voltage fluctuations of 4.9V, which would typically be considered very excessive
for this application. The results also depend on the measurement resolution of the
sensing system. However, robust and stable performance was achieved even with
relatively low resolution.

The hardware results confirm that the implemented control works effectively in both
theory and practice. Although the simulation model has a 1.6257 s shorter rise time,
corresponding to a 48.99 % faster response, the hardware still demonstrates a robust
and reliable step response coupled with a simulation model that is representative of
the hardware.
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The hybrid control implementation resulted in the best step response mitigation
for I' . Although the hybrid measurement system provided an improvement, the
difference was not significant enough to justify its inclusion in hardware. Adding
the hybrid measurement would most likely not be cost-effective, as the increase in
performance likely does not outweigh the added cost and complexity of the required
additional sensing system.

5.1 Future work

There are several areas that would be interesting to explore as future work based
on the results of this thesis. One area that might be worth exploring is the hybrid
control system. While it did not show a significant enough improvement in this ap-
plication to justify its inclusion, future work could involve a more in depth analysis
of the PI controllers with the hybrid approach in mind. By tuning the controllers
together as a single system, including the hybrid control system, it may be possible
to improve the overall performance. It does however remain limited by the require-
ment of two different sensing systems. Control using the integral of the voltages is
however still an interesting proposal.

To further improve the implemented simulation model, it would be valuable to in-
vestigate the inclusion of parasitic elements and resistances in the state-space model,
along with the implementation of losses, to achieve a more realistic simulated control
response that better reflects behavior in hardware.

One potential improvement would be to refine the tuning of the DC-offset con-
troller. Currently, the dead-time effect limits the current magnitude, reducing the
signal available for integration and leading to a slower response. A tuning method
that accounts for the dead-time effect was not implemented due to time constraints,
but it would nevertheless be an interesting subject for further development.

Another area for further investigation is the dead-time implementation within the
Simulink model. The current model is very basic and simplified. Modeling a more
accurate representation of the dead-times effect in the actual hardware could lead
to more precise simulation results. Additionally, it would also be very interesting
to continue exploring the possibility of using dead-time to prevent saturation. This
could involve designing a control circuit that dynamically adjusts dead-time. The
impact of this adjustment on system performance, power distribution, and overall
efficiency would need to be carefully assessed. It would be important to evaluate
if the potential benefits of adjusting dead-time outweigh the losses it might cause,
especially in terms of efficiency and power distribution. It does however present a
very interesting subject and has already proven its ability to limit the magnetizing
flux. If such a dead-time control approach proves effective, it would also be inter-
esting to assess whether all existing controllers would still be necessary, or if some
could be removed.
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