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ABSTRACT

FAISAL ALAMRI. Bidirectional Dual-Active Bridge DC-DC converter using a
Matrix Transformer. (Under the direction of DR. BABAK PARKHIDEH)

Dual Active Bridge (DAB) converter is an advanced power electronics device with
various applications in renewable energy systems, electric vehicles, and high-power
energy conversion systems. Due to its versatility and critical role in modern power

electronics, the DAB converter has become essential in different technology areas.

The topology of DAB converters has been continuously improving in terms of higher
efficiency, increased power density, and expanding diversity of applications. Today,
DAB converter topology is used in renewable energy systems, energy Storage Sys-

tems, and smart grid applications.

This thesis provides a detailed analysis of the DAB converter topology, including
its state-space representation, SPS control logic, design, averaging, and linearization.
The purpose is to comprehensively explore the DAB converter, understand its dy-
namic behavior and operation states, analyze its control strategies, and acknowledge

its wide range of applications.
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CHAPTER 1: INTRODUCTION

The Dual Active Bridge (DAB) converter is a highly advanced power electronics
device that finds use in several applications, such as renewable energy systems, elec-
tric vehicles, and high-power energy conversion systems. Its primary function is to
control the conversion of electrical energy between two different DC voltage sources
with high efficiency and precision. Due to its versatility and critical role in modern
power electronics, the DAB converter has become essential in different technology
areas. The summary of the thesis chapters is listed in this section, where the DAB

converter is analyzed.

CHAPTER 2 provides a literature review briefing and discusses the system con-
struction and topology components, control logic implementation for DAB converter
topology, state-space modeling, design and linearization, software modeling, chal-

lenges and future directions, and conclusion.

CHAPTER 3 explains the methodology for implementing the DAB converter topol-
ogy. It starts by analyzing the AC power flow transformation of the basic yet equiva-
lent circuitry of the DAB converter. Then, it examines the inductor voltage and cur-
rent, showing the converter behavior over a cycle period. After that, the conversion
ratio is calculated, which expresses and explains the converter behavior from different
perspectives. Moreover, the power losses of the switching devices are addressed, and
the application of zero-voltage-switching (ZVS) and zero-current-swiching (ZCS) is

discussed as a solution to the problem.
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CHAPTER 4 proposes the control logic of the DAB converter, and the state-space
model design is constructed. Furthermore, the state-space averaging process and the

line-to-output and control-to-output transfer functions are also calculated.

CHAPTER 5 presents the simulation results using Simulink and the experimental

results for the specifications provided.

Finally, CHAPTER 6 concludes the thesis by comparing the results and discussing

future work and plans for this DAB converter.



CHAPTER 2: LITERATURE REVIEW

DC-DC converters have been playing a crucial role in a wide range of applications
in power electronics. It has upgraded the efficiency level and provided more features
for users, such as stepping up or down voltage and current, reducing parasitic compo-
nent sizes, transforming higher power density, advancing switching frequency control,
and performing bidirectional power flow transmission. DAB converters have been a
well-known topic for their powerful features and highly efficient performance, initially
proposed in [1]. It also provides various applications in electric vehicles (EVs) [2],

aerospace applications [3|, data centers [4].

As mentioned, DAB converter was initially proposed in 1988 [1]. The topology
of DAB converters has been continuously improving in terms of higher efficiency,
increased power density, and expanding diversity of applications. Today, DAB con-
verter topology is used in renewable energy systems, energy Storage Systems, and

smart grid applications. Presented accordingly in [5, 6, 7.

The DAB converter consists of two full bridges. The first bridge is an inverter
connected to the input, which converts DC to AC. The second bridge is a rectifier
connected to the output, which converts AC back to DC. It also consists of an induc-
tor, which controls the direction of power flow, and often a transformer, primarily for
isolation and for stepping up or down voltage and current. Similarly, many researchers
have discussed improvements in the DAB converter topology, such as separating the
windings of the leakage inductance presented in [8], using the dual transformer dis-

cussed in [9], and operating the DAB converter without the transformer introduced



in [10].

Numerous research studies have been conducted on the control of DAB converter
topology. For instance, one research paper in [1] discusses a soft-switched DAB con-
verter and other bidirectional DC-DC converters suitable for high-power density appli-
cations. The study compares DC-DC topologies, such as single-phase-shifted, single-
phase, and three-phase dual bridge converter topologies. In [11], voltage-mode-control
(VMC) and current-mode-control (CMC) methods were discussed, where CMC was
implemented using voltage reference error. Additionally, [12] discusses the short-time-
scale transient processes in an isolated bidirectional DAB converter with a phase-
shifted control. The study analyzed the dead-band effect on the steady-state and
transient commutating process. In addition, High-frequency-link (HFL) power con-
version systems (PCSs) control was discussed in [13], which compares the implementa-
tion of single-phase-shift (SPS), extended-phase-shift (EPS), dual-phase-shift (DPS),
and triple-phase-shift (TPS) as well. Each of these implementations of phase-shifting

methods was discussed thoroughly in |14, 15, 16, 17].

State-space modeling is a sophisticated technique for averaging and linearizing sys-
tems, which is also easy to apply to a DC-DC system like a DAB converter topology.
A comprehensive guide for state-space design and modeling can be found in [18].
Additionally, [19] and [20] discuss state-space averaging and linearizing, providing all
the state-space components, the averaging process, and a transfer function for the

DAB converter system.

In the MATLAB workspace, a comprehensive model design work for DAB has been
completed using the Simulink tool. The model includes measurements and tests of

different operating scenarios and conditions for the DAB converter system. The find-



ings from this model will be further explored in this thesis.

The DAB converter topology is more complex than other converters because it
functions on more than two operating states, such as Buck, Boost, Buck-boost, and
others. This complex behavior of the DAB converter topology makes the control logic
much more complicated. However, the control logic can be analyzed and calculated
by redefining the operating states of the DAB converter, as shown in [3| and [19].

Due to design limitations, the research was limited to a down-scaled version.
Nonetheless, in the future, these limitations will be overcome to implement the full

scale and achieve the full output power as stated in the objectives of this project.

As discussed earlier, the topology of DAB converters is a rapidly evolving field
that has resolved numerous issues and provided significant advantages in the realm
of power electronics. DAB converters have become indispensable to several global

projects, including electric vehicles and DC circuit breakers [21].



CHAPTER 3: METHODOLOGY

3.1 AC Power Transfer

jolL

2113

(@ V1.6 @ Va2,e

Figure 3.1: AC representation of DAB converter

Using this simple circuit to represent the AC power transfer in DAB converter
topology, the power transfer could be analyzed as the first AC source V; going through
the inductor jwlL, and the other AC source V5. V; and V5 AC voltage sources could
either produce or absorb voltage depending on their phase angle degree. Having fixed
0° phase degree for Vi, and changing the phase angle degree for V5, would control
the power transfer through the converter. If V5 phase angle is > 0, the current path
would be from V; toward V5, where Vi would be a producing source and V5 would be
an absorbing source. The current would be in the other direction if V5, phase angle
is negative < 0 where V} would be an absorbing source and V5 would be a producing
source. V; and V5 voltage sources could be expressed as two cosine waveforms as
follows:

Vi = vi(t)cos(wt — 0) (3.1)

Vo = vg(t)cos(wt — 0) (3.2)



Current could be calculated using;:

_ va(t)
=1 sin(wt) T

sin(wt — 0)

Therefore, the output power calculation would be:
P2 = Ug(t)lz(t)

po = Ua(t) cos(wt — 0) (U:)—(z) sin(wt) — Ui)—(z) sin(wt — 0))

Calculating the average output power:

T
Py = / o(t) dt
0

RAS

ws =90l T /. cos(wt — ) sin(wt) dt

v, .
wg = 5 T ;Z sin(0)

(3.3)

(3.9)

From this, we could realize that 6 plays a crucial role to control the average power

between the AC voltage sources.

Since the DAB converter is a DC-DC converter, two active bridges that contain

eight active switches such as MOSFETs, SiCs, IGBTs or many other switching devices,
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are required to convert AC source to a DC source. In addition, a transformer will

be used for isolation, step-up, and step-down, and two capacitors at both ends will

be constructed for filtering DC ripple.

Because we have an inductor in the DAB

converter simple circuit topology, and using a transformer, would result in having a

"real transformer" where the leakage inductance of the transformer is used.

= | = =
~|I—-r s1 ~{I—*sa ~|Hss =
P H b H
L
4’%
v1(f> —_—c ”
P H P -
~|I—-~ 52 «{I—-*sa ~|I—+sa =
— H — H

Figure 3.2: DAB Converter Circuit

3.2

57

58

S @) v2

Inductor Voltage Analysis

Drawing V; and V; voltage waveforms with the assumptions that V; is higher than

Vs, the Duty Cycle is 50%, and there is ¢ phase shift for V5 would be:



v

V2 =

A

Figure 3.3: Voltage Sources Waveform

As shown above, V] is the red square waveform where it operates high at the in-
terval {0 to Z:} and low at the interval {Z* to T,}. V5 is the black square waveform
and, it is phase shifted by ¢, and it operates high at the interval {¢ to (% + ¢)} and
low for the interval {(% + ¢) to (T's + ¢)}.

In addition, the period of time segments are noted as A, B, C, D, whereas they
indicate what switches were on at that period of time. Here is a truth-table of these

notation.
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Table 3.1: Time segment table for ON gates.

Primary Secondary
Time Segment
Bridge Bridge

Switches ON

A S1, S4 S6, S7
B S1, S4 S5, S8
C S2, 83 S5, S8
D S2, 83 S6, S7

After combining the the voltage sources waveform and following Kirchhoft’s voltage

law (KVL) <V, >=V, —V,, the inductor voltage waveform result will be:

Vg + Vo oo

Vg—Vo=e

Vg 4+ Voae

Vg —Vo=

s o

| =t
]
I
4
ol

Figure 3.4: Inductor Voltage Waveform
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3.3 Inductor Current Analysis

Since the average inductor current is 0, we could use the inductor voltage wave-
form to draw the inductor current waveform using Kirchhoff’s current law (KCL)

<ip >= @ Using this method, the inductor current waveform result will be:

@ e T

=
Vg o+ —= Vg == -vg === =¥+

Figure 3.5: Inductor Current Waveform

3.4  Conversion Ratio

Vo

In order to find the conversion ratio M = >,

the output current must be found.
The output current waveform is going to be similar to the inductor current except

that it would be rectified as shown below.
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Figure 3.6: Output Current Waveform

Using this waveform, we could calculate the output current I, by calculating the
area under the curve. The average of the output current is achievable by calculating

the amount of the output charge where the output current is:

I, = (3.10)

AQ = %(11 + 1) (% —¢)+ %tl(m - %m(h) (3.11)

Where t;, t5 are used here to represent the first and second half of the first time

Vot+te
segment —=-. Therefore,

L L
t1 = 3.12
1 ‘/g—f—% ( )
L L
to = 3.13

Solving for AQ using t; and t5:
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AQ=¢(%—¢)% (3.14)

Using the previous formula 1, = nATg :
2

o(L—-9)V, o=V,

I, = 2 = 3.15
n % L nlL ( )
Using:
2¢ 1
D=-"= = 3.16
Ts y JSW % ( )
1, would become as:
D(1-D)V,
I, = —( ) Vs (3.17)
n fsw L

Using Ohm’s law:

V, D(-D)Y,
[ = 20 P)V 3.18
Ry, n fsw L (3.18)

By equating these two equation, the conversion ratio could be expressed as:

V, D(1-D)R,
Vg n fsw L ( )

3.5 Design Parameters

Duty ratio is a crucial variable in the design section. By looking at the graph of

the duty ratio:



14
D(1-D)

0.25

0.5

Figure 3.7: Duty Ratio Operating Range

The converter transfers the maximum power at D = 0.5. However, in this design,
D is chosen to be equal to 0.4 instead, to avoid control issues and to provide room

for transients.

Having the conversion ratio equation, we could calculate the size of the leakage

inductance should be used in the converter to acquire maximum efficiency.

The leakage inductance could be calculated as:

D(1—D)R.V,

L:
n fsw Vo,

(3.20)

Furthermore, the output capacitance could be calculated using the output current
waveform [, (Figure 3.6) and could be calculated as:
AQ

Co=5A17 (3.21)

where,

(3.22)
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The derivation and calculation of A @) is provided in APPENDIX A.

3.6  Power Losses

High operating frequencies will reduce the size of passive elements such as capac-
itors, inductors, and power transformers. Although, operating at high frequencies is
beneficial for reducing the passive components size, running DC-DC converter topolo-
gies using active switches will operate in hard-switching mode. Hard-switched Pulse-
Width-Modulated (PWM) converter topologies are easier to analyze however they
have a significant power losses that would have a great impact on the converter effi-

ciency.

Soft switching - such as Zero-voltage-switching and Zero-current-switching - are
effectively sufficient solution for switching power losses where they are considered in
this section to be addressed and applied to DAB converter topology later in this sec-

tion.

In the next figure, the concept of hard-switching is presented where it shows the
principle of hard-switching and how it occurs. Once the switch starts to conduct
(turned-on), the conduction of current I rises and the drain to source voltage Vpg

falls both at the same time.
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.

Pposs

Figure 3.8: Power Switching Losses

This change of event creates a triangle of power loss where it could be calculated

using the following formula:

1
PLoss - 5 VDS ID Ton fSW (323>

3.6.1  Application of ZVS

To implement ZVS soft-switching technique, the inductor current must by analyzed
for each operating state as follows:
In the first time segment of the operating state (A), the current path across the

circuit would be as:

= i S i [ N
gtjzs_l_cl jr:”lstiWL ngs-rs v:]zs-l-?

® 3lE A - 3
Siie) zs+cz S zs_!-r; Sofiety 2:+c5 Sl 25+cg

Figure 3.9: Operating Devices During Stage A
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Which corresponds to the highlighted time segment of the inductor current wave-

form below:

T T,
5 4w Ty

A B C D

Figure 3.10: Stage A Time Interval of the Inductor Current

At this state, S, Sy, Sg, and S7 devices gates are ON. Simultaneously, the MOS-
FET output capacitors Cy and C3 will be charged by V;, value and, C5 and Cg will

be charged by V,, value.

In the second time segment of the operating state (B), the current path across the

circuit would be as:

=l

S F Jﬁ% s g S 5T

® 5 E M T %
1
1

—

%J:«—_l zs-l-cz S zs—l-a SﬂE—J zs+cﬁ Salich &

Figure 3.11: Operating Devices During Stage B

Which corresponds to the highlighted time segment of the inductor current wave-

form below:
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- T, T

|

Figure 3.12: Stage B Time Interval of the Inductor Current

At this state, S1, Sy, S5, and Sy devices gates are ON. Simultaneously, the MOS-
FET output capacitors Cy and C3 will be charged by V;, value and, Cs and C7 will

be charged by V,, value.

The application of ZVS happens at the point of time between A and B operating

states.

|._-.|,:-| e

T
—+e T

A B c i

Figure 3.13: Time Instance of the ZVS Application

At this point of time, a short dead-time period will occur where all switching devices
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will be turned-off to avoid any short circuit. In addition, applying dead-time at this
period of time will result in having a natural commutation by the inductor current
that will force the diodes to commutate as they will act as voltage sources via the

series capacitors.

Figure 3.14: DAB converter Equivalent Circuit operating at ZVS

Using the previous power loss formula, and implying this process of ZVS, the power

loss formula becomes as:

1
PLoss = 5 VF IL td fSW (324)

The drain-to-source voltage Vpg and the drain current Ip become as forward volt-
age drop of the diode Vi and the inductor current I;. Moreover, t; here corresponds

to the delay time "dead-time" which could be controlled.

Dead-time t; must be calculated correctly to achieve ZVS efficiently such as:

AQ Ity
AV =V, = = 3.25
Z Ooss C(5 + 08 ( )
Vs,
ta=+ (C5 + Cy) (3.26)

I
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3.6.2  Application of ZCS

In addition, ZCS is another method for soft-switching where it could be used in
DAB converters via utilizing the zero-crossing points of the inductor current showing

below.

T;

b=
p.,:|;i .

|

i

]

Figure 3.15: ZCS Application on the Inductor Current

Using the control variable to precisely utilize these points to switch the active de-
vices will enforce the switches to operate under ZCS where Ip = 0 in the power loss
formula mentioned previously. However, operating the active devices under ZCS will
cause the phase-shifting control to be used for switching the active devices at the
zero-crossing points. Alternatively, duty ratio could be used as a control variable to

control the output voltage or current.



CHAPTER 4: CONTROL LOGIC

Control in power electronics involves the implementation of various techniques and
strategies to regulate and manage the electrical power output of electronic devices.
It also ensures the power of electronic devices’ efficiency and reliability in many ap-
plications. Regulation and correction of electrical energy is a critical key of control

methods in the power electronics principle.

Moreover, the objective of the control in power electronics is to achieve the desired
output, such as voltage, current, or frequency. In addition, it is important that the

system operates in a manner that meets the requirements expected from the system.

Figure 4.1: Open-loop System Representation

Open-loop systems contain three main blocks: the input, the system, and the
output. In open-loop systems, no feedback is taken from the output state; therefore,

there is no control.
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Controller

Y

System » OQutput )

Feedback

Figure 4.2: Closed-loop System Representation

However, in a closed-loop system, feedback is essential to monitor and regulate
the output by calculating the error between the input (Reference) and the output
feedback, feeding that into a controller designed by the developer, which would be
fed to the system. This process ensures a precise and fine control of the output to be

regulated.
4.1  State-space Design

State-space modeling is a mathematical analysis and derivations utilized to de-
scribe the behavior of the system dynamics. It provides a sufficient representation

that describes the functionality of the system over time.

A state-space model describes a dynamic system by a set of first-order differential
equations that define its evolution over time. The critical elements of a state-space
model are the state variables, input variables, output variables, and the system ma-
trices.

The state-space modeling comprises of two sets of equations:

e State Equations:

#(t) = Az(t) + Bu(t) (4.1)
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Here, #(t) represents the derivative of the state vector with respect to time, A
is the state matrix, B is the input matrix, u(t) is the input vector, and z(t) is

the state vector.

e Output Equations:
y(t) = Gx(t) + Hu(t) (4.2)

Here, G is the output matrix, H is the direct transmission matrix or known as

(feedthrough matrix), and y(t) is the output vector.

State-space models have several advantages, including the ability to represent sys-
tems with multiple inputs and outputs, handle time-varying systems, and facilitate
the analysis of system behavior in terms of state trajectories. They are widely used

in control system design, system identification, and simulation.

A and B matrices must be constructed to create the state-space design, and x and
u vectors must also be identified for the control input. The DAB converter waveform
conducts four operating state segments, identified here as A, B, G, and H, which will
play a crucial role in the control periods. Therefore, each operating state -as seen

below in the inductor voltage i;- must be analyzed.
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Figure 4.3: Inductor Voltage Waveform

In order to find A and B matrices, the power flow for each state must be analyzed

considering only the conductive (ON gates) devices using the ON gates devices table

as:

o B H H

o® = e —= O " e e — G
4Er= A= L= %'Er‘; %'Er 4~ %'Ers -
(a) First equivalent circuit. (b) Second equivalent circuit.
-Ig*' A= 45“ - ‘|§5‘ - - ﬁg“

L1 T L4 L1 KL L4
ot ot e 15 45
(¢) Third equivalent circuit. (d) Fourth equivalent circuit.

Figure 4.4: DAB converter equivalent circuits for each operating states.

The equivalent circuit for these the figures would be:
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(b) Second equivalent circuit.
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(¢) Third equivalent circuit.

(d) Fourth equivalent circuit.

Figure 4.5: DAB converter equivalent circuits for each operating states.

Using these drawings to calculate for the inductor voltage and capacitor current

differential equations:

For S;:
Ldigft) =V, + Vo
C’dU;(t) i ;_i
For Ss:
Ldzst(t) _v,—v,
Cdvc(t) _ .U
dt Ry,
For Ss:
Ldigfﬂ =-V,+V,
doc(t
C Ugt( ) iy ]”%—CL
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For S;:
dir(t)
L =V, - 4.
U _ v, oy, (4.9
dvc(t) . (Yol
=47 — — 4.1
O TUT R (4.10)

Using state-space design to envelope these differential equation into matrices and

multiplying them by their vectors where:

T = : U= v, (4.11)

0 7 || I
Al = . ) y Bl = Vg (412)
¢ Tor]| "] 0
0 -1 11, 1
A2 = . 11/ 5 BQ = L Vg (413)
¢ " Cr| |Y¢] _O_
0 7 iL -1
Ay = 1 L1 : Bs=| ", (4.14)
¢ Tor] | | Y]
0 -1+ ir -1
A4 = . f s B4 = L Vg (415)
¢ T Cr| |YC] i 0 |

4.2 State-space averaging and linearization

State-space averaging and linearization help to analyze the system’s time-variant
components over time to average and linearize those varying elements for each state

and determine the proposed system’s continuous time function.
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Using this waveform of the inductor voltage, and considering the full period T,
the first operating state S; is determined by the value of ¢. Similarly, S would be
% — ¢, S3 would be —¢, and lastly S; would be —% — ¢. For (¢) and (T? — ¢), these

conversion is considered instead as an equivalent of these periods of time:

d dT;
o) =5 = (4.16)
Ts
T, T, dT, d T,
5 () = = — = 4.17
- o) =2 - (5= (417
Table 4.1: Operating states time periods for DAB converter.
Operating State # Time period
S & Ss d§5
So & Sy L
The standard form of the state-space representation is:
x(t) = Ax(t) + Bu(t) (4.18)
y = Gx(t) + Hul(t) (4.19)

All of each operating state matrices is multiplied by its time interval period:

%iL(t) <d2TS (A; + A3) n %(fh + A4)> 2

%Uc(t) Ts Ts

:(Bi+ By) *I(B;+ B
<2<} ), F BB, .20)
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0 2d—1 ,L'L 1-2d

i(t) = L +1 "V, (4.21)
1 1
Cc T Cr.| |YC 0

And, since we are only interested in the output voltage, and we do not have any

feedthrough input in the circuit, therefore:

G= [() 1] , H=0 (4.22)

Perturbing and linearizing this result which means that all the time variant vari-
ables would equal to their DC component plus the AC small signal component, in the

manner that:

~ ~

ip(t) =1, +ip, vo(t)=Ve+ve, v,t)=V,+7, d=D+d, d=D-d

Perturb and linearization process is done thoroughly in APPENDIX B.

First order equations is only considered in this process so that DC and second

order(non-linear) equations will be eliminated. Therefore as an (Equation B.5),

ir (A, + Ag) | Ind+iL D +(A2+A4) —I;d+i. D

3 2 2 —Vcci—f—UAcD

(Yo Vcd—i—UACD

By + B - By + B .
+ (%) (V,d + 6, D) + (%) (=V, d+ v, D) (4.23)
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~

A

e}

D D
:(E>(A1+A2+A3+A4) +(§>(B1+BQ+B3+B4)%

1 I, 1 R
+13 ((A; 4+ A3) — (Ay+ Ay)) +3 (Bi+B;3) —(Ba+By)) V, | d (4.24)
Ve
Which is equal to the form:
& = A[#] + B[v,] + Eld] (4.25)
Where:
E=((A1+ A3) — (A2 + Ay)) Xo+ ((B1 + B3) — (B2 + By)) U (4.26)
2V,
E=|"* (4.27)
0

4.3  Transfer function

Transfer functions are best to describe the relationship between the input and the

output of a linear or time-variant system.

The AC small-signal solution of the system is:

t=A% + Bi, + Ed (4.28)

And since the equation is linearized, Laplace transformation can be applied result-

ing in:
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~

X (s)=(sI — A)'BU (s)+ (sI — Ag) L Ed(s) (4.29)

Using this equation, line-to-output and control-to-output transfer functions could

be derived as:

The line-to-output transfer function can be expressed as:

liy=0 =G (sT—=A)' B (4.30)

Which is found to be:

1-2D

G, = 4.31
o(5) LCs*+%s+R(1—2D) (4.31)
And, the control-to-output transfer function can be expressed as:
X(s
Gua(s) = ﬁb(s):o =G(sI—-A)E (4.32)
d(s)
Which is found to be:
2V,
Goa(s) £ (4.33)

LCs2+Ls+R(1-2D)

In this chapter, D is avoided to be 0.5, which it would make the system uncontrol-

lable. This has been discussed in CHAPTER 3 and in (Figure 3.7).



CHAPTER 5: RESULTS

As mentioned previously, Simulink tool in MATLAB is used for this demonstration

results to test the control logic and verify the output measurement.

First, the DAB converter topology, which has eight switching devices, a leakage

inductor, a transformer, and input and output capacitors, was constructed.

Figure 5.1: DAB Converter Simulation Circuit

Second, the control Unit block was connected to the converter, which contains the
controllable gate drive signals, the control logic block diagram, and the SPS control
method. It takes the voltage reference and the output voltage sensor’s value as input
and outputs the gate drive signals for the switching devices. Furthermore, a mea-
surement scope was applied next to the control unit block to verify the phase-shifting

waveform of the gate drive signal fed to the switching devices later.
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Figure 5.2: Simulation Control Unit

The control block diagram is constructed of the error between the voltage reference
and the output voltage measurement, the PI controller, the transfer function of the
DAB converter, and the SPS control logic block, which outputs to the first full bridge

(FB1) and the second full bridge (FB2) of the converter.

1 [FB2]

(I)_’@—’ PI(s) 1-2+D hi-shift | 4’<_
> P phi-shi |
Vref Uts) 2 4@

SPS Control

Vout

Figure 5.3: Simulation Control Block Diagram

Here is the SPS control logic, which translates the transfer function output into a
phase-shift angle (¢) in terms of the frequency PWM output to shift the phase angle
of one of the DAB converter bridges. The first leg of this block has an addition of
90 so that the control of (¢) is in the range of (0 — 180°) instead of (—90° — 90°) to

bypass Simulink limitations.
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addition (phase offset)

phi-shift 360

e )
* 0 H, i |/

phi-offset 360

—> =5
e i Hmuoea ,{\/

Figure 5.4: Phase Shifting Logic Subsystem of the Control Block Diagram

As the last section of the control unit block, the phase-shifting output is supplied
FB1 and FB2 which feed to the switching devices in order to operate the DAB con-

verter using this circuitry connection.

[FB1] »(1)
>

(2

[FB2] »(5)
S e

»(8)

Figure 5.5: Simulation Switching Devices Signals

Lastly, a set of scope connections is put together for analysis and taking measure-

ments.
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Figure 5.6: Simulation Scoping Probes

The DAB converter specifications used in this simulation are listed below in (Table
5.1):

Table 5.1: Converter Specifications for Simulink

Parameter Variable Value
Input Voltage \% 400 V
Output Voltage Vs 48V
Output Power P, 4000 W
Switching Frequency fsw 100 kHz
Transformer Ratio n 8:1
Duty Ratio D 0.4
Leakage Inductance L 46.08 pH
Output Capacitor C, 177.78 uF

Load Resistance Ry, 0.576 Q
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5.1  Simulation Results

Output Measurements:

In this section, the output measurement simulation results are shown for different
loading and input voltage varying conditions. Each figure is showing the output
voltage, output current, and the output power accordingly as in red waveform. The
blue color show the status of (¢), which is the controller variable, and how it behaves

during transients and varying conditions.

Output Measurements
T

g
T

&
T
I

Output Voltage Measurements
8 8
| |

3
L

0 001 002 003 004 005 006

1 L L 1 1
0 001 002 003 004 005 006

T T T T Output Power ]

L L 1 1 L
[ 001 002 003 004 005

e

Figure 5.7: Simulation for Output Measurement at Nominal Load

Showing at Figure (5.7), in first scope, is the output voltage V, measurement which
is measured to be 48.05 V with a DC ripple of 0.16 V' and reached steady-state in
about 20ms. In the second scope, is the output current I, measurement which is
measured to be 83.41 A with a DC ripple of 0.2 A and reached steady-state in about

20ms.
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And in the third scope, is the product of the first two measurements, which is

the output power P, measurement and it is measured to be 4,007 W and reached

steady-state in about 2ms.

Primary Voltage
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Secondary Voltage
T T

1 1 1

Primary Current
T T
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-350
1 | 1

Secondary Current
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§
g
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g
g
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Figure 5.8: Simulation Transformer Measurements at Nominal Load
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Primary Voltage
T

3

g

Secondary Voltage
T

Figure 5.9: Simulation Transformer Waveform Characteristics

Figure (5.8) and (5.9), show the transformer measurements of the primary voltage
V,, secondary voltage V;, primary current [,, and the secondary current /5 at nominal
load condition, where (Figure 5.8) shows the transformer output measurements, and
(Figure 5.9) shows the waveform characteristics of the transformer measurements.
The primary voltage is a square wave with phase shift effect of 396.1 V' high, and
—396.7 V low. The secondary voltage is a square wave with phase shift effect as well

of 49.52 V high, and —49.58 V' low.

The primary current is a trapezoidal waveform of high 21.1A, and —21.09 low. As

the secondary current is a trapezoidal waveform of high 167.0A, and —168.8 low.
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5.2 Varying Load and Input Voltage Conditions

In this section, the system stability was tested under different loading conditions

and varying the input voltage.

‘Output Measurements

‘Overshobl
— 45—

-]

Settling-time

0 001 00z 003 00 005 006

| S T T N S ——

| 1 1 1 L
001 002 003 004 005

o
5

6

Figure 5.10: Output Measurements for Nominal Load Testing Condition.

At this waveform above, the system is running for a normal operation at nominal
load condition where the system reach steady-state in 20 ms and an overshoot value

of 2.29%, where (¢) value is settling at 33°.

Then, the system will be disturbed at 0.02ms by varying the input voltage and
testing different loads to analyze the control functionality by measuring the overshoot

and settling time.
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Here in (Figure 5.11), the system was tested at mid-point load, which has an

overshoot of 2.92% and a

settling time of 36 ms, where (¢) value is settling at 14°.
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Figure 5.11: Output Measurements for Mid-point Load Testing Condition.
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In (Figure 5.12), the system was tested at no-load condition, which has an overshoot

of 11.76% and a settling time of 38.5 ms, where (¢) value is settling at —19°.
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Figure 5.12: Output Measurements for No Load Testing Condition.
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At this condition (Figure 5.13), the input voltage is stepped for +10%, which has
an overshoot of 10.63% and a settling time of 29.7 ms, where (¢) value is settling at

—15°.

Output

3 B 8

Output Voltage Measurements

easurements.

Output Current M
° 8
Tt
I I

Figure 5.13: Output Measurements for 10% Input Voltage increment Testing Condi-
tion.

In addition, at this condition, the input voltage is stepped for +20%, which has
an overshoot of 17.71% and a settling time of 39.6 ms, where (¢) value is settling at

—381°.
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Figure 5.14: Output Measurements for 20% Input Voltage increment Testing Condi-
tion.

Table 5.2: Summary for different testing conditions

Overshoot Settling-time
Full Load 2.29% 20ms
Mid-point Load 2.92% 36 ms
No Load 10.83% 38.5ms
110% Input Voltage 10.63% 29.7ms
120% Input Voltage 17.711% 39.6 ms




CHAPTER 6: CONCLUSIONS

In this master’s thesis, a detailed analysis of DAB converter topology has been
provided. A state-space representation and SPS control logic, design, averaging, and

linearization were used for the control side.

One of the significant achievements of this thesis is validating the control logic
proposed in Chapter 4, and by running the simulation for a varying load conditions
or varying input voltage conditions which validates the control analysis results. The

simulation results for different load and input voltage conditions were summarized in

(Table 5.2).

While the presented data provide invaluable insights into the DAB converter, it
is essential to mention that the experimental specifications were scaled down to ac-
commodate the experiment’s limitations. This research aims to achieve the full-scale
objective of the converter specifications and conduct additional analysis in future

work.

The future specification could be effectively used in many applications. For in-
stance, the voltage-regulated level is commonly used in the EV field of expertise,

which was an objective of this research.
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In conclusion, this thesis comprehensively explores the DAB converter to under-
stand its dynamics behavior, operation states, control strategies, and wide range of
applications. The literature review chapter thoroughly lists significant contributions

and developments of the DAB converter topology.
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APPENDIX A: CAPACITOR SIZING CALCULATION

Using the output current waveform in (Figure 3.6):

A=)
Nl.:"]-
1
i
“
o3

46

(A1)

The output current is going to be a constant value at the average of the output

current waveform. A () needs be calculated which is the difference between the output

current and the capacitor current. A proper way to calculate this, is to divide this

area to a square and a triangle as shown below.



p
n 2 fswiLn
I VoD D'T,
° 2fswiln
DT,
Qﬁ:
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(A.2)
(A.3)

(A4)

(A.8)

(A.9)
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()1 and ()5 could be calculated as follows:

3.V,DT, V,DD'T, T, DT,

=3 2fswln  2fewLn’ 2 5 ) (A.10)
= Z% (1-D")(1-D) (A.11)
o-1522n
Q2 = éll % (A.13)
AQ =01 + Q2 (A.14)
s IEEET NPT,
AQ = % (A.16)
Finally, the output capacitance could be calculated using the formula:
C, = A0 (A.17)



49
APPENDIX B: STATE-SPACE PERTURBING AND LINEARIZATION

Simplifying the previous equation (Equation 4.20):

Evc(t) TS TS (Yo}
DL(B +B,)  ZL(B;+B
(Bt By) | (Bt By v, (B.1)
T, T,
@i (D(A1 + A3) N D'(A, +A4)) iL
%’Uc(t) 2 2 (Yo
D(B,+ B D'(Bs + B
+( ( 1 2) + ( 3 4)) Vg (B.Q)
T, 2
%/LL(t) . (A1 +A3) ZLD . (A2 +A4) Z‘L D’
%Uc(t) 2 UcD 2 (Yo} D/
B, + B B;+ B
+< 1; 2>V9D+( 3; 4>V9D’ (B.3)

Perturbing and linearizing:

SI+iy) | (A 4+ Ay) | Te+iz) (D +d) L (et A (I +1i1) (D — d)

(Ve + 1) 2 (Vo + ) (D + d) 2 (Ve + vie) (D — d)
B e wras (PR g 0-0 @y

This would result into the below equation which have DC and AC small signal

components.
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S +in) | (A +Ay) | LD+ Id+ipD+irgd )

1 (V& + ) 2 WD+ Ved+ oD +vd

(As+ Ay) | D —Ipd+iy D —ird
2 |ueBD - Vod+veD -

B, + B - . Bs + B A .
+( - 2)@gﬁ+nd+%zxgg@+( = 4)@gﬁ—wd+%[ﬁyﬂﬁ(3@
First order equations is only considered in this process so that DC and second

order(non-linear) equations will be eliminated. Therefore,

iL| (A +4y) | Led+iLD L (Aat Ay Iyd+iyD

; 2 2 Ved + vp D

v Ved+vg D

B, +B ; Bs+ B .
+<1+2>%d+@D+<3+4)—%d+@D (B.6)




