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Abstract— The primary focus for the R&D in this area
so far has been to figure out the best approach for
evaluating and designing the DC-DC converter and
perhaps the most appropriate control technique is being
applied in different DC-DC converter circuits. Depending
on power handling capacity as well as high-frequency
switching, certain switching devices are chosen. This paper
discusses the deployment of the digital PID controllers in
the DC-DC converters. In an attempt to get a quicker
response, voltage mode control has been used. Digital
controllers started replacing traditional analog controllers
more and more. Better immunity to changes in the
environment which includes temperature and degradation
of components, improved versatility by modifying the
software, increasing advanced control methods, and
decreased number of the components are the key benefits
of the digital control against the analog control. A
structured and concise strategy for designing a digitally
operated close-loop Dc / Dc buck converter is discussed in
this paper beginning with the Buck converter and giving
the set of certain performance specification,
implementations of the digital Proportional-Integral-
Derivative(PID) controller is made. It addresses in depth
all the appropriate DSP hardware and/or software
methods and approaches needed to implement a
controller. In order to illustrate the efficacy of the model,
the dynamic response as well as the steady-state
performance of controller is provided. The experimental
outcomes fit well with the model of simulation. During the
implementations of Switch Mode Power Supply (SMPS),
application of dsPIC provides new perspectives towards
affordable and versatile approaches of digital control.

Keywords— DC-DC Converter, Buck Converter, Closed-
Loop Control, Voltage Mode Control, Pulse Width
Modulation, PID controller, Digital Control,
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. INTRODUCTION

In today’s progressing information society, for applications
such as communication and information processing, the
contribution of power supply is becoming more and more
important as the main part of the electronic communication
tools. A DC-DC Converter is implemented to step-up or step-
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down a DC voltage level. The concept of a DC-DC converter
is to switch the DC supply at high frequency, which in turn
charges and discharges the inductor into the load following the
required output voltage. These converters possess a switch-
mode or a linear regulator. Linear converters contain a
transistor in series operating in the active region. Thus, to
adjust the output, it imitates a variable resistor. The limitation
of a linear converter is that its conduction losses are high, due
to which there is a reduction in efficiency. Alternatively,
switch-mode converters have decreased conduction losses,
however, there is an increase in switching losses. Hence,
because of high frequency switching, high electromagnetic
interference is produced. Switching power supplies are much
more efficient and provide more power density as compared to
linear power supplies. Energy storage elements, such as
capacitors and inductors, are implemented for energy transfer
and acts as a low-pass filter. The two intrinsic circuit
topologies of a switch-mode DC-DC converter are boost and
buck converters. Almost all of the other circuit topologies are
either boost-derived or buck-derived since their topologies are
identical to the boost or buck converters.

Conventionally, analog control techniques have been utilized
to regulate the output of the DC-DC converters. Analog
control systems have wide bandwidth and function in real
time. Moreover, for analog systems, the voltage resolution is
hypothetically infinite. There are two main advantages of
analog systems: wide control bandwidth and economical.
However, a large amount of complicated circuit hardware is
needed for sophisticated control algorithms. Although, an
analog system consists of separate hardware that needs to be
changed to modify controller gains or algorithms.
Additionally, the utilization of enhanced control algorithms
needs an excess amount of component parts.

Diversely, the complication of digital control systems mostly
involves in the software. Once it is operating functionally, the
software is much more compatible and dependable compared
to a complicated analog system. Breakthroughs in signal
processing technology have prompted research in advance
control techniques to enhance converter control. In recent
years, digitally controlled DC-DC converters with the help of
microcontrollers and DSPs have been made possible due to the
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advancement in technology in very-large-scale-integration
(VLSI).

In addition, digital control continues to become a strong
candidate in the oncoming generation of power supplies for
the switch-mode because of both accelerated reductions in
prices and rise in performance of digital signal processors
(DSP) and microcontrollers. DC-DC converter with digital
control offer many advantages over analog control.

1. More enhanced control algorithms, for instance non-
linear  and adaptive control can be implemented
utilizing digital control.

2. Execution of digital control is more adaptable by
modifying the software.

3. Power efficiency can be optimized by digital control.

4. Digital control can incorporate power management
operations, for instance thermal management into a
single digital control chip, effectively eliminating
need of external components.

5. DC-DC converters implementing digital control have

higher immunity to external changes, for instance
aging of components and temperature.

Utilization of digital signal processors (DSPs), digital
integrated circuits (IC) and microcontrollers can attain digital
control of DC-DC converters. Digital signal processing (DSP)
has found many applications in intelligent control,
telecommunications, motion control, etc. Digital control
utilizing DSP is becoming increasingly common in industries
today due to its high reliability, high speed computation
ability, and cost reduction. Normally, digital signal processors
(DSP) have higher computational power as compared to
microcontrollers. Consequently, a digital signal processor
(DSP) is used to implement more advanced control
algorithms. Contrarily, microcontrollers are cheaper than
DSPs, thus providing solutions to digital control at a lower
cost. This paper will be concentrated on the implementation of
digital controllers employing digital signal processors (DSP).

Technological advances have given digital signal processors
(DSP) and microcontrollers the requisite on-board functions to
permit administration of a digital controller employing only
one chip. An ADC (analog-to-digital converter) computes the
output voltage and transforms it into a binary number
correspondingly. Utilizing an algorithm from the memory
storage, an additional duty cycle is determined by the control
processing unit (CPU) and passes it to a pulse-width-
modulation (PWM) module which regulates the primary
switch in the converter. It takes a limited period of time to
determine the output voltage, measure the new duty cycle, and
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modify the duty cycle, so that a digital controller implemented
in a DC-DC converter has an inherent time delay.
Additionally, most DSPs and microcontrollers only permit a
new duty cycle to begin at the start of the following switching
cycle once its computation is done. As a consequence, for the
digital controller, the minimum time delay is equivalent to a
unit converter switching cycle. In short, a control system's
purpose is to make a physical system perform in the required
way, allowing its output to track a predetermined reference
input regardless of the presence of errors, disturbances and
noise in the modelling. The controller, which produces the
necessary control signal for physical system operation, is one
of the key elements of a control system. [2]

This paper introduces to the step-by-step design of digital
control employing a DSP and its implementation in a DC-DC
converter. It explores all the requisite DSP software or
hardware techniques and algorithms needed to implement the
controller, beginning with a dc-dc buck converter and a given
set of design specifications, such that it can be implemented
easily by engineers. We propose to design a buck converter
employing a PID controller in MATLAB. While the input
voltage and load varies rapidly, the fluctuation peak of the
output voltage is minute. This results in shorter recovery time
due to its fast recovery towards reference voltage. Eventually,
the dynamic operation of a DC-DC buck converter can be
improved by this method. However, this paper still focuses
primarily on implementing a simple solution which is easily
adaptable in the design of a PID controller for DC-DC buck
converter, to narrow the gap between the theoretical principle
of control and its circuit implementation. On the other hand,
the solution is described in a way that includes only a basic
digital PID based buck converter model and simple directed
steps and equations for design. Hence, when designing the
controller, the designer can be allowed to skip through the
tedious initial derivations.

Section 1 introduces to the basic principles of the digital
control of a closed loop buck converter. The basic description
of a buck converter and its design parameters are discussed in
section 2. Sections 3 and 4 describe the open and closed loop
mode of a buck converter respectively, and their design
values, along with their simulation models. The digital blocks
of the DSP based PID controller are explained individually in
section 5. Section 6 gives a detailed representation of the
design process of the digital controller implemented in the
DC-DC buck converter, its digital sampling loop
implementation and circuit configuration. Sections 7 and 8
gives a brief report of the simulation and experimental results
with graphs. To conclude this paper, the experimental results
and the simulation results are compared.

A Buck converter is a type of switch mode DC to DC power
converter in which the output voltage is transformed to level

Buck CONVERTER
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less than the input voltage. A Buck Converter also known as a
step-down converter. The name step down converter is based
on the fact that it is analogous to step down transformer where
the input voltage is bucked (stepped) down to a level less than
the input voltage. The DC input required can be obtained from
the AC mains (line) via a rectifier/reservoir capacitor circuit or
from any DC supply. If the input is a DC supply, then
electrical isolation between the switching circuit and the
output is not required. Whereas the isolation could be
provided if the input is obtained by the rectification of the AC
input supply between the AC source and the rectifier using a
mains isolating transformer. The AC input given to the
rectifier circuit could be either AC at high voltage which is
obtained directly from the AC mains supply, or a lower
voltage attained via a step-down transformer. Nevertheless,
the derived DC voltage of the buck converter is converted to
an AC voltage with high frequency, using a switching
transistor, which is driven by a PWM square wave. This
results in an AC wave with high frequency, which can be
again converted into a DC voltage more efficiently. Buck
Converter mainly consists of semiconductor switches such as
MOSFET, IGBT, diode and passive elements like inductors,
capacitors, resistors. The switching transistor of the buck
converter, situated between the input and output, continually
switches ON and OFF at high frequency. The switching of
Semiconductor Switches is controlled by gating signal (q).
When the value of q is high (1), MOSFET is in on state and
when the value of g is low (0), MOSFET is in off state. The
circuit of the buck converter uses the energy collected in the
inductor L, to continue supplying the load during the OFF
periods. This energy is stored during the ON stage of the
switching transistor to maintain continuous conduction of the
buck converter. A schematic diagram of a Buck converter
which has same polarities on both input and output voltages is
shown in Figure.

Q

Fig. 1. Buck Converter

A. Design Parameters —

A Buck Converter with input voltage Vg and output voltage V
its duty cycle D can be determined as follows:

D=

Vo @)
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Basic Design of Inductor: Increase in the value of the
inductor increases the maximum output current due to the
decreased ripple current. The lower the value of the inductor,
the smaller the size of the solution would be. Remember that
since the current rises with reducing inductance, the current
rating of the inductor must always be much more compared to
the maximum current. For quantities where the range of
inductor is not given, a reasonable approximation for the right
inductor can be done as per (2). The inductor’s minimum value
shall be computed from,

vV (V,-V)

- (AiL x F, ng)

@

Where:

Vg: Input voltage.

Ai: Inductor ripple current.
V: Output voltage.

Fs : Switching Frequency.

Basic Design of Capacitor: Best approach would be to utilize
low Electrolytic series resistor (ESR) capacitors to reduce the
ripple voltage upon its output side. If a converter has external
compensation, any value of the capacitor more than its
suggested minimum in the data sheet could be implemented,
but the compensation has to be modified for the utilized output
capacitance. The specified capacitor and inductor values must
be employed for internally compensated converters or else the
instructions in the data sheet for modifying the output
capacitors for the implementation should go along with the L
x C ratio. The following Equation (3) could be used with
external compensation to change the values of the output
capacitor for an intended ripple in the output voltage. At 1 per
cent or less of Vou variations, the minimum value of a
capacitor value is given as:

Ai,

C=——+t ®)
8x F x AV,

Where:

Avi: Output Ripple Voltage.

AiL: Inductor ripple current.

Fs: Switching Frequency.

Basic Selection of Diodes: Fast recovery diodes are preferred
as they have diffusion junction, lower forward voltage drop,
and high current capacity with high efficiency. The average
current of the diode must be greater than that of the DC / DC
converter’s peak inductor current. The reverse breakdown
voltage of the diode should be higher than the maximum buck-
circuit input voltage. Schottky diodes are implemented to
minimize losses. The required forward current rating is
equivalent to the maximum current of the output:
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li=1 out(max) (4)

Where:
I+ : Average forward current of the rectifier diode.
loumax): Maximum output current.

Schottky diodes possess higher peak current rating compared
to the average rating. The elevated peak current of the system
is not really a concern. The power dissipation of the diode is
the other parameter that has to be tested. Power Dissipation of
the diode can be calculated by,

P, =V, xI, (5)

Where:

I+: Average forward current of the rectifier diode.
Vi. Maximum output current.

IIl.  CLOSED-Loopr CONTROL OF Buck CONVERTER

In the closed-loop control, the buck converter is operated in
DCM, which stands for discontinuous conduction mode. It is
regulated by a PID controller and a PWM controller in voltage-
mode. A closed-loop buck converter is used to acquire a steady
DC output voltage. The DC output voltage is regulated by the
switching frequency as well as the duty cycle. The reference
voltage is juxtaposed with the output voltage in the closed-loop
method, and by regulating the switching pulse, the error value
is brought to a minimum. The basic concept behind the closed-
loop converter operation is that if a positive error value is
obtained, the duty cycle is minimized and the duty cycle is
increased if the negative value of error is obtained. The output
voltage is kept constant by continuing the process ceaselessly.
In this scheme of closed loops, Fig. 2., the first voltage required
was set to Vier. The calculated output voltage V is the feedback
and the error detector was used to compare both Vref and V
and the produced error was fed to the PID controller to take
PID control action. We also outlined the error correction of the
PID controller and the duty cycle computation in simulation to
produce PWM, which is further contrasted with the saw tooth
waveform. The output of PID controllers is taken as 6(t). To
have the final current reference, all reference currents are again
summarized and averaged. Since we need automated duty
cycle generation, we do not explicitly use the pulse generator.
In contrast to the open-loop method, the closed- loop method
gives us a more precise result. The controller modifies and tries
to manipulate the actuating signal in closed-loop systems in
such a manner that the system error is zero. The system detects
changes in the environment, as well as internal disturbances.
So, the precision of such a system is often very high.
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Fig. 2. Closed Loop control of a Buck Converter

A. PID Controller —

Proportional Term: The Proportional controller drives the
position to zero.

u(t)=K,xe(t) ©6)

where e(t) is the error at time t and Kp is proportional gain. A

block diagram of a P controller implemented to control a
system is shown in Fig. 3

® 7 ® = Q)
1—{%>JL{AfmJJﬂ{ mmt}—i

Fig. 3. Block Diagram of Proportional Controller.

The proportional gain Kp acts as a ‘software-defined spring’
that pulls the system at a desired position. As studied in
physics, if we produce a model of springas F = —kx, where
k is the proportional constant, x is the displacement and F is
the applied force. The above equation can also be written as F
= k (0 — x) where 0 is the equilibrium point. The equation
could have a one: one correspondence if the set point of the
feedback controller is kept equal to the equilibrium point.

F=k(r-x) )

u(t)=Kpe(t) =Ky (r(t)-y(t)) ®)
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Thus, the force applied on the system’s output by the
proportional controller to pull it toward the set point is directly
proportional to the error of the system.

Integral Term: The Integral controller accumulates the area
between the output and the set point plots over a period of
time (in other words, the integral of position error) and adds
the total current to the control input. The accumulation of the
area between two curves is known as integration.

u(t) = er(t)+Ki_t[e(r)dr )

Where Ki is integral gain, Kp is proportional gain, T is
integration variable and e(t) is the error at time t. The integral
controller integrates starting from time 0 to time t. In the
steady-state, when the system is close to the set point, the
proportional controller is too small to pull the output to the
desired set point, and the derivative term becomes zero. This
results in a steady state error. A common solution to eliminate
steady-state error is to integrate the error and then add the
integrated value of the error to the control input. Because of
this, until the system converges, the control effort increases.

The Fig. 4 below is a block diagram of a Pl controller
controlling a system.

e(t) u(t)

K e(r)

r(t) y(©)

Plant

Kfﬂe(r)dr

Fig. 4. Block Diagram of Proportional- Integral Controller.

Derivative Term: The derivative controller drives the error
value of velocity to zero.

de

u(t) =K e(t) + K, pm (10)

Here K, Kg are the proportional and derivative term
respectively. The Fig. 5 is a block diagram of a PD controller
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controlling a system. A PD controller consists of Kp and Kd,
which are

e(t)

(1) <+ )
. —

u(t)

y(t)

Plant

Fig. 5. Block Diagram of Proportional- derivative Controller

the proportional controllers for position and velocity
respectively. Change in position set point over time provides
the set point for the velocity. To prove this point, we have
rearranged the PD controller equation.

(rk — Xk) - (rk—l — Xk—l)

Uy = Kp(rk —X)+Kq

dt (11)

U, =K, (f —x)+K, h — % _d'::l X (12)

U, =K, (f —x)+K, i = fes ;txk Xy (13)

u, = Kp(rk —x.)+K, (h —hs) ;t(xk — %) (14)
h—f, X —X

uk:Kp(rk—xk)JrKd( X dtk_l_ . " “J (15)

e — N

Notice that the is the velocity set point. Similarly,

% X1 s the velocit ined ti

y of the system at a determined time
step. This means that the estimated velocity is being driven to
the set point. velocity by the term Kd of the PD controller. The
absolute velocity set point is null if the set point is kept
constant. Hence, if the system is moving, the term Kad slows it
down. This imitates a ‘software-defined damper’. These has
mainly found application in door closers, and its damping

force rises linearly with velocity.

PID Controller: When the above three terms are combined,
we get the definition equation of a PID controller.
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Fig. 6. Block Diagram Of PID Controller.

IV. MODELING A DIGITAL CONTROLLER.

The quickest method of accomplishing digital control is to
design the system in the analog discipline and then transfer it
to its equivalent in the digital domain. Feedback quantization,
disturbances latency response and the delay necessary to
calculate the error & sample the feedback, should be
considered if the model has an analog control base.

The Fig. 7 shows the block diagram of closed-loop DC/DC
buck converter employing average current mode control.

The blocks lsnse and Veense measure the output current and
voltage through the inductor. The above measured values act
as inputs for the ADC (analog to digital converter). The
changed output voltage V[t] is subtracted from the
predetermined reference voltage Vref to obtain the error value
eV [t] in the voltage loop. The value executed in the software
is Vier. The Gev(z) compensator block takes the error eV [t] as
its input.

The current loop reference, ler, is the output obtained from
this block. The converted inductor current, | [t], is subtracted
from the reference current, I, to obtain the input for the block
Gci (2). The output obtained from the second compensator Gei
(2) sets the digital pulse width modulation (DPWM) value.

DC-DC
Converter

Fig. 7. Block Diagram Of Close-Loop
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According to power converter specifications, employing
different parameters for the passive components, the analog
controller has to be re-modelled and implemented. The
passive components used in the analog controller are
vulnerable to environmental conditions. To secure a stable
loop in all performing conditions, the components’ tolerance
should be low enough.

The compensation variables in digital controllers can be
converted with no necessary alteration to the hardware.
Compared to passive components, digital processors are less
vulnerable to external conditions. The benefits that digital
control has over analog control are the incorporation of more
control features in the processor and the repeatability of the
control algorithms.

The transfer functions in the s-domain are converted into z-
domain while executing a digital controller based on its analog
counterpart. To make the system stable, the poles and zeroes
are computed. Once this is done, the digital transfer function
coefficients in the z-domain are easily found using MATLAB.
Because of this, the power supply compensation of both
analog and digital controllers are alike. A fixed-point digital
signal processor is employed in place of a floating-point
digital signal processor for low cost applications. Due to the
guantization elements which exist in the digital control loop, a
digital controller has a defined set of distinct values. Once per
switching sequence, the controller function is called. In the
worst case, the controller will sense a disturbance with one
switching cycle delay. Two registers are used to generate the
duty cycle. One register defines the duty cycle period and the
other stores the duty cycle value.

Due to the increase in slew rate of the operational amplifier
and the continuous sampling of the analog environment, the
analog control responds instantly to disturbances. Comparison
of the error voltage with the saw tooth signal provides the duty
cycle. It is important to research the significant blocks in the
architecture of digital control to better understand the
distinctions between digital and analog controllers. Analog to
digital converter (ADC) is the first component that influences
the digital controller’s output.

4.1. An Analog to Digital Converter(ADC).

The resolution of the Analog to digital converter (ADC),
determines the accuracy with which Vout is regulated by the
digital controller.
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v
LSB

ref

resolution, . = o

(16)

)

where Vref represents the reference voltage of the converter
and in the number of bits. The resolution of the output voltage
set by the system is defined by the resolution of the analog to
digital converter. The accuracy and gain of the external
resistive divider are necessary to be taken into consideration to
determine the actual measurement resolution.

The time needed between the command that initiates the
sampling and when the result becomes available in the output
register of the ADC is of great importance. Another aspect is
related to bandwidth of the control loop. This latency limits
the operating frequency of the duty cycle. Because the
conversion time can be considered a delay, the digital
controllers cannot have the instantaneous reaction of the
analog controllers. The values converted by the ADC are
saved in the memory of the controller and used for calculating
the duty cycle.

4.2. Digital Pulse Width Modulation(DPWM).

If the resolution is not sufficient enough, the digital pulse
width modulation (DPWM) generates unwanted oscillations.
In a digital controller, the pulse width has a defined number of
discrete values and equation for the resolution is given below:

N :Iogz(%

Sw

17

j[bits]

There is a chance of limit cycle oscillations occurring if the
resolution of the DPWM is not high enough.

4.3. Limit cycling.

Due to unavailability of DPWM level, the controller will
alternate around the zero-error value. In an ideal state, it will
try to drive the Vout to zero error. Output voltage variation is
large which may be due to limited cycling in steady-state. To
overcome this effect, the DPWM'’s resolution has to be
smaller than the ADC resolution. Assurance of small
difference of resolution results in 2 DPWM levels per 1 level
of ADC. Dithering is one way to improve the effective
resolution of DPWM. Digital dither can be created inside the
controller which is easy to apply and control. This can provide
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more flexibility. A soft start needs to be provided when a
controller is used for power supply.

4.4, Soft Start

The inrush current at the start-up is avoided by the soft start
function. The techniques are referred to as open-loop soft
start since the regulation loop opens throughout the soft start.
The duty cycle increases with the slow increase of the soft-
start capacitor voltage until the duty cycle obtains a nominal
value.

It is easier to execute this logic in a digital controller. A
small quantity is added to the duty cycle register until the
required output voltage is attained. The algorithm for the
closed-loop starts after this procedure. The block diagram of
a digital controller implementing the above mentioned
functions is shown in Fig. 8.

. \
Difference out

Equation

- DPWM )——{ Plant

Sensor

Fig. 8. Block Diagram Of Standard Digital Control

V. DiGITAL CONTROL OF A CLOSED-LoOP Buck

CONVERTER

A DSP-based proportional-integral-derivative (PID) controller
implementation of a buck converter is shown in Fig. It should
be noted that, the compensator, pulse width modulator (PWM)
and voltage sensing operations are still there in the system
based on DSP; however they occupy different names. The
voltage divider circuit supply the feedback sensing system to
the Converter, like in the conventional methods.

5.1. Configuration of Digital PID Controller.

The typical process of designing the digital controller of the
buck converter consists of methods to overcome the
converter’s weak points, for instance, at low frequency, the
DC gain is low and at high frequency, the phase margin is
poor. Thus, at this stage and with the help of the table, it
becomes possible to model a DC-DC buck converter with the
standard method, emphasising on the weak points and
enhancing its parameters by the implementation of a PID
controller. Our description below begins with the supposition
that the parameters of the buck converter are realized and they
are given in the Table 1.
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Fig. 9. Circuit Diagram Of Digitally Controlled Buck Converter

Table 1

Buck Converter Design Parameters.

Parameters Values
Input Voltage, Vg 458V
Output Voltage, V 200V
Switching Frequency, Fs 25kHz
Inductance, L 1.5021mH
Capacitance, C 0.1875uF
Output Current, lo 10A
Resistance, R 12Q

5.1.1. Method of Tuning PID Controller.

Two main conditions should be satisfied by the loop transfer
function:

1. The transfer function should not include any right
pole and it has to be proper.

2. The negative semi-real axis and the unit circle should
be intersected by the polar plot of L(jo) for ® > 0
only once.

If this specification is fulfilled, then move toward the method
discussed below.

Transfer  function  of

controller:

Proportional-Integral-Derivative

1
Cop =Kp [1+E+TdSJ (18)

Equation (19) in its polar form can be written as
Cop (j@) =M ()& (19)

In Continuous Conduction Mode the plant of the Buck
converter is given by:

v, V, 1+srC
d LC 1 ry) 1 0
SPHs| [+
(RC Lj LC

The plant contains one zero and one pair of complex poles. To
design the digital controller, we have to calculate the pole,
zero and gain for a specified bandwidth.

If fc = 25kHz and @m = 60-.

ec<s)=k@

3 . 1)

14+

@y

In the plant phase gain must be measured at the appropriate
bandwidth.

Ge (s)]_ 0 (22)

¢boost = _900 + ¢PM - ZG‘p (S) jo (23)

kbOOSt = tan (450 + %j (24)
1

k== (25)

|GP (s)],. o

o — 27 f, -
i kboost

@, =27 Ko (27
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Fig. 10. Block Diagram Of PID Controller

5.1.2. Validation of the procedure outlined above.

The method described above is applied to Buck regulator
to check if the parameter values that are received from
the buck regulator from the previous approach offers or
does not give a suitable outcome. The code required for
tuning the PID controller, done in MATLAB is shown
below.

MATLAB Command Window

>> 5 =tf('s"); G = 1/(s+1); options =
bodeoptions(‘cstprefs’); options.FreqUnits =

'Hz'; % or 'rad/second’, 'rpm’, etc.

bode(G,opti

ons); Vin =

458;

L =1.5021e-3;

C =0.1875e-6; R=20; r=1; Gps = Vin/(L*C) *
(1+s*C*r)/ (s"2 + s*(r/L + 1/(R*C)) + 1/(L*C)); fc =
25e3; %select bandwidth pm = 60; %select phase margin
kfb = 1; %Gain in feedback voltage measurement
Gpwm = 1; %gain of the modulator

[gain phase] = bode(Gps, 2*pi*fc);

phiboost = -90 + pm - phase; kboost

=tand(45 + phiboost/4);

gaincontroller = 1/ (kfb * Gpwm *

gain); fz= fc/ kboost; fp = fc*kboost;

ke = gaincontroller * 2*pi*fz/kboost;

wz =2 * pi * fz; wp = 2*pi * fp; Gcs

=kels * ((1+ (s/wz)) 2)/((1+

Page 1
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(s/wp))2); Gol = Gps * Gcs;
bode(Gps),grid %Gps,Gol, Gce, Gel

For o-1=5, Kp=0.175, K, = 9196, Kp = 6.66 x 10-°
Gp

60 T

&=
S

Magnitude (dB)

-40
0

Phase (deg)

-180 i i i
! 10°
Frequency (Hz)

Fig. 11. Bode Plot of PID Colntrolled Buck Converter, Plant Gain
Gc
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Fig. 13. Bode Plot of PID Colntrolled Buck Converter, Open-Loop
Gain
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The digital PID controller functionality in DSP is defined
more by a flow chart as seen in the Fig. 16

Power On

Program Initialization

1. Macro Definition.

2. Declaration of interrupt vector address.
3. Initialization of Local Variables.

4. Configuration of Clock System and CPU.
5. Deletion of module error flag.

6. RAM Initialization.

7. Setup of Digital I/O Port.

8. Interrupt Register Setup.

9. Start PWM.

10 Setting up ADC in continuous Conversion mode.
1 Enable masked Interrupt.

Interrupt
2
NO enables? YES

Interrupt Subroutines

1. Wait for ADC conversion.

2. Error values e(n) Calculation.
3. Digital PID Algorithm.

4. Updating Duty Cycle.

5. Waiting for the next interrupt.

Fig. 16. Flowchart of implemented PID controller core algorithm on
DSP Programs.

Aarchitecture of the digital controller is affected by
sampling schemes and hence it requires proper care. For
digital high power employing devices, PWM units as well as
ADC are most significant device drivers within the DSP.
ADC having high performance as well as PWM generators
with elevated efficiency is offered by dsPIC32FJ64GS606
which allows the high specifications for the DC-DC
converters to be satisfied. The ADC for dsPIC32FJ64GS606
can be activated with the help of external Pins, Event timer
EVA/B which mainly controls and interrupts logic: underflow,
timer compare, and period interrupts or with software’s. In
this design, ADC is activated using T2CMPR of the EVA. It
generates a time base for GP Timer 2, Compare. Event Timer
A, the frequency of which is expected for being equivalent to
ADC’s sampling frequency, as ADC’s SOC i.e. Start of
Conversion is programmed to cause the underflow of the
timer ramp signal. This helps somewhere within the PWM
cycle to change the ADC trigger point in contrast to the use of
Timer 2 cycle for activating the ADC, which will correct the
ADC trigger just at completion of Timer 2 period to align
with the moment at which PWM had been off. This same

133



International Journal of Engineering Applied Sciences and Technology, 2021
Vol. 5, Issue 10, ISSN No. 2455-2143, Pages 124-139
Published Online February 2021 in IJEAST (http://www.ijeast.com)

SOC s initiated with the help of T2CMPR, and also the
interrupt EOC i.e. End of Conversion is not activated until the
conversion has been completed. After which, the interrupt
routine of ADC is summoned in program. The user program
reads the value transferred from the result register of ADC
within the interrupt service routine ISR, introduces the
developed controller and then applies the updated value for
duty ratio of PWM to a relevant PWM reference register.
After that, in relation to the updated duty cycle, PWM
modulated value is determined and then afterwards registers
are modified prior to a next ADC conversion signal.
Displayed in Fig. 17 that used a Texas Instruments
dsPIC32FJ64GS606 digital signal processor, DSP analysis
system, is now the flowchart of an interrupt service routine to
execute the control algorithm. Setting up one of it’s on chip
timers, adjusts the frequency of its PWM output. To control
the PWM output at appropriate switching frequency, which
would be 25 kHz for this research, GP Timer 1, T1 has been
used. Comparison registers that are being used for writing the
computed duty ratio levels are correlated with these timers. In
order to obtain the PWM output, this parameter is then
compared with counter value of timer. Linked PWM control
registers monitor the period under which a rewritten reference
value changes the original duty ratio of PWM output. These
PWM control registers is defined for this research in such a
way that the new value that is written in the reference register
adjusts the original duty ratio of PWM output in beginning of
the following timer T1 cycle.

134

Starting of Interrupt Subroutine

Delay of 3

microsec

Pause for ADC Conversion
to come to an end

¥ ¥ v
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Fig. 17. Flowchart of Interrupt Service Routine.
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VI. CIRCUIT IMPLEMENTATION AND ITS OPERATION

A typical PID controller implementation of a buck converter
is described in this section, with a step by step modelling
procedure for practical application. Fig. 18 shows the circuit
topology for the digital control of a DC-DC buck converter
implementing a DSP.

Power Switching
Input Converter
117 75T
Re Vo
w0 & [foed]
¢ Anti-
Aliasing
Filter

8(t)

PWM Signal
Generator

Digital
Signal
Processor

A-D Converter

Fig. 18. Digitally operated block diagram for the buck regulator
employing DSP.

According to the figure, Vg is the input voltage; V is the
output voltage; R is the load resistance; | is the load current;
D is the diode; L is the inductor used for energy storage; T; is
the switch; and C is the capacitor used for decreasing the
ripple in the output. The output voltage V is transformed into
a digital quantity Nn after being sent to the ADC via the
antialiasing filter. This ADC’s input/output relationship
considers the width of quantization to be minimal and is
roughly defined by the following equation without using a
discrete representation:

N, =G,pe, (28)

Where the Ny, the digital quantity is a positive integer and n
denotes the nth switching period. The ratio of the input and
output parameters of the ADC w.r.t. output voltage is denoted
by Gaq and its equation is

G, = —nmx (29)
VADmax

This frequency of sampling is 100kHz and is dependent on the

frequency of switching of the DC-DC buck converter. The

ADC contains 8 bits from 0 to 20 V for the input region. This

digital quantity N, is then delivered to the digital signal
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processor (DSP). Calculation for the numerical value Nronn+1
which corresponds to the ON period Ton,n+1 is done in the
DSP. In this paper, a PID controller has been used to compute
the Ntonn+1. ItS equation is as given below:

NTon,n+l = NB - KP(Nn - NR)_ KD(Nn - Nn—l)
_KI Z(Nn o NINT)

(30)

Where Kp, Ki, Kb are the proportional gain, integral gain and
the derivative gain, respectively. NB is used to denote the bias;
the reference values for the proportional and integral
controllers is denoted by Nr and NINT, respectively:

r.v’
N, =N._(1+—)— 31
B Ts( R)V ( )

9

*

NR = NINT = GADV (32)

Where Ng is the number corresponding to the switching
period Ts. The output voltage target value is denoted by the
symbol V and the internal loss resistance of the DCDC
converter is denoted by r. If during the switching period fcx
(clock frequency) is input and a digital counter or comparator
generates a PWM (pulse width modulated) signal, the
representation of Nris:

N, = o T (33)

The relationship between Ton,n+1 and NTon,n+1 becomes,

Ton,n+1 — NTon,n+1 (34)
TS fCKTS

As seen from the (34), the driving switch Tr drives the output
voltage and the ON period signal Ton is PWM generated
output with period of switching Ts.

VII. SIMULATION RESULTS

The MATLAB/Simulink ® software has been used in order to
verify the PID controller in the preceding segment. This
software is being used for simulating the circuit’s steady-sState
as well as its transient characteristics. To correlate with
experimental observations later, this same results obtained
will be used. Fig. 19 displays the Digitally Controlled Closed-
Loop Buck Converter employing a PID controller. Parasitic
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elements are used in the converter and these parameters are

the calculated values

Table 2

Buck Converter Design Parameters.

Parameters Values
Input Voltage, Vq 458V
Output Voltage, V 200V
Switching Frequency, Fs 25KHz
Inductance, L 1.5021mH
Capacitance, C 0.1875uF
Output Current, lo 16A
Resistance, R 12Q
Ripple Voltage, AVc 6V
Ripple Current, Ai. 3A

Operator

E 204
Reer

WD converter

Fig. 19. MATLAB model of a Dlgltally Controlled Closed-Loop

Buck Converter.

E]‘ D aclual Sutput
quanllzed error ‘

ZOH @ delayed erroré erroré

reference output

Fig. 20. Subsystem of Analog to digital Converter.

doub\e . 4
PWM out

Data Tvpe Conversion Gain

[Dmp error

Quantizer Samplmﬁ Vramp

Fig. 21. Subsystem of Digital Pulse Width Modulation.
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Fig. 22. Output Current and Output Voltage Waveform.

We could outline the following inference from the simulation
model based on the results and waveforms above:

1. A digital simulation system is set up and the framework is
provided to test out a sophisticated control scheme and
much more realistic problems.

. The offset circuitry enhances the ADC resolution, leading

to a smaller error in the steady state. In fact, the amplitude

of the limit cycles is improved by decreasing the
resolution.

The effects of the simulation are not influenced mostly by

delay in one switching period, but due to sampling delay,

the reduced sampling frequency response dilutes the
transient response.

When a Digital PWM resolution is lower than ADC, the

limit cycle happens.

This same limit cycles are caused by quantization effects and

contribute to greater steady-state error as well.

4.

VIIl. EXPERIMENTAL RESULTS

Main Function of a DC-DC converter is to convert
unregulated DC voltage to a regulated DC voltage. Modern
digital DC converters does have a few advantages over basic
analog control. Better tolerance to technological advances,
improved adaptability by modifying the programme, more
efficient control methods, power control function
incorporation and decreased number of components are
included in the desirable circumstances. A production board
from Microchip is being used for test findings. And for digital
controller the 30F family dsPic controller is used here.

The aim behind this experiments would be to illustrate that
digital control technology is much simpler when using a
simulator with many of the functionality included. The control
algorithm coefficient could be found and without possibility
that perhaps the system will become unstable and then prone
to oscillations. In high-power converter these Oscillations can
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be crippling. A Digitally controlled PID controller is
examined experimentally.

This section summarizes the system performance of the PID
controller in a DC/DC Buck converter provided to use the
Procedure listed in section precedence. In this research study
various parameters were varied to scrutinize the output
performance of the controller. Table 3 records the output
voltage of that same converter for different Voltages of input
varying between 450 to 458 V. In the right hand column, the
percent of the variance of its output voltage from its reference
voltage is seen. It is clear from the experiment that variation
on its input supply, converter has a very little impact in steady
state behavior. The model’s conduct during the transient start-
up phase is examined in order to determine the transient
behavior of the Converter. The begin transient performance of
the buck Converter is examined. The settling time is roughly
0.1 ms and very little overshooting.

8.1. Performance in Steady-state

Fig. 23 shows the output current and voltage waveforms of the
presented converter operating at 458V Dc supply and load of
12 ohms. From the analysis of simulation seen in Fig. 24 it is
evidenced that the converter employing PID controller
generates appropriate output current and voltage.

The theoretical principles are very much in line with these
observations. To evaluate performance of this controller in
steady-state, the supply voltage is varied from 440-458 V to
see how it is feasible to retain the optimal output voltage of
200V. Fig. 25 indicates its steady-state waveforms produced
underneath the normal load operation for an input voltage of
458V. Channel 1 displays the output voltage, whereas the duty
cycle is given in Channel 2. Proof is provided the controller
adapts new value of the duty cycle as the input voltage varies
resulting in a new duty cycle which has a steady-state error of
zero.

For the three separate input voltages, Table 3 indicates the
converter output voltage (examined). The variance as well as
the percent of its output voltage variation and the current are
also seen. From the reference voltage of 200V, the deviation
in output voltage is determined.

Table 3

Variation in Output Voltage employing a Digitally Controlled PID Controller.

Input Voltage Output Voltage Deviation(V) Deviation(%)
458 199.997 -0.003 0.025

455 199.999 -0.001 0.008

453 200.002 +0.002 0.017

452 200.004 +0.004 0.034

450 199.995 -0.005 0.042

8.2. Transient response of a PID controlled Buck Converter.
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The transient behaviour observation is carried out in order to
evaluate the model ’s stability as well as its speed response. In
order to determine its transient response, that model ’s activity
is evaluated at the time of transient start up. From its
experimental findings, it can be seen that with very few
overshoot, the settling period is around 0.1s.
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2)Cl12:\‘|2\vq]t|2isp‘s ||\\I\\||[||I|\|.\|\

Fig. 23. Response of Buck Converter in Steady-State.
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Fig. 24. New Duty Cycle of the Buck Converter.
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Fig. 25. Transient Response during the starting period of Buck
Converter.

IX. CONCLUSION

This paper proposes the designing and implementation of
digitally controlled close-loop DC-DC buck converter. A
comprehensive study is provided for the design theory of a dc
- dc buck converter employing a PID controller. The design
considers the operational aspects of its converter into account.
From the first section of this paper it can be concluded that
closed loop control has less output voltage ripple than open
loop operation of a buck converter. Furthermore, the results
show that satisfactory steady-state characteristics can be
attained while sustaining a quality transient response. About
the Digital application of a controller employing DSP, design
instructions are given with a simple step by step method.
MATLAB/Simulink has been used for the application of a
typical Buck converter with a PID controller and to model
different blocks of a digital controller. To check the converter
configuration and process, the experimental outcomes are
provided. This experimental output is compliant with those
expected simulation results of steady-state precision as well as
settling time. The study suggests that one can model a switch
mode power supply(SMPS) in company with good
performance by using standard mathematical process along
with advanced control techniques.

Declaration of competing interest / Conflict of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgment

The authors would like to thank the editors and anonymous
reviewers for providing insightful suggestions and comments
to improve the quality of research paper.

138

[1]

[2]

[3]

[5]

6]

[7]

(8]

[°]

[10]

[11]

X.  REFERENCE

Maksimovic, Dragan and Zane, Regan, (2007),Small-
signal discrete-time modeling of digitally controlled

PWM converters, IEEE Transactions on Power
Electronics, p22
Al-Atrash, H and Batarseh,(2007),Digital controller

design for a practicing power electronics engineer, APEC
07-Twenty-Second Annual IEEE Applied Power
Electronics Conference and Exposition, p34-41.

Sharma, Kartik, and Dheeraj Kumar Palwalia, (2017),
Design of digital PID controller for voltage mode control
of DC-DC converters. International conference on
Microelectronic  Devices, Circuits and  Systems
(ICMDCS), Pg. 1-6

Wang, Chao-Ying, et al. (2015), A voltage-mode DC-DC
buck converter with digital PID controller. 12th
International Conference on Fuzzy Systems and
Knowledge Discovery (FSKD). IEEE,.

Trujillo, Odair A and Toro-Garcia, Nicolas and Hoyos,
Fredy E, (2019), PID controller using rapid control
prototyping techniques. International Journal of Electrical
and Computer Engineering 2088-8708,p9.

Wang, Kui. "Digital Controller Design for DC-DC Buck
Converter using State-Space Average Model."

Abbas, Ghulam and Gu, Jason and Farooq, Umar and
Abid, Muhammad Irfan and Raza, Ali and Asad,
Muhammad Usman and Balas, Valentina E and Balas,
Marius E, (2008), Optimized Digital Controllers for
Switching-Mode  DC-DC  Step-Down  Converter,
Electronics,p7412.

Kurokawa, Fujio and Sakemi, Junya and Yamanishi,
Akihiro and Osuga, Hiroyuki, (2011), A new quick
transient response digital control dc-dc converter with
smart bias function, 2011 IEEE 33rd International
Telecommunications Energy Conference (INTELEC).
IEEE,p 1-7

Viswanatha, V. and Reddy, R.V.S., 2017, August. Digital
control of buck converter using arduino microcontroller
for low power applications. In 2017 International
Conference On Smart Technologies For Smart Nation
(SmartTechCon) (pp. 439-443). IEEE.

Suskis, P. and Nikonorov, D., 2018, November. Buck
Converter Digital Control System Design and
Performance Evaluation. In 2018 IEEE 6th Workshop on
Advances in Information, Electronic and Electrical
Engineering (AIEEE) (pp. 1-4). IEEE.

Vidal-Idiarte, E., Restrepo, C., El Aroudi, A., Calvente, J.
and Giral, R., 2019. Digital Control of a Buck Converter
Based on Input-Output Linearization. An Interpretation
Using Discrete-Time Sliding Control
Theory. Energies, 12(14), p.2738.



International Journal of Engineering Applied Sciences and Technology, 2021
Vol. 5, Issue 10, ISSN No. 2455-2143, Pages 124-139
Published Online February 2021 in IJEAST (http://www.ijeast.com)

[12] Zheliazkov, Y., 2020. Circuit design of buck-voltage
converter with digital control system. Zheliazkov,
Y.(2020). Circuit design of buck-voltage converter with
digital control system. Technology Audit and Production
Reserves, 2(1), p.52.

[13] Abbasi, M.U., 2017. Digital Control Of A Buck
Converter Using An 8 Bit STM Microcontroller. Int.
Journal Of Scientific & Technology Research, 6(4).

[14] Guo, L., Hung, J.Y. and Nelms, R.M., 2002, March. PID
controller modifications to improve steady-state
performance of digital controllers for buck and boost
converters. In APEC. Seventeenth Annual IEEE Applied
Power Electronics Conference and Exposition (Cat. No.
02CH37335) (Vol. 1, pp. 381-388). IEEE.

139



