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Control System Modeling for DC-DC Converter

Tihomir Sashev Brusev and Boyanka Marinova Nikolova

Abstract - DC-DC converters are part of many electronic
equipment because energy consumption and power
management became important part of whole system design.
They are used in battery powered sensor’s applications in
industrial, automotive, measurement, medical applications
etc. Design of voltage regulators could be faster if they are
investigated on the high level as a block circuit. This paper
presents modeling of control system of buck converter using
MATLAB Simulink. The received simulation results can be
used as a base for integrated circuits (IC) de-de converter
design at low transistor’s level.

Keywords — Battery Powered Sensors, Energy Optimization,
Modeling, MATLAB Simulink, Cadence

1. INTRODUCTION

DC-DC converters improve efficient use of energy of the
electronic devices. Therefore they became important part of
many types of equipment, such like battery powered
sensor’s systems, handheld devices, mobile phones etc.
Their big advantage compare to linear regulator is that they
can ensure higher efficiency # when difference between
input and output voltage is high.

In the modern electronic systems the implementation of
different type of sensors, such like temperature, humidity
and pressure sensors, is dramatically increased. They are
widely used everywhere in the measurement, automotive,
industrial, medical, air conditioning systems etc. Based on
the new MEMS technologies they have unique features,
small sizes, low power consumptions, small volumes and
not on the last place they are low cost devices.

The usage of those kinds of integrated circuits (IC)
improves the whole system’s properties and abilities. For
example in the air conditioning system they can ensure
high efficiency work and detecting problems in the
mechanical parts. Those devices could inform driver for
pressure in the car’s tires — tire pressure monitoring system
(TPMS) sensors. Another field of applications is altitude
sensors in the aircrafts, blood pressure in medicine,
petroleum industry and so on. One application of
temperature and humidity sensors for example is in the
home weather stations.

Efficient work of those devices is connected with energy
optimization and proper power supply consumption. Most
of them are battery powered sensors. In those cases we
need high efficient de-de converter in order to save battery
life and the system run time. In some of the applications
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energy independent measurement equipment are needed.
For example this could be temperature and humidity
sensors used in medical environments.

Control system of dc-dc converters is important part of
whole regulator. Proper design could help to be minimized
losses and to be improved overall efficiency 7. Using block
diagram simulations software behavior of the separate
circuits could be predicted.

This paper presents modeling of control system of buck
dc-dc converter used in the battery powered sensor nodes.
The basic principles of operation of pressure, temperature
and humidity sensors are given in Section II. This section
includes also short explanation about low power dc-dc
converter system designed on CMOS process. The control
system of buck converter is modeled and analyzed with
MATLAB Simulink. The received results are presented in
Section III. They can be used for dc-dc regulator system
design at low transistor’s level.

II. PRESSURE, TEMPERATURE, HUMIDITY SENSORS
AND Buck DC-DC CONVERTER

One of most popular applications of pressure sensors
nowadays is in the automotive industry as a tire pressure
monitoring systems (TPMS). The block diagram shown in
Figure 1 presented part of used modules which are pressure
sensor, temperature sensor, radio frequency (RF)
transmitter, microcontroller (MCU), and analog to digital
converter (ADC).

Zga:t:;g Power Managment

Pressure Temperature RF

Sensor Sensor Transmitter
MCU ADC 1O

FIGURE 1. TPMS BLOCK DIAGRAM.

The pressure sensors are mounted directly on the tires of
the cars. The information is transmitted to the vehicle using
radio-frequency technology [2]. The electronic modules
inside the tires are powered from Lithium-Ion battery.
Typical voltage of such cells is 3.6 V.

Some of the modules used in TPMS operate at lower
than the battery voltage. For efficient use of energy from
the battery proper power management is needed. This
function can be performed by switching-mode dc-dc
converter [3].

184



A. Main Characteristics of Integrated Sensors

The main building blocks of intergraded sensor are
shown on the Figure 2. The sensor element can be realized
by MEMS technology (piesoresistive pressure sensor) or
can be thin film capacitor or resistor (for humidity or
temperature measurement). Usually the block that converts
physical phenomena into voltage consists of current source,
voltage divider and differential amplifier [1, 4, 5].

Lanverting into voltage.
gar and temperature
(:omgm‘a%i\tion

——

Senging
element

Ground relference
shift circuitry

FIGURE 2. THE BUILDING BLOCKS OF INTEGRATED SENSOR.

The transfer function establishes dependence between
the electrical signal ¥ produced by the sensor and the
stimulus (physical phenomena) P. That function may be a
simple linear relationship or a nonlinear dependence, (e.g.,
logarithmic, exponential, or power function). Most sensors
are inherently analogue and must have their signals
digitized by an ADC before they can be used in integrated
electronic systems. One of the important advantages of
integrated sensor is the capability of ratiometric connection
with ADC. A connection is ratiometric if the sensor’s
output voltage Vyyr is directly proportional to its supply
voltage V. The ratiometric characteristics of this sensors
and ADCs can be used to improve accuracy while
simultaneously ~ reducing overall component count,
lowering cost, and reducing board space.

A dynamic range of stimuli, which may be converted by
a sensor, is called a span or an input full scale. It represents
the highest possible input value that can be applied to the
sensor without causing an unacceptably large inaccuracy.
Full-scale output is the algebraic difference between the
electrical output signals measured with maximum input
stimulus and the lowest input stimulus applied. This must
include all deviations from the ideal transfer function.

Under static conditions, a sensor is fully described by its
transfer function, span and calibration. However, when an
input stimulus varies, a sensor response generally does not
follow with perfect fidelity. Then, the sensor’s time-
dependent characteristics can be studied by evaluating the
differential equation.

The calibration error is inaccuracy permitted by a
manufacturer when a sensor is calibrated in the factory.
This error is of a systematic nature, meaning that it is added
to all possible real transfer functions. It shifts the accuracy
of transduction for each stimulus point by a constant. This
error is not necessarily uniform over the range and may
change depending on the type of error in the calibration [1,
4,6).

B. Pressure, Temperature and Humidity Sensors
A pressure sensor operating principle is based on the

conversion of a result of the pressure exertion on a
sensitive element into an electrical signal. The pressure
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results in the displacement or deformation of an element
have a defined surface area. Thus, a pressure measurement
may be reduced to a measurement of a displacement or
force, which results from a displacement [1, 6].

Most used pressure sensor types are piezoresistive,
capacitive, piezoelectric. Piezoresistive types of sensors use
the piezoresistive effect of bonded or formed strain gauges
to detect strain due to applied pressure. This is the most
commonly employed sensing technology for general
purpose  pressure  measurement.  Generally, these
technologies are suited to measure absolute, gauge and
differential pressures.

Capacitive types of sensors use a diaphragm and
pressure cavity to create changes in capacitance to detect
strain due to applied pressure. Common technologies use
metal, ceramic, and silicon diaphragms. Generally, these
technologies are most applied to low pressures.

Piezoelectric types of sensors use the piezoelectric effect
in certain materials such as quartz to measure the strain
upon the sensing mechanism due to pressure. This
technology is commonly employed for the measurement of
high dynamic pressures.

Modern pressure sensors manufactured using innovative
MEMS technology to provide power supply voltage from
1.71 V to 3.6 V and supply current of about 30 pA,
therefore they are suited for battery operated systems [7].

The most common temperature sensors that are used to
perform this task are: thermocouples, resistive temperature
detectors (RTDs), thermistors and silicon temperature
sensors, which are primarily classified according to their
output-signaling method. Those technologies are used for
specific temperature ranges and environmental conditions.

Local temperature sensors provide their die temperature
in either analog or digital format. Outputs of analog
temperature sensors are voltage or current, which change
depending on the die temperature. Usually, the output of
the analog sensor is connected to an analog-to-digital
converter (ADC) to provide the temperature information in
the digital domain. This ADC can be discrete or integrated
in the microcontroller or other devices.

The output voltage of an analog temperature sensor
cannot exceed the input supply voltage. Therefore, to use
an analog temperature sensor from —-50 °C to +150 °C with
a supply voltage of 1.8V nominal, the maximum gain that
analog sensor can have is 6 mV/°C. To handle this gain and
monitor the temperature accurately, a high-resolution ADC
needs to be used [1, 8].

There are analog temperature sensors [8] which
guaranteed to operate from a 1.8V supply voltage and 9 nA
supply current. That makes them ideal for portable two-
cell, battery-powered systems and single-cell, Li-lon
systems.

Humidity sensors can be capacitive, resistive and
thermal conductive. In capacitive humidity sensors, the
effect of humidity on the change in dielectric constant of a
polymer or metal oxide material is measured. With
calibration, these sensors can have an accuracy of +3% RH
in the range 5-95% RH. Without calibration the accuracy
of these sensors, can decrease to £20% [1, 5].

In resistive humidity sensors, the change in electrical
resistance of a material due to humidity is measured.
Resistive sensors are less sensitive than capacitive sensors -




the change in material resistance is less, so they require
more complex circuitry. The robustness and accuracy
against condensation highly depend on the chosen resistive
material. Robust, condensation-resistant sensors exist with
an accuracy of up to £3-4% RH.

Some types of relative humidity sensor are laser
trimmed, thermoset polymer capacitive sensing element
with on-chip integrated signal conditioning. It has a typical
current draw of only 200 pA, whereby it is ideally suited
for low drain, battery operated systems.

Often the consumption of combination of these three
types of sensors, and microcontroller is about 10+12 mA.
In case of battery powered device, one of the most
important things to increase battery live is optimization of
power supply unit.

C. Buck DC-DC Converter

The block diagram of the switching-mode dc-dc buck
converter system using standard pulse width modulation
(PWM) control method is shown in Figure 3. The NMOS
and PMOS transistors, which are forming the power stage,
are synchronously controlled in a way that when one of the
transistors is switched-on the other is switched-off. Using
high switching frequency f; is the key to possible
integration of filter components, respectively inductor L
and capacitor C. In such way the sizes, volume and price of
whole dc-de converter could be minimized.

The block circuit shown in Figure 3 is designed on
CMOS technology using Cadence. The nominal supply
voltage of the converter is 3.6 V and steps-down to 1.2 V.
The input voltage is the same like battery voltage of tire
pressure monitoring systems TPMS block diagram
illustrated in Figure 1. Some of the presented modules
work at these voltage levels.

The system consists of bandgap reference, error
amplifier, ramp generator, comparator, buffer and power
buck stage. The power losses in the controlling stages are
minimized in order to improve the overall converter
efficiency #, which is one the most important parameters of
the voltage regulators.

4
N,

"

1

5 ik
ANA

FIGURE 3. PULSE WIDTH MODULATION (PWM) CONTROL SYSTEM OF
BUCK CONVERTER.

DC-DC buck converter is designed to operate at
switching frequency f; equal 150 MHz. The reason for
using high /; is an opportunity for integration of the filter.
In Figure 4 is illustrated output voltage V, of the whole
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regulator including control system as function of the load
current /..

1eeg !
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FIGURE 4. OUTPUT VOLTAGE ¥, AS A FUNCTION OF LOAD CURRENT
1104 OF THE BUCK CONVERTRE DESIGNED ON CMOS TECHNOLOGY.

The investigations and analysis of the whole system
which have to be made at low transistor’s level take long
time. For example, one simulation at that high switching
frequency could take one day.

I11. CONTROL SYSTEM OF BUCK CONVERTER
MODELING USING MATLAB SIMULINK

DC-DC converter system can be designed as block
circuit on the top behavioral level using. Top-down method
is effective way to save time during the whole circuit’s
design. The modeling of control system of dc-dc converter,
shown in Figure 3, would accelerate the design of the
converter.

The block circuit of the designed buck dc-dc converter is
investigated and analyzed using MATLAB Simulink.

The ramp generator is a part of the regulation system,
which performs the pulse-width modulation (PWM)
control. This stage determines the switching frequency f; of
the buck converter. The whole system behavior is
simulated and investigated on the top level with MATLAB
Simulink. The pulse-width modulation (PWM) control
circuit modeled with MATLAB Simulink is shown in
Figure 5 [9].

8]

Reiay

L

Scopet

M

Ramp
Generator

FIGURE 5. EQUIVALENT MODEL OF PWM CONTROL CIRCUIT.

The received results for pulse-width modulation PWM
control pulses, which regulate transistors in the power stage
of the dc-dc regulator, when the system is in regulation, are
shown in Figure 6. In same picture are presented output
voltages of ramp generate and the constant dc level of error
amplifier.
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The switching frequency of the modeled control system
of buck converter is =150 MHz, while input and output
voltages are respectively V,=3.6 V and V,=1.2 V. The
output voltage of buck converter system modeled with
MATLAB Simulink is shown in Figure 7.

B4
Time ofiser 0

FIGURE 6. CONTROL PULSES OF BUCK CONVERTER AND OUTPUT
VOLTAGE OF RAMP GENERATOR MODELED WITH MATLAB
SIMULINK.

FIGURE 7. OUTPUT VOLTAGE V,, OF THE BUCK DC-DC CONVERTER
SYSTEM SIMULATED WITH MATLAB SIMULINK.

The received results from investigation of the control
system of buck converter with MATLAB Simulink, could
be used as a base for further investigation at the low
transistor’s level. That topology of buck dc-dc converter
has been designed for IC application using CMOS
technologies.

FIGURE 8. OUTPUT VOLTAGE OF RAMP GENERATOR ¥ 4,» OF BUCK
CONVERTER SYSTEM DESIGNED WITH CADENCE.
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In Figure 8 is illustrated output voltage of ramp
generator of buck converter system designed with Cadence
presented in Figure 3. The results show that waveform of
sawtooth signal is not the same like this from Figure 6. The
reason is that when block diagram simulation software is
used some of the parasitic components of the real
transistors, resistors and capacitors are difficult to be
predicted. But behavior of the whole system can be
predicted with good approximation. On the other hand
simulations of the equivalent model, is much faster
compared to the transistor's level analysis and
investigations of the block circuits.

IV. CONCLUSION

In this paper is presented modeling of control system
buck dc-dc converter which perform pulse-width
modulation (PWM), using MATLAB Simulink. The
investigations are oriented to battery powered sensor nodes.
The basic principles of operations of pressure, temperature,
humidity sensors and buck dc-dc converter are given.
Energy optimization could increase the system run time.
The received simulation results, which could be the base
for further design at low transistor’ level, are given.
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