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Abstract: This paper describes a modularized smart system
architecture which is integrated with Internet of Thing (l1oT) into
the DC-DC converters to build a programmable technique to
leverage machine learning algorithms to predict possible future
faults to the system. In addition, it facilitates the performance
optimization of the boost converter. This system can be
established with low computing hardware to simulates the control
behavior and data-driven method of loT-based, due to the
unreliability initiated from the integration of 10T technology and
power electronic converters. In response to these challenges, the
current paper addresses a scientific approach using small signal
analysis of dc-dc boost converter (non-ldeal) with closed loop
control to analyze the small deviations or abnormalities in
transient region and the steady-state operating point. Complete
state-space analysis is done to obtain output voltage using pulse
width modulation techniques for boosting the voltage of the input
voltage to a higher level by momentarily storing and release the
energy in the conductor. The model of the converter is designed
and simulated using voltage mode controlling method. Digital
implementation based on Arduino platform was implemented to
compensate perturbations of sudden load variation either on
voltage or current loads. A Simulation study is conducted to
validate the result of the step-up dc-dc converter using MATLAB.

Keywords, - boost converter; continuous/discontinuous
condition mode; voltage-mode control; pulse width modulation;
close-loop control; Internet of things | OT; linearized; parasitic

l. INTRODUCTION

I n the history of technological developmentsin the field

of power electronics, DC power supply technology has been
thought of as an essentia part of electronic circuits[2]. It is
one of the most widely used categories of electronic circuits
and has been extensively used to control the output voltage
to an average vaue with maximum current capability. In
various applications, DC power supplies are used in
personal computers, telephones, medical equipment, and
aerospace military equipment [1, 4, 5]. Perturbations present
in the raw DC voltage output during operation occur due to
abrupt changes in the input voltage of the DC power supply,
which usually arise due to conversion of the AC supply
converted to DC by using electrical elements such as
transformers, filters, and rectifiers.
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Hence, these explicit requirements have led researchers
and developers to extend this area of research to maximize
availability, mobility, and efficiency. The DC power supply
is classified as a voltage regulator which maintains the
output voltage within a limited range of 1% to 2% of the
desired value irrespective of change in load, input voltage,
output current, and temperature [1, 2]. The two types of
power supply are the linear voltage regulator and switching
mode power supply (SMPS). Semiconductors devices such
as transistors in the linear voltage regulator are different
from in switching mode power supply in a number of
respects in terms of operation. It operates in the active
region mode despite voltage drops and heat dissipation
which affect overall efficiency [6]. These regulators are
relatively large in terms of size, but they are commonly used
in signal processing and audio applications due to their
capability of providing immunity to noise. In switching
mode, the transistors operate in the saturation region to
function as ON-OFF switches so that less power is
dissipated during operation in contrast to the saturation
mode [4, 7]. Therefore, the voltage drop is very low when
the current is high, consuming smaller amounts of energy
and eventually high efficiency can be achieved. However,
the losses increase during switching at high frequency
leading to reduced efficiency [2]. Many topologies of power
supply technology have been proposed to perform power
conversion based on different techniques and circuit
configurations. Figure 1 illustrates the categories of
regulated power supply technologies:
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Figure 1: Categories of power suppliestechnology [2]

. PROBLEM STATEMENT

The main focus of this paper is presented mainly in
design a real prototype by developing a high quality printed
circuit board PCB based on the fundamental circuit of the
boost PWM DC-DC converter in order to verify the model
in the state-space method [2, 21].
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Experimentation is used to verify the accuracy of the
state-space model by considering all possible sources of
uncertainty and parasitics. The proposed controller is a
proportiona-integral (Pl) system which is implemented
digitally using the advance controller from the Arduino
microcontroller family called the MKR1000 based on
SAMD21 Cortex-MO 32-bit. The main contributions of this
thesisare asfollows:

a. The converter topology is a PWM step-up converter,
operating at the boundary between the continuous
current mode (CCM), and the discontinuous current
mode (DCM).

b. The fundamental topology of the boost converter is
simulated virtually to verify the functionality of the
elements and validity of the chosen vaues of al
components.

c. The switching frequency of the converter is valid when
fs >> | Amax |, where Amax represents the eigenvalue of
A, and A represents the state-space matrix of the state-
space model (x = Ax + Bu), which means that the state-
space average model is a good approximation at w,q, <

sz (under onetenth of the converter switching

frequency) [1].

d. The experimental results are presented based on the
resistance as the load, and the switching frequency is
varied from 20kHz to 80kHz.

e. Both simulation and experimentation are used in
verifying the accuracy of the transfer function of the
model.

f. The feedback signal represents the output voltage with a
range of 0 to 3.3V using avoltage divider. Therefore, the
control method is called voltage-mode control.

g. Theanaysisconfirmsthat theratio of the load current 10
to input DC current 11 isafunction of the duty cycle.

h. The analysis showed that the gain voltage-dependent to
duty cycle on CCM, whereas in DCM it depends upon
other design parameters such as inductor size, switching
frequency, and load current lo.

i. A new contribution to the application of the internet of
things (IOT) has been made as part of a new area of
research to develop smart converters able to optimize
performance using machine learning and artificial
intelligence in order to improve al possible of the

technological lifestyle standard as shown Figure 2.

Figure 2: Internet of things application development for
improving performance
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A. Boost converter analysis (non-ideal model):

j- To achieve a good approximation in the average
modelling of the boost converter, Figure 3 represents an
equivalent circuit of the boost converter.

N L

-I-VF'r

Figure 3: Equivalent circuit of boost converter for idealized
model

As discussed above, the analysis in this section is
conducted so that an accurate average estimation can be
achieved, where the parasitics must be included, and the
state-space eguation can be determined as follows:

Modl: time interval: 0 <t <DT

When the switch is positive, S=closed as shown in
Figure 4, and the diode D=open. The dynamics of the
converter can be written as:

Figure4: Equivalent circuit, switch S=ON and diode is OFF
Mod2: time interval: DT <t<T
when the switch is zero S=open and the diode D=closed as
illustrated in Figure 5. The dynamics can be identified as
follows;
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The switched state-space model’s dynamics matrices of this switching converter can be obtained:

—(r, + 1ps) 0
_ L
A = 1
0 - -
C(R, + 1)
3 (rL + rf)(Ro +71.)+ 1R, 3 R,
A = L(R, + 1) L(R, + 1) _

2 R, 1 State-space matrices
LR, +1.) TCR, vyl [ of nonidealized boost

converters

R .R R
C1=[0 0 ]'C2=[CD 0 ]
R, +T1, R,+71. R,+T

D,=D,=[0 0]

DC steady-state transfer functions (nonideal):

As mentioned above, % goes to zero, x = Ax + Bu =0 and y = Cx + Du. Hence, the steady-state input VI to output Vo
can be obtained as follows:

x=Ax+Bu=0and y =Cx + Du
y=—-CA'Bu

V
wecaoly]
letd=D (d = 0 in dc steady state)

v 1 [ 7.R ( D) ° ]
o |AS.S| RO +rC RO +rC

_(rL+rD5)D _(rL +rf)(Ro+rc)+rcRo (1-D) _Ro(l—D) B L L
L L(R, + 1) L(R, + 1) o —7(1-D) [12,]
R.(1 = D) |l 0 o
C(R,+71) C(R,+T1)
The determinant of the matrix A, can be found as:
A, | = (r, + Tps) _ (r, +717) R, ] (r +715) R, R3(1—D)?
58 LC(R,+1.) LC(R,+71.) LC(R,+1.)? LC(R,+1.) LC(R,+1.)> LC(R,+T1)?
1 7.R R
- _ co (1 _ D) o ]
|AS.S| RO + rC RO + rC
1 R,(1—-D)
C(Ro +7) L(R, + 1) - ——(1-D) [VI]
B R,(1-D) B (r, + 7ps) B (r, + rf)(Ro +1,)+ 7R, (1-D) (L) L . Ve
C(R,+T1) L L(R,+1.)
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Now, to find the input VI to output Vo, let Vf =0, and the result can be obtained as follows:

1
—_ 1 [TcRo (1-D) R, _C(R +7) [VI]
|AssI LRy + 1 R, +7l| _R,(1—D)
C(R +7)
Vo _Ro(l_D)(rc+Ro) _ RO(I_D)

I/I - LClAssl(Ro + rC)z - LClAssl(Ro + rC)

This relationship is known as the steady-state transfer function of the boost converter. As shown in equation, the imposed
reactance parasitics are not suited transient dynamics appear in the form of overshoot and steady-state error [1, 21]. The duty
cycle D for a given nominal input value can also be calculated off-line. The open-loop control for a constant output voltage
Vo is conceivable for a stable value of the line input voltage, and the current load does not lead to any significant variation.
State-space average small-signal model (non-ideal): For the small-signal d to output 7, the transfer function can be found
taking into account that the line perturbations are zero:

- (r, + 1ps) (D N a) 3 (rL +rf)(R0 +7.)+1.R, (1 _p_ a)] - Ro(l —-D— ci)
[IL + iL] B L L(R, +7.) L(R, +1.) I+ iL]
V. + 9, R,(1-D—d) 1 Ve + 0
C(R, + 1) [ C(Ro+rc)]
1 1 . N
+z —z(l—D—d) I:VI+VI]
Ve+ D
0 0 f f
R, I, +1,
D 1-D-— —_— I
Vot o = [R + 7 ( 2 R,,+rc]Vc+vC]
At the steady-state the X = 0, and for simplicity the following is assumed:
B (n, + rf)(Ro +1)+ rCR,T
" (Ro + 1)
R, =1, +1pg L Assump;ion to smplify
R, the matrices
R =—2—
(Ro +1¢)
R R R R R\ R
. [(__p+_m)D__m+(_m__7’>d] [—D——t+—d] . 1 p 1 d
153 L L L L L L I, + 1 + 1= [___+_] V. + 9
/(C B RtD_I_Rt th Rt V —}—ﬁc L L L L (1 UI)
[~ + -] - ¢x] o 0
R R
] (=550 =5 o -2 alAe
e [—ﬁD +—]

_ R Rm\p _Rmy (Rep Ryl Rm__ Rm _ Rp
o g 1[ DU )

_Re Re
[ cD+C] )
EHV,+U,
L
0 0 Ve + ¥f

If the terms d?, = 0, and Dy = 0 are neglected the steady-state parts are equal to zero as stated before (AX+BU=0).
Therefore:

[i;]_ (-2+5)p - (o -7 [zL] - 7) H[w]
ol | =% +‘%] th
= [rR, (1 —D) Rt]
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Again, for the small-signa d to output 7, the transfer function can be determined as:

A (5) |v1 (U

R, R, R,
—@-D)+—D —1-D
s+t(1-D)+-2D F(1A-D)

0o = [%R(1=D) R(]

= control voltage gain = C(SI — A)"1(B; + B,)

-1

(D-1) L
STCR,
Rn R, R, 1
_nt__Z —V. = N
(L L)L+L ) [d]
R ~
-=h o
The determinant of the matrix |A|, can be found as:
mBt
Ayl = s? -D —D] D
4al S+CR )+ S+[LCR( LCR )]
Re RtV R 1-D)I
_[%R(1-D) R (s CRO> [( ) LU Hpa- o
A R
14a] ——t(D—1)[(—’” )1L+ V] [s+—(1—D)
Cc L
Then, the equation that represents the dynamics are
N rCRt(l—D)[ s+—)[(RTm— 2")1L+RtVC] t(1—D)1L]+Rt[—ﬂ(D—1)[(Rm p)1L+ tVC]+[S+ m(q_ D)+RPD (—%IL)]
d 52+[C R—m(l D)+—D]s+ LCRy LCR
where,
B (rL + rf)(Ro +7.)+ 1R,
" (Ro + 1)
Rp =1 + Tps
R, = Ro
R+ 1)
Boost converter control strategy: performance. However, rea-time  implementation

The boost converter must provide a regulated output voltage
irrespective of variation in the perturbations in the dynamics
parameters [39]. Hence, the control design must be confined
to the closed-loop method using the principle of feedback.
Two standard methods can be used, known as voltage-mode
and current-mode control. In this project, some of the
findings of empirical research into digital controller design
are presented, which depend on voltage-mode control. In the
voltage-mode control block diagram shown in Figure 6 the
voltage is measured using voltage divider resistors
connected paralel on the load side, and the signal is
digitally processed by sampling the feedback using the
microcontroller to subtract the result from the desired
reference voltage. This arithmetic subtraction resultsin error
which relates to a constant amplitude first-class waveform
called the frequency carrier. Boost converters are complex
in terms of control in relation to the buck converter because
from the transfer function a positive zero appearsin the right
half-plane RHP. An assessment of system is carried out in
this project to validate the transfer function using the
simulation software MATLAB/Simulink, and then
comparing it with the result of experimental testing. The
methodology of closed-loop control is designed for the
control of the boost converter based on state-space model
analysis taken into consideration the drawbacks of non-
minimum phase behaviur which thus impact on
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encounters many limitations in many aspects in order to
keep the system stable and more robust. A software
algorithm is designed to compare the feedback signal with
the desired input voltage in order to produce an error-index
signal to control the small-signal duty cycle d [40].

The digital counter in the microcontroller generates a
repeating sequence of counting-up fromO to 1023 and then
counting-down from 1023 to 0. The pulse width modulation
is produced by comparing the counter stored in the register
to the modulation index error and then updating the small-
signal duty cycled [41].

Ref. Controll (I
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Figure 6: Block diagram of linearized boost converter
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11, RESULTS & DISCUSSIONS

This chapter discusses in detail the results for the PWM DC-
DC converter, which are divided into; those from the
simulations anayss and the real experimenta
implementation. However, it is important to bear in mind
that the output are based on the convergences in the
specifications and possible parameters for the virtua
simulation and the real implementation. The plan is to
validate the results in the simulation and then to compare
them it with the measurements taken from a printed circuit
board (PCB) with real components. Therefore, the non-ideal
impact of these components must be taken into account. The
main purpose of this study is to develop a deeper
understanding of the effect of perturbations in the input line

L I
o i + O -
¥inled el
1 o
vDC B
a

voltage and output load, where the converter has been
subject to simulated and experimentation in two different
modes of operation. The first set of tests focused mainly on
a virtua anaysis using MATLAB /SIMULINK. The
subsequent tests were conducted in order to prove the
accuracy of transfer function from the state-space average
modeling and how the parasitics affect performance. The
next tests were concentrated on the open-loop response for a
fixed duty cycle. Finaly, the digital Pl controller was
implemented in a closed-loop voltage mode control system
using the popular C programming language. The limitations
of the study and the solutions proposed to improve the
reasearch are also discussed in this chapter. Simulation: The
PWM DC-DC converter was simulated numericaly in
SIMULINK, as shown in Figure 7.

Vo
o o .
L] : rl: ]
) )
. C
B o
. .

Figure 7:Boost converter build in powergui (GO)

The parameters associated with the converters corresponding to SIMULINK parameter names are shown in Table 1:

Table 1. Simulation parameters

Parameter Vaue
fs 80kHz
Lmin 220uH
rL 0.055Q
rds 0.077 Q
rf 0.0328 Q
Vf 05V
rc 0.307 Q
C 330uF
Ro 282 Q
VDC 50V
d 0.625
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Description
Carrier frequency
Inductor value

Equivelant series resistor ESR of inductor
FET resistance Ron

Forward resistor of diode (Figure 1-24)
Forward voltage

Equivelant series resistor ESR of capacitor
Capacitor value

Lad Resistor [Ro(Nom)=48 Q]

Input line voltage [Vo(Nom.)=5 V]

input reference [d(Nom.)=0.63]
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The model of the boost converter works using a DC power
supply with a fixed duty cycle and pulse width modulation
(PWM). During the ssimulation, the parameters of the power
supply were atered in order to understand the behaviur of
the converter’s output response in the subsequent simulation
test:

Simulation:

The frequency carrier was configured to generate a
frequency of 80 kHz and the amplitude was varied from O to
1, asillustrated in Figure 8. The index reference of the input
was set to 0.625, corresponding to 62.5% of the duty cycle.
The output resistive load was set to 28.2 Q in order to match
the system with the real converter. The output waveforms
produced from the boost converter of the powergui (GO)
system are presented in Figure 7. It was observed that the
output voltage converges to 12.6 V at 10ms, and the output
gain is reached until an overshoot occurs which can be

16—12.45
calculated asfollows: Moverg, ot % = EETYTR 29%

The output voltage waveform was found to fluctuate around
the average value due to the effect of the pulse width
modulation PWM produced from microcontroller. This
leads the inductor to store the energy temporarily, and then
release it within the limits of inductance value by turning the
semiconductor switch ON and OFF. A mentioned in the
literature, this method is widely used due to its capability to
shape the output waveform to any desired value. Moreover,
the PWM boost converter maintains high efficiency;
however, it should be taken into consideration that switching
produces plenty of harmonics which eventualy affect the
overal performance. The working principle is determined
by comparing the input reference ‘d” with the counter value
that represents the 900 right triangle of the frequency carrier
as illustrated in Figure 38, and then the relational operator
has the responsibility for the arithmetic decision. As aresult,
if the value of the right triangle is lower than the input
reference ‘d’ then the relational function output gives logic
1, and if it is greater than ‘d’ it will turn to logic 0 as shown
in Figure 8:

Fulca Width Modulzbon

J b

-
=

Figure 8: Pulse wide modulation: (a) Simulink block
diagram, and (b) Input reference d related to frequency
carrier.

The effect of modifying the input reference ‘d’ was
investigated. Hence, the input reference ‘d’ value was
changed from 0.1 to 0.9 and increases in output voltage Vo
and output current IL were observed as the input value
increased for a fixed load resistance Ro as shown in Figure

9.
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Figure 9: Output responses with different value of duty
cycle per time (s)

Further investigation has been carried out in order to
understand the behaviur of the output response when the
inductance value is changed from 1000uH to 10uH, as
shown in Figure 10. The impact of reducing the inductance
was directly affecting the oscillation around the average
because the time constant is proportional to the inductance

value T=% , which means that it takes a long time to reach

the steady-state. Also, the current increased drastically. This
was because due to the inductance in the circuit is inversely
proportional to the rate of change of the current % =
Qufput Voliage Respanes nductortCurment Resgone

a.l

[T

: .:&1;5‘;}‘3.5.: mEEE T “:’FE.':EZZ’E.; )
Figure 10: The voltage and current response of with
different value of duty cycle per Time

When the inductance was reduced to 10uH, the inductor
current reached the boundary and equalled zero for a small
period as shown in Figure 11. As mentioned before, the
converter operates in discontinuous conduction mode
(DCM). Therefore inductance is critical and should design
specificaly for each mode of operation.

Induedort CurrentRecponcs

E ’ The converter was operatored in
DCM mode 33 long the valus of
it fhe inductor decreased
ir.1} a_;: rlie.r ) ar ) firas
IME 20,

Figure 11: Discontinuous conduction mode DCM

The output capacitance was changed to different values
from 1pF to 1000 pF. The results of the change were
observed in the ripple voltage, as shown in Figure 12,which
increased as the capacitance value decreased.
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Figure 12: Boost Converter output waveforms

Small signal average transfer function % :

Casel: ideal system:
Substituting the below datainto equation %2 yields:

Ro L C d
28.2 2.20E-04 3.30E-04 0.625
G. = Do _ —38215+6887¢7
173 ™ $2+107.55+1.937¢6

Following Figures 13 were simulated take into consideration

system (G1) was stable since the polesin the left-hand plane
with a complex part which is the main reason of the high
oscillation appeared on the output response of the average
small signa (Gl). This means that the system is
underdamped, and this behavior can be confirmed by
checking the discriminant equation A2 < 4B. moreover, it
was seen that performs non-minimal phase characteristics
due to the right half-plane (RHP) zero. Due to this term, an
initial dip was observed as shown in Figure 14. The

dynamics characteristics compression between GO and G1
can be found in the following Table 2:

Table 1: dynamics characteristics of GO and G1

for ideal case boost converter in idealize condition. The

tslblin [5} Loomax {3) t; I:S:I Pole’s Zero's
Gy 0.3743 5028 0.0723 none -33.75j1.3%3
Gy 1.6736 67.04 0.0723 1.82ed -33.7j1.39:3

As seen in the above Table 2, the time delay was introduced in G1 in contrast with GO, which means that G1 has lower
stability margin as the output response take longer time to settle and reach to steady-state. Furthermore, obtaining a high
voltage gain with this type of system characteristics may leading to destabilization. It is usually hard to design a controller to
deal with this situation because of the poles in the close-loop get attracted to the right-hand plane RHP as the gain voltage
increase [4, 35]. Broadly speaking, at low resistance and high-gain applications the zero of RHP is shifted to the imaginary

axis, this means that the feedback controllers become more sophisticated to design. However, design a controller is basically
depends on the designers how acceptable phase margin the interested to achieve [51]
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Figure 14: Transient characteristics of G2

Case2: non-ideal system:
The same test was simulated, but with considering the parasitics, as follow:

Ro rds rf Vf L rL C rc d
28.2 0.077 0.0328 0.5 2.20E-04 0.055 3.30E-04 0.307 0.625

Substituting the below data into equatioin % in order to  Also, the s-plane graph showed that the system was stable
determine the small-signal averager transfer function with less os_cnlatlor_\ compare to G1, because of the real part
9, _ 2816s+5828e7 of the zero is negative with less value complex number, that
G3 =3 = Zri1a0s+200606 means the system is stable with slightly less oscillation
_ _ _ compared with G1. Moreover, the poles of the G3 transfer
The small average signal model G3 was simulated with al  function move far away to the left-hand plane, which means
possible uncertainties. The transient characteristicsresults of ~ the initial dip in the start has been removed, and the
G3 were found as shown in Figure 15. The effect of the  converter functions as a first-order system. Figure 51 shows
parasitics was observed, where the oscillation is drastically  the output of the simulation.
decreased. The overshoot drop from 88.6% to 24.86 %.
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Figure 15: Transient characteristics of G4
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The dynamics characteristics compression between G1 and G3 can be found in the following comparsion Table 3:

Table 2: Transient characteristics summary of average large-signal modeling G3 and G5

E T, (s) t, (=) M, g, d Pole's Zero's
d (Tad/=)
7 . 530
Gy 0.0023 0.072 23.6 1.39e3 00386 18.02=3 . -
71.39e3
-34.3s
Gy 00024 0.0059 2486 1.42e3 0405 -20.7e3 . -
j1.28e3
The linearized transfer function was simulated with u \'\lﬂol-égao- 1, pﬂ- 3%517, 201El. R, £ Po o a3
i o ; P . . . arty, H. our, E. ani, E. Pouresmaeil, and J.
consideri ng all poss ble qncertal ntle_S to obtain the aCCl_'IraCy Cataldo, "A Klovel DC-Bus Sensor-less MPPT Technique for Single-
of the model for the transient analysis and make the designer Stage PV Grid-Connected Inverters.," Energies, vol. 9, no. 4, p. 248,
in better position to design teke decision to design the 2016. , _ _
controller.  Hence, the small-signa average model was 12 S Hayashi and M. Yamada, "EMI-noise analysis under ASIC design
. R . . environment," |EEE Transactions on Computer-Aided Design of
determined around the equilibrium point will be used to Integrated Circuits and Systems, vol. 19, no. 11, pp. 1337-1346,
develop the proportional-integral PI. In this model, the 2000. _ _
elements assumed to be close to real values as much as 13 B. Axelrod and Y. Berkovich, "New coupled-inductor SEPIC
. s . . converter with very high conversion ratio and reduced voltage stress
poss bleto keep the re“ab”'ty and Va“d|ty h'gh- on the switches" in 2011 |IEEE 33rd Internationd
Telecommunications Energy Conference (INTELEC), Amsterdam,
IV. ~ CONCLUSION 2011 . ) B
14. J. M. Enrique, A. J. Barragan, E. Durdn, and J. M. Andijar,
e A Simulink smulation of the design of the boost dc-dc ;The(;ret_icalAz‘xcssessmenétaé?f N?%gf Iioger Clonvfigefzs(;ﬂBaSiC
converter was validated through comparing them with | PPGPa®s A ERmOn Sale s, Voo T b Badawy
the experimental results. "Performance Analysis of Bidirectiond DC-DC Converters for
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through integrating it with the |OT cloud. 51, 0. 4, pp. 3442-3452, 2015.
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