——

!

>

b

y — Ui
-

. —

T—

Journal of
Applied Sciences

ISSN 1812-5654

ANSI»nez7
SCience an open access publisher
alert http://ansinet.com




Tournal of Applied Sciences 14 (14): 1543-1549, 2014
ISSN 1812-5654 / DOL: 10.3923/ja8.2014.1543.1549
© 2014 Asian Network for Scientific Information

Performance Comparison of Various Control Algorithms
for an Asynchronous Buck Converter

'S. AugustiLindiya, *S. Palani, K. Vijayarekha and “3. Shree Ram Senthil
'School of EEE, SASTRA University, Thanjavur, 613402, India
*Departmentof ECE, Sudharsan Engineering College, Pudukkottai, India
*School of EEE, SASTRA University, Thanjavur, India
“Department of EEE, Sri Shanmugha College of Engineering and Technelogy,
Salem, India

Abstract: The control of power electronic circuits 1s a challenging field of research due to the requirements
imposed by the applications. A controller design for a Buck converter which steps down a given dc value to
a desired regulated dc value is the system taken into consideration i this study. The controller designed for
Buck converter has to control rise time, peak overshoot, settling time, bandwidth which are affected by the load
and line variations. Quarter Amplitude Decay (QAD), Internal Model Control (IMC) and Pole placement
techniques are used to obtain the parameters of the PID controller. The performances of these tuning
procedures are evaluated and the comparison is tabulated. Tt is found that the controller tuned by pole
placement method gives less rise time and settling time with negligible overshoot. But transfer function of
pole-placement base controller is quite complex and has high number coefficients which is difficult to realize
in real time systems. QAD based PTD controller has less rise time and settling time but it has peak over shoot
which will produce voltage spikes m real time systems. Hence an IMC based PID controller which has
acceptable rise time and settling time with no peak overshoot is realized in real form by using operational
amplifiers. The performance 1s evaluated and tabulated under varying load and reference voltage
conditions.

Key words: DC-DC converter, buck converter, quarter amplitude decay, internal model control, PID controller,

pole-placement method

INTRODUCTION

Highly efficient buck DC-DC converters have
numerous applications both mn lugh voltage and low
voltage domains such as DC motor drives, lighting
systems, cellphones, PDAs ete. (Morrom et af., 2009).
The desired output varies due to the line or load
variations along with other factors like component
degradation. A closed loop control 18 one of the
ill effects. The -control
algorithm can be of analog or digital, offline or online
with each of the methods having their own
advantages and  disadvantages (Abiyev, 2001;
Namnabat et al, 2007). Since DC-DC converters are
inherently nonlinear structures, its average models are
designed. The small signal models of the DC-DC
converters are linearized model and are used by classical
control methods (Morrom et al., 2009). However nonlinear

solutions to counter the

control methods like Sliding Mode Control, Fuzzy Logic
Controllers are also discussed in the literature
(Kheirmand et al., 2008). The Nonlinear models are robust
when compared to the linear counterpart (Shirazi ef af.,
2009). However, when designing or choosing a control
strategy the complexity of the controller has to be taken
into account (Zurita-Bustamante et al., 2011). Moreover
modeling of the converter for designing a particular
control system (Kelly and Rinne, 2005) also plays an
important role and these models have to be simpler to
analyze. Even though many techmiques have been
available to the design of PID controller parameters in
literature (Khodabakhshian, 2007; Mohammadi et o,
2009), finding the optunum value of parameters is a very
challenging one. In this study an analog offline control
loop 1s designed using three methods and their
performance in terms of rising time, settling time and peak
overshoot 13 compared.
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Nomenclature
c Capacitor
DC Direct current
F Farad
QAD Quarter amplitude decay
™MC Tnternal model control
kW Kilo watt
mW Milli Watt
L Tnductor
PID Proportional integral derivative
R Resistor
W Watt
BUCK CONVERTER MODEL

The regulated or unregulated de source is used as the
mput of the de-de converter. The purpose of the de-de
converter 1s to give a constant dc voltage to the load
irrespective of changes in line, load and temperature.
Usually asynchronous buck converter is used where the
output is high compared to diode reference voltage
(Mariethoz et al., 2010).

The circuit model of Buck converter is shown
inFig. 1.

The working principle of Buck converter can be
explained in two modes. In the first mode when the
transistor 18 ON and the current passes through L, C and
R. In the second mode, the transistor is OFF and the dicde
153 ON m which the stored energy in the inductor is
responsible for obtaming the continuous current flow.
Before the inductor current reaches zero, the next cycle
starts.

The dynamic and output equations of the circuit for
ON period are as follows (Batarseh, 2004, Kazimierczuk,
2008):

di
v, =ni +L—+v, (1)

The Eq. 1 can be written as:

Repeating
sequence 3
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The current equation 1s as follows:

dv, v, (3)

1, =
- dt R

The Eq. 3 can be written as:

dve i Ve (4)
dt C RC
Therefore:
V,, = VC (5)

The dynamic output equation of the circuit for OFF
period 1s as follows:

T (6)
L

The current equation is given below:

vy & Ve (7
d C RC
Vnut:vc (8)

Tt will be convenient to put these equations in the
following form,
During ON time:

X= Ax+byv, ®)

Vou = X (10

r,=1.1ohm5L=21mH

| [Display
RL

i

Voltage measurement

Fig. 1: Circuit diagram for buck converter
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During OFF time:

>°(=A2)<1-¢—b2vm an
Vnut - qZX (12)
Where:
di,
x=| & (13)
dv,
dt
LT
A=a-=| F L (14)
1r b
C RC
1
b =L (15)
0
S
0
q,=¢q; [01]x (17)

Equation 10 and 12 are referred to as the output
equations. Equation 11 and 13 are referred to as the
dynamic equations or the state equations of the
converter for each of the sub periods of the switching
period.

The state space model of the asynchronous buck
converter 1s given by Eq. 11-14, which 1s linear and time
invariant. This is because the state and output
matrices Al, A2, bl, b2 etc. are functions of time.
Therefore it 1s necessary to linearize the system Eq. 5, 6.
To find the transfer functions of the converter, the
following equations are used:

A=AD+A, (1-D) (18)
b =b,D+b, (1-D) (19)
q=qD+q, (1-D) (20)

f=[A, = A) X+ (b, b)) v, ] (21)

X=AG'bv, (22)

From the above Eq. 18-19, transfer function of the
converter 1s obtamned:

7

(=)}
1

AN

= w»n
1

Amplitude (v)

T T T T
0 1 2 3 4 5 6 7
Time (sec) x10

Fig. 2: Open loop response of the buck converter

Table 1: Buck converter parameters

Parameters Symbol Value
Voltage source (V) Vi 12.0
Output voltage (V) Vou 5.0
Filter capacitance (UF) C 100.0
Converter inductance (mH) L 21
Load resistance (€) R 6.8
Tnductor resistance (£) i 1.1
Duty ratio A 048
Vou () _ oectay's (23)
8

By substituting the values of q, A and f, the obtamned
transfer function of the Buck Converter 1s given below:

VoulS) Y,

86 Legs s[£+ rLC} + [14— r—L}
R R

(24)

Table 1 shows the parameters of the Buck converter
under consideration and the response in open loop is
shown in Fig. 2.

CONTROLLERS FOR BUCK CONVERTER

PID controller is considered for the de-de converter
with the objective of reducing the peak overshoot, rise
time and settling time. The de-de converter 1s also given
disturbance m form of varying lead. PID controller
performs Proportional, Integral and Derivative actions on
the error signal. The parameters of the controller are
obtamed by applying various design techmques in such
a way that the system will meet the desired transient and
steady state performance. The closed loop Buck converter
is shown in Fig. 3.

The design of PID controller is done by three
methods.

Internal model control (IMC) PID tuning procedure: In
this method, controller is designed by foang the controller
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Fig. 3: SIMULINK realization of Buck converter with a PTD controller

Fig. 4: Measurement step

transfer function to be the inverse of the converter
transfer function. If complete knowledge about the
process (as encapsulated in the process model) being
controlled is known, then perfect control can be
done. For the given converter transfer function, the
control procedure 1s developed in MATLAB and the
values obtained are K, = 0.0968, K, = 268.5679 and
Kp =4.8545¢-5

Quarter amplitude decay (QAD) PID tuning
procedure: In this procedure, proportional gain
alone is used randomly to achieve a cquarter

amplitude decay response and the tumng rules are
used to extract data from this response. The mitial
proportional gain Kp is selected such that the stable
system 1s obtained. The response 1s observed for the step
input.

Ratio R, = B,A,, 1s computed and if R, = 0.25, then
measure the period P between the first and second peaks
in Fig. 4. and the values of K, and K, are calculated using
Table 2.

Table 2: PID tuning for damped oscillation data

Controller  Performance Proportional  Integral time Derivative time
structiure criterion gain (K) constant,T; constant, T,
PID Y4 decay K, P/.5 P/6

If R,<<0.25 then increase K, and if R,>>0.25 then
decrease K and the procedure is repeated. The coding 1s
developed in MATLAB and the wvalues obtained are
K,=075,K,=1.236e3 and K, = 1.146e-4.

Pole placement: The closed loop response of Buck
converter for pole-placement i3 obtamned by means of
MATLAB SISO tool with the help of Buck converter
transfer function. The location of new poles 1s
obtained by trial and error method By using Pole
placement method, the closed loop poles are obtained
as -997.1942130.3.
The  controller

below:

transfer function is given

1.1446(s +19945+ 5.532*10%) (25)

G (s)=
- s(s+1.121%¥10%)
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PERFORMANCE COMPARISON

The performance comparison of the controllers
designed for DC-DC converter are made m terms of peak
overshoot, rise time, settling time and robustness to
load/input variations.

Table 3 gives the details about the step response of
PID controller ttmed by various techniques for the DC-DC
converter designed without any disturbances. The
combined time response for all the controllers is shown in
Fig. 5.

as a best controller for implementation in hardware design.
The PID controller whose values are obtained by IMC
method 1s realized using operational amplifiers. The error
signal 1s obtained after subtracting the output voltage
from the reference voltage and 1s given to PID controller.
The output of controller is a control voltage. The output
pulses obtained by comparing the control voltage with
the Saw tooth waveform of switching frequency 1 kHz are
given to MOSFET through TRF 2110.The experimental
setup is shown in Fig. 6.

Table 3: Response without any disturbances

HARDWARFE IMPLEMENTATION Measuring Quarter amplitude  Internal model Pole-placement
factors decay PID controller control IMC) method
. Rise time 0.17 (msec) 0.793 (msec)  0.612 (msec)
By observ1.ng T.he above graphs, IMC based PID Amplitude sy sy sy
controller has rise time of 1ms and settling time of less Settling time 1.35(msec) L4l(msec)  1.05 (msec)
than 2 m sec with no peak overshoot. So it is concluded — Peak overshoot (%) 16.6 0 Lile-3
7_
&
5
2
B
<
----- Open loop
IMC
.......... QAD
—==-Pole placement
2 3 4 5 6
Time (sec) x107°

Fig. 6: Hardware implementation of a closed loop of buck converter
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Fig. 8(a-b): Disturbance rejection-load variations, (a) Load resistance vs output voltage and (b) Duty cycle

Table 4: Set point tracking

Table 5: Load resistance variation

Set point (V) Load voltage (V) Dty cycle
4.000 4.000 0.450
5.084 5.084 0.586
5.000 5.010 0.566
6.100 6.110 0.680
8.100 8.108 0.890

For constant load, the output voltage is taken for
various reference values and the output voltage 1s
observed for load variations by keeping reference
value same. The results are tabulated in Table 4 and 5 and
also expressed as tracking characteristic curves.

Load resistance (ohms) Load voltage (V) Duty cvcle
6.8 5.084 0.56
30 5.084 0.62
100 5.084 Q.70
200 5.084 0.80

The Set point tracking characteristic curves were
plotted for the set point disturbance method against set
point, load wvoltage and duty cycle in Fig. 7. The
Disturbance rejection-Load variation characteristic curves
were plotted for the Load resistance, load voltage and
duty cycle n the Fig. 8.
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CONCLUSION

The controller design for a buck converter is found to
be very complex and challenging. However there are
various tools to design a PID controller for a buck
converter. Here QAD, IMC and pole placement methods
with suitable methodology have been tried and
successfully completed. The controller designed by IMC
method is fabricated using operational amplifiers. The set
point tracking and disturbance rejection characteristic of
the controller are evaluated and the results are tabulated
and plotted. At steady state, for a constant resistive load
connected to the output, it is observed experimentally that
the desired output can be obtained by adjusting the set
point input. Similarly for the given set point, if there is any
change in the load, the steady state output 1s maintained
constant by the controller designed. However, the
transient response of the output voltage under thus
condition is to be verified which will be taken up for future
work.
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