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Abstract

This thesis intends to uncover the concept of optimizing the operation of DC-DC converters,
using closed loop control with a Pl tuner, which is tuned using a unique search algorithm called
Simulated Annealing Algorithm. The concept of the algorithm is to take the Kp and Ki
parameters as the variables and using performance indices, objective functions are generated,
which are input into the Simulated Annealing algorithm to obtain values of Kp and Ki which
facilitate the global minimum of the objective function. Thereby, the Kp and Ki parameters are
implemented in each individual DC-DC converter to test whether better step response is
yielded than when Kp and Ki parameters are used from conventional Pl tuning.
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Chapter 1: Introduction to DC-DC
converters.

In the prime age of technology, the use of power electronics has rapidly increased on a global
scale. A major chunk of the demand for power electronics is contributed by power converters.
The intensive research over AC-DC and DC-DC converters over the decades have resulted in
numerous converter topologies being implemented over a wide range of applications.
Moreover, newer techniques have been applied to improve the transient and steady state
responses. Power converters have found great implications in renewable energy concerned
projects and discoveries such as electric vehicles, LED drives, motor drives, inverters and smart
grids. [1] Hence, the aim of research is to modernize and enhance the technology to meet the
current trends and demands, particularly in dealing with load fluctuation. Stability is a
characteristic of paramount importance as well.

1.1.1 INTRODUCTION

The prime concern of this research is the DC-DC converters because they are relatively simple
and can be subjected to our devised algorithm to yield accurate results. DC-DC converters are
observed to have a modest closed loop response which may be optimized using search
algorithms which include genetic algorithm, simulated annealing algorithm, particle swarm
algorithm, etc.

The first generation brought forth classical and traditional converters. They came in the form of
a DC supply connected to an oscillator, a step-up transformer and finally a rectifier. They were
very primitive and very inefficient. Then came the multi quadrant converters in the second
generation. But until the discovery of switch mode regulators, only these expensive devices
were available. In the third generation, switched inductor and switched capacitor converters
debuted, which began to reduce the size of the topology. Soft switching converters were
devised in the fourth generation, followed by synchronous rectifier converters and finally
converters with multiple energy storage elements. [2] Such power converters are a staple use in
microelectronics used in computers, mobile phones, laptops and various other applications. It is
also observed that DC-DC converters mainly actuate and control the output voltage and the
duty cycle so are suitable for photovoltaic devices.
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1.1.2. SWITCHING DEVICES FOR POWER CONVERSION

Reliable switching operation is of utmost importance in converter circuits to maintain a stable
duty cycle and output voltage. The suitable switches which are used for this purpose include

the following:

1) Power Diodes and Bipolar Junction Transistor (BJT)
2) Metal Oxide Semiconductor Field Effect Transistor (MOSFET)
3) Insulated Gate Bipolar Transistor (IGBT)
4) Junction Gate Field Effect Transistor (JFET)
In our research, the switches are considered lossless and ideal nature for the sake of

simplicity in calculation. [3]

(ii)

(iii) (iv)
Figure 1.1: Different types of switching devices (i) Power Diode (ii) Metal Oxide Semiconductor
Field Effect Transistor (iii) Insulated Gate Bipolar Transistor (iv) Junction Gate Field Effect

Transistor.
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1.2. LITERATURE STUDY

Before the study of optimization of DC-DC converters, the characteristics of DC choppers need
to be investigated. DC chopper circuits are circuits that convert an input DC voltage into an
output DC voltage. The magnitude of the output voltage may be greater or less than the
magnitude of the input voltage, depending on the requirement.

DC—DC Choppel‘ DC ouwmvmméb

vg Vout

Figure 1.2: Basic DC-DC Chopper.

As shown above, the chopper circuit is connected with both the input voltage source and the
output voltage source. [4] The chopper circuit consists of thyristors and other RLC elements
which are connected to generate the required output voltage and duty cycle. The duty cycle is
defined as the ratio of the ON time of the switch and the total time of each switching cycle. This
controls the width of the DC output voltage pulse. Such kind of voltage control is called Pulse
Width Modulation (PWM) control.

The DC-DC choppers which are to be discussed are:

1) Buck Converter.

2) Boost Converter.

3) Buck-Boost Converter.
4) Cuk Converter.

13



1.2.1 BUCK CONVERTER:

Is(t) s + Vit T o Io(t)

,_-Irl_m > >

+
_I Ic(t) ¥
va(t) Cl- ) A° R§ Vo(t)

Figure 1.3: Conventional Buck Converter Circuit.

The buck converter steps down the input voltage to give a lower output voltage. It consists of
an input voltage source Vg, a switch S, a diode D, an inductor L, a capacitor C and the load R
across which the output voltage Vo is measured. The converter is run in the continuous

conduction mode (CCM). [5] The converter’s operation cycle is divided into two states as shown
below:

Lo(t) i)

L

+
v () —— R§ Vit)

Figure 1.4(i): Buck converter in switch ON state.

Iy(t) i)

+
Vy(t)

Figure 1.4(ii): Buck Converter in switch OFF state.

It is observed that when the switch S is ON, the current from source Vg flows directly to the
inductor L and stores energy in it. So, the current through the inductor and the capacitor
increases and inductor voltage increases. But, when S if switched OFF, then the inductor
discharges energy to the circuit and since diode D is forward biased, the circuit is complete and
hence, the output voltage and current remains uninterrupted. [6]

14
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Figure 1.4(iii): Buck Converter Waveforms during operation.

The voltage and current waveforms for the operating cycle of the buck converter have been
shown above. [7] Based on the ON state and the OFF state of the converter, using Kirchhoff’s
voltage law and Kirchhoff’s current law, the state space representation of the circuit can be
devised as follows:

Given that, % = Ax +Bu and y =Cx + D.u

X1=i,, X2=p, ANd U = v, are the main variables,

1) Inthe ON state:

di,_ v, %
dt L L
dv, _ i_L+ -7,
dt C RC

15



Hence, the state space equation for ON stat

e is given as:

-1
d /x 0 — X 1
2 =1 H)G+ (5)
¢ ®C 0
2) Inthe OFF state:
di, -v,
dr L
dv, i, -1,
dt ¢ RC

Hence, the state space equation for the OFF state is given as:

d

dt

X1
X2

(x,) =

al— o

~1
—L1 (2) + (8)”
RC

Now, supposed the duty cycle of the converter is D. So, the proportion of the ON-time Ton
is D while the proportion of the OFF-time Toff is (1-D). Accordingly, the average state space

model is given as:

A’ =Aon.d + Aoff.(1-d) and B’=Bon.d + Boff.(1-d)

o L 0

. L
a=, H)d+,
C RC c

1
B/=<z
0

).d+

-t o 1
L
A==ty
RC C RC
d
(§)-a-0 - (1)

Therefore, the complete Buck Converter State Space Representation is given as:

d

dt

X1
X2

(x,) =

Al o

—1
- d
L))+ (2)
RC 0

16



1.2.2 BOOST CONVERTER:

Vg(t)

Is(t) L

+

mle
i

g

LOAD Vo

Figure 1.5: Conventional Boost Converter Circuit.

The boost converter steps up the input voltage to give a higher output voltage. It consists of an
input voltage source Vg, a switch S, a diode D, an inductor L, a capacitor C and the load R across
which the output voltage Vo is measured. The converter is run in the continuous conduction
mode (CCM). [8] The converter’s operation cycle is divided into two states as shown below:

+
Vg(t) E__

Igit) — >

loft)

L
D l
ILtt) @ s lc(ﬂ& R

% Vo(t)

Figure 1.6(i): Boost converter in switch ON state.

Valt)———

ig(t)

lo(t)

Vo(t)

Figure 1.6(ii) Boost Converter in switch OFF state.
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It is observed that when the switch S is ON, the current from source Vg flows directly through
the inductor L and then bypasses through the switch. So, the inductor stores energy and the
inductor voltage increases. But, when S is switched OFF, then the current path through S is
opened so that current from source passes through to the capacitor C and load R. Moreover,
inductor L also discharges in the circuit so that current flow increases. [9] The capacitor C stores
energy so that in the next ON state, it will dissipate energy through load R so that current flow
through R remains uninterrupted throughout the operation cycle. [10]

Ve 4
Vs

Vs-Vor------

i

|

d.T T T

Figure 1.6(iii) Boost Converter Waveform during Operation.

The voltage and current waveforms for the operating cycle of the boost converter have been
shown above. [11] Based on the ON state and the OFF state of the converter, using Kirchhoff’s
voltage law and Kirchhoff’s current law, the state space representation of the circuit can be
devised as follows:

Given that, % = Ax +Bu and y =C.x + D.u

X1=i,, X2=p, ANd U = VU, are the main variables.

18



1) Inthe ON state:

di, _ y
dt L
d'UO —Vy
dt  RC

Hence the state space equation for the ON condition is given as:

(-

2) Inthe OFF state:
di;
[t

dvc/dt

RC

So that the state space equation in the OFF state is given as:

0
1

C

-1

L
-1

RC

o~

()

Now, supposed the duty cycle of the converter is D. So, the proportion of the ON-time Ton
is D while the proportion of the OFF-time Toff is (1-D). Accordingly, the average state space

model is given as:

A’ =Aon.d + Aoff.(1-d) and B’=Bon.d + Boff.(1-d)

-1 1-d
0 0 0 — ——
I _ -1 _ =
PO PN o RO
RC - -
C RC C RC
1 1 1
B'=(L|ad+ |L)a-a)= (L
0 0 ( ) 0
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Therefore, the complete Boost Converter State Space Representation is given as:
(1-d)

o 0 x 1
1, = L ( 1)+ L Uq
X2 1-d -1 X 0

c RC
1.2.3 Buck BoosT CONVERTER:

Is(t) s

|
£ < | -
Vg(t) I L c : L?.‘,AD Vo(t)
+

Figure 1.7: Conventional Buck-Boost Converter Circuit.

I\

The buck boost converter operates on the input voltage to give either a higher or a lower
output voltage, as per requirement. It consists of a source voltage Vg, load resistor R, an
inductor L and a capacitor C as well as a diode D and a MOSFET switch S. [12] Designing a
controller for this converter is more challenging owing to the fact that it is a non-minimum
phase system and has a zero in the right half plane of the pole-zero plot. In other words, since
the control input of this converter (the duty cycle of triggering pulse) exists in both voltage and
current equations, the state equations solution and the control of this regulator poses greater
difficulty. Furthermore, the converter has an inverting nature which causes the output to be the
negative of the input. The converter’s operation may be demonstrated in two states, as shown

below.
5
vg(t) I L c :: L?.\,AD Vo(t
+
lt) left) Y .

>

loft)

Figure 1.8(i): Buck-Boost Converter in Switch ON state.
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Va(t) L c LOAD o
— R Vot

It)
feft) * lo(t) +
+

Figure 1.8(ii): Buck-Boost Converter in Switch OFF state.

It can be observed from the above that when the switch is in ON state, the source Vg causes
a current to flow through the inductor L, which stores energy inside it. [13] In the
meantime, the capacitor C dissipates its energy across the load resistor R so that a current
passes through R.

In the switch OFF state, the energized inductor L dissipates its energy across the capacitor C
and resistor R so that I}, splits up into the two current components as shown. This way, the
current flowing through R remains uninterrupted throughout the entire cycle. However due
to the polarity of diode D, the circuit is an inverting circuit and the output V, will always be
inverted with the polarity of input Vg. [14]

VL

Vs

o - T
-Wo

L

Is 4

/

\

d.T T 2T

Figure 1.8(iii) Buck-Boost Converter Waveforms during Operation.
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The voltage and current waveforms for the operating cycle of the buck-boost converter have
been shown above. [15] [16] Based on the ON state and the OFF state of the converter, using
Kirchhoff’s voltage law and Kirchhoff’s current law, the state space representation of the circuit
can be devised as follows:

Given that, % = Ax+Bu ad y =Cx + D.u

X1=i,, X2=p, ANd U = vV, are the main variables.

1) In The ON state:

di, vy

at L
dv, Vo
dt ~ RC

Hence the state space equations for the ON state may be given as:

1
d (xl) B 0 _01 <x1> I
_ = . + u
dt \x, 0 Xy 0

R.C

2) Inthe OFF state:

di; v,
at L
dvy 1 vy
4t C RC

Hence, the state space equation for the OFF state may be given as:

Now, supposed the duty cycle of the converter is D. So, the proportion of the ON-time Ton is D

while the proportion of the OFF-time Toff is (1-D). Accordingly, the average state space model is
given as:

A’ =Aon.d + Aoff.(1-d) and B’=Bon.d + Boff.(1-d)

0 0 0 % 0 1;—"’
A’: 0 __1 .d+ l __1 . (l'd) = ﬂ __1
R.C C R.C C R.C
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1 d
r_ (7 0 _ — |
B = (3).01 + (O).a-d)= (5)
Therefore, the complete Buck-Boost Converter State Space Representation is given as:

1-d

, o —° d
) L (xl) + L u
le B 1-d __1 . X 0 T

C R.C

1.2.4 CUK CONVERTER:

L c Lo
e _| F_rYYY\
+
I—
Va(t) s ! D :: co LORAD Vo(t)

Figure 1.9: Conventional Cuk Converter Circuit.

The Cuk converter is yet another switching mode regulator. But it produces uses a constant DC
suply voltage to produce a variable output. It observes a continous inductor current that is a
considerable advantage when compared to other switch mode regulators. When used in
discontinous conduction(DCM) mode, the Cuk converter operates as a power factor
preregulator with a constant duty cycle ratio. Moreover, the Cuk converter may be used as a
power factor preregulator in continous conduction(CCM) mode as well. [17] This has been
proven by the special average current mode control technique. When used in CCM, it functions
suitably for high power requirements which are unachievable at DCM state. On top of that, the
Cuk converter shares a common mode with the Sepic converter, called the discontinous
capacitor voltage (DCV) mode, which sets it apart from the other converters that have been
discussed so far. However, one key disadvantage of this converter is that there are a large
number of reactive components in the circuit. This results in high current stress exerted on the
switch S, diode D and the energy transfer capacitor C.

The circuit for this converter consists primarily of a voltage source Vg, an inductor L on the
source side, a MOSFET switch S, an energy transfer capacitor C, a diode D, a filter inductor LO on
the load side, a filter capacitor CO on the load side and the load resistance R. [18]
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The operation of the Cuk converter may be shown in two modes as shown below:
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Figure 1.10(i): Cuk Converter in Switch ON State.
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Figure 1.10(ii): Cuk Converter in Switch OFF State.

It is evident from the above figures that the Cuk converter behaves quite differently from the
other converters in its two switch states. During the ON state of the switch, it is observed that
the current that originates from the source Vg passes through input inductor L and is shorted
across the switch so that it does not get transferred to the energy transfer capacitor C. Rather,
during this state, C dissipates across the filter capacitor and inductor CO and LO, and the load
resistance R. The diode D is reverse biased and hence, this pathway is open at this part of the
operating cycle. There are two meshes at work at this stage. [19]

On the other hand, when the switch S is in its OFF state, the source voltage Vg powers the
entire circuit so that Vg and input inductor L dissipates across the circuit and recharges the
energy transfer capacitor C. On top of that, the diode D is in forward biased so that C is shorted
to the ground and the filter capacitor CO powers the load resistance R at this state, as shown in
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figure 1.10(ii) during this part of the operating cycle. Thus the circuit forms two different
meshes than the alternate state.
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Fig: Cuk converter Waveforms

Based on the current and voltage waveforms displayed above, the continous conduction mode
operation may be observed so that inductor currents do not reach zero at any instance at all.
[20] Considering parasitic resistances to be negligible, the entire operating cycle of the Cuk
converter may be divided into two segments:

1) ON State=d.T
2) OFF State = (1-d).T



1) Inthe ON State: 0<t<d.T

In mesh 1,
dij
— =1V
L dt 9
diy, Vg
ac L
In mesh 2,
dv,
C.—= —i
dt Lo
dvc lro
dt C
dipo
Ly—=v 1%
0 gr c 0
diyg Ve — Vo
at L
dv, Vo
Co.— = (ijg— —
0 "If (iLo R)
dv, 1 Vo

ke C—O-(lLo— )

Both starting inductor L and energy transfer capacitor C are grounded by the switch S. Therefore:
iS = iC + iL

2) Inthe OFF State: d.T<t<T

In mesh 1

diy

L.E: Ug Ve
di, Vg— V¢
dt L
dv;

C.— =
e

dve i

dt €
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In mesh 2,

dip,

e —Vy

dip, v

dt L
-% = %-(im - %)
dvy, 1 Vo

@ ¢ R

At this part of the cycle, a resultant current is passing through the diode D and this current is the
summation of both inductor currents.

iD = lL+ iLO

Now, by combining the circuit behavior in both the ON and the OFF state, the state space
average model may be constructed. Here, the duty cycle used is ‘d’. To form the state space
equations for the model, the equations in the ON state are multiplied with ‘d’ and the
equations of the OFF state are multiplied with (1-d).

diy, Vg di, Vg— v
Mﬁ—ﬂﬂ“m%‘—rﬂ

dve i dve i
D'(dt_ C)+(1 D)(dt_c

diyg Ve — Vg dig  —
D'(dt L >+(1 D)(dt B LO)
dvp, 1 Vo dvo 1/ Vo
D'<E_ — 7o — E))+(1—D)-(W— C—O(lLo— E))

The above equations are solved to get the average state space representation.

dip, Vg (1_D)'UC.D

dt L L
dve D.iL0+ (1-D).i,
dt C C
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dipp,  D.ve v
dt L, Ly

dvy i Vo

dt € C.R

Hence, the starting model equations for steady state and dynamic model derivations are found.
The variables in the state space average and dynamic model are the combination of steady
state and perturbed variables. In steady state, the operation variables are constant so that all
derivatives of steady state variables are equal to zero. In the following derivation, the steady
state variables are represented by upper case and the perturbed variables are shown as lower

case with hat '~ ' symbol.
Vg = Vgt Vg
i,=I1+0
ve= Ve + U¢
iro = Ipo+ I
vo = Vo+ 7
D=D+d

Yet, in this scenario, the system is nonlinear. But, assuming that perturbed values are negligible
compared to steady state values, the product of perturbed variables may be discarded to
linearize the system.

d Vg (@-D)V. 7T (1-D).7; N Ve P
dt L L L L L’
dt C C C C c

di;g D.V, V D.v; 2 Ve s
dio _ DVe Vo DV Vo Ve s
dt Lo L, Ly Lo L

4% _ fo Yo | Bo_ o
it~ ¢ CR'TC TR

But these developed equations are a combination of steady state and dynamic model equations.
The steady state model may be used to obtain the relationship between the input v, and the output
Vo-
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V,=(1~-D).V

1-D
IL0: D 'IL:

S~

R
Vo=D.V, = —.V,

1-D

In a similar manner, the dynamic model of the system may also be evolved to obtain a
relationship voltages and currents as shown below.

di, 73 (1-D).7; N Ve.d

dt L L L
ave Dy (1-D).i (= ho)d
dt C C C

dip, D.7¢ T Ve.d
dt Ly Lo Lo

dvo _ I Do

dt  C C.R

In the dynamic model, the perturbed duty cycle ‘d'is present which can be observed in open
loop and closed loop systems alike. In case of a closed loop system, the feedback relationship
between the duty cycle D and output v, may be substituted into the main model.

At last, the matrix form of the state space representation of the dynamic model is given as:

s 1-D -D L = L
= 0 [
(dl_fo)(o O__l)-(l/L\0)+()-vg+(VCC)-(d)
D - L0 Ve
w0 §ota W0 o
dt C.R
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Chapter 2: Motivation and Methodology
Of Research

2.1 MOTIVATION FOR RESEARCH:

In the modern age of software simulations, various optimization techniques have evolved,
leading to more efficient designing of power electronics circuitry. A simple example of such is
the use of the manual PID tuner in MATLAB. This tool may be extensively used to obtain
optimal PID values that can be implemented upon closed loop circuits to attain the desired
response. However, there need not be any boundary regarding the improvement of such
optimization techniques.

Primarily, we have been motivated to undertake this research in order to devise a technique for
generating further optimization that woul be able to draw up the PID values that accommodate
an even better step response when tested on the concerned. Simulated Annealing
Algorithm(SAE) is one of the numerous smart search algorithms. Harnessing this algorithm,
iterations may be carried out to obtain the global optimum operating level of the concerned
converter topology. This way, greater stability and more precise values of Kp, Ki and Kd may be
obtained.

Therefore, this research has been conducted in an effort to use SA algorithm in order to
automate the optimization procedure for closed loop PID control of the concerned converter
model.

2.2 METHODOLOGY:

This section shall deal with a breakdown of the technique of Simulated Annealing Algorithm for
optimization of the Buck, Boost, Buck-Boost and Cuk Converters. It includes an overview of SAE
and its inner workings. Moreover, the algorithm shall be explained using block diagrams and
the implication of objective functions on the optimization procedure.
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2.2.1. OVERVIEW OF SIMULATED ANNEALING ALGORITHM:

The concept of simulated annealing stems from the thermodynamical notion of annealing.
Annealing is a process by which a metal is heated to a base temperature and is then left to cool
down and crystallize. This is done multiple times until the crystalline structure of minimum
energy is obtained. The same strategy is applied analogously to the smart algorithm of
Simulated Annealing and hence, the general system is tested to obtain a minimum point. This
technique forms the base of optimization for combinatorial problems and such. [21]

Non linear problem cases are difficult to solve, owing to their nature. To overcome this,
Simulated Annealing was discovered in 1983. It attempts to mitigate the global optimization
issue by starting at a high energy level, i.e. a high temperature. This allows the objective
function to explore high energy regions for a solution since the objective is to EXPLORE, not
IMPROVE. The exploration procedure continues as the temperature drops from the initial value
and due to this the objective function starts to lose its transience and is trapped in the lower
energy levels. A Generating Distribution monitors the possible states that may be explored in
the lower levels. An Acceptance Distribution may also be generated, which relies on the
difference between the value of the objective function at the current energy level to be
searched and the previous energy level that was saved. [22] Hence, the Acceptance Distribution
shall stochastically decide whether it is better to remain in the current energy level or skip to a
new energy level that will better accommodate the solution. Each and every Generating and
Acceptance Distribution are reliant on the temperature of the energy level.
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Figure 2.1: Minimization of the Two-dimensional Rosenbrock Function by Simulated Annealing
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The research goes on to prove that by meticulous monitoring of the rate of cooldown of the
system, the global optimum operating level may be determined. But this is a time consuming
process and requires heavy computation power. [23] [24]To speed up the process, techniques
of Fast Annealing(FA), Boltzmann Annealing(BA), Very Fast Simulated Re-annealing(VFSR) or
Adaptive Simulated Annealing(ASA) may be utilized to quicken the entire process.

2.2.2 SIMULATED ANNEALING FUNCTION:

A key benefit of implementing SA as an optimization algorithm in lieu of other techniques is
that this technique will prevent the solution being stuck in local minimas. During the explorative
course of the objective function, it is bound to encounter multiple local minimas which may be
confused as the global minima when viewed by other algorithms, but that is an avoidable
scenario in this case. Having said that, the search algorithm will begin with a random search so
that as the objective function progresses, not only will a decrease in the value of the objective
function be registered, but an increase in said value as well. [25] The probability of accepting a
change in the value of the objective function is given as:

—of
P=e¢eT

Where, §f = Change in the objective function, ‘f’
T = Control parameter in system that is analogous to annealing temperature.

The block diagram for Simulated Annealing procedure has been shown in the next page. In
order to function properly, the algorithm requires the following information:

1) Representation of possible solutions.

2) Random change generator in solutions.

3) A means of evaluating the problem statement and function.

4) A annealing schedule which includes an initial temperature and conditions for the
decrease in temperature during the course of the search.

Over time, the objective function values decreases until a minimum value is reached which
indicates the global optimal point of operation. Off course, during the initial iterations, the
annealing temperature is high and large changes in the objective function value are
explored, even if the regions are far from the optimum level. Gradually, temperature drops
and with it the tolerance for peaks of the objective function. Eventually, the final 40% of the
total iterations are used by the algorithm to meticulously search around the region of the
global optimum to unravel it and release the results.
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Figure 2.2: Block Diagram Outlining the Simulated Annealing Algorithm.

A

The figure above gives a plain demonstration of how the Simulated Annealing Algorithm
performs on an objective function and reiterates over and over again until a desirable result is
obtained. It is evident that at the beginning, a very high temperature is used for the
initialization. Using the input value, the initial solutions are derived. From them a new starting
temperature and resultantly, a new set of solutions is produced. This new set is analysed for
suitability. If found suitable, then the new solutions are saved into the storage. Otherwise, the
temperature is adjusted again. Afterwards, the search may either be terminated, or if not, then
the adjusted temperature can be used to reiterate and generate a new set of solutions. This
process goes on and on until desirable solutions for the objective function are obtained, so that
termination takes place and stops the program.
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There are numerous advantages of implementing the Simulated Annealing Algorithm in our
research, which include the following:

Simulated Annealing is is a universal technique that may be used for the optimization of of
various control systems.

1) Itis robustin nature and can handle non linear models that display constraints such
as chaotic and noisy data.

2) ltis quite flexible, easy to comprehend, use and reach global optimal point of
operation.

3) Itis a versatile algorithm because it is not dependant on any restrictions of the
model.

4) Simulated Annealing algorithms are easy to tune and depending on the problem
statement, can be used over a wide range of applications. This especially favours the
analysis of converter topology, as shown in our research.

Yet, regardless of its merits, there are still a number of weaknesses that are present in the
Simulated Annealing algorithm, which need to be considered during implementation. They are:

1) Itis a metaheuristic algorithm, which causes it to make a lot of decisions to produce the
actual algorithm.

2) The quality of solutions degrades with a decrease in the time provided to compute the
solutions. Hence, these two factors need to be carefully balanced.

3) The fine tuning of the algorithm according to different constraints is a delicate process.

4) The precision of the values used in the actualization of the algorithm make create a
large impact on the quality of the output.

2.2.3: OBJECTIVE FUNCTIONS:

In our research, we have made use of four different performance indices in our objective
functions which are operated on by the algorithm. Each of these performance indices are
integrals of the error signal ‘e(t)’ which are minimized to mimick and demonstrate the
behaviour of the PID controller that takes the feedback from each controller and thereby
generates the actuating signal that will go to the plant. The plant is composed of the respective
converter that is used in the control system and which operates to produce an output. There
are 4 performance indices which have been considered in our research [26] , as follows:

1) Integral of Absolute Error (IAE).
2) Integral of Time multiplied by Absolute Error (ITAE).
3) Integral of Squared Error (ISE).
4) Integral of Time multiplied by Squared Error (ITSE).
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The 4 equations for the performance indices have been given below:

1) IAE = [ le(t)].dt
2) ITAE = [ t.|e(t)].dt
3) ISE = [ e(t)?.dt

)

4) ISE = [ t.e(t)?.dt

2.2.4 DESIGN OF THE SIMULATED ANNEALING Pl CONTROLLER:

Since the primary concern of this research is the optimization and stability analysis of DC-DC
converters, an appropriate controller designed for this purpose is the Proportional-Integral(Pl)
controller. It has found great success in improving the closed loop performance of power
converters. Hence, we will not consider any values of ‘Kj’, that is, any Derivative values.
Throughout the course of this research, K, = 0.

Y

FITNESS FUNCTION

Y

SIMULATED ANMNEALING

ALGORITHM
INPUT et OUTPUT
——3»—{ PI CONTROLLER | g PLANT .
FEEDBACK

Figure 2.3: Basic Block Diagram of the Simulated Annealing
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As shown in the block diagram, a closed loop controller has been designed in which the output
voltage vy (t)" is compared with the input voltage ‘v, (t)" and the error signal ‘e(t)’ formed is
incorporated into the respective fitness function (objective function). The fitness function is
operated with the Simulated Annealing Algorithm to solve for the optimal values of Kp and K;.

These values are fed into the Pl controller which generates the actuating signal. This signal is
processed by the plant to produce the output again. The feedback pathway of the output signal
means that the error signal is constantly being monitored.

In the plant portion of the block diagram, each of the four discussed converters will be used,
one at a time. Depending on their respective input/output relationships and the parameters
provided, the open loop transfer functions may be determined. For this purpose, the average
state space representation of each of the converters come to great aid.

In the next chapter, the procedure and simulation portion of this research will be discussed.
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Chapter 3: Procedure of Simulation

In this chapter of our research, we will demonstrate the complete outline of how the Simulated
Annealing Algorithm is implemented on each of the converters discussed previously. The SA
algorithm is a search algorithm which may be simulated in MATLAB. Since the PI controller
integrated with each converter may be represented as a single closed loop transfer function,
MATLAB operates on these transfer functions to obtain their step reponse. The SA algorithm
then derives the error signal ‘e(t)’, using it to further determine the ideal PI parameters for the
seamless operation of the entire control system.

3.1 PERFORMANCE PARAMETERS:

This section features the individual programming and tuning of the SA algorithm for Buck,
Boost, Buck-Boost and Cuk converter. Initially the performance parameters of each system,
their transfer functions and also the operating conditions of the search algorithm need to be
determined.

3.1.1 PERFORMANCE PARAMETERS OF THE BUCK CONVERTER:

NAME OF COMPONENT VALUE OF PARAMETER
CAPACITOR (C) 200pF
INDUCTOR (L) 145 pH
LOAD RESISTANCE (R) 1'Q
INPUT VOLTAGE (1) 12V
OUTPUT VOLTAGE(v,) 5.574V
DUTY CYCLE (D) 0.4645
SWITCHING FREQUENCY(F,) 20 KHz

TABLE 1: Performance Parameters of Buck Converter.

Given the performance parameters, it is possible to derive the open loop transfer function of
the Buck converter.

c = Vo 0.5
v, [(29e—08)*s? + 0.000145 s + 1]
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Therefore the code for the open loop step response of the system is given as:

num = [0.5];

den = [2.%9e-08 0.000145 17];
plant = tf (num, den);

step (plant, 'b'");

3.1.2 PERFORMANCE PARAMETERS OF THE BOOST CONVERTER:

NAME OF COMPONENT VALUE OF PARAMETER
CAPACITOR (C) 1000pF
INDUCTOR (L) 72 pH
LOAD RESISTANCE (R) 26'0
INPUT VOLTAGE (1) 12V
OUTPUT VOLTAGE(v,) 24V
DUTY CYCLE (D) 0.5
SWITCHING FREQUENCY(F,) 20 KHz

TABLE 2: Performance Parameters of Boost Converter.

Given the performance parameters, it is possible to derive the open loop transfer function of

the Boost converter.

v, [s? + (4.781e07) * s + (2.336€09)]

c = Vo 3415 s + 6.825e06

Therefore the code for the open loop step response of the system is given as:

num [3415 6.825e06];

den = [1 4.781e07 2.336e09];
plant = tf (num, den);

step (plant, 'g');
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3.1.3 PERFORMANCE PARAMETERS OF THE BUCK-BOOST CONVERTER:

NAME OF COMPONENT VALUE OF PARAMETER
CAPACITOR (C) 2,280.16p
INDUCTOR (L) 10.41 pH
LOAD RESISTANCE (R) 9.655Q
INPUT VOLTAGE (1) 10V -34.9V
OUTPUT VOLTAGE(v,) 28 V
DUTY CYCLE (D) 0.74
SWITCHING FREQUENCY(F,) 31.372 KHz

TABLE 3: Performance Parameters of Buck-Boost Converter.

Given the performance parameters, it is possible to derive the open loop transfer function of
the Boost converter.

c = Vo (—1.751e — 04) *s + 28
v, [(1.757e —08) xs% + (7.977e — 07) xs + 0.0944]

Therefore the code for the open loop step response of the system is given as:

num [-1.751e-04 28];

den = [1.757e-08 7.977e-07 0.09447;
plant = tf (num, den);

step (plant, 'r');
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3.1.4 PERFORMANCE PARAMETERS OF THE CUK CONVERTER:

NAME OF COMPONENT VALUE OF PARAMETER
ENERGY TRANSFER CAPACITOR (C) 2,280.16pF
INPUT INDUCTOR (L) 68.7 uH
LOAD RESISTANCE (R) 120
INPUT VOLTAGE (1) 12V
OUTPUT VOLTAGE(v,) 24V
FILTER CAPACITOR(C,) 984 uF
SWITCHING FREQUENCY(F,) 100 KHz
FILTER INDUCTOR(Ly) 2.2mH
DUTY CYCLE (D) 0.667

TABLE 4: Performance Parameters of Cuk Converter.

Given the performance parameters, it is possible to derive the open loop transfer function of
the Boost converter.

=Y —0.4904 * s3 + 7923 x s + (1.074e07) * s + (3.502e09)
v, [(5e—06) xs* + 1.001s3 + 129.1 %52 + 410600 * 5]

Therefore the code for the open loop step response of the system is given as:

num [-0.4904 7923 1.074e07 3.502e09];
den = [5e-06 1.001 129.1 410600 0];
plant = tf (num, den);

step (plant, 'r');



3.2 OBIJECTIVE FUNCTION PROGRAMMING:

The programming for the search algorithm of each individual converter has been provided in
this section of the chapter.

3.2.1 SAALGORITHM PROGRAM FOR BUCK CONVERTER:

--For the Integral of Absolute Error (IAE):

function [J] = pidoptimbuck (x)
s = tf('s");

num = [0.5];

den = [2.9e-08 0.000145 11;
plant = tf (num,den); S%buck tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(abs (e) *dt) ; $IAE

--For the Integral of Time multiplied by Absolute Error(ITAE):

S f('s");

num = [0.5];

den = [2.9e-08 0.000145 11];
plant = tf (num,den); %%buck tf
Kp = x(1);

Ki = x(2);

Kd xX(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;



step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(t'.* (abs(e)) *dt); $SITAE

--For the Integral of Square of Absolute Error(ISE):

s = tf
num =
den =

(

[

[ e-08 0.000145 17;
plant =

(

(

(

(num, den); %%buck tf

N O
+ Hh O U

Kp = x(1
Ki = x(2
Kd = x(3

cont =
dt = 0.01;
0

step (feedback (plant*cont, 1))

e= 1 - step(feedback(plant*cont,1),t);

o

J = sum(((e).”2)*dt); 31ISE

--For the Integral of Time multiplied by Square of Absolute Error(ITSE):

s = tf('s');

num = [0.5];

den = [2.9e-08 0.000145 1];
plant = tf (num,den); 3%Sbuck tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))

e= 1 - step(feedback(plant*cont,1),t);



J = sum(t'.*((e).”2)*dt); $ITSE

3.2.2 SA ALGORITHM PROGRAM FOR BOOST CONVERTER:

--For the Integral of Absolute Error (IAE):

function [J] = pidoptimboost (x)
s = tf('s'");

num = [3 15 6.825e006];

den = [1 4.781e07 2.336e09];
plant = tf (num,den); %%boost tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(abs (e) *dt) ; $IAE

--For the Integral of Time multiplied by Absolute Error(ITAE):

function [J] = pidoptimboost (x)
s = tf('s");

num = [3 15 6.825e06];

den = [1 4.781e07 2.336e09];
plant = tf (num,den); %%boost tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(t'.* (abs(e)) *dt); $ITAE
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--For the Integral of Square of Absolute Error(ISE):

function [J] = pidoptimboost (x)
s = tf('s'");

num = [3415 6.825e006];

den = [1 4.781e07 2.336e09];
plant = tf(num,den); %%boost tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(((e).”2)*dt);

--For the Integral of Time multiplied by Square of Absolute Error(ITSE):

function [J] = pidoptimboost (x)
s = tf('s");

num = [3 15 6.825e06];

den = [1 4.781e07 2.336e09];
plant = tf (num,den); %%boost tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(t'.*((e).”2)*dt); $ITSE



3.2.3 SA ALGORITHM PROGRAM FOR BUCK-BOOST CONVERTER:

--For the Integral of Absolute Error (IAE):

function [J] = pidoptimbuckboost (x)
s = tf('s");

num = [-1.751e-04 28]

den = [1 757e—08 7.977e-07 0.09447];
plant = tf (num,den); %S%buckboost tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(abs(e) *dt) ; $IAE

--For the Integral of Time multiplied by Absolute Error(ITAE):

function [J] = pidoptimbuckboost (x)
s = tf('s");

num = [-1.751e-04 28]

den = [1 757e—08 7.977e-07 0.0944];
plant = tf (num,den); %S%buckboost tf
Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);
J = sum(t'.*(abs(e))*dt); SITAE
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--For the Integral of Square of Absolute Error(ISE):

function [J] = pidoptimbuckboost (x)
S f('s");

num = [-1.751e-04 28]

den = [1 757e—08 7.977e-07 0.0944];
plant = tf (num,den); %S%buckboost tf
Kp = x(1);

Ki = x(2);

Kd X (3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(((e).”2)*dt); $1ISE

--For the Integral of Time multiplied by Square of Absolute Error(ITSE):

function [J] = pidoptimbuckboost (x)
S ')

num = .751e-04 28]

den = 757e—08 7.977e-07 0.0944];

£
[-
[1
plant =
(
(
(

tf (num, den); %%buckboost tf
Kp = x(1);
Ki = x(2);
Kd = x(3);
cont = Kp + Ki/s + Kd*s;
dt = 0.01;
t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(t'.*((e).”2)*dt); $ITSE
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3.2.4 SA ALGORITHM PROGRAM FOR CUK CONVERTER:

--For the Integral of Absolute Error (IAE):

function [J] = pidoptimcuk (x)

904 7923 1.074e07 3.502e09]

s');
num 0.4
e-06 1.001 121.9 410600 0];
tf(
);
) ;
) ;

£(!

(-

den = [5

plant = num, den); %%Cuk tf
Kp = x(
Ki = x(
(

1
2
Kd = 3

XXX

Kp + Ki/s + Kd*s;
.01;
:dt:l;

cont
dt =

o o |

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

%J = sum(abs (e) *dt) ; $IAE

--For the Integral of Time multiplied by Absolute Error(ITAE):

function [J] = pidoptimcuk (x)

s = tf('s'");

num = [-0.4904 7923 1.074e07 3.502e09]
den = [5e-06 1.001 121.9 410600 07;
plant = tf (num,den); %%Cuk tf

Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);
J = sum(t'.*(abs(e))*dt); SITAE
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--For the Integral of Square of Absolute Error(ISE):

function [J] = pidoptimcuk (x)

S f('s'");

num = [-0.4904 7923 1.074e07 3.502e09]
den = [5e-06 1.001 121.9 410600 0];
plant = tf (num,den); %%Cuk tf

Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(((e).”2)*dt); $1ISE

--For the Integral of Time multiplied by Square of Absolute Error(ITSE):

function [J] = pidoptimcuk (x)

s = tf('s");

num = [-0.4904 7923 1.074e07 3.502e009]
den = [5e-06 1.001 121.9 410600 O];
plant = tf (num,den); %%Cuk tf

Kp = x(1);

Ki = x(2);

Kd = x(3);

cont = Kp + Ki/s + Kd*s;

dt = 0.01;

t = 0:dt:1;

step (feedback (plant*cont, 1))
e= 1 - step(feedback(plant*cont,1),t);

J = sum(t.*((e).”2)*dt); $ITSE
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3.3 OPTIMIZATION ALGORITHM CONFIGURATION AND OPERATION:

Problem Setup and Results Options
Solver: |simulannealbnd - Simulated annealing algorithm ~
[=] Acceptance criteria
Problem
o . - Acceptance probability function: Simulated annealing acceptance ~
Objective function: | @pidoptimbuck ~
Start point: 000]
=l Problem type
Constraints: P
Dat : | Doubl, ~
Bounds: Lower: |[000] Upper: |[200 200 0] ata type: | Double
= Hybrid functi
Run solver and view results WoriE funchion
) Hybrid function: None ~
Use random states from previous run
Start Pause Stop
Current iteration: Clear Results
Hybrid function call interval: End
Mever
Interval |1
=l Plot functions
Plot interval: 100
Best function value i [ Stopping criteria
AW [ Temperature plot ] Current point  [] Current function value
Final point:
P [ Custom function:
= Qutput function
< > ||| O Custom function:

Figure: 3.1 Layout of Optimization Toolbox in MATLAB.

The Optimization toolbox is used to run the SA solver for determining the best value of the
fitness function as well as the ideal parameters of Kp and Ki. Before running the solver, the

respective objective function needs to be mentioned. The lower bound and upper bound values
of Kp and Ki need to be specified as well.

INITIAL TEMPERATURE 100
TEMPERATURE UPDATE EXPONENTIAL
FUNCTION TEMPERATURE UPDATE
REANNEALING INTERVAL 100

ANNEALING FUNCTION

FAST ANNEALING

TABLE 5: Parameters of Simulated Annealing Algorithm.

After the SA iterations are conducted, the ideal values of Kp and Ki are applied into the transfer
function of each converter topology to get their step response. Each converter will demonstrate
the step response for IAE, ITAE, ISE and ITSE with respect to their obtained Kp and Ki values,
and furthermore, a comparison may be drawn between the conventional PID tuning of each
converter and each performance indice.



Chapter 4: SIMULATION RESULTS

4.1 OPEN LOOP STEP RESPONSE OF CONVERTERS:

Initially, the open loop response of each of the converter topologies is analysed to compare the

rise time, settling time and percentage overshoot of each circuit.

Step Response
0.7 T , : :
System: Plant i e
Peak amplitude: 0.614 !
1 System: Plant

Overshoot (%): 22.8
At time (seconds): 0.000589 !

! System: Plant

| System: Plant
| Rise time (seconds): 0.000257
I

Amplitude

0.2

0.1

Final value: 0.5

! Settling time (seconds): 0.00143

0 0.5 1 1.5
Time (seconds)

Figure 4.1: Open Loop Step Response of Buck Converter.

Step Response
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- H . System: plant
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e :I./ : Settling time (seconds): 0.0796 inallalue:j0 0282

System: plant i i b
Rise time (seconds): 0.045 | i
| i i
i i i

2l i i 1
i i i
i i
3 i i

= I 1 i
EL 1.5 i i
< I 1
i i
i i

ﬂ i i 1
I I
i i
i i i

0.5 I I -
i i i
i i
i i i

0 i i i L L L
0 0.05 0.1 0.15 0.2

Time (seconds)

0.25

Figure 4.2: Open Loop Step Response of Boost Converter.
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Step Response
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ﬂ ’: | ] e T System: plant

System: plant

Peak amplitude: 584
Overshoot (%): 97

At time (seconds): 0.00136

System: plant
Settling time (seconds): 0.172

System: plant Final value: 297
Rise time (seconds): 0.000453

o

0.05 0.1 0.15 0.2 0.25
Time (seconds)

Figure 4.3: Open Loop Step Response of Buck-Boost Converter.
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2.5 T T T T
System: plant
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Figure 4.4: Open Loop Step Response of Cuk Converter.



Rise Time(Tr) Settling % Overshoot Final Value
Time(Ts)
Buck Converter 0.000257 0.00143 22.8% 0.5
Boost Converter 0.045 0.0796 0 0.00292
Buck Boost Converter 0.000453 0.172 97% 297
Cuk Converter - - inf inf

TABLE 6: Comparison of Open Loop Performance Parameters of Converter Topologies.

4.2 CONVENTIONAL Pl TUNED STEP RESPONSE OF CONVERTERS:

After intial assessment, each converter’s plant is taken as input into the built-in PID tuner of
MATLAB. This is executed to obtain the improved step response of each topology due to the
conventional Pl control.

Step Plot: Reference tracking
1 T T T

Tuned response, plant
09 - 4

Amplitude

0.4 u

| | | | |
0 1 2 3 4 5 6
Time (seconds) 1073

Contreller Parameters: Kp = 1.883, I = 3304

Figure 4.5 : Conventional Pl Tuned Step Response of Buck Converter.
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Controller Parameters

Tuned
Kp 1.8832
Ki 3304.04351
Kd n/a
TF n/a
Performance and Robustness
Tuned
Rise time 0.00177 seconds
Settling time 0.00359 seconds
Cwvershoot 0%
Peak 0,999
Gain margin Inf dB @ Inf rad/s

Phase margin

61 deg @ 6,33e+03 rad/s

Closed-loop stability

Stable

TABLE 7.1: Performance Parameters of Conventional Pl Tuned Buck Converter.

1.2

0.8

Amplitude
o
[=2]

0.4

0.2

Step Plot: Reference tracking

Tuned response plant

0.01 0.02

0.03 0.04
Time (seconds)

0.05 0.06

Controller Parameters: Kp = 1086, Ki = 1.284e+03

Figure 4.6 : Conventional Pl Tuned Step Response of Boost Converter.



Controller Parameters

Tuned
Kp 1085.852
Ki 128445.9056
Kd n/a
Tf n/a
Perfermance and Robustness

Tuned
Rise time 0.00%08 seconds
Settling time 0.0381 seconds
Owershoot 9.19 %
Peak 1.09
Gain margin Inf dB @ Mal rad/s
Phase margin 77 deg @ 120 rad/s
Closed-loop stability Stable

TABLE 7.2: Performance Parameters of Conventional Pl Tuned Boost Converter.

Step Plot: Reference tracking
1.2 T T T T T T T
Tuned response plant

Amplitude
o
(=2}
T
|

04 7

| | | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time (seconds)

Figure 4.7 : Conventional Pl Tuned Step Response of Buck-Boost Converter.
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TABLE 7.3: Performance Parameters of Conventional Pl Tuned Buck-Boost Converter.

Amplitude

1.4

Contraller Parameters

Tuned
Kp 4.3154e-05
Ki 0.28849
kd n/a
Tf n/a
Performance and Robustness
Tuned
Rise time MaM seconds
Settling time MaM seconds
COwershoot MaM %
Peak Inf
Gain margin -54%9 dB @ 2.33e+03 rad/s

Phase margin

-40.3 deg @ 2.36e+03 rad/s

Closed-loop stability

Unstable

Step Plot: Reference tracking

T T
Tuned response plant

0.05 0.1

0.15 0.2 0.25
Time (seconds)

0.3 0.35 0.4

Controller Parameters: Kp = 0.004678, Ki = 0.115

Figure 4.8 : Conventional Pl Tuned Step Response of Cuk Converter.



Controller Parameters

Tuned
Kp 0.0046784
Ki 0.11499
Kd n/a
Tf n/a
Performance and Robustness
Tuned
Rise time 0.0297 seconds
Settling time 0.16 seconds
Cwvershoot 20,7 %
Peak 1.21
Gain margin 52.7dB @ 5.68e+04 rad/s

Phase margin

69 deg @ 45.8 rad/s

Closed-loop stability

Stable

TABLE 7.4: Performance Parameters of Conventional Pl Tuned Cuk Converter.

Kp Ki Rise Settling %0Overshoot | Final Value
Time(Tr) Time(Ts)

Buck 1.8832 3304.0451 0.00177s 0.00359s 0% 0.999
Converter
Boost 1085.852 | 128449.9056 | 0.00908s 0.0381s 9.19% 1.09
Converter
Buck-Boost | 4.315e-05 0.28849 n/a n/a n/a Inf
Converter
Cuk 0.0046784 0.11499 0.0297s 0.16s 20.7% 1.21
Converter

TABLE 7.5: Combined Gain Values and Performance Chart for Conventional Pl Tuned

Converters.
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4.3 SA ALGORITHM IMPLEMENTED PI TUNED STEP RESPONSE OF CONVERTERS:

4.3.1: Buck CONVERTER:

Sysiem: untised
Peak ampltude: 1.60 IAE Buck Step Response
Overshoot (%) 69.3 T T
Altime (seconds: 0,001
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Riso fina (soconds) 382005 | | | | | [ \ / \ S ~— — — -
3 | [ \ [ -
E N | V] .
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Figure 4.9(i): IAE Pl Tuned Closed Loop Response of Buck Converter.
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Time (seconds)

Figure 4.9(ii): ITAE Pl Tuned Closed Loop Response of Buck Converter.



ISE Buck Step Response
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Figure 4.9(iii): ISE Pl Tuned Closed Loop Response of Buck Converter.
ITSE Buck Step Response
i T T T
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Settling time (seconds): 0.0589
0.9 B
System: untited1
Rise lime (seconds): 0.0331
0.8 —
0.7 [ B
0.6 [ —
8
g
Z 05 -
E
<
0.4 [ B
0.3 _
02 B
0.1 —
o I 1 I I I I
0 0.02 0.04 0.06 0.08 01 0.12 0.14

Figure 4.9(iv): ITSE Pl Tuned Closed Loop Response of Buck Converter.
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Comparison of all Pl Tuned Closed Loop Responses of Buck Converter

IAE
— ITAE
ISE
ITSE
CONVENTIONAL

Amplitude

Time (seconds)

Figure 4.9(v): Comparison of all PI Tuned Closed Loop Responses of Buck Converter.

Kp Ki Rise Settling % Best
time(Tr) | Time(Ts) | Overshoot Function
Value
IAE 47.756 157.178 | 3.92e-05 | 0.000107 69.3 0.227745
ITAE 0.15 115.512 0.0406 0.0711 0 0.00596746
ISE 2.82 55.433 0.000166 0.331 4.53 0.010139068
ITSE 0.029 133.25 0.0331 0.0589 0 0.000645732
CONVENTIONAL | 1.8832 | 3304.0451 | 0.00177s | 0.00359s 0 n/a

TABLE 7.6: Combined Gain Value and Performance Chart for SA Pl Tuned Buck Converter.
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4.3.2: BOOST CONVERTER:

Step Response of IAE

1 T T T T T T
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Figure 4.10(i): IAE Pl Tuned Closed Loop Response of Boost Converter.
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Figure 4.10(ii): ITAE Pl Tuned Closed Loop Response of Boost Converter.
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Figure 4.10(iii): ISE Pl Tuned Closed Loop Response of Boost Converter.
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Figure 4.10(iv): ITSE Pl Tuned Closed Loop Response of Boost Converter.
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Comparative Analysis of Step Response

1.2

Amplitude

0.2

T T

T

—ITAE
—ISE
—ITSE

Conventional
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06
Time (seconds)

08

1.2

14

Figure 4.10(v): Comparison of all PI Tuned Closed Loop Responses of Boost Converter.

Kp Ki Rise Settling % Best
time(Tr) Time(Ts) | Overshoot Function
Value

IAE 29.368 3390.13 0.2 0.355 0 0.106007
ITAE 16.008 4796 0.125 0.212 0 0.00354099

ISE 114.996 1868.1 0.465 0.84 0 0.080074
ITSE 99.9 3536 0.465 0.84 0 0.00224663

CONVENTIONAL | 111.7133 | 14692.05 0.044 0.122 4 n/a

TABLE 7.7: Combined Gain Value and Performance Chart for SA Pl Tuned Boost Converter.
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4.3.3: BUCK-BOOST CONVERTER:

System: untitied1
IAE Buck-Boost Step Response Final value: 1
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Figure 4.11(i): IAE Pl Tuned Closed Loop Response of Buck-Boost Converter.
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Figure 4.11(ii): ITAE Pl Tuned Closed Loop Response of Buck-Boost Converter.
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Figure 4.11(iii): ISE Pl Tuned Closed Loop Response of Buck-Boost Converter.
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Figure 4.11(iv): ITSE Pl Tuned Closed Loop Response of Buck-Boost Converter.
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Comparative Analysis of Step Responses

Amplitude

IAE

—ITAE
ISE

—ITSE
CONVENTIONAL

Time (seconds)

Figure 4.11(v): Comparison of all Pl Tuned Closed Loop Responses of Buck-Boost Converter.

Kp Ki Rise Settling % Best
time(Tr) Time(Ts) | Overshoot Function
Value
IAE 0 0.06016 0.121 0.214 0 0.106007
ITAE 0 0.06725 0.11 0.198 0 0.00354099
ISE 0 0.059 0.126 0.224 0 0.080074
ITSE 0 0.085 0.0861 0.156 0 0.00224663
CONVENTIONAL | 0.03294 | 29.9927 n/a n/a n/a n/a

TABLE 7.8: Combined Gain Value and Performance Chart for SA Pl Tuned Buck-Boost Converter.
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4.3.4: CUK CONVERTER:
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Figure 4.12(i): IAE Pl Tuned Closed Loop Response of Cuk Converter.
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Figure 4.12(ii): ITAE Pl Tuned Closed Loop Response of Cuk Converter.
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Figure 4.12(iii): ISE Pl Tuned Closed Loop Response of Cuk Converter.
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Figure 4.12(iv): ITSE Pl Tuned Closed Loop Response of Cuk Converter.
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Comparisen of all Pl Tuned Closed Loop Responses of Cuk Converter

——ITAE
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CONVENTIONAL
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Figure 4.12(v): Comparison of all Pl Tuned Closed Loop Responses of Cuk Converter.

Kp Ki Rise Settling % Best
time(Tr) Time(Ts) | Overshoot Function
Value
IAE 1.154 0 5.23e-05 | 0.000911 11.4 0.106007
ITAE 1.649 0.3948 1.05e-05 | 0.000472 84.7 0.00354099
ISE 1.547 2.143 1.41e-05 | 0.000566 52.9 0.080074
ITSE 1.513 0.543 1.57e-05 | 0.000597 44.6 0.00224663
CONVENTIONAL | 0.009146 | 0.44534 0.0297 0.16 20.7 n/a

TABLE 7.9: Combined Gain Value and Performance Chart for SA Pl Tuned Cuk Converter.
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Chapter 5: Discussion of Results and
Conclusion

In this chapter, the results obtained from the simulation will be discussed as well as the future
prospects of our research and a conclusion that shall be derived from the entire study.

5.1 DISCUSSION OF RESULTS:

This section of the chapter goes through the discussion of the simulation results obtained from
the optimization of the converter topologies and provides reasoning for the best obtained
values of Kp and Ki. The results shown from TABLE 7.6 to TABLE 7.9 give a clear observation of
the improvement in Rise time(Tr), Settling time(Ts) and percentage Overshoot, due to the
implementation of SA algorithm in obtaining Kp and Ki.

5.1.1 OBSERVATION OF BUCK CONVERTER OPTIMIZATION:

The following observations have been made from TABLE 7.6:

The lowest value of Kp was determined from the SA algorithm employed on the ITSE
objective function. This value of Kp is observed as 0.029.

The lowest value of Ki was determined from the SA algorithm employed on the ISE
objective function. This value of Ki is observed as 55.433.

According to the step response characteristics, the lowest value of Tr is observed to be
3.92e-05 seconds in the IAE Pl tuned closed loop response. This is significantly smaller
than the rise time of 0.00177 seconds, obtained in conventional Pl tuned configuration.
The lowest value of Ts is observed to be 0.000107 seconds that is also obtained from
IAE Pl tuned closed loop response. This value is markedly reduced from the settling time
of 0.00359 seconds obtained in the conventional Pl tuned configuration.

However, the Conventional Pl tuned response successfully observed a 0% overshoot, in
comparison to the 69.3% overshoot in IAE Pl tuned response. Yet, it must be recognised
that the overshoot occurs over a very short period of time and is hence, a manageable
tradeoff.

Thereby, the employment of the SA algorithm on the closed loop response of the Buck
converter to obtain improved Kp and Ki values has been successfully established by the
SA algorithm optimization executed with IAE as the objective function.
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5.1.2 OBSERVATION OF BOOST CONVERTER OPTIMIZATION:

The following observations have been made from TABLE 7.7:

The lowest value of Kp was determined from the SA algorithm employed on the ITAE
objective function. This value of Kp is observed as 16.008.

The lowest value of Ki was determined from the SA algorithm employed on the ISE
objective function. This value of Ki is observed as 1868.1.

According to the step response characteristics, the lowest value of Tr is observed to
be 0.044 seconds in the Conventional Pl tuned closed loop response. This is
comparatively smaller to its closest contender of 0.125 seconds, obtained in ITAE PI
tuned configuration.

The lowest value of Ts is observed to be 0.122 seconds that is also obtained from
Conventional Pl tuned closed loop response. However, this value is half of the
settling time of 0.212 seconds also obtained in the ITAE Pl tuned configuration so
that the latter configuration is close to the former.

However, the Conventional Pl tuned response observed a 4% overshoot, in
comparison to the no overshoot in any of the SA employed Pl tuned responses.
Hence, the system appears to provide greater stability when it is run on Pl
parameters obtained from employing SA algorithm.

Thereby, the employment of the SA algorithm on the closed loop response of the
Boost converter will successfully provide greater stability than conventional Pl tuned
configuration. But, on employing the former, the value of Tr and Ts will increase as a
tradeoff, which may be manageable. The optimized response is produced by the Pl
tuned configuration of the closed loop Boost Converter using ITAE as the objective
fuction for optimization.

5.1.3 OBSERVATION OF BUCK-BOOST CONVERTER OPTIMIZATION:

The following observations have been made from TABLE 7.8:

The value of Kp obtained from employing SA algorithm on the closed loop response
of the Buck-boost converter was 0 for all the performance indices used in the
optimization of the objective function. This is relatively close to the minimal Kp value
of 0.03924 obtained by conventional Pl tuning of the system.

The lowest value of Ki was determined from the SA algorithm employed on the ISE
objective function. This value of Ki is observed as 0.059 and is much smaller than the
Ki value of 29.9927 obtained from convetional Pl tuning of the system.
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= According to the step response characteristics, the lowest value of Tr is observed to
be 0.0861 seconds in the ITSE Pl tuned closed loop response. It is observed that
when the Buck-Boost converter is tuned using the conventional tuning method, the
rise time cannot be calculated as the response diverges away instead of reaching a
steady value. Hence, the conventional Pl tuned response of the system failed to
reach stability.

* The lowest value of Ts is observed to be 0.0.156 seconds that is also obtained from
ITSE Pl tuned closed loop response. In this case, the conventional Pl tuned response
once again failed to provide a settling time since the closed loop response of the
Buck-Boost converter does not converge to a steady value so that there is no settling
time.

= Asinthe case of overshoot being encountered, the optimization of the closed loop
converter response yields 0 overshoot when it is tuned with any of the 4
performance indices in SA algorithm. On the other hand, the overshoot produced by
conventional Pl tuning appears to be incalculable due to the closed loop response
indefinitely diverging out.

= Therefore, according to the results procured from the simulation, the employment
of the SA algorithm on the closed loop response of the Buck-Boost converter to
obtain improved Kp and Ki values has been successfully established by the SA
algorithm optimization executed with ITSE as the objective function.

5.1.4 OBSERVATION OF CUK CONVERTER OPTIMIZATION:

The following observations have been made from TABLE 7.6:

The lowest value of Kp was determined from the Conventional Pl tuned configuration.
This value of Kp is observed as 0.009146.

The lowest value of Ki was determined from the SA algorithm employed on the ITAE
objective function. This value of Ki is observed as 0.3948.

According to the step response characteristics, the lowest value of Tr is observed to be
1.05e-05 seconds in the ITAE Pl tuned closed loop response. This is significantly smaller
than the rise time of 0.0297 seconds, obtained in conventional Pl tuned configuration.
The lowest value of Ts is observed to be 0.000472 seconds that is also obtained from
ITAE Pl tuned closed loop response. This value is markedly reduced from the settling
time of 0.16 seconds obtained in the conventional Pl tuned configuration.

However, the Conventional Pl tuned response successfully observed a 20.7% overshoot,
in comparison to the 84.7% overshoot in ITAE Pl tuned response. This large value of
overshoot could be dangerous for the system.

Compared to the ITAE Pl tuned closed loop response of the Cuk converter, the IAE PI
tuned closed loop response yields a modest Tr of 5.23e-05 seconds, a Ts of 0.000911

71



seconds and an overshoot of only 11.4%. Hence, this configuration yields very close
results to the ITAE Pl tuned system, but mitigates the problem of having a large
overshoot.

= Thereby, the employment of the SA algorithm on the closed loop response of the Cuk
converter to obtain improved Kp and Ki values has been successfully established by the
SA algorithm optimization executed with IAE as the objective function.

5.2 CONCLUSION:

In the motivation of our research, we had mentioned that the core purpose of our analysis is to
derive improved values of Kp and Ki to seamlessly operate the DC-DC controllers and reap
better closed loop responses. The media of our analysis implements the SA algorithm as its
optimization search algorithm.

After conducting rigorous simulations on the four DC-DC converter topologies, the results have
been proven to be coherent with the objective of our research. Implementing the SA
optimization algorithm on the closed loop DC-DC converter systems have successfully yielded
better closed loop responses. Testing for the improvement of Rise Time, Settling Time, and
Percentage Overshoot have provided clear representations of the improved step characteristics
of the Buck, Boost, Buck-Boost and Cuk converters, with reference to Figures 4.9(v), 4.10(v),
4.11(v) and 4.12(v).

Therefore, in conclusion to this research, the Simulated Annealing Algorithm has been proven
to be a successful metaheuristic algorithm that can be implemented to obtain better Pl
parameters for tuning the closed loop DC-DC converter performances. Instead of manually
assessing the circuit using Zeigler-Nichols method, or making use of the manual PID tuner of
MATLAB which is conventionally used, the unique search algorithm was implemented.
Furthermore, the 4 performance indices have broadened the entire analysis on each converter
topology, giving numerous alternative responses from which the best could be chosen. Hence,
this procedure will aid designers to simulate more robust responses on closed loop DC-DC
converters and employ them on a variety of electronic applications.
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5.3 FUTURE WORKING PROPOSAL:

Our research was centred around the operation of non-isolated converters which included the
Buck, Boost, Buck-Boost and Cuk converters. However, in future, we intend to implement our
optimization technique on isolated converters such as Flyback converter and Sepic converters
to widen the reach of this optimization technique in aiding design for various electronic
applications.
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