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Abstract

The interest in updating electrical networks and the possibility of having power
semiconductor devices with better features (e.g., reliability and efficiency) have
encouraged the production of elements, such as a Solid-State Transformer (SST).
The SST is one of the determining elements of the smart grid since it has the
functionalities of a conventional transformer and allows an appropriate integra-
tion of distributed generation sources, loads, and energy storage devices with
the traditional power grid, in addition to having system functionality advan-
tages such as unity power factor, mitigation of sags and swells, improving sys-
tem efficiency and quality, and allowing a bidirectional flow of power. For this
reason, the SST could replace the traditional transformer, considering the ad-
vantages it offers functional and physicals (less weight and volume). The intelli-
gent energy management of an SST in a smart grid is feasible through the regu-
lation of the power flow in its central device so-called Dual Active Bridge (DAB),
which due to its topology (two half-bridge and a high-frequency link) make pos-
sible the bidirectionally on the power flow and permit the interconnection of
renewable sources and other elements dc into a smart grid, and that in this way
the advantages of SST can be made available within a power system. Hence, this
work focuses on proposing a current controller based on Proportional-Integral
(PI) passivity that regulates the power flow bidirectionally in a DAB. The pro-
posed controller guarantees the system’s stability in a closed-loop, maintaining
its passive properties. In addition, this controller preserves the simplicity of
a PI control with high performance and robustness, where its control law is
simple and does not depend on the converter’s parameters.The performance
and effectiveness of the proposed controller are validated and compared with
a conventional PI controller, through Matlab/Simulink detailed simulations and
experimental implementation on a real DAB prototype, under different varia-
tions of power flow, including bidirectional power flow. The results show that
the proposed controller has a better performance than the classic PI controller
since the overshoots, the settling time, and the steady-state error of the output
current were decreased when the proposed approach was implemented.
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Chapter 1

Introduction

1.1 Definition of the Problem

The growth of the world population and the development of new technolo-
gies mean that the demand for electrical energy also continuously increases,
requiring more electrical energy generation. Usually, electric power generation
is mainly produced from fossil fuel power plants, which contribute significantly
to the deterioration of the ozone layer due to a large amount of polluting gases
emitted into the environment (e.g., CO2) [1–3]. Hence, it has become a neces-
sity to find a way to include more efficient and environmentally friendly energy
sources within the systems in a more significant proportion [4]. However, this
power source is highly dependent on weather conditions, so it is impossible to
forecast an exact amount of power generation; therefore, it can not guarantee
the supply of large loads.

According to state of the art, one of the most popular solutions to get a more
efficient power grid, is to bring the power generation closer to the consumption
centers [5]. Hence, it is possible to supply the demand locally and improve
the efficiency, reliability, and security of the electrical network [6]. The imple-
mentation of these energy sources implies the modernization of the electrical
network and the transformation of its vertical operation, becoming what is cur-
rently called a smart grid. A smart grid makes it possible to interconnect dis-
tributed generation sources, different types of energy storage systems and loads,
telecommunications systems, and other elements [7, 8]. Additionally, a smart
grid also allows bidirectional power flows and can operate in grid-connected
and -isolated mode [5].

Some of the purposes of a smart grid are to change the verticality of conven-
tional electrical systems and increase the participation of more planet-friendly
energy sources (e.g., wind, solar, geothermal, etc.), its implementation requires
an adequate interaction of its elements. Furthermore, with the final purpose
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to meet the growing demand, clean energy sources are strategically situated to
harness the primary source [9], with the ac network, the different types of load,
and the energy storage elements, this makes it necessary to use power electronic
devices that allow the coexistence of both ac elements and dc elements in the
system [10,11]. With the availability of technology, different devices have been
developed; one of the most prominent is the SST [12].

The topology of the SST consists of a series of converters that allow the con-
nection of several elements between its different stages. The basic configura-
tion of a SST, is composed of a rectifier, a dc-to-dc converter, and an inverter
converter, in which the first converter (rectifier) supplies energy to a dc-to-dc
converter, and this, in turn, supplies energy to the last converter (inverter).
This configuration makes the SST can be interconnected to the ac grid con-
nection, converting to the SST in a central device of a smart-grid.In addition,
the SST allows managing a bidirectional energy flow, increasing/decreasing the
output voltage, achieving a unity power factor, mitigating drops and swelling
on both sides [13], improves energy quality and is smaller than conventional
transformers; Therefore, the SST could replace them [12]. These advantages in
SST are due to the high-frequency transformer that allows decoupling between
the primary and secondary bridges [14].

Taking into account the importance that SST devices may have in the future
of electrical systems, there are several investigations focused on improving its
topology and control schemes [15–17]. The dual active bridge (DAB) is a fun-
damental piece for the SST operation. The DAB is a dc to dc converter made up
of two h-bridges and a high-frequency link, that manages the power flow in the
SST device through the phase shift between the signals to the input and output
bridges [18].

Several investigations have performed different techniques to manage the power
flow through the DAB converter, since traditional schemes, involving PI con-
trollers [19–22] to implementing new methodologies such as the inclusion of
master-slave schemes [23], model predictive control (MPC) [24–26], and vir-
tual power control [27]. However, in traditional phase shift control, the power
flow of DAB converters is mainly dependent on leakage inductance, causing
high current levels in the converter when the voltage transfer ratio deviates sig-
nificantly from the unit [28, 29], and in the modern schemes require an enor-
mous off-line computational burden for several operating conditions and these
are difficult to implement.
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1.2 Justification

In accordance with the previously outlined panorama, this work focuses on de-
signing and implementing a closed-loop controller to regulate the power flow
in a DAB, which allows the SST to be the power flow manager in an smart grid,
taking advantage of its bidirectionality. In order to achieve this purpose and
analyzing the characteristics of the DAB dynamic model, passivity-based con-
trol (PBC), is studied as a viable option due to that the equivalent model of a
DAB has a passive nature –port-Hamiltonian (pH) systems–, and for this type a
systems, PBC strategy is adequate [30]. The advantage of this control method-
ology is that it guarantees exponential or asymptotically stability in the sense
of Lyapunov under the closed-loop operation of the dynamic system [31–36].
Furthermore, these investigations show that the application of PBC theory in
power electronics converters allows establishing a robustness controller on the
output variables.

This project proposes a PI passivity-based current controller to regulate the
power flow on a DAB, which guarantees stability in closed-loop operation and
considers the non-linearity of the DAB model. It also maintains the advantages
of PI controllers in terms of robustness and implementation. The proposed con-
troller exploits the pH structure of the DAB, which in closed-loop keeps a passive
structure. Furthermore, this controller maintains the output voltage levels inde-
pendent of the power flow variations in the DAB. In addition, the results showed
that the controller proposed can be extended for an application in real power
electrical systems, as is the case of the Colombian system, where, through the
Ministry of Mines and Energy, it is currently working on the “Mission of Energy
Transformation [37].” The Government of Colombia is interested in structuring
a proposal to modernize the electricity sector, facilitating the incorporation of
new technologies such as microgrids and distributed generation. Here the SST
could play a fundamental role in integrating these elements to the grid and,
with the results obtained in this project, the ability to regulate the power flow
in it.

1.3 Research Objectives

1.3.1 Overall objective

• Design and implement a closed-loop controller to regulate the power flow
in a DAB.

1.3.2 Specific objectives

• Achieve a review of the state of the art of SST and the control methodolo-
gies used for the different stages of the same.
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• Model the DAB of SST.

• Implement one of the controllers found in the literature on the DAB model.

• Design a control scheme to regulate the power flow in the DAB of an SST.

• Simulate the closed-loop controller in specialized software.

• Implement the controller on the transformer prototype.

• Perform laboratory tests for design validation.

1.4 Literature Review

The SST emerges as an alternative for the conventional transformer made up of
windings and core, and that operates with a fundamental frequency of 50/60
Hz, to obtain energy conversion with a device of smaller dimension and greater
efficiency [13,14].

This concept was introduced in [38], where high-frequency conversion tech-
niques and a solid-state component are used to achieve an ac/ac converter; this
was called the electronic transformer. Considering that semiconductor devices
are an essential part of SST, the evolution in the development of its topolo-
gies has been limited to the technological advances achieved in this area of
knowledge. For this reason, progress towards the construction of SSTs more
efficiently has been presented together with the achievements in power elec-
tronics [10,11].

The basic configuration of the SST consist of several power converters with
an isolated stage as shown in the Fig.1.1.

This configuration enables the SST to be considered a transcendental element
for smart-grids, since, through its different converters, it facilitates the integra-
tion and adequate interaction of ac and dc elements as shown in the Fig.1.2,

Figure 1.1: SST Topology as interface between two ac grids
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Figure 1.2: SST as a power flow manager in a smart-grid

becoming not only a link between the elements but also in a power flow man-
ager, because, through the control phase-shifting the voltages on both sides in
the central part (DAB converter) of the SST, it is possible to handle the required
power levels in a bidirectional way [39].

Several investigations have performed different techniques to manage the power
flow through the DAB converter, such as traditional schemes, where the power
flow is controlled by the phase shift between the voltages on both sides of the
DAB converter [19,20]. This method fixes one bridge while the other bridge de-
lays or directs depending on the direction of power flow. In [21], a conventional
control scheme over the H-bridges was proposed in order to solve problems of
unbalanced power in the DAB. Nevertheless, the proposal was not evaluated
bidirectionally. Furthermore, traditionally phase shift control schemes have
in common that the voltage transfer ratio moves away from unity, the power
flow through DAB chiefly depends on the leakage inductor, causing high cur-
rent peaks in the converter [28,29].

In [23], a master-slave control scheme was presented to compensate for dis-
turbances in power and voltage of the SST device. The master scheme performs
all the control and modulation calculations, and with this information, the slave
scheme acts on the protection and switching of the device, simplifying the gen-
eral modulation algorithm. In [22] a strategy based on a PI controller was
described, which allows setting voltages at the output of the converter in the
desired reference. This closed-loop control scheme was able to robustly and
effectively keep the desired output voltage under different load changes. How-
ever, it presented inconsistencies for references close to zero, so that in these
values, it couldn’t reach effectively the desired reference.
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Recently, different multivariable control techniques have been also implemented
for controlling DAB. Such as the model predictive control (MPC) [24–26]. Ref-
erence [18] was proposed an MPC approach under conditions of startup and
reference changes for load and voltage changes. Reference, [18] showed that
it is possible to improve the efficiency and dynamic response of the DAB via
a dual-phase shift (DPS), applied to the MPC. However, the predictive current
control is sensitive to the parameter variations which is not suitable for high-
frequency applications.

Other modern concepts have been investigated, such as virtual power control
plus a PI controller. In [27] presented that it is possible to achieve the de-
sired output power and enhance the dynamic response of the DAB converter
at the same time. In [40] and [41] were proposed a PI controller which uses
previous operating conditions to establish different functions. These functions
calculate the necessary phase-shift control for an adequate operation. How-
ever, these previous investigations do not consider the bidirectionally of the
converter, and their implementation is also difficult since they need to evalu-
ate different off-line operating conditions, which implies a high computational
cost. Unlike previous investigations, this paper proposes a PI controller based
on passivity theory to control the bidirectional power flow on a DAB.

1.5 Contributions

This project developed a passivity-based current controller to the DAB of a solid-
state transformer. The current controller allowed managing the power flow in
the DAB in a bidirectional way, considering the DAB model’s passive behavior
as a port-Hamiltonian system, which guarantees an asymptotic or exponential
stability in itself. In this context, this passivity-based controller can be used as a
fundamental part of a smart-grid management system, allowing the SST to be
the regulator of power flow and integrator of clean energy sources and energy
storage to work together with the conventional ac network.

As a consequence of this project and the achieved results, the following
knowledge products were developed:

• Conference paper: “Passivity-Based Current Control of a Dual-Active Bridge
to Improve the Dynamic Response of a Solid-State Transformer During Power
and Voltage Variations,” K. López-Rodŕıguez, A. Escobar-Mej́ıa, E. Y. Piedrahita-
Echavarria and W. Gil-González, 2020 IEEE 11th International Sympo-
sium on Power Electronics for Distributed Generation Systems (PEDG),
2020, pp. 230-235, DOI: 10.1109/PEDG48541.2020.9244412.
https://ieeexplore.ieee.org/document/9244412

• Journal paper: “Design and Implementation of a Passivity-Based PI Con-
troller to Regulate the Power Flow in a DAB of a SST,” K. López-Rodŕıguez,
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A. Escobar-Mej́ıa and W. Gil-González (in Review). Results in Engineer-
ing (Q2)

1.6 Document structure

The document of this degree work is developed in five chapters, which are de-
scribed below:

Chapter one presented the introduction, where the definition of the problem
that motivated the development of this research is presented, the justification
for using the passivity-based controller to solve the problem of power flow reg-
ulation in a DAB, a literature review, the objectives of this project, and contri-
butions to the investigation.

Later in chapter two, the DAB’s detailed model is presented, where its behavior
is analyzed as a port-Hamiltonian system and, therefore, like a passive model.

Chapter three shows in detail, the development of the passivity based current
controller proposed in this project.

In chapter four, the validation tests carried out by simulation and experimenta-
tion for the PI passivity-based current controller are shown in comparison with a
classic PI controller, under different operating conditions, i.e. to different power
flow requirements.

Finally, conclusions and the proposals for future work are presented in chap-
ter five.
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Chapter 2

Dynamical Model of a DAB

2.1 DAB Model

The DAB is an isolated bidirectional dc to dc converter, which topology consists
of two half-bridges, one on the input (primary) and one on the output (sec-
ondary) side, respectively; and a high-frequency transformer (with turn ratio
1:n). The transformer provides galvanic isolation and energy delivery through
its windings. Fig. 2.1 depicts the topology of a DAB and its main parameters
are listed in Table 2.1.

Figure 2.1: The DAB Topology

Table 2.1: DAB parameter description

Variable Description
C1 Input capacitor
C2 Output capacitor
Leq Equivalent leakage inductance
Req Equivalent winding resistance and

IGBT’s turn-on resistance
vin, vout Input and output voltage sources

Si IGBTs
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In this study, a reduced DAB model is considered, i.e., the magnetization branch
is neglected. Despite this, the DAB model continues presenting high preci-
sion and it has an advantage for the designed controller that it will be sim-
pler. [42,43].

In the DAB converter, the bridges produce square wave voltages with a 50%
duty cycle and these signals are applied to the transformer windings. The volt-
age signal on the secondary side has a phase-shift with respect to the signal on
the primary side as shown in Fig. 2.2, where the IGBT’s signals and transformer
voltages are shown, respectively.

S1, S4

S2, S3

S5, S8

S6, S7

Input 

bridge 

voltage

Output 

bridge 

voltage

φ 𝜋 2𝜋 4𝜋

Figure 2.2: Waveforms of IGBT’s switching signals and transformer voltages

According to the phase-shift between the driving signals of the two bridges,
the power transfer is determined and may be calculated by (2.1),

P =
vinvout
nωLeq

u, (2.1)

where, n is the turns ratio of high-frequency transformer and ω = 2πf , is radial
frequency as a function of system switching frequency, f and,

u = φ

(
1− |φ|

π

)
, (2.2)
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where φ is the phase-shift ratio in radians of the switching signals between
primary and secondary bridges [42].
By applying the first Kirchhoff’s law, the DAB dynamic model can be obtained,
as follows

C1
dvc1
dt

= i1 − i′1

C2
dvc2
dt

= −i2 + i′2

(2.3)

where i1 and i2 are the input and output currents of the DAB converter, re-
spectively. i′1 and i′2 are the input and output currents of the high frequency
transformer, respectively. vc1 and vc2 are the voltages across capacitors C1 and
C2, respectively.
Taking into account that the equivalent resistance of the high-frequency trans-
former is close to zero, an ideal model is considered, i.e, without losses. Thus,
it can be defined,

P1 = P2

v1i
′
1 = v2i

′
2

(2.4)

where, P1 and P2 are the input and output power of the transformer, respec-
tively.
From the equation presented in (2.4), it is possible to express the input and
output currents of the high-frequency transformer as follows,

i′1 =
vc2

nωLeq
u,

i′2 =
vc1

nωLeq
u.

(2.5)

Therefore, by replacing (2.5) into (2.6), the dynamic model of DAB can be
expressed as

C1
dvc1
dt

= i1 −
vc2

nωLeq
u

C2
dvc2
dt

= −i2 +
vc1

nωLeq
u

(2.6)

2.2 DAB Model as a Port-Hamiltonian System

he theory of port-Hamiltonian (pH) systems present a framework for the geo-
metric description of network models of physical systems [44]. PH models pro-
vide a suitable representation of many physical processes and have the essential
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feature of underscoring the importance of the energy function, the interconnec-
tion pattern and the dissipation of the system [45].

The great advantage of the pH description of physical systems is that it high-
lights all the energetic properties of the system, and allows a representation to
be given based on its behavior. In this way, dynamic systems with similar be-
havioral characteristics can be modeled in the same way, thus, results obtained
on port-Hamiltonian physical systems, such as effective control techniques, to
be extended to other systems that can be similarly described [44,45].

The dynamic model of the DAB system (2.6) can be rewritten as a pH sys-
tem [44–46], as follows

Qẋ = (Ju−R)x+ d, (2.7)

with x = [vc1, vc2]>, d = [i1, i2]>,

Q =

[
C1 0
0 C2

]
, J =

[
0 − 1

a
1
a 0

]
, R =

[
0 0
0 0

]

where a = nωLeq, x is the state vector and d corresponds to the external input-
vector and u is the control signal. Q = Q> � 0 is known as the inertia matrix,
and J = −J> is the interconnection matrix, which is knew-asymmetric.
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Chapter 3

PI Passivity-Based Control

3.1 Port-Hamiltonian Passive System

The dynamic systems with a port-Hamiltonian structure are suitable to design
their control with theory based on passivity. The passivity-based control (PBC)
is a robust non-linear control theory and is well-known for its efficiency be-
cause this theory guarantees the stability exponentially or asymptotically in the
Lyapunov sense under closed-loop operation of the dynamic system [31–35],
[47].The PBC has different strategies to deal with a subclass of nonlinear sys-
tems called ”bilinear systems”, however, the PI-PBC is more appropriate, since
to the dynamic characteristics of its structure, by unifying the PI control with the
theory PBC, the convergence of the system state variables towards the desired
values is accelerated, while maintaining the simplicity of the controller design.
In addition, the PI gains allow eliminating the steady-state errors with the cer-
tainty that the closed-loop dynamic system will be asymptotically stable. [30].

The pH system (2.7) has an assignable equilibrium point x?, if satisfies the
following expression,

Qẋ? = (Ju? −R)x? + d, (3.1)

with some bounded u?. This means that the equilibrium point x? will be reached
if exists any u? that generates it.

The pH system (2.7) can be represented as an incremental model [46], by defin-
ing the incremental variables as x̃ = x− x? and ũ = u− u?, as follows

Q( ˙̃x+ ẋ?) = (J(ũ+ u?)−R) (x̃+ x?) + d, (3.2)
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and replacing (3.1) in (3.2) yields

Q ˙̃x = (Ju? −R) x̃+ Jx?ũ. (3.3)

The dynamic incremental model shown in (3.3) is passive if output function

y = Cx = (x?)>Jx, (3.4)

satisfies the dissipation inequality Ḣ ≤ ỹ>ũ, where ỹ = y − y? with y? = Cx?.

Defining a storage function for the dynamic incremental model (3.3), as fol-
lows

H(x̃) =
1

2
x̃>Qx̃, (3.5)

and taking the time derivative of H(x̃), as follows

Ḣ(x̃) = x̃>Q ˙̃x

Ḣ(x̃) = x̃> [(Ju? −R) x̃+ Jx?ũ]

Ḣ(x̃) = −x̃>Rx̃+ x̃>Jx?ũ

Ḣ(x̃) ≤ x̃>Jx?ũ = ỹ>ũ,

(3.6)

therefore, this demonstrates that the dynamic incremental system (3.3) is pas-
sive.

3.2 PI-PBC Controller Design and Stability Analy-
sis

Let us consider that the pH system described by (2.7) in a closed-loop has an
admissible equilibrium point x? with the following PI controller [48]:

ż = −ỹ
ũ = −Kpỹ +Kiz,

(3.7)

with Kp � 0 and Ki � 0 furthermore, for any initial conditions the trajectories
of the closed-loop system are bounded.
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In order to demonstrate the stability of the dynamical system given by (3.1),
it defines the following Lyapunov candidate function:

W (x̃, z) = H(x̃) +
1

2
z>Kiz. (3.8)

It can observe that W (0, 0) = 0 ∀x = x? and W (x̃, z) > 0 ∀x 6= x?, z 6= 0 ∈ Rn,
and thus, the first two Lyapunov conditions are satisfied [49].

Taking the time derivative of W (x̃, z) and considering (3.2),

Ẇ (x̃, z) = Ḣ + z>Kiż

Ẇ (x̃, z) = −x̃>Rx̃+ ỹ>ũ+ z>Ki(−ỹ)

Ẇ (x̃, z) ≤ ỹ>ũ+ (ũ+Kpỹ)>(−ỹ) = −ỹ>Kpỹ ≤ 0,

(3.9)

hence, it proves that the dynamic system (2.7) is stable and x converges to x?.

3.3 DAB Controller Design

Using (3.4) is computed the passive output for the DAB system as

y =
1

a
[x?1x2 − x?2x1]. (3.10)

The admissible equilibrium point of the dynamic system (2.7) is achieved em-
ploying the following control input (3.11), which was calculated from (3.1),
when the system goes in a steady-state condition, i.e., if x? is constant and
Qẋ? = 0.

u? =
ai?2
x?1
, (3.11)

where, i?2 and x?1 are the desired equilibrium points for i2, and vc1, respectively.

Notice that i2 is not a state variable, however, it is a variable dependent on
the dynamics of the system, therefore when desired values are assigned to the
output current, indirect control over the states is being performed.

Now, the proposed controller for DAB is defined as:

u = u? + ũ, (3.12)
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and finally, the phase-shift is calculated from the control signal u, considering
in (2.2), as follows

φ =


−π +

√
π2 + 4uπ

2
, if u < 0,

π +
√
π2 − 4uπ

2
, if u > 0,

(3.13)

where, u is a boundary function, −π
4
≤ u ≤ π

4
.

The passivity-based controller schematic for the DAB is presented in Fig. 3.1.
It is possible to observe that the control signal u, is calculated from the sum
of three different functions, the first function considers the desired equilibrium
points i?2, x?1 and the necessary conditions for the system to be in a steady-state.
The second function, considers the output that guarantees the passivity of the
system y and a proportional gain Kp, and the third function is calculated from
the integral of the output system y and its corresponding gain Ki. Once the
control function has been found, it is necessary to calculate the corresponding
phase-shift, depending on the value u, if u > 0 the phase-shift is calculated with
the upper φ function and otherwise u < 0 the phase-shift is calculated with the
lower φ function. Then, this value of φ is applied to the switching signals, in
such a way that the system variables reach the desired equilibrium points.

Figure 3.1: Passivity-based controller schematic

21



Chapter 4

Simulations and
Experimental Results

In order to evaluate the proposed control design a comparison analysis is per-
formed against a classic PI controller. Simulations and experimental results are
implemented to assess the performance of the proposed PI-PBC approach. The
simulations are carry out in the time-domain in Matlab/Simulink. While ex-
perimental results are performed using a real-time controller integrated on a
Texas Instruments C2000 Delfino microcontroller LAUNCHXL-F28379D. It is a
microprocessor that can perform data processing in real-time, which provides
800MIPS total system performance between dual 200MHz C28x CPU and dual
200MHz real-time control (RLA) coprocessor. The DSP, is used to generate the
PWM switching signals sent to the gate drivers of IGBT’s from the designed pas-
sive controller for a specific reference current considering the required power
flow in the system. The objective is to obtain an adequate commutation of the
semiconductor devices from the code that includes the DSP’s ePWM, ADC, and
DAC ports. To carry out the implementation, the DAB prototype resulting from
a previous project was used, which was developed by the power electronics re-
search group, [50]. In addition, all experiments were carried out in the Power
Electronics Laboratory of the Technological University of Pereira. The DAB pro-
totype and the elements used for the implementation are shown in Figs. 4.1
and 4.2 and the system parameters are listed in Table 4.1.

According to the topology of the DAB converter analyzed in the previous chap-
ters, in the Figs. 4.1 and 4.2 it can observe the different devices that were used
to carry out the implementation. Two sources Gw instek psw (model 160V -
21.6A 4.1 (b) and 800V - 4.32A 4.1 (c)) were used to supply the input and
output voltages of the converter respectively, which were voltage controlled by
an external dual-source Bk precision 1652 4.1 (e), in order for the capacitors
could be progressively charge at the same time.
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Figure 4.1: Front view of the experimental setup: a) DAB prototype, b) DC input
source, c) DC output source, d) Oscilloscope, e) DC source to control voltage on
input/output sources, f) Power supply for the voltage sensors, and g) Voltage
sensors.

Figure 4.2: Plant view of the experimental setup: a) DSP LAUNCHXL-F28379D
C2000 Delfino MCUs, b) Gate drivers power supply, c) Voltage differential
probes, d) Current probe, e) Signal conditioning source, and f) Signal condi-
tioning circuit.
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Table 4.1: System Parameters

Parameter Description Type/Value
vin, vout Input/Output 20 V

Voltage
fsw Switching 10 kHz

Frequency
Si IGBT’s IRG7PH46UDPBF

1200 V, 40 A
Aluminum Cornell Dubilier

C1, C2 Electrolytic 2700 µ f , 420 V
Capacitors

Core Amorphous 2505SA1
C, AMCC-80

Cable Wire Lizt 20 Strands
14 AWG

Transformer Power Transfer Ferrite T68
Inductor No.5968021001

Equivalent Req =0.1 mΩ,
Parameters Leq = 100 µ H
Turns ratio 1:1

Kp Proportional gain 1−6

Ki Integral gain 0.1−6

In addition, to obtain real-time measurements of the state variables for the PI-
PBC implementation, LEM LV 25mA - 400V voltage sensors were used 4.1 (g),
which were powered by a Bk precision 1652 voltage source 4.1 (f). Through
a signal conditioning circuit 4.2 (f), these measurements were transformed to
values between 0 - 3V which were delivered to the DSP 4.2 (a)through the ADC
ports. Notice, that in both figures it is possible to observe two resistive loads
in parallel with the input and output voltage sources respectively, these ceramic
loads (10 Ω, 1000W) were used as a safety load for the voltage sources since
according to the power requirements in the system one of the two sources be-
haved as a sink.In order to carry out the implementation of the classic PI, to
measure the DAB output current, a LEM current sensor (LA 55-P) was used,
whose sensed measurement into an ADC port of the DSP as a voltage value be-
tween 0 - 3V, guaranteed by a signal conditioning circuit.

The passivity-based controller is tested under three scenarios that allow eval-
uating the bidirectionality of the power flow of the DAB. The power flow man-
agement is computed using the DAB’s output current, which is arbitrarily as-
signed as shown in Table 4.2. Notice that these references are selected so
that the power flow transfer is bidirectional. As mentioned, the proposed con-
troller is compared with a classical PI controller, which gains are tuned using
a linearization of the DAB model. These gains present the following values:
kp = 5.794× 10−5 and ki = 5.79× 10−12.
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Table 4.2: Changes of the current reference

Power Transfer (%)
Scenario (Respect to the Time (ms)

Maximum Value)

1 60% (Absorbed) 0 - 40

2 80% (Supplied) 40 - 70

3 90% (Absorbed) 70 - 100

According to Table 4.2, when the power is absorbed, the current direction is
from the secondary side to the primary side, and when the power is supplied,
the current direction is from the primary side to the secondary side, as shown
in the Fig. 4.3.

(a)

(b)

Figure 4.3: Current direction: (a) Power transfer absorbed (b) Power transfer
supplied

Initially, a frequency domain analysis is carried out to evaluate the performance
of both controllers. The Bode diagrams are obtained using the output-current
control for the PI-PBC and PI controller based on the transfer functions (4.1)
and (4.2) determined for each controller in closed-loop, respectively under Mat-
lab/Simulink simulations.
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H(s) =
−1.451s4 + 1395s3 + 1.374× 106s2 + 7.932× 108s− 2.462× 1010

s4 + 1080s3 + 1.077× 106s2 + 6.687× 108s+ 6.261× 1010

(4.1)

H(s) =
−71310s2 − 2.683× 107s+ 2.734× 1011

s3 + 9952s2 + 1.679× 107s+ 3.742× 1010
(4.2)

Fig. 4.4 shows the bode diagram for the PI-PBC approach (4.1), here is observed
a gain margin of 8.11 dB and the phase margin from the bound of 180o is -112o.
In Fig. 4.5 is represented the bode diagram for classical PI by (4.2), in this case,
the gain margin is -21 dB, and the phase margin from the bound of 180o is -82o.
The main conclusion in Figs. 4.4 and Figs. 4.5 is that the PI-PBC approach gen-
erates greater stability-margins, than the classical PI controller. Furthermore,
according with the analysis, The PI-PBC has a stable behavior for any frequency,
which is consistent with the stability concept of the proposed controller. While,
the classical PI is stable in limited frequency ranges, in this case between 600Hz
and 11.3 kHz.

Figure 4.4: Bode diagram for the DAB by PI-PBC approach

26



Figure 4.5: Bode diagram for the DAB by Classical PI controller

From Figs. 4.6 to 4.9 shows the detailed simulated and experimental results
of the output current of the DAB using the current reference presented in Ta-
ble 4.2. Figs. 4.6 and 4.7 correspond to simulation results when the PI-PBC
and classical PI approaches are implemented, respectively. While Figs. 4.8 and
4.9 present the same scenarios for the experimental results. In Figs. 4.8 and
4.9, it is essential to clarify that the reference value (CH1) for the DAB’s output
current is presented in units of mV since this value is extracted from the DSP
LAUNCHXL-F28379DC2000 Delfino MCUs as a voltage value, due to its per-
formance characteristics. Table 4.3 lists the overshoot and settling time of the
output current of the DAB for each scenario.

Notice, in Figs. 4.6 and 4.7 that the proposed PI-PBC controller has better
performance than the classic PI controller. This is supported by comparing the
overshoots for the DAB’s output current and its settling times which are reduced
by 15 % and 2 ms, and the steady-state error by 6 % in the worst scenario (see
Table 4.3) when the proposed controller is used. For experimental results, the
proposed controller continues presenting a better performance as shown in Fig.
4.8 and 4.9. The overshoot and settling time are reduced by 15 % and 6 ms,
and the steady-state error by 6 % in the worst scenario (see Table 4.3) when the
PI-PBC approach is implemented.
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Figure 4.6: Simulated dynamic responses of the output current for DAB device
by PI-PBC approach

Figure 4.7: Simulated dynamic responses of the output current for DAB device
by Classical PI
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Figure 4.8: Experimental dynamic responses of the output current for DAB de-
vice by PI-PBC approach, output current (red) and reference (blue). CH1: i?2
(300 mV/div), CH2: i2 (300 mA/div), and time base of 10ms.

Figure 4.9: Experimental dynamic responses of the output current for DAB de-
vice by classical PI, output current (red) and reference (blue). CH1: i?2 (300
mV/div), CH2: i2 (300 mA/div), and time base of 10ms.
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Table 4.3: Output current analysis respect to reference for the detailed simula-
tions and experimental results

Overshoots Settling Steady-state
(%) Time (ms) Error (%)

Scenarios 1 2 3 1 2 3 1 2 3
Simulation results

PI-PBC 7 1 1 1 1.5 2 4 0 0.5
Classical PI 33 15.4 44 1.5 2.5 4 8 2 6

Experimental results
PI-PBC 5 1 2 - 1 1 4 0 1

Classical PI 32.5 15.4 17 - 5 7 10 4 6

Figs. 4.10 to 4.12 illustrate the phase-shifts between the switching signals for
the input and output voltages of the DAB system for experimental results, in
every scenario. Figs. 4.10(a), 4.11(a), and 4.12(a) depict input/output volt-
ages of the DAB system for experimental results when the PI-PBC approach is
used. While Figs. 4.10(b), 4.11(b), and 4.12(b) show the same voltage when
the classic PI controller is employed.

In the Table. 4.4, the phase-shift for both controllers in each scenario are com-
pared, since the experimental results in Figs. 4.10 to 4.12. Observe in Figs.
4.10 to 4.12 that input/output voltages of the DAB system for both controllers
present a similar behavior (see Table. 4.4); however, the output current behav-
iors are different as presented in Fig. 4.6. This entails that a minimal difference
in the input/output voltages of the DAB system may change its performance
drastically.

Additionally, observe for both controllers in the figure that the voltage at the
input and at the transformer’s output has a drop voltage, which can be noted
in the upper part of the wave. This drop voltage is due to the IGBT’s presented
a conduction voltage of, which is around 2V, presenting a voltage drop at the
transformer input around 4V.

Table 4.4: Phase-shift comparison between both controllers for each scenario.

µlticolumn3cPhase-shift (degree)
Scenarios PI-PBC Classical PI

1 -51.84° -54.72°
2 88.56° 86.4°
3 -74.16° -72°
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(a)

(b)

Figure 4.10: Transformer input (blue) and output (red) voltage for scenario 1:
(a) PI-PBC approach, (b) Classical PI. CH1: 10V/div, CH2: 10V/div, and time
base of 40 µ s.
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(a)

(b)

Figure 4.11: Transformer input (blue) and output (red) voltage for scenario 2:
(a) PI-PBC approach, (b) Classical PI. CH1: 10V/div, CH2: 10V/div, and time
base of 40 µ s.
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(a)

(b)

Figure 4.12: Transformer input (blue) and output (red) voltage for scenario 3:
(a) PI-PBC approach, (b) Classical PI. CH1: 10V/div, CH2: 10V/div, and time
base of 40 µ s.
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Table 4.5: Output voltage change for both controllers when switching between
scenarios occurs.

Output voltage change (%)
Switching between scenarios PI-PBC Classical PI

1 - 2 0.5% 1.45%
2 - 3 0.6% 1.8%

Figs. 4.13 and 4.14 show the ability of the proposed controller to regulate
the output DC voltage of the DAB device regardless of the changes in the de-
mand of the power flow. Figs. 4.13 (a) and 4.13(b) illustrate the output voltage
when the output current change from scenario 1 to scenario 2 (see Table 4.2)
using the PI-PBC and the classical PI controller, respectively. While Figs. 4.14
(a) and 4.14 (b) show the output current change from scenario 2 to scenario 3
(see Table 4.2) when the PI-PBC and the classical PI controller are implemented,
respectively.

In Table. 4.5, the changes in the output voltage by the application of both con-
trollers when switching from one scenario to another are compared. Observe
in Figs. 4.13 and 4.14 and in Table. 4.5 that the PI-PBC controller has a better
performance than the classical PI controller since the output voltage changes
are lower (around 0.6% in the worst case) when it is used. This behavior is
mainly due to the fact that due to its PI - PBC structure, that converges faster to
the desired equilibrium point.
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(a)

(b)

Figure 4.13: Output voltage for change between scenarios 1 and 2: (a) PI-PBC
approach, (b) Classical PI. CH1: DAB output voltage (500mV/div), and time
base of 4ms
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(a)

(b)

Figure 4.14: Output voltage for change between scenarios 2 and 3: (a) PI-PBC
approach, (b) Classical PI. CH1: DAB output voltage (500mV/div), and time
base of 4ms
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Chapter 5

Conclusions

This project proposed a PI-PBC approach to regulate the power flow in the DAB,
as a part of the SST. The proposed approach allowed controlling the DAB out-
put current for any desired reference considering a specific power demand and
maintaining a safe output voltage. The proposed controller was validated us-
ing simulation and experimental results under different operating conditions.
In addition, the proposed controller was also compared to the conventional PI
controller, where a comparison between overshoots, settling times in the out-
put current, and its steady-state error were provided to validate the advantages
of the proposed method, which had a better performance than the classical PI
controller.

It was observed that overshoots, the settling time, and the steady-state error
of the output current were decreased when the PI-PBC controller was imple-
mented by 15 %, 2 ms, and 6 % in the worst-case, respectively, concerning
when the classical PI was used. It is important to highlight that the PI-PBC con-
troller proposed in this work makes the DAB model’s behavior passive in the
closed-loop since the DAB model is represented as a Hamiltonian port system,
which maintains stability in the closed-loop. This was also supported by the
analysis of the bode diagrams, where the PI-PBC approach obtained a phase
margin of -112o (from 180o boundary) and a gain margin equal to 8.11 dB,
while the classical PI obtained values -82.3o (from 180o boundary) and -21dB,
respectively.

Future work will include the other stages of the SST with their respective con-
trollers with techniques such as Model Predictive Control and other adaptive
control techniques based on algorithmic system identification.
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Chapter 6

Appendices

6.1 Appendix A. Gate drivers schematic.
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6.2 Appendix B. Voltage signal conditioning circuit.
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6.3 Appendix C. Current signal conditioning cir-
cuit.
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6.4 Appendix D. PI-PBC control diagram for DAB
converter and C2000 processor
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6.5 Appendix E. Classical PI control diagram for
DAB converter and C2000 processor
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