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ABSTRACT
DC-DC power converters play an important role in powering telecom and computing systems.

With the speed improvement and cost reduction of digital control, digital controller is becoming
a trend for DC-DC converters in addition to existed digital monitoring and management

technology. In this thesis, digital control is investigated for DC-DC converters applications.

To deeply understand the whole control systems, DC-DC converter models are investigated
based on averaged state-space modeling. Considering Buck DC-DC converter, the thesis takes it

as an example for digital control modeling and implementation.

In Chapter 3, unified steady-state DC models and small-signal models are developed for
DC-DC buck converters. Based on the models, digital controller design is implemented. In
Chapter 4, digital modeling platforms are established based on Matlab, Digital PID design and
corresponding simulation results are provided. Also some critical issues and practical
requirements are discussed. In Chapter 6, a DSP-based digital controller is implemented with the

TI’s DSP chip TMS320F2812. Related implementation methods and technologies are discussed.
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1. INTRODUCTION

1.1 Objective of the Research Work

Switched mode power supplies (SMPSs) are needed to convert electrical energy from one
voltage level to another. SMPSs are widely used in DC-DC conversions, where the input is a DC
voltage that can be, for example, a rectified line voltage, an output voltage of a power factor
correction (PFC) circuit, a battery or fuel cell voltage.

In such power conversions, DC-DC converters operate at relatively high switching
frequencies, and this enables the use of small inductive components which improve the dynamic
behavior and reduce the size of the converter.

Despite the above-mentioned benefits of SMPSs, there are several parameters, which are

not desired and have a strong influence on the converters behavior, being mainly:

* Non-linear components in the converter structure,
* Line and load variations, and
* Electro-magnetic interferences (EMI).

The DC-DC converter has non-linear components (capacitors, inductors, and resistors),
the value of which changes non-linearly if the converter is disturbed or may change within time.
The effects of these converter parameters variations are given in [6].

For the design of a DC-DC converter, a nominal input voltage and load values are
suggested. In practice, these nominal values may deviate. For example, 20% line variation is
expected or the nominal load may deviate to no-load or full load. These phenomena are studied
in [1-6].

The purpose of electro-magnetic interference (EMC) is to ensure that an electronic
system can operate in its electromagnetic environment without responding to electrical noise or
generating unwanted electrical interference. For example, in DC-DC power supply EMI has an
influence on the converter component. The EMI effects on the DC-DC converter are studied in [7].

These parameters force the converter to deviate from the desired operating condition. If
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the parameter deviation increases, this will cause the converter not to operate in steady state.
Many control methods are used to control SMPSs and solve the problem mentioned above. Each
control method has its own advantages and drawbacks due to which that particular control
method appears to be the most suitable control method under specific conditions, compared to
other control methods. It is always demanded to obtain a control method that has the best
performances under any conditions.

The thesis defines the causes by which the selecting of a specific control method is
influenced, i.e. the fuzzy PID control (FPID), over other control methods. A detailed research
analysis is done for the FPID controller.

The research work is done in following logical sequence:

+ Study of the DC-DC converter topologies,

+ Study of the control methods used to control the DC-DC converters,

+ Study of the traditional PID control as one control method,

+ Study of the Fuzzy logic control as a second control method,

+ Proposed a self-tuning FPID controller for the control of Buck Converter.

It is noticed that the influence of the FPID on the behavior of the converter in steady state
and under dynamic conditions is better than that of the PID control and fuzzy logic control.
The FPID is applied to the DC-DC buck converter and the response of the converter is

analyzed in steady state and under dynamic conditions.

The research work process can be described as follows:

In chapter two, linear power supply is analyzed and its advantages and drawbacks are
discussed. In the next section, SMPSs are studied in detail and their benefits and drawbacks over
linear regulators are shown. A classification of SMPSs into isolated and non-isolated DC/DC
converters is given. In last section of the chapter the feedback control system is summarized.

Chapter three focuses on analyzing the topology and operation of the DC-DC buck
converter. The modeling of the topology, including steady state average model and small-signal
dynamic model, are established and the related controller compensation design issues are

addressed based on the models and analysis.
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Chapter four discusses digital and analog control, which includes the theory, methodology and
critical issues of a digital and analog controller. As a case study, a digital and analog PID
compensator is designed based on the specifications of the given power stage. Also, this chapter
explores the modeling and simulation of a digital controller with DSPs.

In Chapter five fuzzy logic control is introduced based on that knowledge an intelligent
self- tuning fuzzy PID controller is proposed for the control of buck converter. The fuzzy logic
control is used to tune the proportional, integral and derivative gain of the conventional PID
controller based on certain function of the error signal to obtain stable and fast transient response
in-spite of changes in load and source sides.

Chapter six explores DSP implementation of a digital controller, which brings in the
introduction of DSP chips, to be specific, TI C24X and TMS320F2812. Then, the PWM
generators and ADC of TMS320F2812 are emphasized as the important devices in the controller.
Controller implementation based on the TMS320F2812 is described as one of the important part
of the thesis.

Chapter seven provides and analyzes the experimental results of closed-loop and open
loop system. It should be noted that the overall performance of the closed system is improved
significantly

In chapter eight, the conclusions obtained from the research work are given. The main

contribution of this thesis is summarized and suggestions for future research work are given.
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2. DC-DC POWER SUPPLIES

2.1 Introduction
With the introduction of the transistor in the early 1950's and, especially, with the development

of integrated circuits from the early 1960's onwards (Josephson 1967), designers of electronic
equipment, computers and instrumentation increasingly have brought up the demand for smaller,
more efficient power sources to supply their equipment. Therefore, to meet these demands, the
power supply itself has become more and more sophisticated. In fact, the development in power
supply technology can be directly linked to the introduction of various power semiconductor

devices, even though the theory, in many cases, was already well known.

The regulated power supply technology can be divided into two distinct forms: firstly, the
linear regulator which can be either a series or parallel regulator and, secondly, the switched-
mode conversion technique. Switched-mode technology is multi-facetted with a wide variety of

topologies achieving the result of providing a regulated DC voltage.

The main difference between the linear and switched-mode regulator is in efficiency. The
linear regulator utilizes simple techniques of controlled energy dissipation to achieve a regulated
output voltage independent of line and load variations. It is, therefore, inherently inefficient,
especially when a wide input voltage range has to be applied. When linear techniques are applied
to regulate a low voltage from the mains (110V or 240V AC source) then the disadvantages of

the technique become apparent.

2.2 Linear Power Supply

Linear power supplies provide significant advantages over switching regulators in:

+ Simplicity,
+ Cost, and
+ Output noise.

A typical linear power supply is shown in Figure 2.1, which has the following disadvantages
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50 Hz transformer Energy storage and filter, BIT or FET
heavy, large, expensive large. expensive /
[ | i ﬁ’
L1 / "
240 V _ -
50 Hz 28
s

Linear series regulators
inefficient, large heatsink

Figure 2.1: Practical linear series regulator circuit.

+ The main transformer operating at a low frequency is heavy, large and expensive,
+ Large heat-sinking is required to dissipate the heat generated by the regulating
element, and

+ The efficiency is low.

Two major types of linear regulators are considered and shown in Figure 2.2. The simple
series regulator in Figure 2.2.a is a transistor connected as an emitter follower (or source
follower in FET). The transistor operates in its linear active region rather than a switch. The
emitter voltage V, becomes a function of Vniror rather than the input voltage or the load current

and the term linear regulator is appropriate to describe the circuit. The power loss and efficiency

are:
F{Dss = (Viu - VD ]Ilnad . (2' 1)
VI ¥V
n= o load _ "o ] (2:
Vinjlnad Vm

The shunt regulator shown in Figure 2.2.b resembles a common emitter amplifier circuit.
The transistor, once again, is used in the linear active region. The collector current will be g1,

rather than the function of the load current. Again, the output is a linear function of the control,
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and the circuit is another example of a linear regulator. The losses and efficiency for the shunt

regulator are:

Ross = Vo1, +(Iluad+fc]th‘ (2'3}
n= anlnad . (24}
Via(T10ag + 1)

With no load there is a significant loss because I # 0, and, in best the case where ljgag >> I, the
efficiency becomes Vy/Vip.

a) , b)

in

I:fr-:ﬂn'.:-*sl f} V

= control

‘!FII‘IMIJ.

Figure 2.2: Basic circuits for linear regulators. a) Series regulator, b) shunt regulator.

Linear regulators acting as converters limit the efficiency. However, since they bring the
possibility of perfect regulation, linear regulators are often used as elements of larger conversion

systems.
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2.3 Switched Mode Power Supply

Switched-mode power supply shown in Figure 2.3 offers the possibility of theoretically loss-less
power conversion, which is not true in reality. The switched-mode regulator employs duty cycle

control of a switching element to block the flow of energy and thus achieve regulation.

High voltage energy ~ High frequency  Schottky rectifier, High frequency

storage, small size transformer, effecient filter, small
—\ small size
240 V / /‘
oHe | N ~ YN
| A |
—1— Clock | - 1

PWM|

__~ 7
i AN

/

Transistor switch
very effecient,
small heatsink

Isolation
barner

Figure 2.3: Practical circuit of switch mode regulator

The switched mode power supply has the following advantages compared to the linear regulator:
4+ High switching frequency enables the use of a small ferrite transformer core,

+ since the rectified mains voltage is chopped, the energy storage for hold-up can be
accomplished on the primary side of the step-down transformer, and smaller but high
voltage capacitors than in the linear counterpart can be used,

+ It can step the voltage up/down and reverse its polarity,

e

It may operate in a much larger DC input voltage range than the linear regulators, and

+ It often has a higher efficiency.
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Although the benefits of switched-mode techniques are significant, there are some drawbacks:
+ Both the input and output present increased noise of the supply due to the power
switching techniques, and
+ The associated control circuitry is more complicated compared to the linear counterpart,
e.g. an isolated feedback signal is needed for the control.
Historically, the linear regulators were very common during the late 1950's and early 1960's
when power supplies using switching techniques were very rare. The prevailing use of switched-
mode power supplies is linked to the development of fast, high-voltage switching power
transistors and, to a smaller extent, to the developments of ceramic ferrite materials and capacitor

technology. Nowadays, switched mode power supplies are widely used.

However, linear regulators are still in use in applications for the following reasons:

+ Linear regulators are simple,

+ |t is possible in some cases to reach a high efficiency with linear power supplies too. This
is accurate if the current that powers the regulator is a small percentage of the current
drawn from the output of the regulator. Thus, when the voltage of the source powering
the linear regulator is near the output voltage of the regulator, the efficiency is high. In
that case, the linear regulator may be a better alternative than the switching regulator, and

+ They have been available for tens of years

2.4 Switched-Mode Power Supply Topologies

2.4.1 Non-isolated Topologies
With the upcoming commercial switched-mode power supply manufacturing industry during the

1970s, the theory and technology of switched-mode conversion was being re-nationalized as part

of the academic discipline of power electronics.

The greatest contribution made within the discipline is by R.D. Middlebrook and his
colleagues of the Power Electronics Group of Caltech in California, USA. The initial work of the

Caltech Group, started in 1970 was performed with the aim of developing models for the three
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DC-DC switching regulator topologies, the Buck, Boost and Buck-Boost converters

(Haver1974), which were already developed in the 1960s.

From this work, the modeling and analysis method called state-space averaging was
created (Pressman 1977). The state-space averaging allowed a theoretical prediction of the
frequency response of a converter and, therefore, enabled a better understanding of the feedback

loop and stability criteria of a switched-mode regulator.

Further work at Caltech, especially by Cuk in his PhD Thesis, produced a fourth topology
of the basic DC-DC switching regulator, which the author described as an optimum topology

(Cuk 1977) because of its symmetrical structure and non-pulsating input and output currents.

The new optimum topology DC-DC switching regulator is now commonly known as the
Cuk converter, named after its inventor, and completes the family of single-switch non-isolated

switching regulators.

The non-isolated DC/DC converters family shown in Figure 2.4 can be classified as
follows:
+ Buck converter (step down DC/DC converter),
+ Boost converter (step up DC/DC converter),
+ Buck-Boost converter (step up/down DC/DC converter, opposite polarity), and

+ Cuk converter (step up/down DC/DC converter).

D
t T
IT_I_LI_I_DZ% P —|— R.Ij;— I T,
b) .
1
2 |\ P =D - DN,
TJ H—,

Figure 2.4: Non- isolated DC/DC converter topologies a) Buck converter, b) Boost converter, c) Buck-
Boost converter, and d) Cuk converter.
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2.4.2 Isolated Topologies
In many applications, isolation is a necessary requirement within the converter between input

and output. By inserting isolation transformers into the four basic non-isolated switching
regulator topologies, four single-ended isolated switching DC/DC converters can be obtained,

shown in Figure 2.5:

L,,%

a I c .
) N:N, D, L ) NN, D
1
Dy DI =DV, /(1-D)
| %H D, C R[] " VT c = Ry

b) d)
L Nyt NN, D, L C,
s a'a g _r*rn'x_|
D
' ) V=DVl (1-D)

i Co= RL[ Ve

_I"I_I'L—.%'"g H _r || l—h\

jiign ™)

Figure 2.5: Isolated DC/DC converter topologies a) Forward converter, b) Isolated Boost converter, c)
Flyback converter, and d) Isolated Cuk converter.

The Forward converter (step down DC/DC converter),
The Isolated Boost converter (step up DC/DC converter),
The Flyback converter (step up/down DC/DC converter), and

o F

The Isolated Cuk converter (step up/down DC/DC converter).
The isolated DC/DC Buck and Buck-Boost topologies are more commonly referred to as

the Forward and Flyback DC/DC converter respectively, and are the most used topologies in

commercially manufactured switched-mode power supplies.

ISLAMIC UNIVERSITY OF TECHNOLOGY (IUT) OIC



2.4.3 Multiple Switch Topologies
The main disadvantage of single switch topologies is that the transistor switch should be capable

of high-voltage blocking (twice the DC input voltage), especially when operating from a rectified
AC mains supply. The single switch topology is not an ideal solution for higher power converters
either, since these converters need a higher current rating of the transistor switch. Therefore,
another group of isolated DC/DC converters utilizing more than one switch can be identified.

Figure 2.6 illustrates three multiple switch topologies:

a)

N, i N, D, L
> YY)
Ve —— H c HV: DY,
D,
b)
N, : N D, L
I~ Y'Y
— N 5

H g c, —— []L;— 2NDV,,

<)

TUL—\ 1NF-\ g -

S
gl NE i g T N H% D,

Figure 2.6: Multiple switches topologies DC/DC converters a) Push-pull converter, b) Half-bridge
converter, and c) Full-bridge

c—+ []V; 2NDV,,
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+ The Half-bridge DC/DC converter,
+ The Full-bridge DC/DC converter, and
+ The Push-pull DC/DC converter.

These topologies have the additional advantage over the single-ended Forward and Flyback
DC-DC converters that a full flux excitation of the transformer core occurs instead of only a half
core flux capability. This makes these multiple switch topologies more suited for higher power

operation.

2.5 Controller for DC-DC Converter

In a DC-DC converter application, it is desired to obtain a constant output voltage in spite of
disturbances in input voltage and load current. Therefore, the idea behind the use of negative
feedback for control is to build a circuit that automatically adjusts the duty cycle as needed to
obtain the desired output voltage with high accuracy, regardless of disturbances in input and

load.

A block diagram of a feedback system is shown in Figure 2.7. The output voltage v(t) is
measured using a “sensor” with transfer function of H (S) [9]. The sensor output H (s)v(s) is
compared with a voltage reference Ve (S) . The error between H (s)v(s) and Ve () is feed to

compensator that amplifies error signal and makes the output voltage regulated around reference
voltage. In practice, the error is usually nonzero and nonetheless small enough. A compensator

gain G¢ (s) helps to obtain a small error and improve the stability and performance of the system.

The PWM (pulse width modulator) modulator is used to generate “digital” pulse width feed into

the switch of converter. The pulse width changes with the comparator output voltage V¢ t).
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Figure2.7 Feedback loop for switching converter

The traditional approaches for controllers of DC-DC converters based on duty ratio
adjustment have relied on analog implementation schemes. The above mentioned control
strategies based on analog techniques offer robust control, but suffer from serious limitations
such as sensitivity to noise and temperature change. Hence, this trend has moved towards digital
control schemes, which offer multitudinous benefits. Digital controllers for switching power
supplies offer a number of advantages including a reduction of the number of passive
components, programmability, implementation of more advanced control algorithms and
additional processing options, as well as reduced sensitivity to parameter variations.

Generally, there are several implementation approaches for digital controllers today,
which include Microprocessor/DSP’s (Digital Signal Processors), FPGA (Field Programmed
Gates Array) and Custom IC Design. The features of these approaches are compared in the
following list.

DSP:

+ DSP chips can be reprogrammed;

+ The speed is generally slower than ICs;

+ Implementation is exceedingly complex for the intended application;
+ DSP is costly over custom IC design;

+ High frequency power converters have to use high performance DSPs
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FPGA:
+ FPGA can be programmed on site;
+ The processing is faster than a general purpose DSP;
+ For FPGA design there is no physical manufacturing step, which results in very short
design time;
+ FPGA’s typical price is higher than DSPs;

Custom IC Design:

+ Due to physical design consideration the typically better performance than FPGA,;
+ However it results in much longer design time than FPGA since there is a layout step;
+ Custom IC design has lower price than FPGA and DSP.

In this thesis, the features that make DSPs effective computational engines for high
frequency switching power converters are presented. A case study is introduced in which a DSP-
based solution was developed as a controller for DC-DC buck converter. Which is widely used in
low voltage applications. The design, implementation and testing of a DSP-based system are
illustrated, and the techniques and challenges in system design based on DSPs are also
addressed. DSP designs are optimized to handle real-time applications with high bandwidth

requirements.
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3. BUCK CONVERTER

3.1 States of Operation
There are two states in which the circuit given in Figure 3.1 operates. That is the ON State and

the OFF State. These two states and the active circuit part for those given states are shown in the

Figure 3.2 and Figure 3.3.

L
.f“*._(:j,,.f’/. lfv'v'v"*.
e
Vin D & “T R v,

Figure 3.1: General Buck Converter Schematic

3.1.1 ON State
The operation of the buck converter is fairly simple, with an inductor and two switches (usually a

transistor and a diode) that control the inductor. It alternates between connecting the inductor to

source voltage to store energy in the inductor and discharging the inductor into the load.

Ir
|r \ﬁr\r\|
OO @ )
L
(=—
in D l R P]o l
)

Figure 3.2: ON State
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Refer to Figure 3.2, when the switch is connected, L is connected to the switch which tends to
oppose the rising current and begins to generate an electromagnetic field in its core. Diode D is
reverse biased and is essentially an open circuit at this point. The inductor current increases,
inducing a positive voltage drop across the inductor and a lower output supply voltage in
reference to the input source voltage. The inductor serves as a current source to the output load

impedance.

3.1.2 OFF State
In the OFF state the switch is open, diode D conducts and energy is supplied from the magnetic

field of L and electric field of C. The current through the inductor falls linearly. When the FET
switch is off, the inductor current discharges, inducing a negative voltage drop across the
inductor. Because one port of the inductor is tied to ground, the other port will have a higher
voltage level, which is the target output supply voltage. The output capacitance acts as a low-
pass filter, reducing output voltage ripple as a result of the fluctuating current through the

inductor. The diode prevents the current flowing from the inductor when the FET switch is off.

Switch e
-0 @ e
+ v, -
+
4 T v
& D C R 0

e
M

Figure 3.3: OFF State
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3.3 Continuous Mode / Discontinuous Mode
During the ON state and then the subsequent OFF state the Buck Converter can operate in

Continuous Mode or Discontinuous Mode. The difference between the two is that in CCM the

current in the inductor does not fall to zero. See Figure 3.4

Figure 3.4: (a) Continuous Mode (b) Discontinuous Mode

Current flows continuously in the inductor during the entire switching cycle in steady state
operation. In most Buck regulator applications, the inductor current never drops to zero during
full-load operation. Overall performance is usually better using continuous mode, and it allows
maximum output power to be obtained from a given input voltage and switch current rating.
Energy from the battery is supplying the load and is being stored in the inductor L as a magnetic

field. The current through the inductor is rising linearly.

In the DCM the current in the inductor falls to zero and remains at zero for some portion
of the switching cycle. It starts at zero, reaches a peak value, and returns to zero during each
switching cycle. In applications where the maximum load current is fairly low, it can be
advantageous to design for discontinuous mode operation. In these cases, operating in
discontinuous mode can result in a smaller overall converter size (because a smaller inductor can

be used). Often the output capacitor must be large to keep the voltage constant.

3.4 Calculation for Duty Ratio
For calculation of the duty ratio we will first of all assume that the converter is in steady state.

The switches are treated as being ideal, and the losses in the inductive and the capacitive
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elements are neglected. Also it is important to point out that the following analysis does not
include any parasitic resistances (all ideal case). The analysis also has the assumption that the

converter is operating in Continuous conduction mode only i.e. iy (t) > 0.

When the switch is on for time duration t,, , the switch conducts the inductor current and
the diode becomes reverse biased. This results in a positive voltage v =Vyq -V, across the
inductor in Figure 3.5(a). This voltage causes a linear increase in the inductor current i.. When
the switch is turned off, because of the inductive energy storage, i continues to flow. This

current now flows through the diode, and v = =V, in Figure 3.5(b).

| + | +
= + by -
+ c R v Vy L C R v,

fa) - &)

Figure 3.5: Step-down converter circuit states: (a) switch on; (b) switch off
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Since in steady-state operation waveform must repeat from one time period to the next, the

integral of the inductor voltage v, over one time period must be zero, where Tg = to, +off

Tz ton Tz
J‘ VL dt = J‘ Vl.tit+ J‘ VLI'.it= 0 1:3— 1}
o o ton

From Figure 3.5, it implies that areas A and B must be equal. Therefore,

(Vd - Vo}ton = Vo (Ts - ton} (3 - 2}
or

VD Lon

L _f"_pn 3-—-3

Hence in this mode, the voltage output varies linearly with the duty ratio of the switch for a

given input voltage and does not depend on any other circuit parameter.

3.5 Calculation for Inductor
From Figure 3.5(a) we can derive a simplified differential equation based on the assumption that

the voltage across the load, and thereby across the capacitor, is fairly constant. The differential
equation in terms of the current through the inductor, when the switch is closed, may now be
written as

L dip (t) _

o=V, (3-49)

Assuming that the circuit has assumed steady state hence there may already be some

current in the inductor, ljmin, just prior to the closing of switch S. Hence for a time interval

0<t<Ton =DT, gives:

V.-V,
i (t) = 2 I

t+ IL.,mz'n (3 - 5}

The inductor current increases linearly with time and attains its maximum value I max as
t —»Ton = DT such that

Vl'l' _Vo

DT + If mim (3—186)

I Limax =
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Defining the change in the current from its minimum to maximum value as the peak-to-peak

current ripple 1., the equation 3-6 yields an expression for I, ,as in Eq. 3-7.

V-V,
‘ﬂfl- = f!,mrz:r - fL-,mz'n = L = oT (3 - ?]

Note that the current ripple is directly proportional to D, the duty cycle, upon which we may not
have any control because of the output voltage requirement. However, it is inversely proportional
to the inductance L upon which we can exert some controls. Thus, the current ripple can be
controlled by a proper selection of the inductor.

Let us now analyze the circuit when the switch is in its open position. The inductor
current completes its path through the lower side MOSFET and the corresponding differential

equation, for 0 <t <Togf, is given by Eq. 3-8.

dig(t) _

-V 3—8
L=, (3-8)

From the solution of the above first-order differential equation, we obtain

v
i (t) = —f t+ Iy max (3—-9)

Where 1| max is the maximum value of the current in the inductor at the opening of the switch or
the beginning of the off period. 4s —T, = (1-D) T, the inductor current decreases to its

minimum value i, min Such that.

I
iL-,min{t} = _f (1 - D}T + IL-,mrz:r (3 - 1{]}

The Eq. 3-10 yields another expression for the peak-to-peak current ripple as given in Eq. 3-11
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V.
Alp = Limax = Tnmin = _f{-l —D)Tr (3—-11)

o
=
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]

Figure 3.6: Inductor Current

The current through the inductor as given by Eq. 3-5 during the on time and by Eq. 3-9 during
the off time is sketched in the Figure 3.6. The average current in the inductor must be equal to

the dc current through the load. That is,

I
'FL_.EL‘Q' =1, = Eﬁ (3 - 12}

The expressions for the maximum and minimum currents through the inductor may now be
written as

Al VK

Iymax = 'FL-,rzvg‘l'?:Eﬂ"'ﬁ(i -DT (3-13)
Al T, W

Iimin = IL-,EEQ_?=E&_ﬁ(1_ DT (3—14)

The current supplied by the source varies from I min t0 I max during the time the switch is closed

and is zero otherwise as shown in Figure 3.7.
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Figure 3.7: The source current

When the switch, the inductor, and the capacitor are treated as ideal elements, the average power
dissipated by them is zero. Consequently, the average power supplied by the source must be

equal to the average power delivered to the load. That is,

Vily = V,I, =DV, (3-15)
This equation helps us express the average source current in terms of the average load current as
given in Eq. 3-16.

I5

=DI, (3—16)
The current through the lower side MOSFET is shown in Figure 3.8. Its average value is given

by Eq. 3-17.

.FL_E,':('].—D}L_;. (3—1?}
T (1)
A
IL.mx ________'_““_-:__:__________________ T*::_: _________________
It min [ -— MF‘FEHR Hx] >/
TO_-NT T T + TO‘E\? 21—'

Figure 3.8: Current through the low side MOSFET
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We know the fact that the buck converter can either operate in its continuous conduction mode or
discontinuous mode. When it operates in the continuous conduction mode, there is always a
current in the inductor. The minimum current in the continuous conduction mode can be zero.
Consequently, there is a minimum value of the inductor that ensures its continuous conduction

mode. It can be obtained from Eq. 3-14 by setting I, min to zero as
Ve Vo

R Z2Lpn

(1-D)T=0 (3—18)
Hence,

Lyin=——RT="———R (3-19)

3.6 Calculation for Capacitor
The output capacitor is assumed to be so large as to yield v, (t) =V, . However, the ripple in the

output voltage with a practical value of capacitance can be calculated by considering the
waveforms shown in Figure 3.9 for a continuous-conduction mode of operation. Assuming that
the entire ripple component in i flows through the capacitor and its average component flows

through the load resistor, the shaded area in Figure 3.9 represents an additional charge AQ.

T — =gk

{— gk

]

..\

. } )
hi i Ii a‘lﬂ"_ / L\
-c: 1 =

Figure 3.9: Output voltage ripple in a step-down converter
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Therefore, the peak to peak voltage ripple AV, can be written as

_AQ ALT,
AV, = - = ac (3 —20)
From Figure 3.9 during to
Vo
Al = _T(i — DT, (3-21)

Therefore, substituting Al from Eq. 3-21 into the Eq. 3-20 gives

T: Vo
AV, = =2 (1- DT, (3 -22)
AV, TZ

(-1, =21 -D) (jﬂi) 2 (3-23)

v,  8LC
Where switching frequency fs =1/ Ts and

_ 1
B 2mLC

fe (3—24)

Equation 3-23 shows that the voltage ripple can be minimized by selecting a corner frequency f;

of the low pass filter at the output such that f. <<fs. Also, the ripple is independent of the output

load power, so long as the converter operates in the continuous-conduction mode. We should

note that in switch-mode dc power supplies, the percentage ripple in the output voltage are

usually specified to be less than, for instance, 1%.

The analysis carried out above assumes ideal components and if we were to make the

analysis using all the non-ideal components it would make the derivation a bit more complex

with a lot of other parameters included in the final equation. But for the calculation of initial

values of the components the above approximations does result in reasonable values. It is also

important to realize here that the ESR and ESL are also important and can even dominate. More

about how the non-ideality can affect the overall system can be found on [21].
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3.7 Linearization using State-Space Averaging
The goal of the following analysis is to obtain a small signal transfer function Vo(s)/4 (5) \where

7_(s)and d (s) are small perturbations in the output voltage V, and the switch duty ratio d,

respectively, around their steady-state dc operating values V,and D.

3.7.1 Power Stage & Output Filter
Step 1 State-Variable Description for Each Circuit State. In a converter operating in a

continuous-conduction mode, there are two circuit states: one state corresponds to when the
switch is on and the other to when the switch is off. A third circuit state exists during the
discontinuous interval, which is not considered in the following analysis because of the

assumption of a continuous-conduction mode of operation.

During each circuit state, the linear circuit is described by means of the state-variable vector x
consisting of the inductor current and the capacitor voltage. In the circuit description, the
parasitic elements such as the resistance of the filter inductor and the equivalent series resistance
(ESR) of the filter capacitor should also be included. Here Vq is the input voltage. A lowercase

letter is used to represent a variable, which includes its steady-state dc value plus a small ac

perturbation, for example, vo=V,+ ffu Therefore, during each circuit state, we can write the

following state equations:

¥X=AX+EBV;, duringd.T, (3-26)

and
X =A,X+B,V;, during(1—d).T. (3-27

Where A; and A, are state matrices and B and B, are vectors.

The output v, in all converters can be described in terms of their state variables alone as

v, =C X during d. T, (3-28)

and
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v, = CoX during (1—d). T, (3-29)

Where C1 and C» are transposed vectors.

Step 2: Averaging the State-Variable Description Using the Duty Ratio d. To produce an
average description of the circuit over a switching period, the equations corresponding to the two

foregoing states are time weighted and averaged, resulting in the following equations:

X=[Ad+ A]X+ [B,+B,(1—d)]V, (3—30)

and
v, = [C1d + Co(1— d)]X (3-31

Step 3: Introducing Small ac Perturbations and Separation into ac and dc Components.
Small ac perturbations, represented by “~”, are introduced in the dc steady-state quantities

(which are represented by the upper case letters). Therefore,

x=X+% (3-32)

v =V, + 7 (3-33)
and

d=D+d (3-34)

In general, v; =V, + ¥;. However, in view of our goal to obtain the transfer function between
voltage ¥ and the duty ratio d , the perturbation #; is assumed to be zero in the input voltage

to simplify our analysis. Therefore

vy =V (3—35}

Using Eq. 3-32 through 3-35 in Eq 3-30 and recognizing that in steady state,
X =0,
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%= AX + BV, + A% + [(4, — A,)X + (B, — B,)V,]d +terms containing products of ¥ and @

to be neglected (3-36)
Where

A=A,D+4,(1-D) (3-37)
and

B =B,D+B,(1—D) (3—138)

The steady-state equation can be obtained from Eq. 3-36 by setting all the perturbation

terms and their derivatives to zero. Therefore, the steady-state equation is

AX+ BV, =0 (3 -39

and therefore in Eq. 3-36
f=A%+ [(4, —A,)X + (B, — B,)V,1d (3 —40)

Similarly, using Eq. 3-32 to 3-34 in Eq. 3-31 results in

V,+% =CX+C8+[(C, —C,)X]d (3—41)
where
C=CD+Cy(1—D) (3—42)

In Eq. 3-41, the steady-state output voltage is given as

VL, =CX (3 —-43)
and therefore,
T =Cx+[(C; — C)X]d (3 —44)

Using Eq. 3-39 and 3-43, the steady-state dc voltage transfer function is

v
— =CA1B (3 —45)
Va

Step 4: Transformation of the ac Equations in to s-Domain to Solve for the Transfer

Function. Equations 3-40 and 3-44 consist of the ac perturbations. Using Laplace transformation
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in Eq. 3-40.

5x(5) = Ax(s) + [(4; — 4,)X + (By — B,)V,]d(s) (3-46)
or

x(5) = [SI— A1 + [(4; — A)X + (By — B)V,1d(s) (3-47)

Where | is the unity matrix. Using a Laplace transformation in Eq. 3-44 and expressing in terms
x(s) in terms of d(s) from Eq. 3-47 results in the desired transfer function Tp(s) of the power

stages:

Vols)

To(s) = E = C[S1 —A]7 (4 —A)X + (B, — B )Vl + (G — €)X (3—48)

3.7.2 Buck Converter
Now we will linearize the power stage and the output filter of the Buck Converter given in

Figure 3.15. The two switches are represented by diodes.

Figure 3.15: Buck Converter Circuit

r_ is inductor resistance, r. is the equivalent series resistance of the capacitor, and R is the load

resistance.
T (x; — C%2) it S xy — Cx3)
—_— A A I' e T —
+ Ty, L + rr. L

o -+~ LP +
R -

Va . Cia §v¢ V;=0 ciz R?u

_ N _

21 . T
fb} {o)

Figure 3.16: Buck Converter (a) switch on; (b) switch off
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From Figure 3.16 the following equations can be derived.

_Vn! +L:X.=1+T'L.X1+R(xi_c:f:}: 0 (3 _4'9}

and

—x:—chx'2+R(x1—Cx'2}=ﬂ (3_5[]}

In matrix form, these two equations can be written as

RT’E + RT'L + T B
R b - 1
Xq L(R + Tf_‘} L(R + T"la_—} Xq —
[x] _ - R+ 3 v, (3-51)
C(R+ 1) C(R+1:)
Comparing the equations with Eq. 3-26 yields
_ RTG —+ RT‘L + ety _ R
L(R+r LR +r
| HEFT R +7) (3—52)
C(R +17) CCR+1)
and
1
B = H (3 -53)
0

The state equation for the circuit of Fig 3.15 with the switch off can be written by observation,
noting that the circuit of Fig. 3.16(b) is exactly the same as the circuit of Fig 3.16(a) with Vy set
to zero.

A=A, (3-54)
B, =0 (3 —55)

The output voltage in both the circuit states is given as
v, = R(x; — Ci5) (3 —56)

Rr- + R
= x xﬂ
R+r- 1R +1-
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Using ¥, from Eq. 3-50

[ Rr: R ] [xi]
" IR+r. R+rdlx:z
Therefore, in Eg. 3-28 and 3-29
Co— e Rr, R ]
1727 R+ 1 R+

A=4, (fromEq—37andEq — 54)
BE=PBD (fromEq— 38 and Eq — 55)
C =€, (from Eq— 42 and Eq — 57)

Model Simplification: In all practical circuits,

R>(r-+mn)

Therefore, A and C are simplified as:

T'f"‘?‘l_ 1

_ A — _ L L
A=Ay=Ap=| L
C RC

and B remains unaffected as:

1
E=BD= E] D
0
Where B2=0. From Eq. 3-62,
1
A-1 LC RC L

- 1+ (r- +1)/R _1 netn

c L

1A R+
2_p—"F =~p
Vd R+(TE+TL_}

(3 —57)

(3 —58)
(3 —59)

(3 — 60)

(3-61)

(3-62)

(3 —63)

(3—64)

(3 —65)

(3 —66)
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v, (5) 1+5r:C

) = d(s) =V (e + TL—}} + Li_c]

(3-67)

, 1
LCS? + 5{ﬁ+ 7

Eq. 3-67 is the Open Loop Transfer Function of the circuit represented in Figure 3.16. The term

in the third brackets in the denominator of Eq. 3-69 are of the form §2 + 2zw_ 5 + w2, where

1
iy = —— 3 —68
°= Tz ( )
1 ne+n
BC L
=8k L 3—69
£ To ( )

Therefore, from Eq. 3-67 the transfer function can be written as

v, (5) w2 S+ w
T, =Ryt 2T
e 5+ w5+ w;

d(s)

(3 —70)

Where a zero is introduced due to the equivalent series resistance of the output capacitor at the

frequency

wy = Fgep = (3-71)

1
e

3.8 Design Parameters
The converter, in this thesis, is designed for CCM operation, and needs to operate from a 12 + 3

V DC source. The output voltage, V,, from the converter must be 2 + 0.1 V with a steady-state
ripple of less than 2.5 percent or 0.05 V. The converter is required to maintain output voltage

while the output current, I,, varies between 1 A and 10 A.

3.9 Time-Domain Analysis of Open-Loop Buck Converter
The time-domain response of the buck converter needs to maintain within operating parameters

stated within section 3.8. As the input source varies £3 V and loads vary between 1 A and 10 A,
the output voltage is required to be 2 £ 0.1 V. Three separate responses are analyzed to see if the
buck converter remains within the required operating parameters: connection to the 12 V DC

power source, 1 A step change in the load, and 1 V step change in the power source.
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Figure 3.17: Simulink model of buck converter

3.9.1 Response to 12 V DC Power Source

The buck circuit is required to reach a steady-state voltage of 2 V when connected to a 12 V
power source. The converter is connected to the source operating under minimum loading
conditions: 1 A. The duty cycle is set to 0.2891. From the response shown in Figure 3.18, it can
be seen that the output voltage meets the steady-state op-rating conditions; the steady-state error
is 0.4 percent. The transient characteristics are a maximum overshoot of 69.4 percent, a rise time

of 88 sec, and a settling time of 2.75 msec.

3.5 T T T T T T T T T

25141 SN e b A R S e S _

v

Y R T A AU SRS AN SRR SRS S

e S T S S S St

0 0.5 1 15 2 25 3 35 4 4.5 5
f(sec) 1072

Figure 3.18: Uncompensated open-loop time-response of buck converter to a 12 V power source with
a duty cycle of 0.2891.
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3.9.2 Response to 1 A Step Change in Load Current

The load is capable of varying between 1 A and 10 A after the system has reached steady-state.
The changes in the load alter the operating condition of the system and therefore changes in the
load are analyzed to see if the system still remains within operating parameters after a change in
the load has occurred. To test the system, a 1 A step change in the load is applied. The response
can be seen in Figure 3.19. The output voltage response still meets steady-state operating
conditions but the transient operating parameters are not satisfied. The steady-state error is 1
percent. The maximum overshoot is 7.5 percent, and the maximum undershoot is 13.5 percent,

which exceed outside the 5 percent requirement.

22

215

21

20561

1951

V. (V)

(=]

191

1851

180

175

..........................................................................

1.7

Figure 3.19: Uncompensated open-loop time-response to a 1 A step change in the load current with a

duty cycle of 0.2891.

3.9.3 Response to 1 V Step Change in Power Source

The source is capable of varying £3 V, and changes in the source voltage affect the operating

condition of the system, and therefore can impact the output voltage. To test if the system
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remains within operating parameters, a 1 V step change is applied to the converter after response
from the power source has reached steady-state. The response of the output voltage can be seen
in Figure 3.20. The output voltage no longer meets the steady-state operating requirements. The
steady-state error is 8.4 percent. In addition, the peak response of the system is 2.282 V, which

exceeds the 5 percent requirement.

S S S R R R
sl ________ _______ ________ _______ _______ ________ ______ _
9okl ...... ....... ........ _______ _______ ________ ______ i
S sl Y ]
Y i . . . . . . . .
21 _______ _______ _______ _______ ________ ______ ]
S _______ _______ _______ _______ ________ ______ il

2 i i i i i i i i i
0 0001 0002 0003 0004 OO0D5 0006 0007 OO0 0009 001
t(sec)

Figure 3.20: Uncompensated open-loop time-response to a 1 V step change in source voltage with a
duty cycle of 0.2891
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4. Introduction
In this chapter, typical methods used to design analog and digital PID controllers are discussed.

First, PID compensator design based upon root locus is introduced, and the procedure for
designing the compensator is explained. Next, PID design based on a frequency response method

is discussed.

4.1 Analog PID
Analog PID controllers are common in many applications. They can be easily constructed using

analog devices such as operational amplifiers, capacitors and resistors. They are reliable in

mechanical feedback systems, and able to satisfy many control problems.

4.1.1 Root Locus Method
Root locus is one of the methods used to design control systems. It is a technique that plots

closed-loop poles in the complex plane as the gain varies from zero to infinity. It is a method that
analyses the relationship between the poles, gain and the stability of the system. By
understanding the root locus plot, one can design a controller to novel specifications, and

understand clearly how different controller architectures affect the system.

In a root locus, the imaginary component of a pole corresponds to damped natural
frequency, while the radius from the origin to the pole corresponds to natural frequency. The
settling time for a system is determined by the slowest response among all responses. The least
settling time can be achieved if the roots fall to the far left on the left-hand plane; overshoot can
be prevented by placing the poles on the real axis.

In order to design a PID controller using the root locus method, the system must be first
transformed into a transfer function. In general, root locus technique analyzes only single input
single output (SISO) systems. However, an appropriate approximation of transforming a multi
input multi output (MIMO) system into a SISO model can produce a close estimation of the
characteristics of the system. A root locus that passes through the right-hand plane is considered

unstable, whereas one that remains in the left-hand plane implies a stable system. A root locus
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that falls in the jw axis (between the right- and left-hand planes) is considered marginal stable.

Figure 4.1 is an example of a close loop system. K represents the PID controller, G

represents the transfer function of the system, and H represents the feedback parameter.

Y( S) + WT( S)
K ™ (I >

Figure 4.1: Closed loop system

4.1.1.1 Procedures for Designing an Analog PID Controller by the Root Locus Method
1. Develop a set of reasonable transient specification based upon the particular application.

From the specifications, find a pair of closed-loop dominant poles which meet these

specifications, s; and s1*.
2. Find K term from steady-state error, egs.

3. Lump i—"" term into the Gpp together with G(S).

4. Solve for Kp and Kp by using

G oy G(s,) =—1 (4-1)

Equation 4-1 is rearranged such that
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1 K
K,+K,s, =— _ (4-2)
P D1 G(s.) ,
Sl 61
5. Hence, Kp and Kp can be solved by equating the real and imaginary term on the left and
right side of the equation.

6. Ketch the resulting root locus for the compensated system

4.1.1.2 PID Controller Design for Buck Converter
A PID controller is designed for the control of buck converter using the following specification
and the transfer function of the buck converter derived in section 3.7.2.
+ Settling time < 0.137 second
4 Overshoot < 30%
4+ Steady state error =0
v, (5) 1+5r.C

G(S}: — %Vd
d(s) 2 {L f'fc”i-:'} 1
LC[S + 5 RC+ I +L£']

From the design specification, the desired closed-loop dominant poles are -29.14+j47.02. By
going through procedure 3 to 6 in section 4.1.1.1, proportional, integral and derivative gains are
found 900.12, 22507 and 9 respectively. Therefore the transfer function of the PID controller is
given by

2250
Grp(s) = 90012 +=—+95  (4-3)

4.1.2 Frequency Response Method
Frequency response is another method commonly used to design a PID controller. Unlike root

locus for the s-domain, using poles and zeros, frequency response uses the magnitude and phase

of the controller to shape the curve in order to meet the specifications.

Each individual term of a PID controller is defined differently in Bode plots. As in root
locus, the proportional term does not change the shape of the plot; it adjusts the gain and phase

margins by shifting the magnitude of the Bode plot up or down. The integral term adds a slope of
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-20dB/dec to the phase; it tends to destabilize the system by adding a constant -90 degrees to the
phase angle of the system. The derivative term increases the phase margin by adding a +90
degree phase angle into the system, which corresponds to the damping ratio; also, a slope of
+20dB/dec is contributed to the phase.

Two important parameters in determining the system stability in the frequency response
method are gain margin (GM) and phase margin (PM). Phase margin can be found by finding the
crossover frequency when the phase angle is -180 degrees, and measuring the magnitude
distance below 0 dB. Similarly, gain margin can be found by finding the crossover frequency
when the magnitude plot is 0 dB, and measuring the angle distance above -180 degrees. The
system is unstable if the magnitude plot is not below the 0 dB line when the system is at -180
degrees, or if the phase plot is not above - 180 degrees when the system is at 0 dB

4.1.2.1 Procedures for Designing an Analog PID Controller by the Frequency Response
Method

1. Make sure the open loop system is stable.

2. Draw the Bode plot of the open loop system.

3. From the design specification, phase margin is related to damping ratio, ¢ as in Eq. 4-

4.Also, the ratio of the crossover frequency and the natural frequency is related as in Eq.

4-5.
Phase Margin = tan™ — 2 (4-4)
V=207 Y1+ 4t
@ 'II £ [ P -
o :’\|II_2|::|2+‘\¢III1+4|::|4 (45)
«

i)

4. By understanding the contribution of P, | and D on a Bode plot, they can be specified such
that the design specification for a closed loop system, such as phase margin and crossover

frequency can be fulfilled.
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4.1.2.2 PID Controller Design for Buck Converter

The Bode plot of the open loop system is shown in Figure 4.2

Bode Diagram
Gm = Inf, P = 2. 4083 deg {at 2416.6 Hz)

4‘:' T : T
p— 20 —————————————————————— -——---- - - - - E::l: ———————————————————————————————— —
E 1
E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
R e e e e R R S L h b EEE e R e A R
= Vo a foaa
= rgain=-19dk :
= :!3_1 rl N b M
E B | e e e e R R L LR Y T
_4 l
0 :
VT O S S S P S SRR EEEEEEEEP S
QY% S N S A A RO T
g
E 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1
—IES T T T T TS T T T T rT AT rTaTaAatTitTrmTcT """h"':'"F"'T"""I"l"l"h'T """ -
_IE':. 1 1 1 1 1 L1 I.\3 T t i M |4
10 Fc=5kHz 10
Frequency {Hz}

Figure 4.2: Bode Plot of the open loop system

From Eq. 4.4 and Eg. 4.5, the phase margin is found to be 2.4083 degree, and the
crossover frequency is 2416.6Hz. Thus the P, I and D gain are 885, 22000.5 and 10 respectively.

Thus the transfer function of the PID controller is given by

2200.5

GP.{.D (5:}' = 885 + 5

+105 (4—6)

The Bode plot of the compensated system is shown in Figure 4.3. It should be noted that the
phase margin has improved significantly. The phase margin of the compensated system is 47.5
degree, and the crossover frequency is 5282.5Hz.
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Bode Diagram
Gm = Inf, Prmy = 474575 deqg (at 5282.5 H=)
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Figure 4.3: Bode Plot of the open loop system

4.2 Digital PID

Digital PID is commonly used because it is more suitable to design for a complex system for the
purpose of reducing cost, and is more immune to noise than an analog PID. Several methods can
be used to design a digital PID. One of the methods is to design an analog PID first, then convert
the s-domain into the z-domain with appropriate approximation. A digital PID can also be

directly designed by the root locus and direct response methods.

4.2.1 Conversion from Analog to Digital PID
The conversion from s-domain into z-domain is quick and easy. The conversion can be done by

using difference approximation, ZOH (zero-order hold), bilinear transformation or first-order
hold. In this section, the difference approximation equation is derived.

The proportional term in PID can be approximated as:

K pe(k) (4-7)
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The backward rectangular rule approximation of integral term in PID:

K Te(k-1) (4-8)
Also, the backward difference approximation of derivative term in PID:
K
—P[e(k) ~ (k- 1] (4-9)

However, the integral term requires previous information. Thus, the summation of the

three terms becomes, where T denotes the sample period.

-

K
u(k) = KPe(k) +a(k)+ ID [e(k)—e(k—1)]

(4-10)
a(k)=a(k-1)+ K, Te(k—-1)

Equation 4-10 is the position algorithm of the present control output. The velocity

algorithm for the PID is:
u(lk—1)= KPe(k —D+alk-1)+ Kp [e(k —1)—e(k —2)]
r (4-11)

a(k—-1)=a(k-2)+K,Te(k—-2)

By subtracting Equation 4-11 from Equation 4-10, the digital PID is approximated

as:

A

[e(k)—e(k—1)]+Kl,l"e(k—l)+A—D[e(k)—2@(k—l)+e(k—2)]

u(k)-u(k-1)=K p -

(4-13)

4.2.2 Direct Root Locus Design
Root locus design for a digital PID is similar to an analog PID. Basically, the rules for drawing
the root locus for both are the same except that stability, frequency and damping ratio are
changed.

In terms of stability, it is suggested that the poles be placed in the right-hand plane, and

inside the unit circle. The closer the poles are to the origin, the faster the settling time will be.
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The procedure to design a digital PID is exactly the same as an analog PID, where the poles and

zeros work together to shape the root loci to the desired location.

Even though there is no need to physically build a controller algorithm as the analog
PID, one needs to consider whether the digital PID is realizable (i.e. the controller does not
requires future variables). If the controller is not programmable, the digital PID needs to be
redesigned. Modification such as adding another pole inside the unit circle can possibly make
the controller realizable.

4.2.3 Direct Frequency Design
Direct frequency design is useful especially in deadbeat control, a method to make the system

meet commands one sample time later than the desired time.

Using direct frequency design, system requirements are first considered, and written in
the form of a transfer function. The controller and system transfer function is set equal to the
desired transfer function. Then, the proportional, integral and derivative terms can be solved.
This is illustrated in Equation 4-14

C(-’): D(z)G(z) (4-14)
R(z) 1+D(2)G(z2)

I(z)=

In Equation 4-14, T(z) represents the desired transfer function, C(z) represents sampled
system output, R(z) represents sampled system desired input, D(z) represents a controller transfer

function, and G(z) represents a discrete system transfer function.

Again, the digital PID must be programmable, so that it does not require the knowledge

of future variables.
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5. Introduction
This chapter presents a development of a self-tuning fuzzy PID controller to overcome the

appearance of nonlinearities and uncertainties in the system. The self-tuning fuzzy PID controller
is the combination of a classical PID and fuzzy controller. The controller is designed based on
the expert knowledge of the system. Fuzzy logic is used to tune each parameter of PID
controller. Appropriate fuzzy rules are designed to tune the parameter Kp, K, and Ky of the PID
controller, the performance of the buck converter has improved significantly compare to

conventional PID and Fuzzy controllers.

5.1 Fuzzy Logic Overview
Fuzzy Logic is a piecewise linear method of data analysis based on using non-precise values

over a range to determine the correct correspondence to a particular group. Since fuzzy logic is

used within the control scheme, explanation of the methodology and terminology is provided.

The fuzzy logic procedure consists of three parts: input fuzzification, input-to-output
mapping, and output defuzzification as seen in Figure 5.1. A precise input, such as voltage,
current, etc is measured. The input is the fuzzified by mapping it to a set of input membership
functions, through a set of inference procedures. Once the membership to the input functions is
determined, the input is mapped to the output membership functions according to a rule base.
The rule base is unique to the system and based on expert knowledge. The degree of belonging to
the output membership functions is determined and is used to produce a precise output through

defuzzification or another inference procedure.

Fuzzy Controller

Inference
Mechanis: .

Reference

Input () T

Input u(t) Ourput y(rh

Fuzzification Defuzzification Plant

Rule Base

Figure 5.1: Block diagram of fuzzy control system
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5.1.1 Fuzzy Logic Naming Conventions

Fuzzy logic makes use of linguistic variables to determine relationships instead of numerical
variable. For example, the variables used within this thesis to express the error voltage are given
the names Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (ZO),
Positive Small (PS), Positive Medium (PM), and Positive Big (PB). In order to determine to
which category the input belongs, membership functions are needed in order to show the degree

of belonging to each particular variable.

5.1.2 Membership Functions

Membership functions are graphical mappings to determine how close or how much something belongs to
a particular group. Membership functions can be almost any arbitrary shape though some common ones
are triangular, trapezoidal, or bell-shaped, as in Figure 5.2. The membership functions are combined over
the total domain to produce fuzzy sets. The degree which an input belongs to each membership function

in the fuzzy sets is determined through the inference procedure.

HEsror 4 NB NM NS Z0 PS PM PB

"’ D.C.0.¢.9.dl

—

Error
I NB NM NS Z0 PSS PM PB
Error
i 1 NKAAARAAX
Error
Y Error 4 NB NM NS Z0 Ps PM PB
<) NN N T N
Error

Figure 5.2: Membership function shapes: a) triangular, b) trapezoidal, and c) bell-shaped.
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5.1.3 Fuzzy Operations

In order to understand the inference procedure, the basic fuzzy operation and the rule base are
explained. A set of rules for the interaction of the membership functions within the fuzzy sets is
defined since membership function overlap. The basic set rules/operations are union,
intersection, and complement. Let A and B be the fuzzy sets in U with membership functions pa

and pg where U is universe of discourse over the range of all possible input values x.

1. Union

The membership function 4,5y of the union AU B is defined for all z € U by
H(AUB)(z) = Mar (na(z), pp(z))

2. Intersection
The membership function 14 of the intersection of A M B is defined for all

z e U by

tang)(z) = min (pa(z), pp(z))

3. Complement
The membership of the function i of the complement of fuzzy set A is defined

forallz e U

Each of the operations: union, intersection, and complement are graphically displayed in Figure
5.3.

5.1.4 Fuzzy Rule/Fuzzy Rule Bases
A fuzzy rule is mapping from the input domain to the output domain. The fuzzy rule is typically

based on expert knowledge of the system. Usually fuzzy rules follow an if.. then.. structure,
where

IfxisA,andyisB,thenzisC
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Where x and y are the input fuzzy variables; z is the output fuzzy variable; A, B, and C are the
fuzzy subsets corresponding to the universe of discourse of X, Y, and Z respectfully. Therefore,
if there are n fuzzy rules defined as

R1: Ifxis Al,and yis B1, then zis C1

R2: If x is A2, and y is B2, then z is C2

R3: If xis A3, and y is B3, then z is C3

Rn: If x is An, and y is Bn, then zis Cn

The rule base, R, is defined as the union of the individual rules. An example rule base is shown

in figure 5.4. The rule base may also by presented graphically as a surface similar to Figure 5.5

M

: S -
f - —
T
P Mans
: ; : i
<)
-—

Figure 5.3: Fuzzy Operations a) union, b) intersection, and c) complement.
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error
Aerror NB NM NS ZO PS PM PB
NB NE NB NBE NE NM NS ZO
NM NE NE NB NM NS ZO PS
NS NE NE NM NS Z0O PS5 PM
Z0 NE NM NS ZO PS PM PB
PS NM NS ZO PS PM PBE PB
PM NS Z0 PS FM PE PE PB
PB Z0 PS PM PE PE PE PB

Figure 5.4: Fuzzy model rule base with two input and single output.

Figure 5.5: Fuzzy model rule base with two input and single output shown as a surface
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5.1.5 Inference Procedure
The inference procedure determines the degree of correlation between the rules and the input.

Since the input is typically involves more than one membership function, the inference is used to
decide how much of each rule to utilize. Two methods are typically used, inference with min as

conjunction or inference with product as conjunction. Assuming the following rule,
R:ifxisAthenzisC

Where x as the input fuzzy variable; z the output fuzzy variable; and A and C are the
fuzzy subsets corresponding of the universe of discourse of X and Z respectfully. The degree of
correlation would correspond to the membership of x to A

r=palx)
¢ = min(c, )
or
pe(r) = min(p.(r),r)

for all z € Z.

Similary, the degree of correlation for the production of conjunction

r = pa(u)
d=cxr

or
pe(2) = pe(2) * 7

for all z € Z.
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5.1.6 Defuzzification
The center of average method is used to obtain the fuzzy controller’s output dd[k], which is

given by Equation 5-1. When using triangle-shaped membership functions, there are at most four

rules that are effective at any one time; therefore, n=4.

Z?:]. -qu_J' (u)c.?z (5_1)
Zj:l Ha; (U,:l

5.2 OVERVIEW OF FUZZY PID CONTROLLER
Fuzzy PID controllers in literature can be classified into three major categories as direct action

type, fuzzy gain scheduling type, and hybrid type fuzzy PID controllers [5]. The direct action
type can also be classified into three categories according to number of inputs as single input,
double input, and triple input direct action fuzzy PID controllers. The classification of fuzzy PID

controllers can be seen in Figure 5.6.

FLFEY
PI
CONTROLLERS

Triva et Ae o
Type

Single Inpuat

—[ Double Input
—[ Triple Input

Furery Cimin
sScheduling Type

Hyhrud Typus

Figure 5.6: classification of fuzzy PID controller
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5.2.1. SINGLE INPUT FUZZY PID CONTROLLER
This structure uses error as the only input and has a one dimensional rule-base. As it is seen in

Figure 5.7, it is simply a nonlinear mapping of error into fuzzy proportional action cascaded to a

conventional PID controller.

oo i Pl B3 bseo

Gaind Integrater  Gaint Add - Qutput
Fuzzy Logic Gain3

Controller
—Ep>

Derivative Gain2

Figure 5.7: single input fuzzy PID controller

5.3 PROPOSED SELF-TUNING FUZZY PID CONTROLLER
The proposed controller that is given in Figure 5.8 is the modified version of the single input

fuzzy PID controller. It possesses two main parts: the classical PID and fuzzy controllers. A
standard PID controller is also known as the “three-term” controller, whose transfer function is

generally written in the “ideal form” as
K,
GPID(S}=HP+E+ HDS (5_2}

Where Kp is the proportional gain, K; is the integral gain and Kp is the derivative gain. The
“’three-term’’ functionality is highlighted by the following:

+ The proportional term is providing an overall control action proportional to the error
signal through the all-pass gain factor.

4+ The integral term is reducing steady-state errors through low-frequency compensation by
an integrator.

+ The derivative term is improving transient response through high-frequency
compensation.

In this thesis the fuzzy controller will be used to tune the parameter Kp, K, and Kp of the PID
controller, based on certain function of the actuating error signal.
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Figure 5.8: Simulink model of self-tuning FPID controller

5.4 CONTROLLER DEVELOPMENT
In this section a self-tuning fuzzy PID controller is developed. The FPID controller consists of

three parallel fuzzy sub controllers, namely, fuzzy-based proportional, integral, and derivative
controllers. These independent controllers are grouped together to form an intelligent self-tuning
fuzzy PID controller. The FPID controller can account for nonlinearity and adaptable to varying

operating condition.

5.4.1 Input scaling
Since the inference procedure is designed to only operate within the bounds [-1, 1] the input into

the fuzzy logic controller is bounded within the universe of discourse between [-1, 1]. The input
to the fuzzy controller is directly connected to the output of the ADC. Therefore the input gain g;,

should be selected such that Voapcgi € [-1, 1].
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5.4.2 Control Gain Coefficient
At the first stage of designing process, discrete model of the conventional PID controller is

obtained. Then FPID controller, as shown in Figure 6.4, is obtained which has six tuning control
parameters: Jip, Jii, Jid, Kp, Ki, and Kp. In order to simplify the calculations gip =1 and gii= gia,=T
can be considered [6]. A Ziegler-Nichols method is used to determine the initial values of Kp, K,
Kp for a specific set point.

Since the performance of FPID controller depends on the gains coefficients, it is obvious that the

optimization of these parameters will lead to better performance at a particular set point [7].

5.4.3 Fuzzy-Based Proportional Controller
The first step in designing the controller is to decide which state variables of the system can be

taken as the input signal to the controller. The output voltage error e[K] is used as the input to the
controller. The output of the fuzzy-based proportional controller is the gain Kp. The universe of
discourse of interval spanned by the input variable is partitioned into seven fuzzy subsets of
Gaussian shaped membership functions assigning each subset a linguistic value; the various
subset are presented as NB (Negative Big), NM (Negative Medium ), NS (Negative Small), Z
(Zero), PS (Positive Small), PM (Positive Medium), and PB (Positive Big) respectively. The
main advantage to employ Gaussian function is that its continuity is usually required for most of
conventional gradient-based, either first or second order optimization technique [9].

The second step in the design of the fuzzy sub controller is the determination of the fuzzy
IF-THEN inference rules. The number of fuzzy rules that are required is equal to the number of
fuzzy sets of the input variable. Thus, a total of seven fuzzy rules are required to relate each
possible combination of the input variable to the output membership fuzzy sets. A typical rule
can be written as follow. IF e[k] is NB THEN Kp is NB.

The derivation of the fuzzy control rules is heuristic in nature and based on the following
criteria [10]:

+ When the output of the converter is far from set point, the change of Kp must be large so
as to bring the output to the set point quickly.

+ When the output of the converter is approaching the set point, a small change of Kp is
necessary.
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+ When the output of the converter is near the set point and is approaching it rapidly, the
Kp must be kept constant so as to prevent overshoot.

+ When the set point is reached and the output is still changing, the Kp must be changed a
little bit to prevent the output from moving away.

+ When the set point is reached and the output is steady, the Kp remains unchanged.

+ When the output is above the set point, the sign of the change of Kp must be negative,

and vice versa.

The next step in the design of the fuzzy sub controller is inference mechanism. The results of
the inference mechanism include the weight factor W; and the change in Kp c; of the individual
rule. The weight factor Wi, is obtained by Mamdani’s min fuzzy implication of . (e[k]), pce iS the
membership degrees [9]. Control ¢; is taken from the rule base. The change in Kp inferred by the

Zi= W; * ¢j is given by

min (i, (e[k]) * ¢} (5-3)

The last step in the design of the fuzzy sub controller is the defuzzification process. The
input for the defuzzification process is a fuzzy set (the aggregate output fuzzy set) and the output
obtained is also aggregated fuzzy output. But generally, it is required that the output be a single
crisp number. As the aggregated fuzzy set encompasses a range of output values, it must be
defuzzified in order to resolve to a single crisp output value from the set. The center of average

method is used to obtain the fuzzy controller’s output for the control of buck converter.

The proportional gain control surface needs to minimize the rise time, the overshoot and
steady-state error. In order to improve the rise time, overshoot, and steady-state error, the centers
for the input and output fuzzy sets are chosen, shown in figure 5.9. The control surface
corresponding to these centers can be seen in figure 5.10.
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NB2 [ NB2 | NB NM NS Z0O PS PM PB PB2 | PB3
Input -1 0.9 08 | -0.12 | -0.01 0 001 | 0.12 08 09 1
Output 1 06 | -042 | 03 0.1 0 0.1 03 042 0.6 1

Figure 5.9: Centers for input/output fuzzy set for proportional gain

Control Qutput

Figure 5.10: Proportional Gain Control Surface

5.4.4 Fuzzy-Based Integral Controller
The same technique applied to the fuzzy-based proportional controller is applied to the fuzzy-

based integral controller. The controller has single input the output voltage error e[k]. The output
of the fuzzy-based integral controller is the gain K,. Seven fuzzy sets are defined for the fuzzy
linguistic variable e[k]. After specifying the fuzzy sets of the fuzzy variable, the membership
function for these sets are derived. The membership functions are composed of the same fuzzy
Gaussian membership functions allocated for the fuzzy based proportional controller. Similarly,
the number of fuzzy rules that are required is equal to the number of fuzzy sets that the input

variable makes. Therefore, a total of seven fuzzy rules are introduced. The same Mamdani’s
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min fuzzy implication of pe(e[K]) is used for the inference mechanism. For the defuzzification
process the center of average method is used to obtain the fuzzy controller’s output for the

control of buck converter

The integral control surface needs reduce the steady-state error to zero while still
maintaining the overall stability of the system. In order to reduce the steady-state error while still
maintaining stability, the centers for the input and output fuzzy sets are chosen, shown in figure
5.11. The control surface corresponding to these centers can be seen in figure 5.12.

NB2 | NB2 | NB NM NS ZO PS PM PB PB2 | PB3
Input -1 035 | 0.1 | -0.01 |-0.005 0 0.005 | 0.01 0.1 035 1
Output 1 -1 04 02 | -0.01 0 0.01 02 04 1 1

Figure 5.11: Centers for input/output fuzzy set for integral gain.

Control Qutput

Figure 5.12: Integral Gain Control Surface
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5.4.5 Fuzzy-Based Derivative Controller

The same process applied to fuzzy-based proportional and integral controller is applied to the
fuzzy-based derivative controller. The input signal to the controller is the error signal e[k]. The
output of the controller is the gain Kp, Seven fuzzy sets are defined for the fuzzy linguistic

variable e[k]. The same fuzzy Gaussian membership functions allocated for the fuzzy based

proportional and integral controller are used for these fuzzy sets

of system, while having little impact on the speed of the system. In order to decrease the
overshoot and increase the stability of the system, the centers for the input and output fuzzy sets

are chosen, shown in figure 5.13. The control surface corresponding to these centers can be seen

The derivative control surface needs to increase the stability and decrease the over-shoot

in figure 5.14.
NB NM NS Z0 PS PM PB
Input -1 02 -0.02 0.02 02 1
Output -1 08 0.2 02 08 1
Figure 5.13: Centres for input/output fuzzy set for derivative gain
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Figure 5.14: Derivative Gain Control Surface
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5.4.6 Output Scaling
Output scaling allows the output of the FPID controller to be adjusted so it has the appropriate

amplitude when applied to the DPWM of the buck converter. The FPID controller output is
bounded in the universe of discourse between [-1, 1]. The change in duty cycle control ratio of
the DPWM is bounded between [-D, 1-D], therefore the output gain must be selected such that
VorripOo € [-D, 1-D], since Vorpip=4a, it is already bounded between [-D, 1-D] and go=1.
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6. Introduction

Power electronics systems are typically a complex combination of linear, nonlinear and
switching elements. High-frequency converters add another dimension of complexity because of
their fast dynamics. Real-time power electronics systems, therefore, demand the use of high-
speed data acquisition and control. DSPs (Digital Signal Processors) meet the processing
requirements posed by such systems. DSPs are used in multiple applications in power electronics
including AC motor drives, high-frequency converter control, motion control, robotics and real-

time testing and monitoring.

6.1 Overview of DSPs

Because of the DSP’s special architecture, it is more useful than a general-purpose
microprocessor for the high-speed processing applications and real-time systems such as control
system. DSPs are built with Harvard architecture, and this configuration employs separate
program and data buses [14]-[17]. The benefit of this arrangement is the increased speed because
instructions and data can move in parallel instead of sequentially. DSPs, like many advanced
microprocessors, use pipelining to operate on several instructions simultaneously.

+ Hard-Wired Logic: In DSPs, most instructions execute in one machine cycle because all
functions are performed internally in hard-wired logic. Hardware multipliers in DSPs
perform multiplication in a single cycle.

+ Scaling: Hardware shifters allow the scaling of data used in computations. This helps
prevent overflows and keep the required precision.

+ Saturation: In DSPs, the accumulator handles overflow by saturating to the most positive
or least negative value, thus eliminating rolling over.

+ Word Length: Some DSPs support a large word length, thus reducing the quantization
error. They also support a larger intermediate word length for intermediate computational
results.

+ Other Features: Many DSP chips include input/output (1/O) functionality, timing
circuitry, direct memory access (DMA) controllers and high-speed memories on-chip.
DSPs resemble reduced instruction set computers (RISCs), in that a small set of

frequently used instructions are optimized for numerical processing at the expense of less
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frequently used general-purpose operations. DSP instruction sets efficiently handle mathematical
operations common to many algorithms that are repeatedly executed in time-critical loops. For
example, digital filters which are often used in signal processing and control applications, are

implemented using recursive difference equations of the form:
N M
y(n)=> a@x(n—i)+ > b(j)y(n—j)
i=D i1

The equation states that any output can be computed as a weighted sum of the input at the
present time, past inputs and past outputs. Each step in this computation involves a multiplication
and addition. The multiply and accumulate (MAC) instruction in DSPs performs this in a single
instruction cycle. In contrast, in a typical fixed-point microprocessor, a “multiply” and “add”
typically executes in 15 to 20 machine cycles. MAC is the one instruction that most distinguishes
DSPs from other micros.

DSPs also significantly increase execution speed by performing multiple operations in
parallel. For instance, in the same instruction cycle that a MAC operation is being performed, a
parallel data move can be carried out. Thus, the special DSP instructions supplement the
computational speed of DSPs and make them ideal for high-performance real-time applications.

6.3 Architecture of TI C2000 and TMS320F2812
TI has developed the DSP solutions that are driving digital control by providing the industry's

high performing and code efficient DSPs. The TMS320C2000 family of DSP controllers set the
standard for performance and peripheral integration by offering a unique combination of on-chip
peripherals such as flash memory, ultra-fast A/D converters, PWM modules and robust CAN
modules.

TMS320C2812 is a member of the TMS320C28x DSP generation, which is a highly
integrated, high-performance solution for demanding control applications [16]-[17]. These
devices are based on a 32-bits DSP core delivering 150 MIPS of performance on a flash process
and an impressive 32x32bit MAC in a single 6.67ns cycle. These DSPs also uniquely feature a
large amount of fast-access on-chip flash memory so that code can be executed internally

without adding costly external flash memories. Furthermore, these devices incorporate a high-
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precision ultra-fast ADC together with many control and communication peripherals for truly
single-chip designs. Figure 6.1 is the architecture of the TMS320C2812.

Code security
128Kw Flash 18Kw dKw
+ 2Kw OTP RAM Boot
ROM
- - -~ e
XINTF = = - - ~ [
1]
<
Y
Interrupt Management y
S
150 MIPs C28x™ 32-bit DSP
| [
32x32-bit RMW
ALU P
32-bit L 7
Timers (3) | |
32-bit
Real-Time Register
JTAG | File

Figure 6.1: Architecture of TMS320C2812

Due to its architecture, which is specially optimized for C/C++, these devices offer good
code efficiency, and give customers the ability to develop their algorithms entirely in high-level
languages. Further, these devices uniquely enable customers to develop their code in virtual
floating point via the 1Q math capability.

The TMS320C2812 supports multiple bus architecture, whose memory bus architecture contains
a program read bus, and data read bus and data write bus. The 32-bit-wide data busses enable
single cycle 32-bit operations. The F281x and C281x implement the standard IEEE 1149.1
JTAG interface. Additionally, the TMS320C2812 supports the real-time JTAG mode of
operation including the contents of memory, peripheral and register locations; that is to say, the
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real time analysis is allowed. It contains 128K x 16 of embedded Flash memory and 128K x 16
of ROM, and two blocks of single access memory, each 1K x 16 in size. The TMS320C2812
supports the 32-bits CPU timers and several serial communication peripherals including CAN,
McBSP, SPI and SCI. Further, it supports the event managers and ADC as peripherals, which are

used for embedded control and communication.

6.3.1 PWM Generators and ADC of TMS320F2812
With digital power applications, ADC and PWM modules are the most important peripheral
devices inside the DSPs. TMS320F2812 provides high performance ADC and PWM generators

and makes it possible to meet the high requirement of DC-DC converters.

e - SYSOLEDUT
Syatem Hogh-apesd | 4 =
cortml biook preceer e
ADCEMCLE HEFCLE
Araing g1
ML + - Fasult Ragisiers
Fesull RegD__ || T0ABR
. Fasull Rag 1
* » SH-A ¥ i
ACKCIMA .
2B Fesulf Fesg 7 TOAFh
ADC
ki ' Fsull Reg & TORDN
< ADGINGD >
L +
M *— SHE - *
ADCINET Ae=uit Aeg 16 TORTH
L] ]:I -
2 » ADC Conto| Asgsiars -
eva —a—] soc 2 soc| ¢
SegLencar 1 SaguUsncer 2 EVE

Figure 6.2: Structure of ADC in TMS320F2812

The ADC of TMS320F2812 provides 12-bit core with built-in dual sample-and-hold (S/H),
simultaneous sampling or sequential sampling modes, very fast conversion time (running at 25
MHz), ADC clock, or 12.5 MSPS, and 16-channel, multiplexed inputs and 16 result registers to
store conversion values. The sequencer of ADC can be operated as two independent 8-state
sequencers or as one large 16-state sequencer. The ADC interrupts can be triggered by multiple
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sources for the start-of-conversion (SOC) sequence, such as S/W — software immediate start,
event manager A/B or the external pins.

The PWM modules of TMS320F2812 are designed to generate pulse width modulated
waveforms used in motor control and motion control applications. The PWM waveform
generation capability of each event manager module (A and B) is summarized as follows.

There are five independent PWM outputs — three of which are generated by the compare units,
while the other two are generated by the GP timer compares — plus three additional PWM
outputs, dependent on the three compare unit PWM outputs. TMS320F2812 provides
programmable dead-band for the PWM output pairs, and the minimum dead-band duration of
one device clock cycle (6.67ns). The minimum PWM pulse width and pulse width
increment/decrement is one clock cycle. The PWM supports 16-bit maximum PWM resolution
and programmable generation of asymmetric, symmetric and space vector PWM waveforms.
Figure 6.3 is an example of generating the PWM waveform with the controlled dead time based

on the given PWM period and initial values.

Timer Timer
PUVM) — — (PUM)
P peont | Compare vlue
| penod
Timer value | /

| | | |

PUWM, —
(active high) | || | r |

Dead band —» [4—

e G || | |
(2COve Iow)

Figure 6.3: Generating the PWM waveform in TMIS320F2812

6.4 Controller Implementation with TMS320F2812

6.4.1 ADC Implementation
The ADC of TMS320F2812 could be triggered by the software, EVA/B or the external pins. In

our DSP platform, we set up the ADC triggered by the Event Timer A, whose frequency is
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supposed to be equal to the sampling frequency of ADC, since the SOC of ADC is designed to

be triggered by the underflow of the timer ramp signal, as shown in Figure 6.4.

EVA Timer to tricger ADC 50C
( Timer freq = Sampling freq of ADC )

ADC Conversion

T R I

Triggered by EOS Interrupt Triggered by mext
underflow of underflow of
Timer 1. Fead sample result Timer
1. Filter the data
3. Compensator calculate
4. PWM compare value calculate

. Update PWAL campare register

Figure 6.4: Set-up of ADC

The SOC (start of conversion) is started by the Timer A, and once the conversion is finished, the
EOC (end of conversion) interrupt is triggered, and then the ADC interrupt routine is called in
the program. In ADC interrupt routine, DSP first reads the sample result from the ADC result
registers and then processes the data, such as filtering or averaging the data. After that, DSP
calculates the compensator and gets the result, which is supposed to be the new value of the duty
cycle. Finally, the PWM modulated value is calculated in terms of the new duty cycle, and then

the registers are updated before the next trigger of the ADC conversion

6.4.2 PWM Implementation
The PWM modules of TMS320F2812 can set up the period register TXPR and configure register

TxCON to initialize the frequency and configuration of PWM. To generate the gate driver

signals for the DC-DC converter, the PWM frequency is designed to be equal to the switching
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frequency, which is 400 kHz. To avoid the limit cycle, the resolution PWM must be greater than
the resolution of ADC. The PWM signal of TMS320F2812 has 16-bits resolution, while the
resolution ADC is 12 bits. Therefore, TMS320F2812 provides the most reasonable resolution for
the digital controller implementation.

The power stage we are using for the digital control investigation is DC-DC Buck
converter. There are two kinds of cases for the converter, which includes symmetrical and
asymmetrical cases. For the symmetrical case, the gate signals of primary side have the same
duty cycle ratio but with 180-degree phase shift, while for the asymmetrical case, the gate signals
of the primary side are complimentary signals with dead time. Further, we should generate the
complementary signals with controlled dead time for the secondary side signals. TMS320F2812
can provide the minimum increment of PWM signal or the minimum dead time as one clock
cycle 6.67ns, which is supposed to be sufficient for the HB converters requirement.

The figure 6.5 and 6.6 show how to generate the primary and secondary PWM signals
with PWM generator of TMS320F2812. To get the accurate dead time and phase shift of the
signals, we generate the signals based on the same timer, which is set up in Event Manager A.
The symmetrical ramp signals are achieved by using Event Manager A timer in a PWM module.
Using given duty cycle values from the compensator calculation, the four compare values are

calculated to get responding values, and then the compare registers are set up respectively.

symmetrical case

PWM Timer [ freq. = switching freq.

Compare 1

\ Compare 4

Compare 3

.

Compare/ \
Primary signal 1 D D |

Primary signal 2 D

Secondary signal 1

Delay

Secondary signal 2

Figure 6.5: Symmetrical PWM signals generating
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asymmetrical case

PWM Timer { freq. = switching freq.

Compare 1 / \
I

Compare 4

Compare 2

/

Primary signal 1 D | D

Primary signal 2 1-D

Compare 3

Secondary signal 1——»

Delay

Secondary signal 2

Figure 6.6: Asymmetrical PWM signals generating

6.4.3 Program Structure
The complete real-time controller implementation is interrupt driven. The PWM module loads

the new value of the duty cycle at the beginning of every switching cycle. All calculations
regarding the duty cycle are implemented in the ADC interrupt routine. Given the ADC sampling
frequency of 1.4MHz, the interrupts are 700ns. Taking into account the interrupt response time,
the time available for the processor to compute the new value of the duty cycle is about 700ns or
100 instructions. A flow chart of the controller implementation is shown in Figure 6.9.

In the practical implementation of a controller in DSP, the following critical issues have to be

considered:

4 The input signals are sampled, and then the signal is filtered by a low-pass filter to reduce
the noise. Since the bandwidth of the low-pass filter is going to affect the whole
bandwidth of the loop, that bandwidth should be considered carefully.

4+ The soft start is used to avoid the transient overshoot when a system is started up. In the
soft start module, the duty cycle is increased with a small step to avoid a sharp ascend of
the output signal.

+ The duty cycle is limited from 0 to 0.45 as a protection objective
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Figure 6.9: Flow chart of controller implementation in DSP
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7. Simulated Model of Buck Converter

The MATLAB/Simulink simulation tests the transient and state-state response of the system to

various disturbances from the source and load with using the model in Figure 7.1, with the

controller regulating the change in the duty cycle. The simulation is designed to compare the

open-loop response of the system with the compensated closed-loop response of the system. The

conditions simulated are the same as in section 3.9 and consist of the following:

+ Connection to the 12 VV DC power source

+1 Amp step change in the

load

+ 1 volt step change in the power source

12

Digital PWM

Duty Ratio

[

duty quantized error [t

——|duty dt———Ppp|d

Buck converter

Model

FPID Sub-System

Scopel

F

quantized error
error
delay ed error

ZOH

actual output

reference output

1__—

¢

A/D converter

Output Voltagr

>

L]

2

Figure 7.1: Simulink Model of FPID Compensated Buck Converter

Reference voltage

The controller is a fuzzy logic PID with the control surfaces outline in section 5.4. The controller

contains the required input and output gains mentioned in sections 5.4.1 and 5.4.6. The ADC of
the controller has a resolution of 4:8828 10 * V and a gain of 0.1, while the DPWM has a

resolution of 2:4414 10 * V. Other assumptions made are

+ The output ripple due to switching is ignored.

+ All other disturbances from the power source, including noise, are ignored.
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7.1 Simulation Results
Simulation results of buck converter are presented in this section. The Matlab Simulink is used

to test the transient and steady-state response of the system to various disturbances from the
source and load side. The simulation results are used to compare the open-loop response of the

system with the compensated closed-loop response of the system.

7.1.1 Response to 12 V DC Power Source
The response of the open-loop system and the system compensated by a fuzzy logic PID

controller for a 12 VV DC power source can be seen in Figure 7.2. Both responses have zero
steady-state error since the initial condition of the duty-cycle, D is 0.2891, is chosen so that is
met. The open-loop response has a maximum overshoot of 70 percent while the closed-loop
response has a maximum overshoot of 6.5 percent. In addition, the settling time has been
reduced from 2.75 msec to 1.10 msec. However, the rise time has been increased from 0.2 msec

to 0.6 msec.
3.5 T T T T T T T T T
Closed—-Loop w/ Fuz=zy Logic PID
: : [ Open—Loop
25| §
2l : S SG S SN | |
=5 ; 5
= :
15[ ¥ : - s
1 L e 2 . .
0_5_ - _é... - - -
o :
a 0.5 1 1.5 2 25 ] 3.5 4 4.5 S

Figure 7.2: Time response of open-loop and closed-loop system to 12 V DC power source

7.1.2 Response to 1 V Step Change in Power Source
The time response of the open-loop and closed-loop system compensated by a fuzzy logic PID

controller for a 1 V step change in the source can be seen in Figure 7.3. The figure shows that
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the steady-state error improves from 8 percent to less than 1 percent for the simulation. The
steady-state error of the compensated system eventually decreases to zero because of the integral

action. In addition, the maximum overshoot improves from 6 percent to less than 1 percent.
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Figure 7.3: Time response of open-loop and closed-loop system to 1 v step change in power source

7.1.3 Response to 1 A Step Change in Load Current
The time response of the open-loop and closed-loop system compensated by a fuzzy logic PID

controller to 1 A step change in the load can be seen in Fig 7.4. It can be seen from this figure
that the steady-state error decreases from 1 percent to zero. In addition, the maximum
undershoot improves from 12 percent to 3 percent and the maximum overshoot improves from 7

percent to 2 percent.
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Figure 7.4: Time response of open-loop and closed-loop system to 1 A step change in load current.
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8. Conclusions
Current trends in electronics require operation at low voltages with higher currents. In order to

supply power to these electronics, PWM power converters are required which are able to deliver
these voltages and currents efficiently. One such converter capable of delivering these
requirements is the buck converter. The circuit is capable of generating lower voltages with a

more median duty cycle.

In addition, digital control schemes are replacing the use of analog control schemes when
controlling PWM power converters. Digital schemes, implemented through the use of DSPs,
offer immunity to component variations, digital system compatibility, and the ability to

incorporate advanced control schemes which is not available in analog counterparts.

One advanced control scheme which can be implemented with DSP is fuzzy logic PID
control. Fuzzy logic PID control is a nonlinear control scheme with piecewise linear
proportional, integral, and derivative gain to control the duty cycle of the system. Control of the
duty cycle, in turn, controls the output voltage of the system. The fuzzy logic controller is
designed to only implement proportional, integral, and derivative gains when they are
appropriate to reduce the error signal of the system. Using fuzzy logic control, the time-domain
response of the closed-loop system is improved with respect to the open-loop system. The
overall speed of the system is also increased, as seen by the decrease of the settling time when
the converter is connected to the power source. The system is also capable of fully rejecting
disturbances by reducing the steady-state error to zero for a connection to a 12 V DC power
source, a 1 A step change in load current, and 1 V step change in the power source voltage. In
addition, the stability of the system is improved by reducing the overshoot/undershoot in all
simulations. In all, the overall performance of the system is improved compared with the open-

loop operating condition

Further investigation of the buck converter requires modeling and running a co-
simulation between MATLAB/Simulink and circuit modeling software; either Synopsys Saber or
Orcad PSpice. In addition, further investigation of the control of the buck converter required

investigation into current-mode control and using fuzzy logic PID to regulate it. Finally, to test
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the control and circuit designs, the circuit should be constructed from the corresponding
components, a programmed DSP provide the fuzzy logic controller, and the entire system tested

to ensure functionality.

8.1 Future Work
In future work, the system will focus on how to optimize the digital controller, which includes:

reducing the number of the instructions to increase the achievable sampling frequency,
implementing the synchronization of the sampling and switching cycle, tuning up the
coefficients of the compensator and increasing the bandwidth of the low-pass filter to improve

the transient response of the system.

A more complicated and nonlinear algorithm will be attempted in DSP to improve system
performance, which is generally difficult to implement in analog circuits. This algorithm may
include adaptive and predictive control or a control based upon efficiency peaking, thermal

management and other factors.

The DSP can also play an important role in managing, monitoring and testing of the
power system. DSP can be used to execute data acquisition, signal conditioning, filtering,
spectral analysis and transient capture, and it has the capability to monitor and control systems
concurrently. This is particularly useful in adaptive control because the controller can
dynamically change the structure or parameters in real time in response to variations in system
behavior. Testing capabilities built into power electronics systems are used to identify system
parameters for automatic tuning of controller gains and to locate faults in the event of a failure.
Such systems facilitate testing by performing a selected acquisition of data and recording the

stimulated system responses.
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