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Chapter 1

Preamble

1.1 Introduction

The systems exponentially increase their complexity in both software and hardware each year. What
started out as a conventional car was moved to an electric one and today leaps and bounds are
being made towards the stand-alone. The example given allow to affirm that more lines of code are
required to implement a reliable system, so a greater number of micro-controllers is also necessary,
and those manufactured with a greater number of transistors.

Model-based system development offers an early exploration into design, which involves prototyp-
ing and verification in a quick time so system design can be further optimized. A reliable model
would allow engineers to develop software and hardware in parallel, thus reducing the develop-
ment cycle. It is necessary to take into account that the model of the system itself is important, but
verify the correct operation of the model is more important.

1.2 Problem Statement

Traditional simulation has limited the testing capabilities of engineers designing control systems,
forcing them to rely heavily on expensive instruments.

During designing power electronics systems, it is possible to encounter problems related to a stage
that requires including changes in the Hardware or even tests or experiments to validate its behavior.
Sometimes because of the rigidity of the prototype it is not practical to develop the field tests, in
fact, some of them will destroy the hardware if they are carried out incorrectly.

To find an opportunity for improvement in the design and implementation process, the following
research question is proposed:

How can experimental results be got in real-time in power electronics systems without having
access to an existing prototype?

1.3 Objectives

In this section, the proposed objectives that will answer the research question will be shown.

1.3.1 General Objective

To develop a platform using Hardware in the Loop technique that allows validation of the dynamic
behavior of a coupled inductor Buck-Boost DC/DC converter model on FPGA technology.
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1.3.2 Specific Objectives

1. To create a parameterizable model of the coupled inductor Buck-Boost DC/DC converter that
is compatible with National Instruments VeriStand software.

2. To build a scalable and flexible Hardware in the Loop system that allows loading the model
described in the previously with a highly deterministic calculation speed.

3. To design and implement a control system that allows regulating a variable of the coupled
inductor Buck-Boost DC/DC converter to the set-point established.

4. To verify the real-time behavior of the closed-loop system executed by the Hardware in the
Loop platform.

1.4 Justification

The increasing adoption of unknown technologies at all levels in the industry is a challenge for
engineers developing integrated control systems. Until a few years ago, it had been very difficult to
have an accurate model combined with top execution speed. Today test systems developed with
Hardware in the Loop must run simulation models in hundreds of nanoseconds. To develop tests
with Hardware in the Loop will allow to study the behavior of the system under fault conditions
impractical to perform with actual systems, and that can destroy the Hardware.

Improving the speed and accuracy of the simulation would help engineers who design and imple-
ment systems in power electronics to perform more tests at the signal level, which would reduce
the time and cost of physical testing.
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Chapter 2

Converter Analysis

2.1 Introduction

Power factor correction, battery charging and discharging, and maximum power point tracking in
photovoltaic panels are some many applications that switching converters have in research and
industry [1–4]. In all the above applications, the goal is to obtain a regulated output voltage from an
unregulated voltage source[5–8].

A common feature of basic converter, both Buck and Boost topologies, is that a single active
switching element exists. We use this basic topologies in applications where it is important to have
a small size of the elements and a low cost. However, a great disadvantage has also been noted in
them, when the voltages are increased, the size of the capacitors becomes an important variable to
consider [9–12].

The Boost DC/DC converters operated in their continuous conduction mode have a zero in the
right half plane (RHP) on their transfer function. When this characteristic occurs, it refers to the
converter as a non-minimum phase converter. It is also possible to affirm that this characteristic
hinders the design of the controller, in other words, it limits the band-width of the control loop and,
as mentioned before, increases the size of the output capacitor.

When the converter hinders the design of the controller, it refers to the fact that, to guarantee a
sufficient margin of stability in the frequency behavior, it is necessary that the frequency of the
zero found in the positive half-plane is greater than the frequency of 0 dB crossing of the closed
loop gain. Because of this, the dynamic performance of a Boost converter is very limited compared
to that of a Buck converter, which has a minimal transfer function that allows you to design your
controller without having so many considerations present.

They have developed many studies that focus on develop strategies that reduce the influence of
zero in the right half plane of the transfer functions of the converters. One of them mentions that if
we design the Boost Converter with an output capacitor with a large equivalent series of resistance
(ESR); it is possible to achieve excellent dynamic behavior [13]. However, this condition doesn’t
take into account the requirement for high efficiency.

Another study suggests that if the converter operate on a point very close to discontinuous conduc-
tion mode to get an outstanding performance in dynamic behavior [14]. However, the previous
consideration penalizes efficiency by increasing the voltage on the semiconductor elements that are
switching.

This work aims to present an unusual converter topology with the ability to raise and lower the
voltage, with the same conversion properties of the Buck and Boost converters. The converter shown



Chapter 2. Converter Analysis 4

in Figure 2.1 has magnetically coupled inductors at the input and output. With these inductors, the
input and output currents are not pulsating, the noise level is lower and both the control and the
limit of the currents can be easier to deal with compared to the case in which they were pulsating[15,
16].

u1 (t)

+
−vs (t)

Lm D1

C1

Rd

Cd

u2 (t)
D2

Lm L

Co RL

Np : Ns

FIGURE 2.1: Schematic circuit diagram of the Non-inverter Buck-Boost converter with
magnetically coupled inductors.

Magnetic coupling on inductors at the input and output is an approach that has not been studied
deeply. It has carried studies out showing that magnetic coupling makes it possible to obtain a
transfer function with two zeros. But the most important thing is that by appropriate selection of
the coefficients of the numerator, the zeros can be placed in the left half plane so that the resulting
transfer function is of minimal phase. The previous characteristic is maintained even when the
possibility of developing the topology using capacitors with an ESR close to zero is evaluated,
without implying a high current ripple. This topology therefore provides a filtering of the input
and output current, reducing noise and the need for additional filters [17–19].

This converter can have great applications in systems that need backup batteries since they must be
charged and discharged correctly. In other words, its application is possible in the space, automotive
and telecommunications industries[20, 21].

2.2 Magnetically Coupled Circuits

When two meshes with or without contact between them are mutually affected by the magnetic field,
then those meshes are said to be magnetically coupled. With the proposed converter, magnetically
coupled inductors are used to transfer energy between them. To begin the converter’s analysis, it is
necessary to know the concept of mutual inductance that will be dealt with throughout this section.
The dot convention will determine the voltage polarities of the coupled components.[22]

2.2.1 Mutual Inductance

In the converter topology we can see it that there are 2 inductors with proximity to each other, that
implies that the magnetic flux of one inductor is related to the other. When a current i flows through
an inductor withN number of turns, a magnetic flux φ occurs. The voltage v induced in the coil is
proportional to the number of turns and the rate of change of the magnetic flux regarding time, as
showed by Faraday’s law:

v = N
dφ

dt
(2.1)
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Any change in flux will produce a change in current and therefore a change in voltage, that we can
write a close relationship between variables as:

v = L
diL
dt

(2.2)

Starting from the previous relationships, it can establish an additional relationship between the
variables, the relationship proposed below is called self-inductance because it relates the induced
voltage of the inductor with a current variable in time in the same inductor:

L = N
φ

dt
(2.3)

We will show an example that can summarize what we have mentioned so far below. In Figure 2.2
2 coils with self-inductance it will show L1 and L2. Coil 1 will have N1 turns, while coil 2 will have
N2 turns.

i1 (t) L1 L2

φ
12

φ
11

+

vL1

-

+

vL2

-

FIGURE 2.2: Mutual inductance M21 of coil 2 with respect to coil 1.

We should emphasize it that the φ
1

magnetic flux has two components, one that only covers coil 1,
while the other that will pass through both coil 1 and coil 2. we can describe the above as:

φ
1
= φ

11
+φ

12
(2.4)

Because magnetic flux φ
1

passes through the coil 1, the voltage induced there can be expressed as:

v1 = N1
dφ

1

dt
(2.5)

Taking into account that the magnetic flux depends on the current that passes through the inductor,
it can also express the voltage of coil 1 as:

v1 = L1
di1
dt

(2.6)

L1 refers to the self-inductance of coil 1. With coil 2, the magnetic flux that passes through it is φ
12

,
so its voltage is of the form:

v2 = N2
dφ

12

dt
(2.7)

Which can also be expressed as:

v2 =M21
di1
dt

(2.8)
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Here the new variable M21 was introduced, which is also known in the literature as Mutual
Inductance. Subscript 21 refers to the relationship between coil 2 voltage and coil 1 current. We can
express the Mutual inductance as:

M21 = N2
dφ

12

di1
(2.9)

In the same way as with self-inductance L, the units of mutual inductance are measured in Henrys
(H). It is necessary to remember that mutual inductance only exist when the related inductors are in
proximity and also when they are excited by time-varying sources. In conclusion, there is a mutual
inductance when voltage is induced in another inductance because of a time-varying current.

To determine the polarity of the induced voltage when mutual inductance exists, the marks conven-
tion will take into account some points that accompany the inductances when they are magnetically
coupled. The mark provides the magnetic flux direction if a current enters to the marked terminal.
Next figure 2.3 will show some examples that allow to understand the point convention concept
discussed above.

L1

i1

L2

M

+

vL2
=M di1

dt

-

L1

i1

L2

M

+

vL2
= −M di1

dt

-

FIGURE 2.3: Point convention examples.

For the last examples, we have used only the variable M , without making use of the subscripts.
This is because M12 is equal to M21. We will explain this phenomenon below.

2.2.2 Energy behavior in coupled inductors

As mentioned in several books, the inductor is a passive element that aims to store energy in
its magnetic field. It is possible to describe the stored energy of the inductor with the following
expression:

w =
1

2
Li2 (2.10)

We now use that relationship to describe the energy stored in coupled inductors. To do this, the
circuit shown in figure 2.4 will be studied.

To begin the analysis, initial conditions equal to 0 must be assumed in each of the inductors. We
will analyze the case studies under 2 scenarios.

1. Scenario 1:
Current i2 will have a constant value of zero. Current i1 will be a time-varying current that
will start at 0 and grow to a steady state value of I 1.

We will analyze the power in both inductors:
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L1

i1 (t)

L2

i2 (t)M

+

v1 (t)

-

+

v2 (t)

-

FIGURE 2.4: Example to find the relationship between M12 and M21.

Inductor 1:
i1 is a time dependent function.

vL1
= L1

diL1

dt
(2.11)

p
1
(t) = L1

diL1

dt
(2.12)

Inductor 2:
The current i2 is zero Amps.

vL2
=M21

diL1

dt
(2.13)

p
2
(t) = 0 (2.14)

The total power by the elements in this scenario is:

p
T1
(t) = p

1
(t) + p

2
(t)

= L1iL1

diL1

dt

(2.15)

The energy stored in the circuit is:

w1 =

∫
p

T1
(t) dt = L1

∫ I1

0
iL1

diL1

=
1

2
L1I

2

1

(2.16)

2. Scenario 2:
Now that i1 has reached its steady state value I 1, current i2 will increase from 0 to steady
state value I 2.

Again, we will analyze the power in both inductors.

Inductor 1:
i1 is constant and its value es I 1.

vL1
=M12

diL2

dt
(2.17)

p
1
(t) = IL1

M12
diL2

dt
(2.18)

Inductor 2:
The current i2 a time dependent func-
tion.

vL2
= L2

diL2

dt
(2.19)

p
2
(t) = iL2

L2
diL2

dt
(2.20)



Chapter 2. Converter Analysis 8

The total power by the elements in this scenario is:

p
T2
(t) = p

1
(t) + p

2
(t)

= IL1
M12

diL2

dt
+ iL2

L2
diL2

dt

(2.21)

The energy stored in the circuit is:

w2 =

∫
p

T2
(t) dt = L2

∫ I2

0
iL2

diL2

=M 12I 1I 2 +
1

2
L2I

2

2

(2.22)

After completing the analysis of the previous scenarios, we need to find the total stored energy of
the circuit, it will achieve this with the sum of the energy of each scenario as shown below:

wT = w1 +w2

=
1

2
L1I

2

1 +M 12I 1I 2 +
1

2
L2I

2

2

(2.23)

However, it is necessary to repeat the procedure if we want to understand the phenomenon. Before
repeating it, we will reverse the order in which the currents reach their last values. It will first
increase i2 starting from 0 and reaching I 2 and then increase i1 from 0 to I 1. By repeating the entire
procedure we get that the total stored energy is:

wT =
1

2
L1I

2

1 +M 21I 1I 2 +
1

2
L2I

2

2 (2.24)

Starting from the principle that the total stored energy must be the same regardless of the order in
which the currents reach their initial values, then:

M =M 12 =M 21 (2.25)

And therefore, regardless of the order in which the currents reach their steady state value, the total
energy stored in the circuit is:

wT = w1 +w2

=
1

2
L1I

2

1 +MI 1I 2 +
1

2
L2I

2

2

(2.26)

Now we know the relationship that each of the inductors has with the mutual inductance. However,
one concern remains: What is the value of mutual inductance (M)? The reason we did the above
development with energy is to find that value. We must observe the circuit, it is a passive circuit
which corresponds to that the stored energy must be greater than or equal to zero. Therefore, we
can propose the following inequality:

1

2
L1I

2

1 +MI 1I 2 +
1

2
L2I

2

2 ≥ 0 (2.27)
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To find the value of M starting from the inequality, we must complete the square with the term
without affecting it, so we get:

1

2

(
iL1

√
L1 − iL2

√
L2

)2

+ iL1
iL2

(√
L1L2 −M

)
≥ 0 (2.28)

Since the squared term is never negative and we have an additive expression, the only way left is
to take the remaining term and apply the inequality to it. By doing so, we can clear the mutual
inductance, as shown below:

M ≤
√
L1L2 (2.29)

Since the mutual inductance cannot be greater than the geometric mean of the inductances, it is
necessary to include a new variable. We will call this new variable the Coupling Factor, which will
have values between 0 and 1. The Coupling Factor (k) refers to the amount of flux from one coil
linked to another, if the complete flux that is produced by one inductor passed through another
inductor, they will have a coupling factor of 1. In other words, 100% of the magnetic flux produced
by one inductor is linked to another [23].

Everything mentioned above allows us to establish the relationship:

M = k

√
L1L2 (2.30)

As a conclusion, the value of the coupling coefficient depends on construction factors such as core,
orientation, winding and proximity of the coils.

2.3 Possible States Analysis

The semiconductor devices in the proposed converter are transistors and diodes that are controlled
to turn on and off to perform the function of an ideal switch, as necessary. Mathematically the
switching frequency is equal to the multiplicative inverse of the switching time and depending on
the semiconductor device, usually in the 1 kHz to 1 MHz range.

The duty ratio D is the fraction of time spent in position 1 by the switch and is a number between
zero and one. It specifies the duty ratio complement as (1−D).

To analyze the converter, we will separate its operation by states, U 1 and U 2 will select the state of
the switches. I will show the states below:

State U 1 U 2

1 0 0
2 0 1
3 1 0
4 1 1

TABLE 2.1: States of the Non-inverter Buck-Boost converter with magnetically coupled
inductors.
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I did the simplification of the equations for each state using the MATLAB “Symbolic Variables”
tool. Algorithm 2.1 shows the declaration corresponding to each variable.

1 syms Vs
2 % Source Voltage
3

4 % Circuit Elements
5 syms Lm1 Lm2 L M Rd Cd Ci Co RL
6 % Mutual Inductor 1
7 % Mutual Inductor 2
8 % Inductor
9 % Mutual Inductance

10 % Damping Resistor
11 % Damping Capacitor
12 % Input Capacitance
13 % Output Capacitance
14 % Load Resistor
15

16 % State Variables
17 syms Ilm1 Il Vcd Vci Vco
18 VarArray = [Ilm1 Il Vcd Vci Vco];
19 % Mutual Inductor 1 Current
20 % Inductor Current
21 % Damping Capacitor Voltage
22 % Input Capacitor Voltage
23 % Output Capacitor Voltage
24

25 % Derivate Variables
26 syms dIlm1_dt dIl_dt dVcd_dt dVci_dt dVco_dt
27 DerArray = [dIlm1_dt dIl_dt dVcd_dt dVci_dt dVco_dt];

ALGORITHM 2.1: Variables Declaration on MATLAB of Mathworks.

I will show the analysis of each of the converter states below.

2.3.1 First State

Figure 2.5 shows the schematic circuit of the Buck-Boost converter of coupled inductors under the
conditions U 1 and U 1 equal to zero.

u1 (t)

+
−vs (t)

Lm1iLm1

+ vLm1
-

D1

C1

iC1

+

vC1

-

iCd

Rd

Cd

+

vRd

-
+

vCd

-

u2 (t)
D2

Lm2 L iL

Co

iCo

+ vLm2
- + vL - +

vCo

-

RL

iRL

+

vRL

-

Np : Ns

FIGURE 2.5: Schematic circuit diagram of the Non-inverter Buck-Boost converter with
magnetically coupled inductors in the first switching state.

Under these conditions, I will show the equations that are derived below:
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V s =Lm1

diLm1
(t)

dt
−MdiL (t)

dt
+ vCi

(t)

vCi
(t) =RdCd

dvCd
(t)

dt
+ vCd

(t)

iLm1
(t) =Ci

dvCi
(t)

dt
+ Cd

dvCd
(t)

dt

−vCo
(t) =

(
Lm2

+ L
) diL (t)

dt
−M

diLm1
(t)

dt

iL (t) =Co
dvCo

(t)

dt
+

1

RL

vCo
(t)

(2.31)

Having found the relationships in equations 2.31, we find the derivatives of each state variable. In
this regard, we use the algorithm 2.2 in MATLAB.

1 % Equations First State
2 Equ_1 = Vs == Lm1*dIlm1_dt - M*dIl_dt + Vci;
3 Equ_2 = Vci == Rd*Cd*dVcd_dt + Vcd;
4 Equ_3 = Ilm1 == Ci*dVci_dt + Cd*dVcd_dt;
5 Equ_4 = (Lm2 + L)*dIl_dt - M*dIlm1_dt == -Vco;
6 Equ_5 = Il == Co*dVco_dt + Vco/RL;
7

8 Equations = [Equ_1, Equ_2, Equ_3, Equ_4, Equ_5];
9 [dIlm1_dt dIl_dt dVcd_dt dVci_dt dVco_dt] = solve(Equations,DerArray);

ALGORITHM 2.2: Algorithm for searching the state variables of the first converter
state.

The results of the algorithm are shown below:

diLm1
(t)

dt
=

1

Lm1 (L+ Lm2)−M2

[
− (L+ Lm2) vCi

(t)−M vCo
(t) + (L+ Lm2) Vs

]
diL (t)
dt

=
1

Lm1 (L+ Lm2)−M2

[
−M vCi

(t)− Lm1 vCo
(t) +M Vs

]
dvCd

(t)

dt
=

1

CdRd

[
−vCd

(t) +vCi
(t)

]
dvCi

(t)

dt
=

1

Ci

[
iLm1

(t) +
1

Rd
vCd

(t)− 1

Rd
vCi

(t)

]
dvCo

(t)

dt
=

1

Co

[
iL(t)−

1

RL
vCo

(t)

]
(2.32)

2.3.2 Second State

Figure 2.6 shows the schematic circuit of the Buck-Boost converter of coupled inductors under the
conditions U 1 equal to zero and U 2 equal to one.
Under these conditions, I will show the equations that are derived below:
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u1 (t)

+
−vs (t)

Lm1iLm1

+ vLm1
-

D1

C1

iC1

+

vC1

-

iCd

Rd

Cd

+

vRd

-
+

vCd

-

u2 (t)
D2

Lm2 L iL

Co

iCo

+ vLm2
- + vL - +

vCo

-

RL

iRL

+

vRL

-

Np : Ns

FIGURE 2.6: Schematic circuit diagram of the Non-inverter Buck-Boost converter with
magnetically coupled inductors in the second switching state.

V s =Lm1

diLm1
(t)

dt
−MdiL (t)

dt
+ vCi

(t)

vCi
(t) =RdCd

dvCd
(t)

dt
+ vCd

(t)

iLm1
(t) =Ci

dvCi
(t)

dt
+ Cd

dvCd
(t)

dt
+ iL (t)

−vCo
(t) =Lm2

diL (t)
dt

−M
diLm1

(t)

dt
+ L

diL (t)
dt

−RdCd
dvCd

(t)

dt
− vCd

(t)

iL (t) =Co
dvCo

(t)

dt
+

1

RL

vCo
(t)

(2.33)

Having found the relationships in equations 2.33, we find the derivatives of each state variable. In
this regard, we use the algorithm 2.3 in MATLAB.

1 % Equations Second State
2 Equ_1 = Vs == Lm1*dIlm1_dt - M*dIl_dt + Vci;
3 Equ_2 = Vci == Rd*Cd*dVcd_dt + Vcd;
4 Equ_3 = Ilm1 == Ci*dVci_dt + Cd*dVcd_dt + Il;
5 Equ_4 = Rd*Cd*dVcd_dt + Vcd == Lm2*dIl_dt - M*dIlm1_dt + L*dIl_dt + Vco;
6 Equ_5 = Il == Co*dVco_dt + Vco/RL;
7

8 Equations = [Equ_1, Equ_2, Equ_3, Equ_4, Equ_5];
9 [dIlm1_dt dIl_dt dVcd_dt dVci_dt dVco_dt] = solve(Equations,DerArray);

ALGORITHM 2.3: Algorithm for searching the state variables of the second converter
state.

The results of the algorithm are shown below:
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diLm1
(t)

dt
=

1

Lm1 (L+ Lm2)−M2

[
− (L+ Lm2 −M) vCi

(t)−M vCo
(t) + (L+ Lm2) Vs

]
diL (t)
dt

=
1

Lm1 (L+ Lm2)−M2

[
(Lm1 −M) vCi

(t)− Lm1 vCo
(t) +M Vs

]
dvCd

(t)

dt
=

1

CdRd

[
−vCd

(t) +vCi
(t)

]
dvCi

(t)

dt
=

1

Ci

[
iLm1

(t)− iL(t) +
1

Rd
vCd

(t)− 1

Rd
vCi

(t)

]
dvCo

(t)

dt
=

1

Co

[
iL(t)−

1

RL
vCo

(t)

]
(2.34)

2.3.3 Third State

Figure 2.7 shows the schematic circuit of the Buck-Boost converter of coupled inductors under the
conditions U 1 equal to one and U 2 equal to zero.

u1 (t)

+
−vs (t)

Lm1iLm1

+ vLm1
-

D1

C1

iC1

+

vC1

-

iCd

Rd

Cd

+

vRd

-
+

vCd

-

u2 (t)
D2

Lm2 L iL

Co

iCo

+ vLm2
- + vL - +

vCo

-

RL

iRL

+

vRL

-

Np : Ns

FIGURE 2.7: Schematic circuit diagram of the Non-inverter Buck-Boost converter with
magnetically coupled inductors in the third switching state.

Under these conditions, I will show the equations that are derived below:

V s =Lm1

diLm1
(t)

dt
−MdiL (t)

dt

vCi
(t) =RdCd

dvCd
(t)

dt
+ vCd

(t)

0 =Ci
dvCi

(t)

dt
+ Cd

dvCd
(t)

dt

−vCo
(t) =Lm2

diL (t)
dt

−M
diLm1

(t)

dt
+ L

diL (t)
dt

iL (t) =Co
dvCo

(t)

dt
+

1

RL

vCo
(t)

(2.35)

Having found the relationships in equations 2.35, we find the derivatives of each state variable. In
this regard, we use the algorithm 2.4 in MATLAB.
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1 % Equations Third State
2 Equ_1 = Vs == Lm1*dIlm1_dt - M*dIl_dt;
3 Equ_2 = Vci == Rd*Cd*dVcd_dt + Vcd;
4 Equ_3 = 0 == Ci*dVci_dt + Cd*dVcd_dt;
5 Equ_4 = (Lm2 + L)*dIl_dt - M*dIlm1_dt == -Vco;
6 Equ_5 = Il == Co*dVco_dt + Vco/RL;
7

8 Equations = [Equ_1, Equ_2, Equ_3, Equ_4, Equ_5];
9 [dIlm1_dt dIl_dt dVcd_dt dVci_dt dVco_dt] = solve(Equations,DerArray);

ALGORITHM 2.4: Algorithm for searching the state variables of the third converter
state.

diLm1
(t)

dt
=

1

Lm1 (L+ Lm2)−M2

[
(L+ Lm2) Vs −M vCo

]
diL (t)
dt

=
1

Lm1 (L+ Lm2)−M2

[
M Vs − Lm1 vCo

(t)

]
dvCd

(t)

dt
=

1

CdRd

[
−vCd

(t) +vCi
(t)

]
dvCi

(t)

dt
=

1

CiRd

[
vCd

(t)−vCi
(t)

]
dvCo

(t)

dt
=

1

Co

[
iL(t)−

1

RL
vCo

(t)

]
(2.36)

2.3.4 Fourth State

Figure 2.8 shows the schematic circuit of the Buck-Boost converter of coupled inductors under the
conditions U 1 and U 2 equal to one.

u1 (t)

+
−vs (t)

Lm1iLm1

+ vLm1
-

D1

C1

iC1

+

vC1

-

iCd

Rd

Cd

+

vRd

-
+

vCd

-

u2 (t)
D2

Lm2 L iL

Co

iCo

+ vLm2
- + vL - +

vCo

-

RL

iRL

+

vRL

-

Np : Ns

FIGURE 2.8: Schematic circuit diagram of the Non-inverter Buck-Boost converter with
magnetically coupled inductors in the fourth switching state.

Under these conditions, I will show the equations that are derived below:
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V s =Lm1

diLm1
(t)

dt
−MdiL (t)

dt

vCi
(t) =RdCd

dvCd
(t)

dt
+ vCd

(t)

0 =Ci
dvCi

(t)

dt
+ Cd

dvCd
(t)

dt
+ iL (t)

0 =Lm2

diL (t)
dt

−M
diLm1

(t)

dt
+ L

diL (t)
dt

+ vCo
(t)− vCd

(t)−RdCd
dvCd

(t)

dt

iL (t) =Co
dvCo

(t)

dt
+

1

RL

vCo
(t)

(2.37)

Having found the relationships in equations 2.37, we find the derivatives of each state variable. In
this regard, we use the algorithm 2.5 in MATLAB.

1 % Equations Second State
2 Equ_1 = Vs == Lm1*dIlm1_dt - M*dIl_dt;
3 Equ_2 = Vci == Rd*Cd*dVcd_dt + Vcd;
4 Equ_3 = 0 == Ci*dVci_dt + Cd*dVcd_dt + Il;
5 Equ_4 = Lm2*dIl_dt - M*dIlm1_dt + L*dIl_dt + Vco - Vcd - Rd*Cd*dVcd_dt == 0;
6 Equ_5 = Il == Co*dVco_dt + Vco/RL;
7

8 Equations = [Equ_1, Equ_2, Equ_3, Equ_4, Equ_5];
9 [dIlm1_dt dIl_dt dVcd_dt dVci_dt dVco_dt] = solve(Equations,DerArray);

ALGORITHM 2.5: Algorithm for searching the state variables of the second converter
state.

The results of the algorithm are shown below:

diLm1
(t)

dt
=

1

Lm1 (L+ Lm2)−M2

[
M vCi

(t)−M vCo
(t) + (L+ Lm2) Vs

]
diL (t)
dt

=
1

Lm1 (L+ Lm2)−M2

[
Lm1 vCi

(t)− Lm1 vCo
(t) +M Vs

]
dvCd

(t)

dt
=

1

CdRd

[
−vCd

(t) +vCi
(t)

]
dvCi

(t)

dt
=

1

Ci

[
− iL(t) +

1

Rd
vCd

(t)− 1

Rd
vCi

(t)

]
dvCo

(t)

dt
=

1

Co

[
iL(t)−

1

RL
vCo

(t)

]
(2.38)

2.3.5 Switched Model

As given by the variations in energy accumulation, this model explains fundamental low-frequency
dynamics, and it also captures the switching dynamics of power among electronic converters.

A valuable research method, which emphasizes the existence of external control behavior, is the
switched model. We can use this model for simulation and control design purposes in its bilinear
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form. To get other types of models, such as average or reduced-order models, the switched model
provides a starting point.

A power electronic converter experiences a regularly repeated series of configurations during its
operating time interval, also called switching time. In fact, each such configuration represents a
unique circuit containing sources and passive elements that a series of differential equations can
mathematically describe.

Once the analysis of each of the converter states has been achieved, D will replace the input signal
U, to take into account the useful cycle. To find the switched model, it will use the following code:

1 % DerArray = [dIlm1_dt dIl_dt dVcd_dt dVci_dt dVco_dt];
2 syms D1 D2
3

4 dIlm1_dt = FirstState.dIlm1_dt*(1-D1)*(1-D2) + ...
5 SecondState.dIlm1_dt*(1-D1)*(D2) + ...
6 FourthState.dIlm1_dt*(D1)*(D2);
7 SwitchedModel.dIlm1_dt = simplify(dIlm1_dt);
8

9 dIl_dt = FirstState.dIl_dt*(1-D1)*(1-D2) + ...
10 SecondState.dIl_dt*(1-D1)*(D2) + ...
11 FourthState.dIl_dt*(D1)*(D2);
12 SwitchedModel.dIl_dt = simplify(dIl_dt);
13

14 dVcd_dt = FirstState.dVcd_dt*(1-D1)*(1-D2) + ...
15 SecondState.dVcd_dt*(1-D1)*(D2) + ...
16 FourthState.dVcd_dt*(D1)*(D2);
17 SwitchedModel.dVcd_dt = simplify(dVcd_dt);
18

19 dVci_dt = FirstState.dVci_dt*(1-D1)*(1-D2) + ...
20 SecondState.dVci_dt*(1-D1)*(D2) + ...
21 FourthState.dVci_dt*(D1)*(D2);
22 SwitchedModel.dVci_dt = simplify(dVci_dt);
23

24 dVco_dt = FirstState.dVco_dt*(1-D1)*(1-D2) + ...
25 SecondState.dVco_dt*(1-D1)*(D2) + ...
26 FourthState.dVco_dt*(D1)*(D2);
27 SwitchedModel.dVco_dt = simplify(dVco_dt);

ALGORITHM 2.6: Algorithm for searching the equations of switched model.

The results of the algorithm are shown below.
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The mathematical expression that models the behavior mutual inductance current is:

diLm1
(t)

dt
=

1

Lm1 (L+ Lm2)−M2

[[
D1 (L+ Lm2) +D2 (M)− (L+ Lm2)

]
vCi

(t)

−
[
M (D1D2 −D1 + 1)

]
vCo

(t) +
[
(L+ Lm2) (D1D2 −D1 + 1)

]
Vs

] (2.39)

I will show the way in which it can reflect this mathematical function in a Simulink model in Figure
2.9.

PWMs
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[D1]
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[D2]

[D1]

[ILm1]

[Vs]

[VCi]

[VCo]

D1

Carrier

D2

[D1]

[D2]

FIGURE 2.9: Mutual Inductance Current Model on Simulink/MATLAB.
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The mathematical expression that models the behavior inductance current is:

diL (t)
dt

=
1

Lm1 (L+ Lm2)−M2

[[
D1M +D2Lm1 −M

]
vCi

(t)

−
[
Lm1 (D1D2 −D1 + 1)

]
vCo

(t) +
[
M (D1D2 −D1 + 1)

]
Vs

] (2.40)

I will show the way in which it can reflect this mathematical function in a Simulink model in Figure
2.10.
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FIGURE 2.10: Inductance Current Model on Simulink/MATLAB.
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The mathematical expression that models the behavior of the damping capacitor voltage is:

dvCd
(t)

dt
=

1

CdRd

[
−
[
D1D2 −D1 + 1

]
vCd

(t) +
[
D1D2 −D1 + 1

]
vCi

(t)

]
(2.41)

I will show the way in which it can reflect this mathematical function in a Simulink model in Figure
2.11.
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FIGURE 2.11: Inductance Current Model on Simulink/MATLAB.



Chapter 2. Converter Analysis 20

The mathematical expression that models the behavior of the input capacitor voltage is:

dvCi
(t)

dt
=

1

Ci

[[
1−D1

]
iLm1

(t)−
[
D2

]
iL(t)

+
1

Rd

[
D1D2 −D1 + 1

]
vCd

(t)− 1

Rd

[
D1D2 −D1 + 1

]
vCi

(t)

] (2.42)

I will show the way in which it can reflect this mathematical function in a Simulink model in Figure
2.12.
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FIGURE 2.12: Inductance Current Model on Simulink/MATLAB.
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The mathematical expression that models the behavior of the output capacitor voltage is:

dvCo
(t)

dt
=

1

Co

[[
D1D2 −D1 + 1

]
iL(t)−

1

RL

[
D1D2 −D1 + 1

]
vCo

(t)

]
(2.43)

I will show the way in which it can reflect this mathematical function in a Simulink model in Figure
2.13.
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FIGURE 2.13: Inductance Current Model on Simulink/MATLAB.
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2.4 Steady-State Converter Analysis

It would be possible to derive an expression for the output voltage of the Coupled-Inductor Buck-
Boost Converter using some simple arguments based on Fourier analysis. However, it may not be
obvious how to apply these arguments to find the DC output voltage.

In this part, I will develop a more general method for analyzing. The principles of inductor volt-
second balance and capacitor charge balance will be used. These can solve for the inductor currents
and capacitor voltages of switching converters.

1 Equations = [ SwitchedModel.dIlm1_dt == 0,...
2 SwitchedModel.dIl_dt == 0,...
3 SwitchedModel.dVcd_dt == 0,...
4 SwitchedModel.dVci_dt == 0,...
5 SwitchedModel.dVco_dt == 0];
6

7 [Ilm1 Il Vcd Vci Vco] = solve(Equations,[Ilm1 Il Vcd Vci Vco])

ALGORITHM 2.7: Algorithm used to find the steady state value of each state variable
in MATLAB.

The results of the algorithm are:

ILm1
=

VsD2
2

RL(1−D1)
2

IL =
VsD2

RL (1−D1)

V Cd
=
Vs [D1D2 −D1 + 1]

1−D1

V Ci
=
Vs [D1D2 −D1 + 1]

1−D1

V Co
=
V sD2

1−D1

(2.44)
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Chapter 3

Hardware in the Loop

3.1 Background

The aviation industry encouraged the development of HIL techniques over 25 years ago with real-
time simulations of aircraft [24], however the infrastructure for implementing HIL was expensive
since It involved a high level of processing, so the advances in this method were affected, it was
not until 2005 that W. Ren and his partners made use of the extensive real-time processing capacity
that the University of Florida had Developing and testing for the first time an industrial grade
power controller focused on ships of the United States Navy, this research began the development
of ships that implement a control system for compensating electrical loads on the distribution bus.
By having the level of processing necessary for the development of HIL tests, they could reduce the
simulation time even when the complexity of the system was increased. Although they increased
the speed by distributing the computational load, they found it necessary to feed back the system
with an analog signal, because the switching frequency was very high, so the PWM signal needs
more computation time. Which disadvantages the system [25].

In this same year, the article [26] shows an alternative in the development of HIL starting from a
virtual platform called Virtual Test Bed Real-Time (VTB-RT), the focus of this article is to provide
the tools to the engineers who design control systems, to show the HIL method in the development
of any system before its implementation in reality. These researchers started from the simulation
interface problem, addressing two methods to reduce computation times, the first method was
the implementation of a technique called Firing Signal Averaging (FSA), the second consisted in
the Time’s use Variant First Order Approximation (TFA) technique. These methods increased the
response time of the system so that by using the HIL method, more complex systems could be
simulated.

The results of the RT platform for the development of HIL techniques, different approaches emerged
for implementing real-time systems, one of these is shown in the article [27] elaborating a digital
power controller for aerospace applications to model the energy conversion system composed of
solar panels and batteries, the drawback for the development of the digital controller was the costs
involved in implementing real tests in aerospace ships, so techniques such as HIL’s were A simple
and reliable option, the results that the platform is an effective tool for implementing digital control
systems, which makes it suitable for real-time testing.

After the popularity of RT, the article [28] was published, which mentions the advances of the
platform showing an economic solution to the development of HIL, since the hardware necessary
to implement this method was still very expensive , for which virtual systems that guaranteed real-
time tests with high reliability had a high demand, so the platform was achieving better processing
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times around 100us-300us, which compared to real Hardware was a very attractive solution for
systems without high switching frequencies.

I/O

Algorithm or 
Controller Model

Plant Model

Embedded Target 
CompactRIO 9082

PC with I/O Boards

FIGURE 3.1: General Architecture.

Although the virtual platforms were used for the development of HIL, it was necessary to know
how to implement this methodology correctly. [29] presents the steps to follow for the execution of
Hardware-in-the-Loop tests, in order to Correctly determine the simulator requirements, among
the procedures is the development of the simulation where prototypes of the system are created,
to later develop the HIL tests, so that the modeled system is implemented in the digital simulator,
in addition to implementing the control on a development card. The digital simulator must
comply with the level of processing necessary to execute the simulation in real time, for this
research a National instrument controller (PXI 8196) was used that provided a high capacity
for data acquisition, making HIL tests more flexible, the results obtained correspond to a good
implementation, however it was concluded that the processing speed of this development card
should still be investigated for more complex systems.

In the article [30] the techniques for the development of HIL are described, the first is called
Controller Hardware-in-the-Loop (CHIL) which consists of the development of tests focused on
the controller, so that the signals are of low power, on the other hand, the second is called Power
Hardware-in-the-Loop (PHIL), it consists of the development of tests to test the power devices,
so that it is focused on the emulation of the plant to generate signals that are adapted through an
interface that allows simulating the power signals, as if the real system were being tested.

With technological advances, processing systems are faster, so that the HIL methodology can be
applied covering greater fields of action, in the article [31] the problem of implementing solutions
in the field of converters is shown. power, they start from the analysis of working with analog



Chapter 3. Hardware in the Loop 25

systems, saying that it is an alternative for the development of real tests at small scales, however it
is not the solution for more complex projects, since the design of analog prototypes for complex
systems requires longer planning time, this to ensure a behavior very similar to the real one, so
that simulations with the HIL technique is a more profitable and safe option for developments, the
results show that the control method is effective under steady-state conditions , being evaluated
with the HIL technique which has demonstrated stability over a long period of time, likewise, the
Using this technique allows you to reduce the error by ensuring that the converter behaves as in the
real system.

With regard to technological advances, the article [32] shows the application of CHIL to a complex
system, covering the problems of a control system composed of an electric motor, an inverter and
batteries, the results obtained show that advances in processing have increased, so that the use of
the FPGA to simulate electrical models is a viable option, since these lead to a longer computation
time, the time achieved was around 200ns to 500ns On the other hand, the mechanical systems
were simulated in a CPU since the dynamics of the system is slower, the time was around 10us to
50us, therefore the implementation of the FPGA and the CPU to simulate these systems is a reliable
choice Due to the high level of processing it is possible to simulate these highly complex systems.
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3.2 Overview

We easily update the platform with additional features using a modular architecture to future proof
the test framework and meet the specifications of challenging embedded device test applications.
The Figure 1 underneath appears the different hardware and software it amasses components into
an HIL system. The framework incorporates a program for test robotization in expansion to the
HIL test execution and interface. Underneath the computer program are two distinctive hardware
platforms for measured I/O and a third that’s used for application-specific exchanging, loads, and
flag conditioning.

SLSC

SLSC

Environment Simulation 

Plant Model

Network 
Buses

Analog Digital RF
Camera 
Frames

Bulk Connector

ECU | LRU Physical Device

NI CompactRIO

VeriStandHIL Engine and UI

I/O

Signal Conditioning

Fault Insertion

DUT

FIGURE 3.2: Flexible and modular Hardware in the Loop System.

3.3 Programming Environment

NI VeriStand offers a platform to more effectively construct real-time testing applications. The
real-time test systems consider factors as durability test cells, environmental test systems, or
Hardware-in-the-loop (HIL) simulators; we need to build many of the following features in our
real-time test software for the application. Some of them are: execution of control algorithms,
analytical routines, or models of simulation, among others.
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This out-of-the-box functionality incorporated in a well-tested architecture would speed up the
production and reduces the cost of support and maintenance for design project. While NI VeriStand
provides most of the features needed by a real-time testing application, we design a software
that allows it to be changed and expanded to ensure that it always meets the unique application
specifications using LabVIEW. Figure 3.3 will allow us to know how NI VeriStand works.

System 
Configuration

Stimulus 
Generation 

User Interface 

Server Communication 

I/O Drivers 

Hardware I/O 
Channel Forcing
Model Execution

Parameter Update 

Calc Channel Processing
RT Stimulus Generation

Alarm/Procedure Execution
Custom Devices

System Explorer 
Stimulus Profile

Editor Workspace

FIGURE 3.3: Component of a test application using NI VeriStand.

Using the NI VeriStand System Explorer window, the NI VeriStand Real-Time Engine is configured
to run on a real-time execution target, such as a real-time NI CompactRIO system. The NI VeriStand
Workspace window offers a run-time interface to the engine once I have deployed this configuration
to the NI VeriStand Real-Time Engine and contains several resources that we can use to track and
communicate with the real-time test application.

3.4 NI CompactRIO

CompactRIO is a robust, lightweight hardware design suitable for most harsh environments and
for laboratory settings that require a small physical footprint. CompactRIO offers high-performance
processing and heterogeneous computing elements, including ARM-based Xilinx Zynq SoCs, and
quad-core Intel Atom processors and Xilinx Kintex-7 FPGAs, although it usually provides lower
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computational performance than PXI. CompactRIO also provides signals, built-in isolation, and
industrial I/O with measurement-specific signal conditioning.

For bench-top HIL systems, CompactRIO is an ideal match. It does not have as many I/O options
as PXI, but it is a brilliant choice of unit testing of ECUs that require integrated processing and
FPGA performance, such as ECU testing, because of the compact form factor and lower price.

I will build this project using CompactRIO 9082, so understanding its structure and characteristics
will be essential. The Figure 3.4 will help us to do it.

2 GB 
DDR3

32 GB 
CFast SSD

VGA Port
RJ-45 Gigabit 

Ethernet Port 1

RJ-45 Gigabit 
Ethernet Port 2

USB 2.0 
Host Port

USB 2.0 
Host Port

USB 2.0 
Host Port

USB 2.0 
Host Port

RS-232 Serial Port

RJ-50 RS-485/422 
(DET) Serial Port

MXI-Express Port

C Series 
Module 

C Series 
Module 

Xilix Spartan 6 LX150 
FPGA

Intel Core i7-660UE 
1.33 GHz Dual-Core 

Processor

FIGURE 3.4: CompactRIO NI 9082 Structure.

I will list some more detailed characteristics below.
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About processor:
The processor is the logic circuitry that response to and processes the basic instructions that drive a
cRIO. It interprets most of the commands. CPUs will perform most basic arithmetic, logic and I/O
operations, and allocate commands for the FPGA and components running in the cRIO.

Processor
CPU Intel Core i7-660UE
Number of cores 2
CPU frequency 1.33 GHz (base); 2.4 GHz (single-core Turbo mode)
On-die L2 cache 256 KB x2 (256 KB/core)
On-die L3 cache 4 MB (shared)

TABLE 3.1: Processor Features.

About FPGA:
An FPGA is a hardware circuit a user can program which to perform one or more logical operations.
FPGAs are integrated circuits, or ICs, that are sets of circuits on a chip which is the “collection”
portion. Those circuits, or arrays, are groups of gates, memory, or other elements of programmable
logic.

Reconfigurable FPGA
FPGA type Xilinx Spartan-6 LX150
Number of flip-flops 184,304
Number of 6-input LUTs 92,152
Number of DSP slices 180
Available block RAM 4,824 kbit
Number of DMA channels 3
Number of logical interrupts 32

TABLE 3.2: FPGA Features.

About Ethernet Port: Ethernet is the typical wired local area network (LAN) or wide area network
(WAN) system communication technology that enables the cRIO to communicate with each other
through a protocol — a collection of rules or a common language of the network.

Network/Ethernet Port
Number of ports Xilinx Spartan-6 LX150
Network interface 1000Base-T Ethernet
Compatibility IEEE 802.3
Communication rates 1000 Mbit/s
Maximum cabling distance 100 m/segment

TABLE 3.3: Ethernet Port Features.
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Once the capabilities of the device have been summarized, we propose the following architecture:
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FIGURE 3.5: Hardware in the Loop Architecturewith CompactRIO.

3.5 Laboratory Virtual Instrument Engineering Workbench

The edit-time and run-time capabilities of the NI VeriStand framework can be customized using
LabVIEW. Figure 3.6 displays the elements of the application’s features. The blue components are
configured using the NI VeriStand environment, as you may remember. You can use LabVIEW to
build the white component and add it as a native component of the NI VeriStand application that
works seamlessly with the environment.
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LabVIEW

Server Communication 

I/O Drivers 

Workspace Tools

UI Objects

Custom RT Task
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Channel Faulting
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FIGURE 3.6: VeriStand Framework of configurable functionality created using Lab-
VIEW.

3.5.1 Model

The most common way to use other environments to add functionality to NI VeriStand is to import
compiled models into the real-time application of NI VeriStand. NI VeriStand can import compiled
code from features or templates that you build from LabVIEW, MathWorks, Inc. Simulink ®
applications, SimulationX from ITI, Maplesoft’s MapleSim, and several other environments for
modeling and programming.You can add closed-loop power, device emulation, signal processing,
and signal generation to NI VeriStand applications in real-time with this capability. In Device
Explorer, these components have a standard edit-time interface, making it easy to use compiled
models in the same application from a variety of environments or move between compiled models
from different environments.

Usually, these compiled versions of the models are created using a single configuration dialog from
the C-code generation utility of the environment.
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It latches the inputs; the code is executed, and it modifies the outputs every time the NI VeriStand
real-time application calls the compiled model. Compared to each execution iteration, model
parameters, or variables, are modified on demand within the model. The simplest technique to add
custom functionality to your NI VeriStand real-time application is given by NI VeriStand models.
Since we are working with discrete systems, we must use discretization techniques with the model
we found in the previous chapter.

Here, we will need to convert the equations of state in continuous time to equations of state in
discrete time to implement the model in the embedded system and later design a digital control
system that allows achieving the desired behavior of the plant. I will show the procedure we used
to achieve this below:

We can express the state equations for the continuous system as follows:

ẋ (t) =AMc
x (t) +BMc

u (t)

y (t) = CMc
x (t) +DMc

u (t)
(3.1)

The solution of the above equation is:

x (t) = φc (t− t0)x (t0) +

∫ t

t0

φc (t− τ)BMc
u (τ) · dτ (3.2)

Where t0 is the initial time and we can express φc (t) as:

φc (t) = eAt = L−1
[(
sI −AMc

)−1
]

(3.3)

To get the discrete model of the system, we evaluate the previous equation in t = T+kT with kT = t0
and u (t) = m (kT ), which corresponds to the input of the system in the interval kT ≤ t ≤ kT + T .
We must remember the procedure is only valid if u (t) is the output of a zero order hold (ZOH). So:

x (t+ kT ) = φc (T )x (kT ) +m (kT )

∫ T+kT

kT
φc (T + kT − τ)BMc

· dτ (3.4)

We can express the state equations in discrete time as:

x (k + 1) =AMd
x (k) +BMd

u (k)

y (k) = CMd
x (k) +DMd

u (k)
(3.5)

For this reason we can conclude:

xd (k) = xc (kT ) (3.6)

While the state matrix is:

AMd
= φc (T ) (3.7)
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The input matrix is:

AMd
=

∫ T+kT

kT
φc (T + kT − τ)BMc

· dτ (3.8)

The matrices C and D of the system in discrete time are equal to the matrices C and D in continuous
time. We can evaluate matrices A and B from the PhiC calculation using the procedure described
above. For the extraction of the model, we calculate the values of PhiC function using the following
expression:

φc (T ) = eAMcT = I +AMc
+
A2

Mc
T

2!
+
A3

Mc
T

3!
+ · · · (3.9)

We reach a convergent series that can be truncated once for the above equation. Then, I will show
an algorithm in MATLAB in which arrays of continuous-time system based on the model of the
previous chapter are declared.

1 clc
2 clearvars
3 close all
4 % Continuous Space-State Model
5 % ----- State Matrix [Amc] -----
6 Amc = [ 0, 0, 0, (D1*L - Lm2 - L + D1*Lm2 + D2*M)/(- M^2 + L*Lm1 + ...

Lm1*Lm2), -(M - D1*M + D1*D2*M)/(- M^2 + L*Lm1 + Lm1*Lm2); ...
7 0, 0, 0, (D2*Lm1 - M + D1*M)/(- M^2 + L*Lm1 + Lm1*Lm2), -(Lm1 - ...

D1*Lm1 + D1*D2*Lm1)/(- M^2 + L*Lm1 + Lm1*Lm2); ...
8 0, 0, -(D1*D2 - D1 + 1)/(Cd*Rd), (D1*D2 - D1 + 1)/(Cd*Rd), 0; ...
9 -(D1 - 1)/Ci), -D2/Ci, (D1*D2 - D1 + 1)/(Ci*Rd), -(D1*D2 - D1 + ...

1)/(Ci*Rd), 0; ...
10 0, (D1*D2 - D1 + 1)/Co, 0, 0, -(D1*D2 - D1 + 1)/(Co*RL)];
11 Amc = simplify(Amc);
12

13 % ----- Input Matrix [Bmc] -----
14 Bmc = [ (L + Lm2 - D1*L - D1*Lm2 + D1*D2*L + D1*D2*Lm2)/(- M^2 + L*Lm1 + ...

Lm1*Lm2); ...
15 (M - D1*M + D1*D2*M)/(- M^2 + L*Lm1 + Lm1*Lm2); ...
16 0; ...
17 0; ...
18 0];
19 Bmc = simplify(Bmc);
20

21 % ----- Output Matrix -----
22 Cmc = eye(5);
23

24 % ----- Feedforward Matrix -----
25 Dmc = zeros(5,1);

ALGORITHM 3.1: Declaration of the continuous time system Matrix in MATLAB.
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AMc
=



0 0 0
D2M−(L+Lm2)(1−D1)

Lm1(L+Lm2)−M2
− M(D1D2−D1+1)

Lm1(L+Lm2)−M2

0 0 0 D1M+D2Lm1−M
Lm1(L+Lm2)−M2

−Lm1 (D1D2−D1+1)

Lm1(L+Lm2)−M2

0 0 −D1D2−D1+1
CdRd

D1D2−D1+1
CdRd

0

1−D1
Ci

−D2
Ci

D1D2−D1+1
CiRd

−D1D2−D1+1
CiRd

0

0 D1D2−D1+1
Co

0 0 −D1D2−D1+1
CoRL


(3.10)

BMc
=



(L+Lm2)(D1D2−D1+1)

Lm1(L+Lm2)−M2

M(D1D2−D1+1)

Lm1(L+Lm2)−M2

0

0

0


(3.11)

1 Phi_c = simplify(ilaplace(inv(s*eye(2) - Amc)));
2

3 Amd = subs(Phi_c,t,Ts);
4 Bmd = int(Phi_c,t,0,Ts)*Bmc;
5

6 Amd = simplify(Amd);
7 Bmd = simplify(Bmd);
8

9 pretty(Amd)
10 pretty(Bmd)

ALGORITHM 3.2: Declaration of the discrete time system Matrix in MATLAB.

Now, with the discrete time model of the converter, it will be programmed into the FPGA. We will
see details of the process in the next section.

3.6 LabVIEW Model

Simulation models and control algorithms need to be integrated into LabVIEW and the LabVIEW
Real-Time Module. The model loaded on the FPGA had to be implemented using Look At Tables
since the parametric model implies having changes in the transfer functions of the system.
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In LabVIEW, the Block Diagram objects include terminals, subVIs, functions, constants, structures,
and wires, which transfer data along with other objects on the block diagram. The Block Diagram
of the model will be shown in the Figure 3.7.

FIGURE 3.7: Converter Model on a FPGA.
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On the other hand, the front panel window, which is normally the user interface for the VI, will be
shown below, in Figure 3.8.

FIGURE 3.8: Front Panel of the FPGA VI.

At the time of loading the model, we obtained the following results:

1 Compilation completed successfully.
2

3 Device Utilization
4 ---------------------------
5 Total Slices: 20,9% (4809 out of 23038)
6 Slice Registers: 6,5% (11971 out of 184304)
7 Slice LUTs: 15,5% (14313 out of 92152)
8 Block RAMs: 7,8% (21 out of 268)
9 DSP48s: 5,6% (10 out of 180)

10

11 Timing
12 ---------------------------
13 MiteClk (Used by non-diagram components): 33,00 MHz (91,47 MHz maximum)
14 40 MHz Onboard Clock: 40,00 MHz (62,32 MHz maximum)
15 80MHz (Used by non-diagram components): 80,00 MHz (149,41 MHz maximum)
16

17 Compilation Time
18 ---------------------------
19 Date submitted: 18/10/2020 22:42
20 Date results were retrieved: 18/10/2020 22:56
21 Time waiting in queue: 00:09
22 Time compiling: 13:43
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23 - Generate Xilinx IP: 00:00
24 - Estimate Resources - PlanAhead: 00:17
25 - Synthesize - XST: 04:30
26 - Translate: 01:10
27 - Map: 03:55
28 - Place & Route: 02:57
29 - Generate Programming File: 00:43

ALGORITHM 3.3: Build report on the FPGA.

The cRIO analog output module only has 3 outputs available. Taking this into account, we imple-
mented an analog multiplexing to visualize each state variable.
This implies an advantage regarding the implementation in the FPGA since no more computation
time is required if we implement it in parallel.
How we implemented analog multiplexing in the FPGA will be shown below:

FIGURE 3.9: Analog Multiplexing Schematic.
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3.7 Experimental Results

This section will show the comparison between the simulated state variables and those implemented
as Hardware in the Loop. We will start with the mutual Inductance Current:

3.7.1 Open-Loop Experiments

In this section you will see the results of the model of the plant loaded in the FPGA:
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(A) Mutual Inductance Current on the Models.
(B) Mutual Inductance Current on the Scope - cRIO

Analog Output(x10).

FIGURE 3.10: Mutual Inductor Current Comparison.

For the Inductance Current:
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FIGURE 3.11: Inductor Currents Comparison.
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For the Damping Capacitor Voltage:
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FIGURE 3.12: Damping Capacitor Voltages Comparison.

For the Input Capacitor Voltage:
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FIGURE 3.13: Input Capacitor Voltages Comparison.
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For the Output Capacitor Voltage:
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FIGURE 3.14: Output Capacitor Voltages Comparison.

3.7.2 Close-Loop Experiments

Our intention is to test the plant with a closed loop control system with the goal of regulating a
process variable to a specific set point without human interaction. The variable that we will regulate
in the output voltage the voltage of the output capacitor.

The implemented controller is of the Proportional-Integrative type. I will give design details below:

u (t) = kp

[
e (t) +

1

τi

∫
e (t) dt

]
+Mo (3.12)

Where:

u (t) is the input signal of the plant
e (t) is the error signal Regarding the reference
kp is the Proportional Gain Setting Parameter
τi is the Integral Time Setting Parameter
Mo is the Controller output for null error

For small sampling times Ts, it is possible to take the previous equation to an equation for differ-
ences in discretization, replacing the integral part by an accumulator, or what is the same, a sum.
Continuous integration can be expressed using rectangular or trapezoidal integration as it suits the
criteria. For this particular case, the trapezoidal integration will be used.
With particular integration we can express the total area under the curve as the sum of the areas of
all trapezoids into which the area can be subdivided, that is:∫

e (t) dt =
∑

Ts

[
e (k) + e (k + 1)

2

]
(3.13)
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Replacing equation 3.13 in equation (3.12) and taking the values of u (t) and e (t) at the sampling
instant k we can obtain: ∫

e (t) dt =
∑

Ts

[
e (k) + e (k + 1)

2

]
(3.14)

Thus:

u (k) = q0e (k) + q1e (k − 1) +m (k − 1) (3.15)

Where:

q0 = kc

[
1 +

Ts
2τi

]
(3.16) q1 = −kc

[
1− Ts

2τi

]
(3.17)

Taking the Z transform of the function gives:

C (Z) =
u (Z)

e (Z)
=
q0 + q1Z

−1

1− Z−1
=
q0Z + q1
Z − 1

(3.18)

With this procedure we have found the way in which the controller will be implemented. The code
shown below will find, based on the model from the previous chapter, find the small-signal model
that will allow us to design the controller.

1 Amc = [ 0, 0, 0, (D1*L - Lm2 - L + D1*Lm2 + D2*M)/(- M^2 + L*Lm1 + ...
Lm1*Lm2), -(M*(D1*D2 - D1 + 1))/(- M^2 + L*Lm1 + Lm1*Lm2); ...

2 0, 0, 0, (D2*Lm1 - M + D1*M)/(- M^2 + L*Lm1 + Lm1*Lm2), ...
-(Lm1*(D1*D2 - D1 + 1))/(- M^2 + L*Lm1 + Lm1*Lm2); ...

3 0, 0, -(D1*D2 - D1 + 1)/(Cd*Rd), (D1*D2 - D1 + 1)/(Cd*Rd), 0; ...
4 -(D1 - 1)/Ci, -D2/Ci, (D1*D2 - D1 + 1)/(Ci*Rd), -(D1*D2 - D1 + ...

1)/(Ci*Rd), 0; ...
5 0, (D1*D2 - D1 + 1)/Co, 0, 0, -(D1*D2 - D1 + 1)/(Co*RL)];
6

7 Bmc = [ (L*VCI - L*Vs + Lm2*VCI - Lm2*Vs + M*VCO + D2*L*Vs + D2*Lm2*Vs - ...
D2*M*VCO)/(- M^2 + L*Lm1 + Lm1*Lm2), (M*VCI + D1*L*Vs + D1*Lm2*Vs - ...
D1*M*VCO)/(- M^2 + L*Lm1 + Lm1*Lm2); ...

8 (Lm1*VCO + M*VCI - M*Vs - D2*Lm1*VCO + D2*M*Vs)/(- M^2 + L*Lm1 + ...
Lm1*Lm2), (Lm1*VCI - D1*Lm1*VCO + D1*M*Vs)/(- M^2 + L*Lm1 + ...
Lm1*Lm2); ...

9 -((VCD - VCI)*(D2 - 1))/(Cd*Rd), -(D1*(VCD - VCI))/(Cd*Rd); ...
10 -(VCD - VCI - D2*VCD + D2*VCI + ILM1*Rd)/(Ci*Rd), -(D1*VCI - D1*VCD ...

+ IL*Rd)/(Ci*Rd); ...
11 -((D2 - 1)*(VCO - IL*RL))/(Co*RL), -(D1*(VCO - IL*RL))/(Co*RL)];
12

13 format short
14 Amc = subs(Amc, ILM1, (D2^2*Vs)/(RL*(D1 - 1)^2));
15 Amc = subs(Amc, IL, -(D2*Vs)/(RL*(D1 - 1)));
16 Amc = subs(Amc, VCD, -(Vs - D1*Vs + D1*D2*Vs)/(D1 - 1));
17 Amc = subs(Amc, VCI, -(Vs - D1*Vs + D1*D2*Vs)/(D1 - 1));
18 Amc = subs(Amc, VCO, -(D2*Vs)/(D1 - 1));
19 Amc = simplify(Amc);
20

21 Bmc = subs(Bmc, ILM1, (D2^2*Vs)/(RL*(D1 - 1)^2));
22 Bmc = subs(Bmc, IL, -(D2*Vs)/(RL*(D1 - 1)));
23 Bmc = subs(Bmc, VCD, -(Vs - D1*Vs + D1*D2*Vs)/(D1 - 1));
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24 Bmc = subs(Bmc, VCI, -(Vs - D1*Vs + D1*D2*Vs)/(D1 - 1));
25 Bmc = subs(Bmc, VCO, -(D2*Vs)/(D1 - 1));
26 Bmc = simplify(Bmc);
27

28 % Replace Elements Values -----------------------------------
29 Amc = subs(Amc, Vs, 24);
30 % Source Voltage
31 Amc = subs(Amc, D1, 0.4286);
32 % Duty Cycle 1
33 Amc = subs(Amc, D2, 1);
34 % Duty Cycle 2
35 % Circuit Elements
36 Amc = subs(Amc, Lm1, 35e-6);
37 Amc = subs(Amc, Lm2, 35e-6);
38 Amc = subs(Amc, L, 35e-6);
39 Amc = subs(Amc, M, 0.9*sqrt(35e-6*35e-6));
40 Amc = subs(Amc, Rd, 1.5);
41 Amc = subs(Amc, Cd, 66e-6);
42 Amc = subs(Amc, Ci, 7e-6);
43 Amc = subs(Amc, Co, 22e-6);
44 Amc = subs(Amc, RL, 1);
45 Amc = double(Amc)
46

47 Bmc = subs(Bmc, Vs, 24);
48 % Source Voltage
49 Bmc = subs(Bmc, D1, 0.4286);
50 % Duty Cycle 1
51 Bmc = subs(Bmc, D2, 1);
52 % Duty Cycle 2
53 % Circuit Elements
54 Bmc = subs(Bmc, Lm1, 35e-6);
55 Bmc = subs(Bmc, Lm2, 35e-6);
56 Bmc = subs(Bmc, L, 35e-6);
57 Bmc = subs(Bmc, M, 0.9*sqrt(35e-6*35e-6));
58 Bmc = subs(Bmc, Rd, 1.5);
59 Bmc = subs(Bmc, Cd, 66e-6);
60 Bmc = subs(Bmc, Ci, 7e-6);
61 Bmc = subs(Bmc, Co, 22e-6);
62 Bmc = subs(Bmc, RL, 1);
63 Bmc = double(Bmc)
64

65 % ----- Output Matrix -----
66 Cmc = [0 0 0 0 1];
67

68 % ----- Feedforward Matrix -----
69 Dmc = 0;
70

71 [NewNum,NewDen] = ss2tf(Amc,Bmc(:,2),Cmc,Dmc);
72 H = tf(NewNum,NewDen);
73 Ts = 10e-6;
74 H = c2d(H,Ts,'tustin')

ALGORITHM 3.4: Algorithm to find the discrete average model.

Now, with the small-signal model, we find the discrete-time transfer function of the output voltage
and calculate the controller with the following characteristics:

• Steady-state error equal to zero.
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• Maximum overshoot less than 10%.

• Settling time less than 1mSec.

The compensator found of the proportional integrative type is of the form:

Comp (Z) =
0.0027z − 0.0018

z − 1
(3.19)

The compensator has been designed by conventional methods; I expect it for future work to use
advanced and robust control techniques that provide better performance.

I will show the results of establishing a control loop for the plant and testing it against different
disturbances below:

(A) Source Disturbance, Reference: 42v, Input Source
from: 12v to 25v.

(B) Load Disturbance from 20% to 100%. Maximum
Power: 2kW.

FIGURE 3.15: Testing the control law against different disturbances.
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The answer in MATLAB is quite similar and will be shown below:

0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
38

39

40

41

42

43

44

45

46

FIGURE 3.16: System response in Simulink/MATLAB with Input Source Perturbance.

This concludes the project and we will enter the conclusions.
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Chapter 4

Conclusions

4.1 Power Electronics

An input current control for an 1000W coupled-inductor buck-boost dc-dc switching converter has
been designed and simulated in this work. This control technique would make the converter also
suitable for large voltage conversion ratio applications like unregulated sources such as battery
charging and discharging, power factor correction, fuel cell regulation, maximum power tracking
of solar panels, among others. Additionally, the zero crossing saturation problem in the low-level
analog current controllers could be addressed by means of this state- feedback controller. The
theoretical analyses have been simulated and validated by means of MATLAB and LABVIEW.

Throughout this thesis, I confirm the principle of RTS. The coherence between the signals shows
that, for control and maintenance purposes, the virtual power system operates just like the real one
and can therefore be replaced by it. However, Compact-RIO in Off-line was used to generating the
simulation results shown above.

The outcomes got were coherent. This strategy enables us not only to improve the maintenance and
operation of the system but also to optimize both management and control processes, reduce the
cost and time of any operation, while also reducing emissions because of the unnecessary use of
materials needed in the implementation process.

4.2 Identification and Control

In this article, we built a digital power controlled with hardware-in-the-loop for the Coupled
Inductor Buck-Boost DC / DC and validated the design. The RT-HIL research method was first
reviewed. With the device models designed for an orbital period on the real-time HIL platform, the
control algorithm implemented on a dedicated micro-controller was tested in real-time.

The results of RT-HIL testing show that the built system configuration and parameters meet the
system specifications and that the power converters and power flow on the system are controlled
by the established control algorithm. The prototype is a powerful platform for automated power
controls for real-time hardware-in-the-loop research.

With an efficient method of hardware-in-the-loop (HIL) simulation, we can test embedded control
systems more effectively. The availability or cost considerations will make it impractical to carry
out all the required tests by conventional methods, for future projects, it will be possible to simulate
the parts of the device that pose these challenges using HIL simulation. It will also be possible to
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keep reliability and time-to-market specifications in a cost-effective manner, even as the systems
being tested become more complex.

This degree work contains all the functionality required to help develop firmware dedicated to the
testing of ECUs and controllers found in power electronics applications. A comprehensive library
of LabVIEW functions and project templates were created with the purpose that all configurations
perfectly suited to NI CompactRIO and PXI hardware platforms.
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