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Abstract

Metal-oxide-semiconductor gas sensor consists of sensing layer detecting exposed gases and micro heater
generating heat necessary for achieving the best performance of gas reaction. For gas sensor to get high sensitivity,
optimal temperature of micro heater should be supplied to sensing layer. In addition, optimal temperature range
of each micro heater has different characteristics based on sensing materials and target gases, which needs a
demand for designing micro heater driving system. As a system driving circuit, Proportional-Integral(PI)
controller and Pulse-Width Modulation(PWM) is used. PI controller plays a role for high accuracy and fast rising
time of thermal transient response. PWM is used for low power consumption by adjusting pulse-width current
heater current driving method rather than continuous current driving method. Continuous current driving method
using current source consumes consistently, however PWM current driving method using switching transistor
consumes only duty-on time, which can achieve higher thermal efficiency. Additionally, ADC interface block is
designed for controlling ADC IC. In this thesis, a detail explanation of PI gain tuning method of PI controller will

also be introduced for acquiring desired thermal transient response.

The driving circuit was implemented in Field-Programmable Gate Array(FPGA) using Altera Cyclone IV
DE2-115 development, Altera Quartus II as logic synthesis and Mentographics Modelsim for RTL timing
simulation. The gas sensor micro heater measured in this thesis is given by the laboratory of professor Jongbaeg

Kim in mechanical engineering, Yonsei university.

Keywords: Gas sensor micro heater(hotplate), temperature control system, low power, Field-Programmable Gate

Array(FPGA), PI controller
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. INTRODUCTION

1.1 Motivation

The research and development of gas sensor interface have been consistently conducted since gas sensor was
developed. Recently, the awareness of air pollution is being intensified due to modernization. Especially, air
pollution of indoor environment is the issue of concern because indoor air quality is worsening gradually because
of air pollutants, such as Particulate Matter(PM), Carbonyl Compounds, or Volatile Organic Compounds(VOCs).
According to a research conducted by indoor air pollution and health effects in residential apartment in National
Institute of Environmental Research(NIER) [1], the average indoor Particulate Matter(PM) concentration was
higher than the safety standard level administrated by The World Health Organization(WHO). Each of total
maximum PM-10 and PM-2.5 concentration in the house reached to 284ug/m3 and 266ug/m3, which can
increases incidence rate of lung cancer indicated in figurel.1. Furthermore, Tablel.2 shows that the indoor VOCs
& Carbonyl Compounds concentration, such as Formaldehyde(HCHO), Toluene(C6H5CH3), and TVOC, was

higher than the safety standard, which is detrimental for human respiratory system.



Table 1.1.

Particulate Matter(PM) environmental quality standard [Dimension : ug/m3]

PM-10 PM-2.5
A Day A Year A Day A Year
The World Health
Organization 50 20 25 10
(WHO)
KOREA 100 50 50 25
CHINA 150 70 75 35
JAPAN 100 - 35 15
EU 50 40 - 25
USA 150 - 35 12~15
CANADA 25 - 15 -
AUSTRAILIA 50 - 25 8
PM-10
300 284 284
223
200
100 45 425 445
6 6 6
O — — —
Living room Bed room Total
B Min ®Max M Average
PM-2.5
300 266 266
205
200
100 48.92 47.77 48.36
4 6 4
O R — [

Living room

Bed room

B Min H® Max

Average

Total

Figure 1.1. Indoor Particulate Matter(PM) concentration [Dimension : ug/m3]




Table 1.2.

WHO environmental standard and Indoor quality for VOCs & Carbonyl Compounds
[Dimension : ug/m?3]

Volatile Compounds & WHO Indoor

Carbonyl Compounds standard Living room Bed room Total
Formaldehyde(HCHO) 30~120 127.03 132.91 129.97
Acetaldehyde(CH3CHO) 48 37.37 37.79 37.58
Xylene(C2H5CH=CH2) 870 ~ 1447 18.91 19.16 19.04
Ethylbenzene(C6H5CH2CH3) | 1447 ~ 3880 10.30 10.49 10.39
Toluene(C6H5CH3) 260 ~ 1092 115.38 113.99 114.68

Styrene(C6H5CH=CH?2) 30~ 300 9.34 10.20 9.77
TVOC 200 ~ 3000 635.63 667.42 651.52

As a result, alternatives are being suggested to avoid those detrimental gases One of them is to set up gas
sensor platform using commercial gas sensors. There are various kinds of commercial gas sensors which senses
particular gases. If gas sensors enable to sense harmful gases with high accuracy, the accidents or even risks for
death can be prevented in advance by alarming the danger. However, the problem is that commercial gas sensors
on sale does not have high sensitivity and selectivity upon to target gas. Therefore, there is a necessity to enhance
the response of gas sensor and to find the characteristics related to gaseous reactivity. The gas sensor has a part
of heater to help gas sensing. And the characteristic of gas sensitivity is highly dependent on the temperature of
gas sensor heater. Each gas sensor has the range of heater temperature for optimal gas sensing and has different
temperature range. It means that if there is a temperature control system for gas sensor, the gas sensor optimally

senses with exposed gases, which can acknowledge gas concentration with high accuracy and even reduces

harmful condition.




1.2 The Operating Principle of Gas Sensor

The metal-oxide-semiconductor(MQS) resistive gas sensors are one of the most widely investigated
categories in gas sensors. Due to low costs for production, simplicity for use, and reliability, MOS gas sensors are
commonly utilized in the field of gas sensing on air conditions. The fundamental operation of a gas response is
the interaction of the gas with sensing layer material. The reaction is influenced by several internal and external
factors: material characteristics, sensing area, and microstructure of sensing layer as an internal factor and
temperature, humidity as an external factor. One of the important parameters related to gas response is sensitivity,
which indicates how well a gas sensor reacts with exposed gases. Thus, much efforts have been conducted to

improve the sensitivity of gas sensor.

To find methods to enhance the sensitivity, we need to look into the sensing mechanism of MOX gas sensor.
The well-known sensing mechanism so far is electrons trapping at adsorbed molecules and energy band bending
induced by charged molecules on the surface layer, which introduces the change of conductivity. The step of
sensing mechanism is indicated in figure 1.2 [2]. When the metal oxide surface layer is heated with the operating
temperature of 300~400°C and O2 molecules in the air are adsorbed as O- on the surface of metal oxide sensing
layer, they extract the electrons on the conductions band. The electron trapping contributes to the energy band
bending and makes depletion region(Agas) with no electron charge carriers and potential barrier(eVgy face)- With
the lapse of time, the metal oxide surface is filled with O-, the adsorption of O2 molecules are stopped and ready

for chemical reaction with exposed gases.

eVsurface /
e” e e e e e e e e e iy e” e e e e e e ;
Sy y—— 0s0s L — PR (©) 0, gas
B Agas OCurrace
03 gas 02 gas
-
Ey 02 gas Ey —— = 02 gas
bulk €————— surface —————> gas bulk €————— surface ————> gas

Figure 1.2 Energy band diagram before and after gas adsorption
The figure 1.3 shows the microstructure and energy band diagram of metal oxide surface conductive

mechanism when carbon monoxide(CO) is exposed on the surface grains. CO gas molecules chemically react



with surface O- and release CO2 gas and electrons. The released electrons are carried to the bulk material of the
grain. While the number of surface O- decreases, the thickness of depletion region decreases together. Then the

potential barrier on the grain boundary is lowered and it leads to the increase of conductivity.

0,
0—0_ o 0~ 0*0_0_0_07 _ 0-9 0 0~
0,0’ 0705, 0 0~
o
Ze_
| Agas
E E
eVsurface eVsurface
\.
, > >
|
distance distance

Figure 1.3. Microstructural and energy band diagram of metal oxide conductive mechanism

Until now, the sensing mechanism of metal oxide gas sensor was introduced to find the parameter for
improving gas sensor sensitivity. As mention before, there were some internal and external factors related to
sensitivity. Among those factors, one of controllable parameters is temperature. The temperature of the micro-
hotplate inside the gas sensor is highly dependent on the sensor response and sensitivity. In addition, the optimal
operating temperature is different on each gas sensor and each target gas. Therefore, temperature control system

for gas sensor is necessary for allowing optimum gas sensor sensitivity to gases.

1.3 Previous Research of p-Heater Driving Circuit for Gas Sensor

From now on, there has been increasing interest and continuing research about driving system for gas sensor
u-heater. Looking into research for p-heater driving system, most of them was designed to satisfy the following

specifications: high temperature accuracy and high thermal efficiency of heater. High thermal accuracy is



indispensable for precision temperature control when designing p-heater driving system. If steady-state
temperature of heater is not settled on target temperature, optimal operation of gas sensor cannot be achieved,
which reduces the sensitivity and selectivity for target gas. Additionally, high thermal efficiency in p-heater is
important specifications for driving system. If thermal efficiency is high, u-heater in gas sensor can increase its
temperature higher as consuming less power. Reducing heater power consumption facilitates to the applications

for the portable and hand-held instruments.

Now, I will introduce two general methods to control gas sensor p-heater temperature. The principle that p-
heater can generate temperature is due to electrical power applied to heater. When the electrical voltage is applied
to heater, electron charge carriers start to flow and they make the current through heater. Therefore, both of heater
voltage and current makes power and it generates temperature of p-heater (The detail principle will be discussed
in the next chapter). Based on the principle, two methods are used for controlling temperature: one is continuous
current driving method using current source and the other is on-off current driving method. Table 1.3 shows

previous p-heater driving system for gas sensor that overall characteristics and implementations are briefly

introduced.
Table 1.3.
The previous research of gas sensor p-heater driving system
[3] [4] [5]
p-heater current Continuous current Continuous current On-off current driving
driving method driving method driving method method
Main co_ntrol P controller PID control + DAC On-off hysteresis
circuits
Steady-state error #0 0 #0
High temperature
Advantages Simple structure accuracy, Fast transient Simple structure
response
Disadvantages Temperature offset error Complex structure Temperature variation

The suggested topology in [3] is implemented by negative feedback proportional controller using simple

operational amplifier. Comparing the control voltage with the voltage measured by temperature sensor, the output



voltage proportional to the error is input to a power transistor. Figure 1.4 shows the circuit diagram of temperature

proportional controller for micro hotplate.

VDD

Micro-hotplate

>
RHEBIEI’ ;
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Figure 1.4. Circuit diagram of temperature proportional controller for micro hotplate
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The micro-hotplate structure consists of a poly temperature sensor to detect the temperature of micro heater
and a poly heater in micro-hotplate. Single-ended analog proportional heater temperature controller enables to
control the operating temperature from room temperature to 400°C. An operational amplifier is applied to drive
the power transistor. The power transistor provides the constant current flowing through the poly heater(Rygater)
by controlling the gate-to-source voltage of MOS transistor. The voltage across the poly temperature
sensor(Rremp sensor) 1S fed back to the negative input of the operational amplifier. If the error between
Vcontror @nd the feedback voltage is large, the output voltage of op-amp and the amount of the current across
heater resistor increase. On the other hand, the error is small, which means Vqontror and the feedback voltage
have small difference, the output voltage of op-amp and the amount of the current decrease. The principle
advantage of this method is simple structure, small area consumption and low cost. However, the disadvantage is
that the steady-state error of proportional temperature controller by the DC offset voltage of operational amplifier

can make temperature offset error and reduce temperature accuracy.

The topology suggested in [4] is implemented by negative feedback proportional-integral-derivative (PID)
temperature controller. Analogous to proportional control method, the error between set-point and feedback
temperature is input to the heater adding integral and derivative term with error. The circuit diagram of

temperature PID controller for micro-hotplate is shown in Figure 1.5.
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Figure 1.5. Circuit diagram of temperature PID controller for micro-hotplate

The micro-hotplate temperature (Tyyp) and the set-point temperature (Tsgrpornt) are input to a digital PID
temperature controller. The digital output of the PID controller is converted to the analog voltage (VeontroL) BY
D/A converter and it is applied to a buffer. The output of the buffer drives the power transistor, which controls
the current flowing through the heater resistor (Rygater). The temperature control method using PID controller
is almost the same as using proportional control, however, PID controller is preferable because it has several
benefits. Comparing proportional controller, PID controller has advantages of high thermal accuracy and
minimum steady-state error compared to proportional control due to integral term. Also, additional derivative
term can make the temperature transient response fast by reducing rising time or settling time. And PID controller
contributes high stability to the system. However, the drawback of PID controller is that the structure is more
complex than proportional controller and additional gain tuning techniques are necessary. The topology of [3] and
[4] is using power transistor as a voltage-controlled current source. When DC voltage is applied to the transistor,
the amount of the current is determined. In this case, the transistor is operated in saturation region when the drain-

to-source current has almost constant value. If input voltage increases, the constant current also increases.

The approach shown in [5] is using an on-off controller to control the temperature of micro-hotplate. The
digital on-off controller is one of the simplest structure. The micro-hotplate temperature is compared with set-
point temperature at each sampling period. If the hotplate temperature is lower than set-point temperature, the
maximum power, logically high, is applied to switching transistor, otherwise, no power, logically low, is applied.
As indicated in figure 1.6, the temperature control method is similar to proportional control method [3] in regard

that the feedback temperature is compared to the desired temperature. The difference is that by switching on and

8



off the transistor, the current across the heater flows or not, which increases or decreases heater power, whereas
the methods [3], [4] apply continuous power to the heater. This is the advantage of on-off controller that on-off
current driving method consumes lower power for p-heater than continuous current driving method using current
source [3], [4] (The detail explanation will be discussed in 1.4). In addition, on-off controller has simple structure
to drive heater. However, the drawback is high temperature variation occurred by fast switching time. Fast on-off
time leads to poor temperature accuracy and can damage the heater. In order to prevent the variation by fast
switching, the on-off controller includes a hysteresis: a dead band, a region around the set-point which does not
need control action in. Using hysteresis, the temperature variation problem can be reduced, however, it still

difficult to achieve good stability.

Vop

Micro-hotplate
RHeaIEF § ?RTemp
Sensor
TseTroINT |
[>— on-oFF -
controller II.EI_

IA/DI

Figure 1.6. Circuit diagram of temperature On-Off controller for micro-hotplate



1.4 Design Considerations

The previous research of p-heater driving circuits were designed to fulfill high thermal accuracy and low
power consumption. To achieve accurate target temperature, PID controller in [4] is preferable than P controller
or On-off controller due to additional integral and derivative term. However, the problem is that when continuous
current driving method using current source is used such as [3], [4], it is difficult to acquire any power efficiency
in driving p-heater. This is the reason why on-off controller topology [5] is applied by on-off current driving

method using switch.

Now, | will introduce about the detail explanation of two methods: continuous current driving method using
current source and on-off current driving method using switch. Figure 1.7 shows the comparison of two current

driving method for p-heater.

H-Heater Yoo H-Heater | Voo
‘ > + ‘ > +
RHeater 3 VHeater RHeater g VHeater
| + ——r1
Heater
DC voltage —» Vsie DC on-off —»
- I —
(@) (b)

Figure 1.7 The comparison of two current driving method for p-heater;

(a) continuous current driving method using current source (b) on-off current driving
method using switch

In figure 1.7 (a), the heater current(Iyqacer) has constant value determined by DC input voltage-controlled current
source. As changing DC input voltage of current source, the amount of current and the voltage across the
heater(Vyeater) are determined, which leads to control heater power and temperature. The current source is
implemented by MOS transistor in saturation region. It means that the voltage drop exists in current source and
the power dissipated in current source should be considered when driving p-heater. Therefore, the total power

dissipation of heater in (a) can be represented by

10



Total power oy = Ineater * (Vheater + Vsre) 1)

In figure 1.7 (b), the heater current only flows when the switch turns on compared to (a) whose current always
flows. The switch can be also implemented by MOS transistor in triode region. Therefore, the voltage drop across
triode-region transistor is negligibly small and all the voltage is applied to heater. The total power consumption

can be calculated by the maximum heater voltage(Vpp) and current(Iyeqer,vpp), and also it is highly dependent

on turn-on duty ratio. As a result, the total power dissipation of heater in (b) can be represented by

@)

turn—on time
Total power y = Iyeaterypp " Vpp - (T)

As mentioned above, the circuit topology in this thesis will choose on-off current control method (b) to
reduce heater power consumption. However, the drawback of this method is high temperature variation seen as
oscillated transient response, which leads to poor temperature accuracy and poor thermal stability. Therefore, to
compensate the disadvantages of previous on-off controller topology, Pl controller with pulse-width
modulation(PWM) are proposed in this thesis. By changing on-off duty ratio proportional to input digital value,
the average heater voltage and current are determined. PWM operates the same as DAC, however, the only
difference is that PWM makes pulse signal and DAC makes continuous DC signal. It means that PWM method
can reduce power consumption in driving heater as explained before. Figure 1.8 shows the proposed current
driving method for p-heater. Total power consumption is the same as the equation (2) that turn-on time of figure

1.8 indicates input signal duty-on time.

HM-Heater l/—

+

RHeat er § VHeater

—JLn

Duty ratio

UM - )_t

Figure 1.8 The proposed current driving method for p-heater

In addition, the temperature variation problem of duty on-off control can be avoided by using PI controller.

By using PI controller, the feedback heater temperature can follow the set-point temperature with high precision

11



and minimum steady-state error. The reason why PID controller is not implemented is that micro heater samples
used in this thesis have small heat capacity, which means they inherently have a fast transient response. Thus,
derivative term, performing to quicken the response, is avoided in the controller. Also, the derivative term is not
used because it can have a possibility to exacerbate the temperature ripple problems. The whole block diagram of

the proposed temperature control system is shown in figure 1.9.

H-hotplate Voo
:‘.- ................ Resistance-
to-Voltage

FPGA :RHeater
R X R R R R R YR EEEEEEE XL X LI LEEt] Shbd i converter

(] (]
' '
(] - (]
Pl Pulse-Width

. T etpoini —|.
: sevont =) Controller Modulation :
‘ % ] L
] Treedback ] =
(] (]
: ADC controller :
' with S-to-P '
' converter '
L g 1

AD Voltgge

scaling

Figure 1.9 The whole block diagram of FPGA-based temperature control system

The whole system is implemented in PCB level, therefore, A/D, voltage scaling, and resistance-to-voltage
converter block are used by commercial IC of several companies. The Pl controller and PWM circuits are

implemented using FPGA Altera Cyclone IV DE2-115 development board.
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1.5 Thesis Organization

In chapter 2, the hardware modeling for micro heater and driving circuit will be introduced. As representing
thermal operation of p-heater theoretically, | will introduce the modeling of micro heater. In addition, the model
of PI controller as a main circuit of p-heater driving circuits will be represented. After we calculate the feedback-
loop transfer function of the entire system in s-domain, the P, | gain tuning method will be presented in detail.

The z-transform method will also be presented for FPGA implementation.

In chapter 3, FPGA-implemented micro heater driving circuits will be introduced. The internal architecture

and detail implementation of each FPGA module will be explained.

In chapter 4, the simulation results of each FPGA module will be introduced to verify their proper operation.
And their simulation result will be also compared with actual measurement result after downloading to the FPGA

board.

In chapter 5, the conclusion and further studies of this thesis will be introduced.

13



. Hardware Modeling for Micro
Heater Driving System

As a main circuit for driving gas sensor micro heater, Pl control and PWM method are proposed in this
thesis. The overall system has a structure of negative feedback. Therefore, there is a need to obtain a closed-loop
transfer function by mathematically modeling each system blocks to interpret how the whole system works. In
this chapter, the mathematical modeling for micro heater is introduced, and the overall architecture and P, | gain

tuning method of PI controller are dealt with.

1.1 Thermal Model for Micro Heater

As introduced before, high temperature heating is an important issue for the performance of MOX gas sensor.
This heat can be acquired by Joule heat generation in a heating element. If the current flows to the heating element,
or a conductor, myriads of electrons migrate through the conductor. They make a current density in the conductor,
where Joule heat is generated. This is called Joule heat generation. The density of Joule heat has a characteristic
of non-uniform distribution, which leads to a localized hotspot; high degree of heat is generated in the spot of high
current density and low degree of heat is in the spot of low current density. Therefore, theses hot spots occurred

by Joule heat introduce large temperature gradient causing a heat transfer to other materials.

14



When electrical power is applied to the hotplate, Joule heat is generated and this heat is transferred to other
materials, which leads to heat loss. Based on Joule heat generation, thermal model of micro heater can be

expressed as follows [6] [7]:

The rate of energy [The net rate of energy] [ The rate of energy
. +
into or out of hotplate

stored in hotplate - generated by hotplate

M

The rate of energy stored is the heat storage depending on the density and heat capacity of the hotplate. The net
rate of energy is heat transfer depending on thermal conductivity of the hotplate. And the heat generation is the
system input power. In practice, the performance of the heat transfer is different according to several parameters,
such as structure’s material, dimension, layer density etc. Also, the transfer of heat into and out of the hotplate
can be classified into three mechanisms: heat conduction to the other materials surrounding micro hotplate, heat
convection to the air, radiation. However, the thermal transient response can be simply obtained by approximating
actual three mechanisms of temperature distribution inside the sensor and expressing the thermal behavior with
thermal resistance R,, and thermal capacitance C.,. If the electrical power applied to the hotplate is P,

equation (1) can be described the following equation:

ar _  T-Tp

+ Pel (2)

Rewriting the equation (2) expressing AT = T — T,, the derivative term in the left side term can be described %

because T, is constant. The equation (2) and can be solved using Laplace analysis. The temperature transient

response to a step function of electrical power is given by

AT(s) = ——Poi(s) 3)
A7) = K(1—e 77)Per(s), T= RenCon @)

where K is the magnitude of input power, and t is thermal time constant expressed with thermal resistance and
thermal capacitance. The equation (3) is indicated in s-domain and the equation (4) in time domain. As shown in
these two equations, the thermal dynamics of the hotplate are modeled by a first-order differential equation whose

dynamics are the same as first-order low pass filter RC circuit.
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In this thesis, selected micro heaters used for measurement are given from the laboratory of professor
Jongbaeg Kim in mechanical engineering, Yonsei university. The time constant t of the selected micro heater is

2.4msec, and K is 92.85 that the temperature is 350°C when 3.5V is applied to the heater.

1.2 PI controller

In the thesis, PI controller is proposed as a temperature control circuit for micro heater. It will be
introduced about the method for tuning P, I gain to meet transient specifications and the design of PI controller.
The PI algorithm consists of two basic terms as proportional term and integral term. The basic form of PI control

algorithm is given by
u(t) = Kye(t) + K [ e(r)dr (5)

where K, K; isa proportional and integral gain, e(t) is the error signal, and w(t) is the control input. The

PI control equation (5) is given in frequency s-domain using Laplace transform by
Ki
UG = (K, + ) Es) 6)

To interpret the operation of the whole system depending on PI controller, it is necessary to figure out
the closed-loop transfer function in s-domain. Including the equation (6), the block diagram of temperature control

system in s-domain is shown in figure 2.1.
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Figure 2.1 Block diagram of micro heater temperature control system in s-domain

In figure 2.1, PI controller and micro heater system block is explained before. ATg.¢,0im, is the set-

point temperature and ATy is the micro heater temperature. V.., [V] denotes the operating voltage of the

100

system, whose value is 4.0V. is PWM system block that converts the control input u to duty ratio [%].

max

R,a is resistance-temperature detector (RTD), whose equation is R = R,(1 + aAT) omitting R,, R, is base

resistance at room temperature and « is temperature coefficient [1/°C]. RTD converts temperature of a heating

element into resistance and is located inside the sensor near the heating element. 1’(’)‘3;‘ is a system block of

commercial integrated chip MAX6603 manufactured by MAXIM, which converts RTD resistance into voltage.
And the voltage scaling block plays a role of extending the range of V,., because RTD resistance variation range
is not high. It is implemented by non-inverting amp using MCP609 of Microchip Technology. From the s-domain
block diagram in figure 2.1, the closed-loop transfer function is achieved by

ATmy _ 25K(KpS+Ki)
ATsetpoint  RenCens?+(1+25KKp)s+25K°K;

(7)

The equation of closed-loop transfer function (7) has a characteristic of a second-order system response.
Compared to the simplicity of a first-order micro heater system, the second-order system exhibits various
responses. Whereas varying a first-order system’s parameter simply changes the speed of the response, a second-
order system’s parameter can change several forms of the response. For example, the second-order system can
display damped, underdamped, or oscillated form of its transient response, whose forms are determined by system
poles. By placing the location of the system poles, it is available to intuitively judge the system’s transient form

without the need for sketching the response [8], [9].

17



Before interpret and make the desired transient response for the equation (7), three fundamental concepts are
needed for the ensuing discussion: (1) Natural frequency w, and damping ratio { (2) Rising time T, Settling

time T, Peak time T, the percent overshoot %0S (3) Root locus
(1) Natural frequency w, and damping ratio ¢

These two parameters are physically meaningful for second-order system. Natural frequency is the frequency
of oscillation of the system without damping. Damping ratio is the degree the transient envelope decays. The
equation can be defined by the ratio of the exponential decay frequency of the envelop to the natural frequency.

They can be used to describe and analyze the characteristics of the second-order transient response.
(2) Risingtime T, Settling time T, Peak time T, the percent overshoot %0S

There are four important transient specifications of the step input. These information lets us know the
transient response form, such as damping form, underdamped form, and how fast the transient changes. They are

defined as follows:

* Rising time T, : The time required for the waveform to go from 0.1 of the final value to 0.9 of the final

value.

»  Settling time T : The time required for the transient’s damped oscillations to reach and stay within 2% of

the steady-state value.
e Peaktime T, : The time required to reach the first, or maximum peak.

*  Percent overshoot %0S : The amount that the waveform overshoots the steady-state, or final value at the

peak time.

These four specifications are inferred from the general second-order transfer function. Using natural frequency

and damping ratio defined before, the general second-order transfer function G(s) can be represented by

wy?
$2+2TwpS+wp?

G(s) = (8)

Calculating the step response for the equation (8), the transform of the response C(s) is given by
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wn?

C(S) = S(s2+2Twps+wy?) (9)
Taking the inverse Laplace transform of C(s), it is represented by
1 -
c(t)= 1- Nrerchd Sonteos((wpy1 — ¢2)t —0) (10)
From the equation (10), the result of hand-calculation of the transient specifications is as follows:
4
Ts= oo (11)
Vi
R (42
—('n'/
%0S = e /V1-¢* %100 (13)

A precise analytical relationship between rising time with natural frequency and damping ratio cannot be found.
(3) Root locus

Root locus, a graphical presentation of the closed-loop poles as a system parameter is varied, is a powerful
method of analysis and design for both transient response and the stability. The root locus typically allows us to
choose the proper loop gain and the closed-loop pole location to meet transient response specifications, whose

specifications is to improve transient response, steady-state error, and stability.

Now, let us analyze the closed-loop transfer function of equation (7). In the equation (7), there are two
poles determined by PI controller gain, and the system response can have different transient characteristics

according to the gain. The steps of Pl controller gain tuning method using root locus are as follows:

1. Choose the desired transient response specifications (T, T,, %0S).

2. Calculate natural frequency w,, and damping ratio ¢, and find the desired pole location of the closed-

loop system to meet transient specifications.
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3. Find the location of PI controller zero Ki/K using the open-loop poles.
P

4. Draw root locus combining the poles and zeros of Pl controller and plant. On the locus, find the loop
gain K, at the desired pole, which indicates the proportional gain, and compare simulation and hand-

calculation whether the transient specifications are met.

5. If both of the results are almost the same each other, find the integral gain K; from Ki/K .
14

The desired transient specification: rising time < 10sec, steady-state error = 0, Phase margin > 45deg.
The rising time less than 10 second is based on the time micro hotplate temperature reaches on target temperature
and surrounded oxygen molecules are completely adsorbed on the sensing surface. The time for the sensor used
in the thesis takes about 90 ~ 100 seconds, thus the rising time specifications was put on one to ten of that time.
However, the faster rising time reaches on target temperature, the better performance is. Therefore, let us make
the transient response as fast as possible. And the steady-state error is almost zero means the heater temperature
can follow the desired temperature with high accuracy. Even though the steady-state error does not become zero
in practical, the minimum error is better. Finally, the system phase margin (PM) was designed to have larger than
45 degrees. If the system phase margin is larger than 45 degrees, the system can be stable and the output transient
response does not oscillate or diverge. Generally, additional margin about 45 to 60 or 70 degrees is common target

specification for the system.

If PM is larger than 45 degrees, the transient response shows a critical or overdamped characteristic.
Therefore, let us design the transient have almost zero percent of overshoot based on steady-state value. Also, the
settling time is set to 5msec to make the rising time as fast as possible. From the equation (13), the damping ratio
(©) has 0.9465 when %0S is almost 0 percent from the equation (13). And natural frequency w,, has 845.22 from
the settling time equation (11). Then, the location of the desired pole, or dominant pole, of the second-order

transfer function can be achieved from the figure 2.2 shown below.
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Figure 2.2 Dominant pole plot for second-order system

From the figure 2.2, the desired pole is -800 + j272.76. The next step is to achieve the controller zero Z.. Using

the geometry shown in figure 2.3, the controller zero’s location can be calculated.

Desired pole

-1250(P1) 0(P2)

Figure 2.3 Calculation of PI controller zero location

272.76

6, = tan_l <7
1 1250 — 800

) ~ 31.22°

272.76
800

6, = 180° tan—l( ) ~ 161.17°

P = 91 + 62 —180° = 12.39°
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272.76
tan ¢,

1Z.| = + 800 ~ 2041.62

From the figure 2.3, the controller zero Z. is 2041.62. And now, drawing the root locus for the poles of the
controller and the plant, the loop gain K, proportional gain of PI controller, can be achieved when the closed-

loop pole is at the desired pole. The figure 2.4 shows the root locus for Pl compensated micro heater system.

Root Locus

Sysiem: untitled1
Gain: 1.16

-| Pole: -802 + 274i
Damping: 0.946

B Overshoot (%): 0.0103
- | | Frequency (rad/s): 847

00~ 0.997.

6e+03) 5e+03; 4e+03

Imaginary Axis (second5'1)

o 0997

-1-0.988

0.97. 094 - 0.89 0.8 - 06 0.35

0 -2
Real Axis (seconds™)

Figure 2.4 Root locus for Micro heater model with PI controller

As shown in figure 2.4, the loop gain K,, is 1.16. And the integral gain K; can be achieved from the controller

2610 Zo(= Ki/K ), which is 2368.28.
p

Until now, the PI controller gain tuning is done. Finally, There is a need for us to verify the output
temperature transient response whether the transient specifications of %0OS and T, is met for the desired
specifications. Using these P and | gain (K, K;) in Pl controller, the transient response simulation result is shown

in figure 2.5 The result is simulated in Simulink model.
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Heater temperature[°C]

Time[ms]

Figure 2.5 Simulation result of thermal transient response in Simulink

Based on the transient results of figure 2.5, %0S is about 0.03% and T, is 3.3msec and Ty is 5.4msec, whose
simulation results are similar to the desired specifications. Table 2.1 summarizes the comparison with hand

calculated result and simulation result in the overall progress.

Table 2.1.

The comparison of hand-calculation and simulation results

Pl control
Calculation | Simulation
((_DI_ontroIIer X Pl_ant) K (s + 2041.62) » 1237.5
ransfer function s (0.8 x 10735+ 1)
Dominant poles s =-800 +j272.76 | s =-802 +j274
Loop gain(K) 215
Damping ratio(g) 0.9465 0.9460
Natural frequency(w,,) 845.22 385.92
%Overshoot 0% 0.01%
Rise time(T;.) 3msec 3.3msec
Settling time(T;) Smsec 5.4msec
Steady-state error 0 0
Controller Gain K, =1.16, K; = 2368.28
Phase Margin 50.2 degree

The both results are also similar each other, which means design verifications are reasonable. And the s-domain

PI controller transfer function C(s) is represented by
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1.16(5+2041.62)
S

C(s) = (14)

For implementing PI controller design using FPGA, there is a need to transform the expression of analog
domain to digital domain. In digital domain, the value is updated at each sampling period. In discretizing
continuous PI controller, the transformation of integral term in PI controller is significant. There are three methods
to transform continuous integral term into discrete term: Forward Euler method, Backward Euler method, and
Tustin or Bilinear method. To figure out the difference among them, it is necessary to get into a bit of mathematics
for analysis. Let us understand an example shown in figure 2.6. The integrator output is defined by y and the

input by u. The current sample is T, and the previous Tj_,. And the sampling period is Ty (= Ty — Tx_1)-

A YA YA
u(Tw)
U(Tk1)

A 4

Figure 2.6 The discretization methods for integral term:

(2) Forward Euler method (b) Backward Euler method (c) Tustin or Bilinear method

y(k) = y(k — 1) + T - u(Te_y) (15)
y(k) = y(k — 1) + Ty - u(Ty) (16)
y(k) = y(k — 1) + T, - 202l (17)

2

Forward Euler method is defined by the equation (15). This means that the current output is computed as the
previous sample output added to the previous input times the sampling period T,. Backward Euler method is
defined by the equation (16), where the output is dependent on the current input value. In the Tustin or Bilinear

method in the equation (17), the output is dependent on the average of the previous and current input samples.

In the thesis, Tustin method is used for discretizing continuous time-domain Pl controller. In the

equation (6), continuous time-domain PI1 controller was represented in frequency s-domain. In order to design
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controller in digital domain, z-transform should be applied to it. From the equation (17), the method of z-transform

using Tustin method is shown below.

ylzl = z7tylz] + 2 - [z ulz] + ulZ]]

A=z ylz =yl + 3 A+ 27 ulz]

vl _ T (+z7) _ Ts @+

ulzl 2 (1-z) 2 (z-1)

_Ts (Z+1)
s=3 =D (18)

,where T, denotes the sampling period.

Before using the equation (18) for transforming PI controller, let us determine appropriate sampling
period T, considering the whole system. In general case, as the sampling period gets smaller (higher sampling
rate), the designed digital controller’s output yields a closer match to the analog output. However, if the sampling
rate is very high, it can increase the operating power consumption and damage the micro heater due to fast
switching transition. Thus, proper sampling rate should be considered. To determine the sampling frequency, the

output transient response for the step input at each different frequency is shown in the figure 2.7.

Step Responsein different sampling frequency
= T T T T T T T

| 10kHz

Figure 2.7 Step response in different sampling frequency:

Analog(red), 1kHz(orange), 5kHz(green), 10kHz(blue)

As shown in the figure 2.7, 10kHz(0.0001sec) sampling frequency(period) was chosen for the system operating

frequency.
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Now, using the equation (18) and sampling period of 10KHz, the z-domain transfer function of Pl

controller is represented by

_ Ulz] _ 1.1021(Z-0.8147)
== (19)

,where E[z] and Ul[z] is input and output of Pl controller represented in z-domain. And the equation (19) is

transformed into discrete time-domain equation represented by
ulk] = ulk — T] + K, - e[k] — K, - e[k — T4] (20)

,where e[k] is the current error signal, e[k — T,] is the previous error signal and u[k] is the control signal,
ulk — T] is the previous integral signal. The coefficients K, and K;, are discrete P gain and | gain given in

(21) and (22).
Ky, =K, +K; = (21)
Ts
Kip = —K, + K; -~ (22)

,.where K, and K; is continuous P gain and I gain, that each of them is 1.16 and 2368.28. Using (21) and (22),
K,, and K;, is 1.2784 and -1.0416. In summary, the whole system block diagram with s-domain blocks and z-

domain PI controller is shown in the figure 2.8.

Pl controller

*

Pgain1

E N

Dreference

- y| _esw ]
Duty rato 0.8e-3s+1 detaT

PWM Micro Heater

prev_ermor

¥

ADC ‘ ‘ + 104523
F |
J‘L\_ 2 4/1000 234 25
i Rrtd
‘ ‘ M
Comst2

Veltage scaling Resistance-to-Voltage
Converter

RTD

Figure 2.8 Block diagram of temperature control system in s-domain and z-domain
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P1 controller, PWM blocks in figure 2.8 are implemented using FPGA and the details will be introduced

in the next chapter.
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III. FPGA Implementation of Micro Heater
Driving Circuit

As mentioned before, the micro heater driving circuits are implemented using FPGA. In FPGA
implementation, PI controller, PWM as a main circuit, and Serial-to-Parallel converter were additionally designed.
In this chapter, the detail implementation of them will be dealt with. In the thesis, Altera Cyclone IV DE2-115
development board was used as a FPGA hardware, Altera Quartus and Mentographics Modelsim as software tools.
Quartus tools is for gate logic synthesis on FPGA chip and Modelsim is for Resistor Transistor Level (RTL)

simulation of the circuits.

3.1 PI controller

In chapter 2.2, PI controller represented by discrete time domain and frequency z-domain equation was
introduced to implement it using FPGA, whose result was the equation (20). In this section, FPGA implementation
of PI controller will be introduced. The first step is to model the architecture of digital Pl controller from (20). As
shown in figure 2.7, the commercial IC of ADC, ADC101S101 is used in the system, which has high speed and

low power 10bit converter with maximum 1.25 MHz sampling rate. It converts an analog voltage to a digital value.

28



Due to the resolution of ADC, the input and output resolution of digital PI controller have also 10bit, decimal
scale from 0 to 1023. The operating clock of PI controller is 10kHz as mentioned in figure 2.6. Based on this

information, the internal architecture of Pl controller can be designed as the figure 3.1 [10].

Signed
Unsigned 1 1}" L Signed Signed
10bi Signed | Paain [=7—> 22bit 11bit
11bit Multiplier <<9 i
D Z > igned ; )
ref Subtractor outp 1 2bit Sigm_ad Signed
D ~ , 13bit 12bit
feedback 7 = / —
Unsigned outi | aAdder Adder |~ Limit /’ >
10bit " Lcheck J | i
Multiplier << 9 prev_u_out,
Igain // > Signed Signed Signed - ¢ Z
) 22bit 11bit 12bit
Signed Signed
11bit 12bit

Figure 3.1 The architecture of digital Pl controller

The architecture consists of two multipliers, two adders and one subtractor, and two delay blocks. Shifting 9bits
(<<9) block after two multipliers is added due to P gain and I gain. P gain and I gain in z-domain (K,,, K;,) were
1.2784 and -1.0416. They are so small that the magnitude should be increased to avoid gain scale error. Therefore,
the method used in this architecture is that two to the nine(2%) is multiplied to P gain and | gain before getting
into multipliers, and the multiplied decimals are shifted 9bit to the right, which means dividing 2° from the

output decimals.

3.2 PWM (Pulse Width Modulation)

The principle of PWM is that the output voltage level varies depending on the pulse width. PWM
module will generate a pulse waveform with appropriate duty cycle. The pulse signal of PWM is generated by
comparing reference voltage with sawtooth wave of constant amplitude and frequency, which means comparator
and counter is needed to make pulse signal. The 10bit counter is used to generate sawtooth signal, which counts

the decimal values from 0 (00000 _00000)2 to maximum 1000 (11111 01000)2. When counter reaches to
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maximum value 1000, it returns to 0 and repeat it. The duty cycle has the range of 0 < Duty < % (= 97.76%).
At each clock cycle, comparator compares the output of PI controller. The block diagram of PWM module is
shown in figure 3.2. If Dy, is higher than D, comparator gives logic ‘1°, otherwise it gives logic ‘0’. The
operating clock of PWM (CLK_PWM) depends on total counting number and system clock. The PWM clock is

10MHz calculated by the equation (23) [11].

CLK_PWM = System clock X Total counting number = 10kHz X 1000 = 10MHz (23)

CLK_ PWM

:

gommmmmmoooenn s

Y. ‘
A4 :
10bit ;
Counter :

\ 4

10 Dref

/, re) V "]_I:_- LOgiC 111 Din > Dref
Comparator —>» __|..... -- Logic'0' Din < Dref

From PI controller ———~—>

12 Din

Figure 3.2 The block diagram of PWM module

3.3 ADC controller with Serial-to-Parallel converter

Serial-to-Parallel converter performs to convert a continuous serial digital data into parallel bus data.
For commercial ADC chip, ADC101S101 of 10bit digital converter is used in the system. Its operation is based
on SPI communication protocol. Indicated in the datasheet [12], ADC operation depends on chip select clock CSh
and using SCLK as synchronous clock, serial data bits are generated from Serial_Dout bit by bit. When performing
a conversion, ADC IC reads the analog signal and converts it to a digital output. There are three lines connected

with Serial-to-Parallel converter module in FPGA, and these lines are used to allow SPI communication between
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ADC and the module. The figure 3.3 shows the interface of ADC controller with Serial-to-Parallel converter with

ADC IC in FPGA.

FPGA

r--- CLK_ADC

:
L]
' \ 4
5 A4
ADC IC ; Serial-to-Parallel
[}
5 converter
Al'tml':’g_ —»| Din Serial_Dout : »| ADC_register
voltage in ' Parallel_ +>

Csb [&——|ADC_Csb Dout[9:0]| o

SCLK [¢—+—] ADC_SCLK
:

Figure 3.3 The interface of ADC controller with Serial-to-Parallel converter with ADC IC
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Figure 3.4 The timing diagram of ADC controller with Serial-to-Parallel converter interface

And the figure 3.4 shows the timing diagram of ADC controller with Serial-to-Parallel converter
interface. The cycle starts with the falling edge of CSh. With the falling edge of CSb, the input signal is sampled
and the conversion process is initiated. The ADC converts to serial bit at each negative edge. For the first four
negative edges, the data word contains three or four leading zeros, followed by 10bit data from MSB to LSB and

padded by 2 lagging zeros. During 10bit serial data acquisition time, the ADC stores 10bit serial data bit by bit.
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At that time, the Parallel_Dout stores previously acquired digital value. As soon as the acquisition time is finished,

ADC starts to transit serial 10bit to a parallel bit (bus)

In summary, the micro heater temperature control circuits in FPGA are composed of three modules: PI

controller, PWM, and Serial-to-Parallel converter. The figure 3.5 shows these hardware modules and /O pin

assignments of FPGA-based temperature controller.

ADC_Dout
ADC_CSb
ADC_SCLK

A A

CLK(50MHz)
Frequency Frequency Frequency
dividerl divider2 divider3
! CLK_ADC P CLK_PI § CLK_PWM
: : s 3
E : P X2 :
: v / :
H 10bit '
\ 4 v Counter E
| Vv PI 10 \V4
»| Serial-to- 12
parallel | Controller v 5| comparator
converter | Temp_feedback
A
7
1 10

Temp_reference

» PWM_out

Figure 3.5 Hardware modules and 1/O pin assignments of FPGA-based temperature controller

\where Temp_reference is the reference digital value, and Temp_reference is feedback digital value

acquired from Serial-to-Parallel converter. These two values will be processed in PI controller and the output of

P1 controller will compare with 10bit counter leading proper pulse cycle. The original clock is 50MHz generated

from embedded crystal oscillator in FPGA development board and three frequency dividers divide the original

clock into three different clock CLK_ADC, CLK_PI,and CLK_PWM, operating clocks of these three modules.
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IV. Measurement

In this chapter, the simulation results of FPGA-implemented modules (PI controller, PWM, and Serial-
to-Parallel converter) and the actual measurement result of their FPGA hardware will be introduced. First, RTL
level simulation will be conducted. After RTL simulation and downloading in FPGA board, we will confirm
whether the actual operation and simulation result is the same or not. Especially, to verify the operation of FPGA
Pl controller based on figure 3.1, the ideal model is coded using MATLAB and this will be compared with its
FPGA model. Finally, by testing feedback loop of the whole system including FPGA modules, driving commercial
IC circuits, and micro heater, we will confirm that a feedback temperature can follow a desired temperature with

desired transient specifications.

4.1 FPGA modules test

4.1.1 PI controller module test
As shown in figure 3.1, PI controller is composed of several modules, such as two multipliers, two
adders, one subtractor, and two delays. Before we design PI controller based on the architecture of figure 3.1, it

is necessary to confirm that the architecture properly works. Therefore, there should be an ideal model for FPGA
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model verification. The ideal model is coded using MATLAB. The measurement setup is shown in figure 4.1 and

the comparison result of these two model is in figure 4.2

A 4
N
Pl
Controller |2
10
Temp_feedback

u_pid

10°d895

Temp_reference

Figure 4.1 PI controller module measurement setup

Temp_reference and Temp_feedback are the input and u_pid is the output of PI controller We will fix

Temp_reference to 10bit fixed integer value of 895 and Temp_feedback to 700, and simulate u_pid at each

sampling period.

temp_reference 895 895 895 895 895] 895 895] 895 895 895
temp_feedback 700 700 700] 700 700] 700] 700] 700] 700 700
error 195] 195] 195 195] 195 195 195] 195 195 195
prev_error 0 195] 195 195] 195 195 195 195 195 195
outp 115245 115245 115245 115245] 115245 115245 115245 115245 115245 115245

outi 0 100620 100620 100620 100620 100620 100620 100620 100620 100620
real_outp 225 225] 225 225] 225 225 225 225 225 225
real_outi 0 196 196 196 196 196 196 196 196 196
u_outl 225 29| 29| 29 29| 29 29| 29 29 29
u_out2 225 254 283 312 341 370 399 428 457 486
prev_u_out2 0 225 254 283 312 341 370 399 428 457
u_pid 225 254 283 312 341 370 399 428 457 486

ftb_PI_controller/dk
fth_PI_controllerjrsth
Jtb_PI_controller/ck_gen_pid
ftb_PI_controller ftemp_reference
Jtb_PI_controllerftemp_feedback
ftb_PI_controllerferrar
Jtb_PI_controllerfprev_error
[tb_P1_controllerfoutp
[tb_P1_controller fouti
ftb_PI_controllerfreal_outp
Jtb_PI_controller freal _outi
fth_PI_controllerfu_out1
ftb_PI_controllerfu_out2
ftb_PI_controllerfprev_u_out2
Jtb_PI_controller fu_pid
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1] 100620
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(- I I N 6
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Figure 4.2 P1 controller module measurement result:

(a) MATLAB ideal model data (b) FPGA model data
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As you see measurement results of (a) and (b) for the same inputs, the output u_pid has the same result.
However, the number of comparison groups are just 10 which can be small, thus we need to put more samples to
be compared. Therefore, there are additional simulation with the same measurement setup, whose number of
samples are 200 shown in figure 4.3

XOR(MATLAB data, FPGA data)
MATLAB data FPGA data

> xar (u_p|d, Node Isin_data}

=1 i

149980000

200
samples

XOR

3549920000
3649920000
3749980000

L - All zero

Figure 4.3 PI controller module measurement result (Tested for 200 samples)

To compare two logic value, general method is using XOR operation. When two logic values are the
same, the results of their XOR operation is logic ‘0°, otherwise logic ‘1°. The simulation result of MATLAB ideal
model and FPGA model test for 200 samples is in green box. All of these logic values are zero, which means these

two models are perfectly the same. Therefore, the verification of FPGA PI controller model is done.

4.1.2 PWM module test

As shown in figure 3.2, PWM module consists of 10bit counter and comparator. Actually, 10bit counter
is 1000 counter which counts decimal 0 to 999. This is because if the counter counts decimal 1024, the PWM
operating frequency is not integer value and it results a clock synchronization error. The measurement setup of

PWM module is shown in figure 4.4.
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Figure 4.4 PWM module measurement setup

The input of comparator PWM_in is 12bit fixed integer value of 700. Counter_in is the output of 10bit
counter, which counts up decimal 0 to 999 at each clock cycle and goes into comparator. When PWM_in is higher
than counter_in, PWM_out results logic high, however lower than counter_in, PWM_out results logic low. . The

simulation results of the PWM output is given in figure 4.5.

[

B counter_in

 PWM_out

Figure 4.5 PWM module measurement result

4.1.3 ADC controller with Serial-to-Parallel converter module test
The measurement setup of Serial-to-Parallel converter module is the same as figure 3.3. The input
analog voltage changes from 0 to 4V at 0.1V step and the 10bit output Parallel_Dout of the converter module is

measured. The output measurement results of Serial-to-Parallel converter is shown in figure 4.6
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Figure 4.6 ADC controller with Serial-to-Parallel converter module measurement result

The blue line is the ideal decimal value corresponded to analog voltage and the red line is measurement
decimal value of Parallel_Dout. The measurement value was a little higher than the ideal one, whose average

error has +11 in decimal value.

4.2 Feedback loop test

In this section, we will perform feedback loop test for several micro heaters with FPGA-implemented
circuits. The block diagram of hardware feedback loop was already introduced in figure 1.7. The test was
performed using the total 7 micro heater given from the laboratory of professor Jongbaeg Kim in mechanical
engineering, Yonsei university. Even though each RTDs were processed with similar characteristics, they have
different characteristics of baseline resistance at room temperature Ro, temperature coefficient o, thermal time
constant t (=R.,C;), and dc gain K due to process variation. The RTD characteristics of each sensor are

summarized in table 4.1.
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Table 4.1 RTD characteristics of each u-heater sensor

Ro [Q] o [1/°C] T (ZR4,Cp) [seC] K
Sensor #1 234.25 1.045e-3 0.80e-3 4.940
Sensor #2 231.52 0.918e-3 0.62e-3 4,074
Sensor #3 232.40 1.096e-3 0.77e-3 4.618
Sensor #4 234.03 1.063e-3 0.84e-3 4.422
Sensor #5 233.73 1.193e-3 0.78e-3 4511
Sensor #6 242.7 1.193e-3 0.78e-3 4.329

Ro : baseline resistance at R.T a : temperature coefficient of resistor
T : thermal time constant K : heater dc gain

As shown in table 4.1, sensor #1, 3, 4, 5 have almost the same characteristics, however, sensor #2, 6, 7 seem to

definitely different characteristics.

Before we confirm that each heater sensor has desired transient response with desired transient
specifications, the proper operation of FPGA PI controller is sure to be tested using actual micro heater hardware.
Therefore, we measured the tendency of thermal transient response by varying P gain and | gain of PI controller
and confirmed whether the tendency is fitted to simulation results. The first test is testing the tendency of critical-

damped transient response varying P gain with fixed | gain. The result is shown in figure 4.7.
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g 580
o 570
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"’—l 550
) 540 Kp=1.4,Ki=1390
530
520
510

Kp = 0.8, Ki =1390

a0
480
470
460
450

Time[ms]

Figure 4.7 The tendency of thermal transient response (K, varies and K; constant)
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When a set-point digital value is 642, the same as 325°C, a feedback digital value D_feedback is following the
set-point value with critical-damped transient response. At that time, varying P gain of controller, we confirmed
the tendency of the response. The increase of P gain means the increase of open loop gain proportional to error,
which leads to the decrease of rising time. As shown in the figure 4.7, the rising time gradually decreases as P

gain increases, and faster transient response can be achieved.

The second test is testing the tendency of under-damped transient response varying | gain with fixed P

gain. The result is shown in figure 4.8.
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Kp =1.6,Ki=6000

Kp =1.6,Ki=5000

Kp = 1.6, Ki = 3000

D_feedback

Figure 4.8 The tendency of thermal transient response (K, constantand K; varies)

The increase of | gain means the increase of open loop zero, which leads to the decrease of damping ratio and the
increase of overshoot. The increase of overshoot corresponds to the decrease of rising time. As shown in the figure
4.8, the percentage of overshoot increases and the rising time decreases due to the increase of | gain. In summary
of the test for transient response changing P gain and | gain, the transient tendency is the same as the simulation

results, which means that PI controller properly operates with actual pi-heater hardware.

Now, let us look into thermal transient response matched to the desired specifications. The desired
specification was that the rising time T, is about 3ms, the settling time T, is about 5ms, the percentage of

overshoot is almost zero, and phase margin is larger than 45 degree. | acquired P, | gain corresponded to this
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transient specification and the figure 4.9 shows the measurement results of thermal transient response for actual

u-heater.
Sensor #1 —Measurement —Simulation Sensor #2 — Measurement —simulation
325°C 325°C
| Sensor #3 —Measurement —Ssimulation | Sensor #4 —MressuTemEnt—"Simulaton
325°C 325°C
Sensor #5 —Measurement —Simulation SenSOI’ #6 —Measurement —Simulation
325°C 325°C

Figure 4.9 Measurement results of thermal transient response for actual j1-heater

And table 4.2 indicates the comparison of transient specifications between simulation results and measurement

results. It can be represented that both of results are satisfying the desired transient specifications.
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Table 4.2 The comparison of transient specifications between simulation and measurement

results
Simulation Measurement
Sensor PM
Tr Ts %0S €g Tr Ts %0S €
#1 3.3m 54m | 0.03% 0 29m | 4.73m | 0.07% | -0.10°C | 50.2deg
#2 2.9m 5.2m 0.02% 0 2.7m 4.9m 0.03% | -0.91°C | 48.6deg
#3 3.1m 51m | 0.01% 0 2.8m 4.8m | 0.02% |+0.12°C| 52.7deg
#4 3.2m 49m | 0.03% 0 3.3m 51m | 0.02% | -1.27°C | 49.3deg
#5 3.1m 5.2m 0.01% 0 2.9m 5.0m 0.06% | -0.05°C | 51.9deg
#6 3.1m 5.1m 0.02% 0 2.7m 4.8m 0.10% |+0.37°C | 50.5deg
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V. CONCLUSION AND FUTURE
WORK

From now on, temperature control system of gas sensor micro heater was dealt with. The optimal
temperature for the best response of measured micro heater was 350°C and we saw that the feedback temperature
value properly follows the set-point value with dynamic transient response which also satisfies the transient
specifications. Now we need to look into the driving power dissipated in micro heater. First, let us look into figure
5.1 which indicates that the comparison of heater power consumption in low operating temperature. Red line
shows the power consumption using continuous current driving method with current source. And blue line shows
the power consumption using PWM current driving method with switching transistor. And the numbers with green
color indicate power efficiency of PWM current driving method against with continuous current driving method.
And the figure 5.2 also shows the comparison of two current driving method, however, it is operated in high
operating temperature. As you see the power efficiency of figure 5.2, they show less efficient results than the one
of figure 5.1. This is because when the heater temperature goes high, it need larger duty-on time. It means longer

switch-on time of the transistor and it is difficult to achieve higher power efficiency in driving micro heater.
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Figure 5.1. Power consumption comparison in low heater temperature between two current
driving methods (Total power consumption[mW] vs Heater temperature[°C])

Red line: Continuous current driving method by current source;

Blue line: Pulse-width modulated current driving method by switching transistor
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Figure 5.2. Power consumption comparison in high heater temperature between two current
driving methods (Total power consumption[mW] vs Heater temperature[°C])

Red line: Continuous current driving method by current source;

Blue line: Pulse-width modulated current driving method by switching transistor

As a future work, additional measurement for driving micro heater will be conducted. And the driving
circuits implemented in FPGA will be combined for ASIC. The approach for the system on one-chip can facilitate

to the applications for the portable instruments.
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