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ABSTRACT

A new control scheme for a switch-mode power converter is proposed. A dynamic
programming approach is applied to a buck converter switching regulator powering
the load with abruptly varying load voltage and with abruptly powering changing
load current. This approach can be applied to other switch-mode topologies. The
voltage mode control is applied as it varies the duty cycle and essentially adjusts the
mput voltage drive to the buck LC components which directly affects output voltage.
A closed-loop control system automatically maintains a precise output voltage
regardless of varying input and load conditions. In simulation, the performance
efficiency is slightly dropped by 4% but this feedback control system resulted in
good regulation that holds a constant output under changing load condition. The gain
of the feedback is limited to avoid instability. A maximum range of duty ratio gives

advantages to widen the operation of DC-DC converter.
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CHAPTER 1
INTRODUCTION

1.1 Background of Study

In control theory, feedback is a process whereby some proportion of the
output signal of a system is passed (fed back) to the input. This is ofien used to
control the dynamic behavior of the system. Examples of feedback can be found in
most complex system, such as engineering and biology. The processing and control
of feedback is engineered into many electronic devices and may also be embedded
in other technologies. Negative feedback 1s often deliberately introduced to increase
the stability and accuracy of a system, as in the feedback amplifier. Feedback and
regulation are self related. By varying the load, this will affect the output power of
the system and the maximum duty ratio can widen the operational range of DC-DC
converter. The negative feedback helps to maintain stability in a system in spite of
external changes while the positive feedback is often amplifying and unstable where
it will drive the system further away from its original setpoint. Faster output voltage
stabilization is achieved as the gain increase, and output voltage ripple is shrinking
by reducing the capacitor value. There are two ways in controlling the feedback
control system. They are the voltage mode control where it is used to control varying
load voltage and the current mode control is to vary the load current. The advantages
of voliage mode control topology are that the control loop can be made relatively
fast and there is no minimum ON-time required. It is used in fast applications such
as powering high-end computer processors. The disadvantage of current mode
control is the blanking time required to sense the current or else, it will cause the

cycles to prematurely terminate.



1.2 Problem of Statement

Varying the input voltage and load conditions will cause the output voltage
to change and this cannot be used in real applications because there will be high
power losses during delivery. Most converters produce an output dependent on the
input, and do not provide inherent regulations that the duty ratio needs to be altered
as needed. If the maximum duty ratio is small, the same output voltage cannot be
generated even if the input voltage is decreased. At present, a dynamic programming
approached has been applied to a buck converter switching regulator powering the
abruptly varying load voltage which affects the performance of the output voltage.
Output voltage ripple is one of the disadvantages in a switching power supply, and
can be a measure of its quality. Output voltage ripple is the name given to the
phenomenon where the output voltage rises during the ON-state and falls during the
OFF-state. Several factors contribute to this, which include switching frequency,
output capacitance, inductor, load and any current limiting features of the control

circuitry.

This project will concentrate on how the feedback control system and how it

s used to obtain the regulated output voltage by controlling the variation of the duty

-

cycle of the switching. This feedback control system will also be able to control
variable load where the duty cycle changes. An active control circuit will be needed

to sense the input and adjust duty ratio accordingly.



1.3

b o A

Objectives

The objectives of this project are;

To study the basic understanding of feedback control system.

To study the effect of gain on stabilization of the system.

To study how the output capacitor, Cr affects the output voltage ripple.

To obtain the regulated output voltage by controlling the variation of duty
cycle of the switching.

To obtain how much deviation of D cycles needs to be adjusted in response

to the output load fluctuation data.



CHAPTER 2

LITERATURE REVIEW

2.1  History of Control System

Feedback control systems are older than humanity. Numerous biological
control systems were built into the earliest inhabitants of our planet. The Greeks
began engineering feedback around 300 B.C. A water clock invented by Ktesibios
operated by having water trickle into a measuring container at a constant rate. The
water level in the measuring container could be used to tell time. For water to trickle
at a constant rate, the supply tank had to be kept at a constant level. This was
accomplished using a float valve similar to the water level control in today’s flush

toilets [1].

In 1745 speed control was applied to a windmill by Edmund Lee [1].
Increasing winds pitched the blades farther back, so that less area was available. As
the wind decreased, more blade area was available. Modern developments have seen
widespread use of the digital computer as part of control systems. For example,
computers are in control systems used for industrial robots, spacecraft, and the

process control industry.

A control system for a single-phase PWM converter composed of a plurality
of power switching devices which converts an AC single-phase voltage to a DC
voltage under PWM control. The control system includes a converter voltage
reference operation unit for inpuiting a converter DC side voltage actual value, a
converter DC side voltage reference value, a converter AC side current actual value,
a power source voltage, and a sine wave power source voltage and for generating
voltage references for respective phases, and a triangular wave generation unit for

generating a triangular wave. The control system further includes a triangular wave



comparison unit for comparing the voltage references and the triangular wave to
generate PWM signals for respective phases. Each of the PWM signals is applied to
one of the power switching devices in the single-phase PWM converter to PWM

control the single-phase PWM converter, respectively.

2.2 Types of Feedback Control

Feedback is both a mechanism, process and signal that is tooped back to
control a system within itself This loop is called the feedback loop. A control
system usually has input and output to the system; when the output of the system is
fed back into the system as part of its input, it is called the "feedback” Feedback and
regulation are self related. The negative feedback helps to maintain stability in a
system in spite of external changes. Positive feedback amplifies possibilities of
divergences (evolution, change of goals where it gives the system the ability to
access new points of equilibrium. A system in equilibrium in which there is positive
feedback to any change in its current state is said to be in an unstable equilibrium,

whereas it is possible for one with negative feedback to be in a stable equilibrium.

The end result of a positive feedback is often amplifying and explosive
where a small perturbation results in big changes. This feedback, in turn, will drive
the system further away from its original setpoint, thus amplifying the origiqal
perturbation signal, and eventually become explosive because the ampliﬁcatibn

often grows exponentially (with the first order positive feedback),

Both positive and negative feedback are closed systems, because the system
is closed by a feedback loop. The response of the system depends on the feedback
signal to complete its function; without such a loop, it would become an oﬁen
system. In contrast, a feed-forward system is an open system since it does not have

any feedback loop, and does not rely on feedback signal to function. Below are the

1. negative feedback: which tends to reduce output (but in amplifiers, stabilizes
and linearizes operation),

2. positive feedback: which tends to increase output, or



3. bipolar feedback: which can either increase or decrease output.

Bipolar feedback is present in many natural and human systems. Feedback is
usually bipolar that is, positive and negative in natural environments, which, in their

diversity, furnish synergic and antagonistic responses to the output of any system.

2.3 Transfer function

A transfer function is the ratio of the output of a system to the input of a
system, in the Laplace domain considering its initial conditions to be zero [2]. If we
have an input function of X{s), and an output function ¥(s), we define the transfer

function H(s} to be:

H(s)= ;{% ................................................................... )

Figure 1 below shows the block diagram of basic transfer function.

X(s) Y(s)

H(s)

Figure 1: Block diagram of transfer function

The Transfer Function fully describes a control system. The Order, Type and
Frequency response can all be taken from this specific function. Nyquist and Bode
plots can be drawn from the open loop Transfer Function. These plots show the

stability of the system when the loop is closed.



2.3.1 Bode Plot

Bode plot is a graph of log magnitude versus frequency, plotted with
a log-frequency axis, to show the transfer function or frequency response of a linear,
time-invariant system. If the transfer function is a rational function with real poles
and zeros, then the Bode plot can be approximated with straight lines. Bode plots are
used to assess the stability of negative feedback amplifiers by finding the gain and
phase margins of an amplifier. The notion of gain and phase margin is based upon

the gain expression for a negative feedback amplifier given by

where Agy is the gain of the amplifier with feedback (the closed-loop gain), p is the
feedback factor and Aoy is the gain without feedback (the open-loop gain). The gain
Aor is a complex function of frequency, with both magnitude and phase [3]. Bode
plots are used to determine just how close an amplifier comes to satisfying this

condition.

The Bode plotter is an electronic instrument resembling an oscilloscope,
which produces a Bode diagram, or a graph, of a circuit's voltage gain or phase shift
plotted against frequency in a feedback control system or a filter. It is extremely
useful for analyzing and testing filters and the stability of feedback control systems,
through the measurement of corner (cutoff) frequencies and gain and phase margins.
This is identical to the function performed by a vector network anmalyzer, but the

network analyzer is typically used at much higher frequencies.



Figures 2 and 3illustrate the gain margin and phase margin for a different

amount of feedback B where figure 2 shows the gain plot
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Figure 2: Gain of feedback amplifier Agg in dB and corresponding open loop
amplifier Aop. The gain margin in this amplifier is 19 dB [3].
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Figure 3: The phase of feedback amplifier with the phase margin is 45° [3].

From there, the intersection of 1 / p and Aor occurs at foas = 1 kHz. Notice
that the peak in the gain Arp near foas is almost gone. Figure 3 is the phase plot.
Using the value of foas = 1 kHz found above from the magnitude plot of Figure 8,
the open-loop phase at fyap is —135°, which is a phase margin of 45° above —180°. It
should be noted that stability is not the sole criterion for amplifier response, and in
many applications a more stringent demand than stability is good step response. As a
rule of thumb, good step response requires a phase margin of at least 45°, and often
a margin of over 70° is advocated, particularly where component variation due to

manufacturing tolerances is an issue.



2.3.2 Stability

Control analysis is concerned not only with the stability of a system
but also the degree of stability of a system. A system is stable if every bounded input
produces a bounded output. The stability of a system relates to its response to inputs
or disturbances. A system which remains in a constant state unless affected by an
external action and which returns to a constant state when the external action is

removed can be considered to be stable.

Control analysis is concerned not only with the stability of a system but also the
degree of stability of a system. A typical system equation without considering the

concept of integral action is of the form.

[a2D2 +a]D+a0!X=f(D)y ......................................................... 3

This is defined as be the highest order of D on the LHS as a equation of order 2.

The transient response, and as a result the stability, of such a system depends
on the coefficients a o, a ; and a ;. Assuming a o >0 then provided that a ; >0 and a »
>0 the complementary function will not contain any positive time exponentials and
the system will be stable. If either a ;, < O (negative damping) or a» <0 (negative
mass) the transient response will contain positive exponentials and the system will
be unstable. If a ; = 0 (As resulting from zero damping) then the complementary
function will oscillate indefinitely. This is not an unstable response but this

marginally stable response is not satisfactory.



Figure 4 shows a number of plots to illustrate the types of stability responses

resulting from an input.

—
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Figure 4: Types of stability [4]

2.4 Voitage Mode Control

et et i T e A B

: PowerStage - ' )
DC __.._, Buck Converter Circuit -——-———4 I

Input

Quipet

Feedback Control
System

Figure 5: Buck Converter with Feedback Control System

Figure 5 shows a block diagram of buck converter with feedback control
system. It consists of DC input, power stage, DC output and a feedback control
system. Voltage mode control and current mode control are the two most popular
switching power supply control strategies that make use of PWM. Varying the duty

cycle essentially adjusts the input voltage drive to the converter components which
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directly affects the output voltage (V..). The voltage mode control is used to control
the voltage and automatically and so do the current. Current mode control 1s more
complicated than this control strategy [5].

The block diagram suggests a stable system. In practice, however, the gain

kymust be limited. If not, stabilities will occur.

Gain,
led
- ‘_,/"'
- - _,-"(,’/d :
t-"/ - J"'-/
= o Ll Vref
‘,.--*‘”f PR ¥ FError sipnal, Vemor .~ Error :
—-—--:_\ Corparaior . A P J Vout
R ., H
- ) . e
R Sawtooth ;,-" \v J.f\\ . !
T waveform " T
= .
"'w..‘_' e
\ . .

Figure 6: Block diagram for output voltage control of buck converter

Voltage mode-control is widely used. It is easy to implement where the
error signal, Ve, is equal 10 kyVypr - Vo) compared to a triangle or sawtooth
waveform just as in PWM and £y is the gain. The duty ratio is proportional to the
error signal, and the converter control is complete. DC-DC converters act much like
second-order systems. Besides, it is simple, work-well and has good immunity to

disturbance at reference input, V.

On the other hand, current-mode control has good operational properties
within certain limits. An increase in Vs will increase the duty ratio and raise the
current. An increase in input source voltage will decrease the duty ratio without

altering the output current. This makes voltage mode control easy to be implemented

[6].
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The only intriguing limitation of the PWM current-mode approach is a
limit on the duty ratio. If D exceeds 50%, instability occurs.

Current
4+ o Voltage error signal, kd(Vref-Vonr)
10% e
e e
-~ Y
\K
o ~.
- .
.  Inductor current
. )J/' '\_l\‘/ e
\\/,.—' ’\\'/,;'
* time

Figure 7: Current waveform and error signal for high duty ratio

The figure shows an inductor current, compared to a fixed output voltage

error signal. The voltage, 10 V is high enough to command a duty ratio beyond 50%.

The output voltage from error amplifier is used as input voltage by the
PWM. A simple ramp generator and a comparator is the actual circuit

implementation of a voltage-mode control pulse-width modulator.

h
i
s
.

From Error Amplifier, Verror e

Figure 8: Typical Pulse Width Modulator

Figure 8 shows a typical pulse width modulator. The ramp waveform can
be either of a sawtooth waveform or a triangle waveform. The two inputs of the
PWM comparator are the ramp waveform and the error-amplifier output voltage.
Since the PWM output contains a fixed frequency that drives the power stage, this

frequency becomes the power supply switching frequency.

12



24.1 Digital Linear Controller

In power converters, digital control has already been introduced. A
lot of effort has been applied in search for better design where digital control is more
advantageous than analog linear control. The need of a high switching frequency to
achieve fast dynamic response is the drawback in analog linear control. To limit the
inductor and output voltage ripple, a fast power stage design of converter 1s required.
Increasing the effective bandwidth in a low frequency makes the ideal non-linear
control combining with a digital linear loop is preferred over analog due to casy
interaction with the non-linear control. In a high frequency converter, feedback of

the output capacitor current is generally used.

The combination of the nonlinear and linear control needs to account
for two issues. The non-linear action should lead the converter to a near steady-state
situation with good accuracy. Otherwise, the transient response is still given by the
slower linear loop. The other is the linear loop could interfere during the non-linear

action leading to instabilities in the converter.

=ik _saennie

- ..A..‘:......._..%...‘

¥

LINTEROL

b e e o o = e e e e e o

Figure 9: Control scheme: Combination of non-linear and linear digital control {6]

Refer to Figure 9 in previous page, shows the combination of non-linear and
linear digital control. The linear action begins with both inductors current and output

voltage values at steady state. This is necessary to avoid relying in the slower linear

13



loop to get the new steady state values. The duty cycle for the new steady state is
different because it would lead to oscillations. By adding the nominal duty cycle to
the output of the controller it would then solve the problems. The sampling
frequency is selected as high as possible to maximize the bandwidth. In this case, the

sample frequency is set to be equal to the switching frequency of the converter [6].

2.4.2 Non -linear ideal control

The non-linear control is used to modify only few parameters on the
linear loop, as the reference voltage or the duty—cycle, and its action 1s restricted to
transients only [4]. Each time a voltage transition is required, the non-linear control
performs the minimum time transition by passing the output of the PWM and
controlling the switches of the phases. The fast control action under load steps is
achieved by sensing the capacitor current. The three steps for non-linear control are

the fransient detection, non-linear loop enabling, and non-linear loop reaction [7].

The non-linear control loop identifies the transient beginning by
detecting an instantaneous output voltage change and states if an increasing or
decreasing load current is required by monitoring the converter output voltage. To
optimize the non linear loop functioning, and to achieve fastest transient response,

the transient time has to be detected as accurate as possible.

After all, the non-linear control performs by modifying the reference
voltage in order to compensate the output voltage. The higher the gain &y, the faster
the output voltage stabilization. The gain should be as high as possible to improve
the transient response but it should be as low as possible to avoid instabilities. An

optimum &, is needed.

14



25 Analysis of an Optimal Controller

The response of the power converters to abruptly changes in load conditions
has to be improved where it has generally resulted in complex and band-limited
conirol arrangements. The controller would be quickly responsive to substantial
changes 1n output voltage, and also provide precise steady-state control [8]. The
control scheme can be transiated into the voltage applied to the output filter of the
power converter. It is either the input voltage or zero volts for a buck switching

regulator, or is an easily derived voltage for other topologies.

Wnedinh

r;(ma:in\‘ / Yy
G R R et s e B e $ x/
i 4

IDOmTRALLER

Figure 10; A buck switching regulator

A closed-loop controller for the buck regulator is illustrated in Figure 9 and
preferably a filter is added to the circuit where it is used to estimate both power
converters and avoid control system instability as the output voltage approaches the

desired voltage level, V..

i5



Figure 10 shows the optimal controller with embedded filter structure. The
control structure can be modified to provide steady-state control or slowly varying

endpoint voltage, /..

Vout_dol_ast

ONTR R 2
conmmouse | g 5T

Vout_est

Figure 11: Optimal controller- filter structure

A functional delay, 67 is introduced to produce steady-state limit cycle. For
example to include a small delay factor 67 such as 250 ns for a 250 kHz switching
frequency, then the controller can provide steady-state operation limit cycle about a
desired endpoint. Other than that, to provide a steady-state limit cycle at a desired
endpoint can include other offsets such as a frequency-dependent fiiter, or simply
delayed controller response can be included. Adjustable 67 is used to provide
corrective measure to the switching frequency for different operating conditions.
The output voltage (V.. is modulated with an added signal such as triangular-wave
function with a period equal to the desired steady-state switching frequency. This
combination between time delay and the added signal can provide robust structure
for controlling steady-state switching frequency.
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Figure 12 illustrates the result of simulation waveform of the circuit in

Figure 11.

12 1 P ARy,

10 | T
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{
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me

Figure 12: Simulated output voltage for step voltage change [8]

As indicate in the figure, the output voltage responds immediately and
without overshoot to the desired voltage levels, following an essentially optimal

trajectory to the desired endpoint voltages.

2.6 Feedback Controller in SPICE-model

In designing DC-DC converter systems, there are two requirements to be
satisfied: steady state and dynamics. The steady state requirements can be satisfied
by properly choosing the parameters of the power stage. The dynamic requirements
can be met by using an appropriate controller. In general, there are three types of
SPICE-model developed for simulating DC-DC converters. They can be identified
as detailed model, large-signal averaged model, and the small-signal model. All
three models are useful in analysis and design of DC-DC converter systems [9].

17



2.6.1 Power Stage

Three commonly used power stage topologies are buck, boost and
buck-boost. Each of them has unique characteristics that make it desirable for
particular applications. For example, the buck converter can only produce an output
voltage that is lower than the input voltage while the boost converter produces an
output voltage that is higher than its input [10]. The non-linear characteristics are
results of the switching action of the power stage switching components. It was
observed in reference [11] that the only nonlinear components in a power stage are

switching device; the remainder of the circuit consists of linear elements.

2.6.2 Control Loop — Error Amplifier

There are many aspects to the analysis and design of a switching
power supply. A regulated switching power supply control loop consists of three
major components: the power stage, the reference voliage/error amplifier
combination, and the pulse-width-modulator [10]. The power stage performs basic
voltage conversion. The reference voltage/error-amplifier circuit is designed so that
a stable and fast-responding control loop is achieved. At this stage, it provides a
signal which indicates the closeness of the output voltage to the desired value.
Finally, the PWM converts analog output signal of the error-amplifier to a digital

pulse train that is used by the power stage to produce the output voltage.

2.6.3 Impact of Error Amplifier Parameters to Controller Design

The commonly used feedback control loop includes the error
amplifier, the main comparator which acts as a PWM modulator and the gate driver
of power MOSFETSs. In most cases, the error amplifier is used as a gain element in a
compensator. Two assumptions are normally true. The signal transmitted by the
amplifier is much greater than the signai fed forward by the feedback network, and
the other one is that the signal fed back by the feedback network is much greater
than the signal fed back through the amplifier [12]. The architecture of error
amplifier used in the feedback loop suffers from an inherent load regulation

performance limitation [13]. The limitation manifests itself through the limited DC

1R



open-loop gain, and results from limited closed-loop bandwidih. The frequency
response of power supply loop is highly sensitive to the load conditions, thus,
making proper compensation is a laborious effort. Small signal analysis is
introduced to analyze the impact of error amplifier parameters. According to the
model, the error amplifier consists of two stages. The input stage which carries input

differential signal into cuirent signal, and the gain stage.

2.6.4 Puise-Width-Modulator

Pulse-width-modulator converts an analog input voltage to a
repetitive train of logic level pulses that usually a fixed frequency whiles the width
of the pulses is dependent on the analog input voltage. The logic level pulse train is

generally referred to as the PWM output.
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Figure 13: Pulse Width Modulator

The pulse-width-modulator is located after the error-amplifier.
Figure 12 iltustrate the PWM accepts the error-amplifier output voltage, as its input.
The PWM output is a logic signal called &2). The actual circuit implementations of a
voltage-mode control pulse-width modulator are the ramp generator and comparator.
The ramp waveform can be either a sawtooth waveform or a triangle waveform, As
the ramp waveform varies from its minimum level to maximum, the output of the
PWM comparator switches from a high level to low level state, with the transition
occurring when the two comparator input are equal. Since the PWM output is a fixed
frequency that drives the power stage, this frequency becomes the power supply

switching frequency.
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A control parameter is a value that provides a way to alter the output
or the other desired variable. The conventional control parameters include phase
and, as already mentioned, the duty ratio. In PWM inverter, the modulating function
can be treated as the control parameter. By adjusting the duty ratio of the PWM to
bring the output voltage (V,..) equal to the reference voltage (V).
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CHAPTER 3

METHODOLOGY

3.1 Project work flow

Several procedures need to be done accordingly in order to implement the
project. The methodology is simplified as shown in flow chart below (Figure 10}

o Feedback control system for buck converter
 Feedback control in PSpice model

Research

| Further details are described in Section 3.2

¢ Determine type of feedback
e Selection of components
e Parameters setun

Circuit Design

Further details are described mm Section 3.3
v

Simulation using Pspice

Further details are described in Section 3.4

Meet

Parameter Retuned

expectation?

Output voltage of feedback control system , /., Waveform
Duty ratio, D

Performance efficiency, i

Gain, k; Waveform

Output voltage ripple, Vyippie Waveform

Analysis

Further details are described in Section 3.5

Figure 14: Flowchart of project methodology
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32 Research

Research has been done on feedback control system of buck converter to
understand the basic operational. The controller section is studied at every block
which is the error amplifier part and the PWM part. In order to understand the
concept of simulation process, further research on how to use the software has been

carried out.

3.3 Design Process

The buck converter with voltage mode control is shown in Figure 14. The
converter is assumed to be in continuous conduction mode (CCM) of operation. The
two requirements to be satisfied: the steady-state and dynamics. The parameters of
the power stage have to be properly chosen in order to satisfy the steady-state
requirements while the dynamic requirements can be met by using an appropriate
controller. Choosing the correct parameter values of every component is important

and for amplifier and power MOSFET value is chosen by referring to the data sheet.

Power Stage

-—— |ETTOE :
T PWM | Amplifier

Controller

Figurel5: Buck Converter with voltage mode control
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3.3.1  Power Stage

In power stage topologies, a buck converter is used as a test circuit.
It consists of five components which are V, Vo R £, and C. The following

parameters has been used in designing the power stage

Table I: Parameters and values of power stage components

Parameters Values
72 20V
Vou 10V

R 175 Q

L 378H

C 100 uF

Both tables below shows the maximum ratings of power MOSFET and
amplifier from datasheet provided. Table Il provides the maximum ratings of power

MOSFET type IRF640, and Table Il is for amplifier maximum ratings.

Table II: Maximum Ratings of Power MOSFET (N-channel) type IRF640

Parameters Maximum
Continuous Drain Current, V, @10V 18 A
Pulsc Drain Current T T2A
Power Dissipation 150 W
Gate to Source Voltage 20V

Table IIl: Maximum Ratings of Precision Operational Amplifier

Parameters Values
Vee +15V
Input offset Current, /o TYP : 1.6 nA MAX : 6 nA
Peak Output Voltage, Vour TYP: 11V MAXI126V
Power Dissipation, Pp TYP:4W MAX:8W
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3.3.2 Compensator Network
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Figure 16: Compensator Network

Figure 16 shows the controller part of the circuit. The peak value of the
PWM is assumed to be 15V. The compensator network consists of Rz R;, and Cr.

K,
—R'Ii is the proposed feedback gain to keep the total load and line regulation

under 1%.

24



33.3  Pulse Width Modulator (PWM) Setting
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Figure 17: PWM comparator

Pulse width modulator (Figure 17)is determined to recetve the

sawtooth waveform at the mnput.

Figure 18 shows the sawtooth waveform of the PWM. The voltage
peak to peak, V,, is 15} The setting is set inside the /. as on Table 4

follows:

1483V
10.00v —
E.O0¥ -t
o. 08V T T T T
. olnx A%, OdaE a5, DB AF¥. 0om* as. 10my
a FULEH)
TARS.

Figure 18: Sawtooth waveform from the simulation
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The setting of PWM is shown in Table IV below. It is applied inside the input,
V; as shown in Figure 17. This will produced a sawtooth waveform as shown in

Figure 18 in the previous page.

Tabie IV: Parameters and values of PWM setting

Parameiers Values
V; 0V
Vs | 15V
s 0
Tx 49 s
Tr 49 us
Py 0.5us
Prr 10 us
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3.4  Simulation by Pspice software

The circuit is simulated using Pspice sofiware. The basic setup for the
analysis is by using transient setup. The challenges in designing the closed-loop

control are important to give good performance without instability.

Lnad Blas VI"-‘mnt.i. -

b 5 : Save Blas Polnt

: s I'uinnlé EarbMursi Ease :
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Figure 19: Analysis Setup Window
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Figure 20: Transient Analysis
Figure 19 shows the analysis setup windows and transient is enabled. Then

the transient analysis as shown in Figure 20 is set with the print step and final time,

of 14s and 500ms respectively.
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To find the components inside Pspice, click “Get New Part” as shown in

Figure 21 below.
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Figure 21: Part Browser Advanced

Part Browser Advanced window will pop-up. From there, type part name
such as IRF034 which is a power MOSFET and the component will be displayed. If
it is the component needed, click “Place & Close” and the component will be placed

on working window.

3.5  Analysis and Discussion

Analysis and discussion are made with reference to the findings and
observation during the simulations process. Several analysis based on the Pspice

simulation will be evaluated in order to satisfy the objectives of this project.
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CHAPTER 4

RESULTS

In this section will discuss about all findings from the simulations. The
findings are discussed in separate sessions.

41  Effect of Feedback Control System at Output Voltage, V.

Vin Vs Vout

14 7o

12 L

10—
,>_.= Bt —e— with feedback
@ gl - —g—without feedback
> P _
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10 15 20 25
Vin,V

Figure 22: Graph Vin Vs Vou!

Figure 22 shows the differences between output voltage with feedback and
without feedback control system at 100 kHz switching frequency. The output
voltage of the converter without feedback control system increases proportional to

the input veltage. The output voltage of the converter with feedback controt system
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is maintained within range of 9.1V, 9.5V, 9.6V and 9.8V. However, the feedback
controt system has produced a regulated output voltage around 10V.

From the results, it shows that using the feedback control system has
produced the regulated output voltage under 10V 1% tight regulation. As the input
voltage increases to 35 V, the output voltage is stili under line regulation as the duty
cycle is automatically adjusted. From datasheet, the maximum input voltage for
power MOSFET is 200 V while maximum current to tumn on the amplifier is 6 nA.
For this feedback control system, the current is 1.5 nA. It is still acceptable although
the current is small. The value of resistor is very important as it will affect the gain
which will cause instability. From the simulation, the higher value of capacitor, Cy
will lead to current limitation into the amplifier and if smaller value is used, the
current will abruptly change to several micro amperes. Theoretically, when Ri is
smaller, the gain will increase. But there is limitation on the gain in order to stabilize

the output voltage. For this circuit, the optimum value of Ri is 100€).

42  Effect of duty ratio, D

Table V: Effect of duty ratio, D using feedback control system

Input Voltage, Vin Duty Ratio, D Output Voltage, Vout
20V 0474 948V
25V 0387 0675V
30V 0324 9714V
35V 0.276 9.682V
40V 0.24 9.596V
45V 0.212 9.542V

From the simulation, duty ratio is automatically being control by the
feedback circuitry. Duty cycle ranging from 0212 to 0.474 will produce regulated
output voltage, Vout +10V. Table V above summarizes the data taken from the
simulation. By varying the value of the duty cycle, D, the feedback circuit can

control the average output voltage to the desired level.

30



'

. . . 15 .
Theoretically, for Buck converter, voltage gain equation,D =2 I is
gec 2 q :

proven by calculation below:

Vin(Dy=Vout ........................

i
in

Table VI: Values of duty ratio, D from the simulation

Vi D Vour
20V 0474 948 V
25V 0387 9675V
30V 0324 9714V
35V 0276 9682 V
40V 0.239 9596 V
A5V 0212 9542 V

As we know, theoretically to get the output voltage for Buck converter is given

by equation (4) above. Results from simulation are verified using the equation and it

is proven. For Buck converter without feedback, the duty ratio is 0.5 to produce

output voltage of 10 V with input voltage 20 V. By using this feedback control

system, it automatically controls the duty ratio and ranges them from 0.2 to 0.47.

The result from the simulation is shown in Table VI. A maximum duty ratio is

preferable since the set voltage range of the output voltage and the operational range

of DC-DC converter can be widened. Tt shows that more energy can be converting

from a single source rather than trying to distribute many different supplies. The

highest output voltage generated is 9.715 V at input voltage of 30 V.
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43  Effect of performance efficiency,n by varying lead

From simulation, input voltage, V5, 1s set to 20 V and the load is varied from
87.5 Q to 350 Q by factor of 2. The input and output power at different load are
shown in Figure 19,
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T |

1.2447VY
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Figure 23: R=875Q, P, = 10290 W and P;,,=1.2447TW

Figure 23 illustrates the simulation result for P, and £, at load 87.5 €. Py,
is greater than P
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Figure 24: R=175Q , Py = 531.56 mW and £, = 618.722 mW

The P, and P, shows in Figure 24 is produced at load 175 Q. Both power is

in miliwatt and it is smaller than both power at load 87.5 £2.
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Figure 25bexplains the power that is created at load 350 Q. The P, and Pow

is decreasing as the load increase.
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Figure 25: R=350 Q P, = 274815 mW and P, =313.16% mW

Table VII: Efficiency of the system performance

Load ({2) Vour (V) P, (W) Pou: (W) Efficiency, (%)
87.5 941 1.2447 1.029 82.6
175 948 61872 m 53156 m 859
350 981 313.169m 274815 m 878

Table VI above shows the efficiency results from Buck converter with

feedback control system. Tt shows that varying the load from 175 Q to 350 Q, will

lead efficiency to drop by 2% while decreasing the value from 175 € to 87.5 Q

increase efficiency by 1.9%.

Theoretically, efficiency is ry(% ) =

P
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The relationship between load and output power is extended in order to see
the effect on performance. From the simulation, the input and output power is
illustrated by varying load values. It can be concluded that the efficiency is stable.
The load with resistor 350 Q is chosen because it has the highest efficiency of

87 8%. The power in the system increases as the load multiplies.

v
Pout =——— 6
ou 7 (6)

The equation {6) proves that when V7, is maintains, power output will
increase as the load decrease.
4.4 Effect of gain, &, to the output voltage, V,.,

To see the effect of gain to the output voltage, the gain value is varied from 1

to 4. Input voltage is set tobe 20 V.

7.0V =

£, 2Y

I I T
0= 100my 2uum!s 300z 400n= S00n=
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Figure 26; When &ky= 1, V.= 6857V
Figure 26 shows that output voltage when gain is equals to 1. It can be
observed that the output voltage is 6.8573V which is lower than the desired output
voltage which 1s 10V,
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Figure 27: When &y =2, V, = 7477V

Figure 27 above illustrates the output voltage for gain equals to 2. The

simulation result shows that the output voltage increases to 7.477V.
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Figure 28: When k; =3, Vou: = 8.6907V

Figure 28 shoes the output voltage is 8.6907 V when gain is set to 3.

It is getting higher and closed to the desired output voltage.
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As the gain increases to 4 as shown in Figure 28, output voltage going up to

9.643V. The higher the gain, the longer transient time is needed during simulation.
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Figure 29: When &; = 4, Vour= 9.643V

Table VIII below summarizes the output voltage, },., with respect to

increase in gain, &4

Table VII: Output voltage when varying gain

Gain, &4 1 2 3 4

Viﬂ Vout Vout Vom Vaat

30V 6.68V 753V 878V | 9.682V

25V 651V 749V WY 9675V

20V 648V 747V 869V 9643V

When gain is set to 1, V. is ranging from 6.48 V to 6.68 V for input voltage of
20 V to 30 V respectively. While the gain is equal to 2, V. 1s from 7.447 V 10 7.53

V and ¥V, is nearly to 10V as the gain is set to 4.
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To verify the gain value, this equation is used,

Based on equation (7), as the gain increases the faster output voltage
stabilization will be. From the simulation, it shows that longer transient time is
needed. The gain in general must be limited to avoid instability and also to avoid
driving control parameters to hard physical limits. Resistor value for R; and Ry must
be in the range between 100 Q and 900 Q to maintain input current to turn on the
amplifier at 1.5 nA. If bigger value is employed, the circuit will not perform well
and it will affect the input current used to turn on the amplifier. The mput current
will increase from 1.5 nA to 3 pA. The maximum current to tum on the amplifier is
6 nA. Thus, the gain must be limited to 4 or else instability in performance will
occur. It is proven that by increasing the gain value, the output stabilization will be

faster and closed to desire ¥, 0of 10 V.

37



45  Effect of Capacitor value, Crto the output voltage vipple, Viippie

xxxxxxx

mf://\/V\/

-

e ( T ¥ T
o 1 GO EX - ETa aotam EETT

T
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Figure 31: k;= 4, Cr= 1 uF, Viippiepp= 0.1V

Figure 29shows voltage ripple waveform when capacitor value, Cr is set to
100 WF and Vyppie pp is 2.715 V and Figure 30 shows the same voltage ripple
waveform with different value of capacitor of 1 uF and Vyppre pp = 0.1V. Voltage

ripple peak-to-peak is obtained from equation

Vripple

m ®)

Vripple =%
r-r Vripple i

According to equation {8), ripple is affected by adjusting the capacitof value,
Cf. The RC low-pass filter is used to stabilize the output. The compensation network
is needed to increase the gain and speed up the transient response. As we increase
the vatue of Cy, Vyppie Will increase from 0.1 Vpp t0 2.715 V.. Here, the results are
not acceptable and hence the ripples have to be further minimized. The best value of

the capacitor to reduce the ripple is 1pH.
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4.6  Summary of simulated results

Table XI: Summary of simulated results

No. Parameters Improvement

1. Output voltage, Vo Regulated output 10V +1%

] Automatically adjusted
2. Duty ratio, D )

{Ranging from 0.212 to 0.474)
Output power, Pou )
3. Efficiency decrease 4%
(Vin constant, vary load)

From Table X1 it summarized the findings from the simulations. The output
voltage, V15 regulated as the duty ratio, D is adjusted automatically from 0.212 to
0.474. Although the efficiency is decreases by 4%, the feedback control circuitry
stiil manage to produce a regulated output voltage. The gain and the output capacitor

help to increase the voltage stabilization and reduce the voltage ripple.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The closed-loop feedback control system automatically maintains a precise
output voltage regardless of varying input and load conditions. It also adjusts the
duty cycle to bring the output voltage (Vo) equals to the reference voltage (Veep).
The duty-ratio ranging from 0212 to 0474 give the advantages to widen e
operation of DC-DC converter. More energy can be converted from a single source
rather than trying to distribute to many different supplies. The gam of the feedback
needs to be limited to avoid instability even though output voltage stability will be
achieved faster as the gain increases. Based on the simulation results, this improved
feedback control design will produce good regulation where the desire to hold a
constant output under changing condition is achieved although the performance
efficiency is decrease by 4%. An active control circuit will be needed to sense the
input and adjust duty ratio accordingly. Output voltage npple is reduced by

minimizing the capacitor values.

52 Recommendations

There are few recommendations in order to improve the performance of the
design in future time. With proper research especially on component selections as
well as design evaluations can yield a very good performance for the feedback
control system circuit. The recommendations suggested are as follows:-

5.2.1 Design the PWM that function for various frequencies

522 Give more attention on selection of components

523 Experimental approach is necessary to compare the simulated

results with the experimental results.
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