Mechatronic System Case Study:
Thermal Closed-Loop Control System

1. Introduction

This case sudy is a dynamic system investigation of an important and common mechatronic sysem: a

therma closed-loop control system with a resistive heater, temperature sensor, and microcontroller.

The study emphasizes the two key dementsin the sudy of mechatronics:
Integration through design of mechanica engineering, eectronics, controls, and computers
Bdance between modding / andyss/ smulation and hardware implementation

The case study follows the procedure outlined in Figure 1.
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Thermd regulation is a common control problem. Temperature control systems are found in a host of
commercid products and in many environments. In our homes, we find temperature regulation devices
that maintain the temperature of our rooms and regulate the temperature of our ovens and refrigerators.
In our cars, we find temperature control mechanisms that regulate the temperature of our engine, which
help to preserve the integrity of the lubrication and combustion processes.  Automobile interiors have
mechanisms which alow us to adjust the temperature of the passenger compartment, and, as we
physicdly sense the temperature and adjust the available mechanisms, we become part of the control

process. Office equipment, such as xerographic and facamile machines, have sophisticated control

mechanisms that regulate the temperatures of the fuser and therma transfer rolls in these devices. This
case sudy explores methods of controlling the production of heet energy for the purpose of producing
adedred temperature.

The objective of this case study isto control the temperature of athin duminum plate, as measured by a
temperature sensor positioned in the middle of the top of the plate, by regulating the voltage supplied to
aresgtive heater postioned under the plate. The temperatureis to be regulated to apoint 20° C above
the temperature of the ambient air. Thiswill be accomplished by:

applying the genera procedure for a dynamic system investigation to the therma system

understanding the physical system, developing a physicdl mode on which to base andyss and

design, and experimentdly determining and/or vaidating modd parameter vaues

developing a mathematica modd of the system, andyzing the syssem in MatLab, and comparing the

results of the analyss to experimental measurements

designing a feedback control system in MatLab to meet performance specifications

implementing the control system and experimentally validating its predicted performance

2. Physical System

The physicd system that we are investigeting is shown in Figure 2. It congsts of an duminum plate, two
inches square and 1/32 inches in thickness, which we desire to control the temperature of. This thin
plate is hested on its underside by athin-film resstive heater, which converts dectrical energy to therma
energy. The heat supplied by the heater to the plate depends on the power disspation across the
heater, which is afunction of the voltage applied to the heater and the heater's resstance. The resstive
hegter is insulated on its undersde by insulaive, ceramic tgpe 1/8 inches thick to inhibit conductive
transfer of leat from the bottom of the resstive heaster. The thermd conductivity 4 of the ceramic
insulation is 0.055 W/m-K compared to 177 W/m-K for the duminum plate. The top of the thin,
heated, duminum plate is exposed to ambient ar. Attached to the center of the heated plate is a
temperature sensor whose electrica properties vary with the temperature of the surface to which it is
bonded.
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Figure 2. Physical System
The resigtive heater is supplied by Minco Products. Its specifications arelisted in Table 1.

Table 1. Properties of the Resistive Heater

Specifications Value
Manufacturer Minco Products
Model Number HK-5169-R185-L12-B
Hesater Resistance 185 ohms +10%
Heater Area Airf
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| Heater Thickness

0.010 inches |

The temperature sensor is manufactured by Andog Devices, component number AD590.
gpecifications for thisdevice are lisgted in Table 2.

Table 2. Properties of the AD590 Temperature Sensor

Specification Value
Rated Temperature Range -55° Cto 150° C
Power Supply (min) 4 volts
Power Supply (max) 30 volts
Nomina Output Current @ 298.2 K 298.2 mA
Temperature Coefficient 1 mA/K
Cdibration Error @ 25° C +25°C
Maximum Forward Voltage 44 volts
Maximum Reverse Voltage -20 volts
Case Breakdown Voltage + 200 volts

The sensor isimplemented as shown in Figure 3.

—

Figure 3. Sensor Voltage Circuit

K sensor
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As can be seen from the circuit in Figure 3, the temperature sensor (with a 15 volt power source) acts
like a current source of 1 mA/K and is connected in series with a 1 KW resistor. The potentia of the
resstor with respect to ground is buffered by a follower amplifier. The gain of this sensor in voltsK is



where the nomind resstance vaue of Rengr 1IS1 kW. Thisleads to anomind sensor gain of 1 mV/K.
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The plate is made of duminum. The rdevant physcd properties of duminum are listed in Table 3.

Table 3. Material Properties of 6061 Aluminum

Property Value

Mdting Point 775K
Density, r 2770 kg/n?®
Specific Hedt, ¢, 875 Jkg-K
Therma Conductivity, k 177 W/im-K
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3. Physical Model

The chdlengesin physicd modding are formidable:
Dynamic behavior of many physica processesis complex.
Cause and effect relationships are not easily discernible.
Many important varigbles are not readily identified.
| nteractions among the variables are hard to capture.

The firgt gep in physicd modding is to specify the system to be studied, its boundaries, and its inputs
and outputs. One then imagines a smple physica modd whose behavior will match sufficiently closdy
the behavior of the actud system. A physica modd is an imaginary physica system which resembles
the actud system in its sdient features but which is smpler (more "ided") and is thereby more amenable
to andyticd sudies. It is not overamplified, not overly complicated - it is a dice of redity. The
adiuteness with which approximations are made a the outset of an investigetion is the very crux of
engineering adlyss. The ability to make shrewd and viable gpproximations which greatly smplify the
system and il lead to a rgpid, reasonably accurate prediction of its behavior is the hdlmark of every
successful engineer.  This ability involves a specid form of carefully developed intuition known as
engineering judgment. Table 4 ligts some of the gpproximations used in the physicd modeling of
dynamic systems and the mathematicad smplifications that result. These assumptions lead to a physicd
mode whose mathematicd modd consds of linear, ordinary differentid equations with constant
coefficients.

Table 4. Approximations Used in Physical Modeling

Approximation Mathematical Simplification

Neglect samd| effects Reduces the number and complexity of the
equations of mation

Assume the environment is independent of Reduces the number and complexity of the

system motions equations of motion

Replace digtributed characterigtics with Leadsto ordinary (rather than partia)

appropriate lumped eements differentiad equations

Assume lineer relationships Makes equations linear; alows superposition of
solutions

Assume congtant parameters Leads to congtant coefficientsin the differentia
equations

Neglect uncertainty and noise Avoids gatistica trestment
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Let's briefly discuss these assumptions.

Neglect Small Effects

Smadl effects are neglected on ardéive basis. In anayzing the motion of an arplane, we are unlikely to
congder the effects of solar pressure, the earth's magnetic field, or gravity gradient. To ignore these
effectsin a gpace vehicle problem would lead to grosdy incorrect results

| ndependent Environment

Here we assume that the environment, of which the system under study is a part, is unaffected by the
behavior of the system, i.e,, there are no loading effects. In analyzing the vibration of an insrument
pand in a vehicle, for example, we assume that the vehicle motion is indegpendent of the mation of the
ingrument pand. If loading effects are possible, then ether steps must be taken to diminate them (e.g.,
use of buffer amplifiers), or they must be included in the analysis.

Lumped Characterigtics

In a lumped-parameter model, system dependent variables are assumed uniform over finite regions of
pace rather than over infinitesmd eements, as in a digtributed-parameter modd. Time is the only
independent variable and the mathematicd modd is an ordinary differentid equation. In a digtributed-
parameter modd, time and spatia variables are independent variables and the mathematicd mode isa
patid differentid eguation. Note that dements in a lumped-parameter model do not necessarily
correspond to separate physica parts of the actua sysem. A long dectricd transmission line has
resstance, inductance, and capacitance distributed continuoudy aong its length. These digtributed
properties are gpproximated by lumped dements at discrete points dong the line.

Linear Relationships

Nearly al physca dements or sysems are inherently nonlineer if there are no redtrictions at al placed
on the dlowable vaues of the inputs. If the vaues of the inputs are confined to a sufficiently smal range,
the origind nonlinear modd of the sysem may often be replaced by a linear model whose response
closdy gpproximates that of the nonlinear modd. When a linear equation has been solved once, the
solution is generd, holding for al magnitudes of motion. Linear systems dso satisfy the properties of
superposition and homogenety. The superposition property states that for asysem initidly a rest with
zero energy, the response to severa inputs gpplied smultaneoudy is the sum of the individua responses
to each input gpplied separately. The homogeneity property sates that multiplying the inputs to a
system by any congtant multiplies the outputs by the same congtant.

Congant Parameters
Time-varying sysems are ones whose characteristics change with time. Physicd problems are
samplified by the adoption of amodel in which dl the physical parameters are congtant.
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Neglect Uncertainty and Noise

In red systems we are uncertain, in varying degrees, about values of parameters, about measurements,
and about expected inputs and disturbances. Disturbances contain random inputs, caled noise, which
can influence system behavior. It is common to neglect such uncertainties and noise and proceed asif al
quantities have definite values that are known precisdly.

Thermal System Simplifying Assumptions:

o s

8.

Temperature of the plate is uniform.

There in no heat loss through the ddes of the plate, i.e., one-dimensona heat conduction through
the plate.

Thermd conductivity of the plate is congtant, i.e., independent of time, temperature, space, or
direction of hesat flow.

Heat loss due to radiation is negligible compared to the convective heet loss from the plate.
Convection coefficient is constant and is evaluated at the operating temperature of the plate.

Heat loss through the insultive layer is negligible, i.e,, heat loss through the insulative layer, and
subsequent convective heat loss from the supporting plate, is negligible compared to the other hest
losses in the system.

Sensor dynamics are negligible, i.e., the sensor dynamics are very fagt rdlative to the dynamics of the
rest of the system.

Ambient air temperature is unaffected by the heat flux from the plate.

Wha mathemeatica simplifications do these assumptions lead to? Figure 4 shows adiagram of the
resulting physca modd.

E —  Ambient air

q convection

Sensor

Thin Aluminum Plate

[TTIL11ITT]

Thin-Film Resistive Heater

Ceramic Insulation

Heat input q,, .
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Figure 4. Diagram of Physical Model
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4. Mathematical Model
The steps in mathematical modding are asfollows:
- Define System, System Boundary, System Inputs and Outputs
Define Through and Across Vaiables
Write Physical Rdaions for Each Element
Write Sysem Reations of Equilibrium and/or Compatibility
Combine System Relations and Physica Relations to Generate the Mathematica Mode for the
System

Let'slook a each step more closely and then apply these steps to our physica mode.

Define System, System Boundary, System Inputs and Outputs: A sysem must be defined before
equilibrium and/or compatibility relations can be written. Unless physical boundaries of a sysem are
clearly specified, any equilibrium and/or compatibility reations we may write are meaningless.
System outputs to the environment and system inputs from the environment must be aso clearly
defined.

Define Through and Across Variables: Precise physcd variables (velocity, voltage, pressure, flow
rate, etc.) with which to describe the ingtantaneous State of a system, and in terms of which to study
its behavior must be sdlected. Physicd Variables may be classfied as

1. Through Variables (one-point varigbles) measure the transmisson of something
through an dement, eg., dectric current through a resstor, fluid flow through a duct,
force through a spring.

2. Across Variables (two-point variables) measure a difference in Sate between the ends
of an element, e.g., voltage drop across aresistor, pressure drop between the ends of a
duct, differencein velocity between the ends of a damper.

Write Physical Relations for Each Element: \Write the naturd physca laws which the individua
eements of the sysem obey, eg., mechanicd reations between force and motion, eectrica
relations between current and voltage, dectromechanicd relations between force and magnetic field,
thermodynamic relations between temperature, pressure, efc. These reations are caled condtitutive
physicd rdations as they concern only individud eements or congtituents of the system. They are
relaions between the through and across variables of each individud physica eement and may be
dgebrac, differentid, integrd, linear or nonlinear, condant or time-varying. They are purdy
empirica relations observed by experiment and not deduced from any basic principles. Also write
any energy converson reations, e.g., eectrica-dectrica (transformer), electrica-mechanica (motor
or generator), mechanica-mechanica (gear train). These relaions are between across variables
and between through variables of the coupled systems.
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Write System Relations of Equilibrium and/or Compatibility. Dynamic equilibrium rdaions
describe the baance of forces, of flow rates, of energy which must exist for the sysem and its
subsystems.  Equilibrium relations are aways relations anong through variables, eg., Kirchhoff's
Current Law (a an dectricd node), continuity of fluid flow, equilibrium of forces meeting a a point.
Compeatibility relations describe how motions of the system eements are interrelated because of the
way they are interconnected. These are inter-dement or sysem relaions. Compatibility relations
are dways relations among across variables, e.g., Kirchhoff's Voltage law around a circuit, pressure
drop across dl the connected stages of a fluid system, geometric compdtibility in a mechanicd
System.

Combine System Relations and Physical Relations to Generate the Mathematical Model for
the System: The mathematicd mode can be an input-output differential equation or Sate-varigble
equations. A dtate-determined system is a specid dass of lumped-parameter dynamic system such
that: (i) specification of afinite set of »n independent parameters, state variables, & timet = t, and
(i) specification of the sysem inputs for dl time 7 3 ¢, are necessary and sufficent to uniquely
determine the response of the system for dl time ¢ 3 ¢,. The state is the minimum amount of
information needed about the system at time ¢, such that its future behavior can be determined
without reference to any input before ¢,. The state variables are independent variables capable of
defining the state from which one can completely describe the system behavior. These varigbles
completely describe the effect of the past history of the system on its response in the future. Choice
of date variables is not unique and they are often, but not necessarily, physica variables of the
sysem. They are usudly related to the energy stored in each of the sysem's energy-storing
eements, Snce any energy initidly stored in these dements can affect the response of the system at
alaer time. The state-space is a conceptual ndimensiona space formed by the » components of
the state vector. At any time ¢ the State of the system may be described as a point in the state space
and the time response as a trgectory in the state space. The number of elements in the state vector
isunique, and is known as the order of the sysem. The state-variable equations are a coupled set
of firs-order ordinary differentid equations where the derivative of each state variable is expressed
as an dgebraic function of sate variables, inputs, and possibly time.

Let's gpply these steps to the thermad system.

Define System, System Boundary, System Inputs and Outputs:

Figure 4 shows the physcd modd of the physicd system, identifying the sysem and the system
boundary. The input to the system is the voltage supplied to the resistive heater and the output of
the system is the plate temperature as measured by the temperature sensor centered on the top of
the plate.

Define Through and Across Variables:

The through variable is the hesat flow rate g (Js or W) and the across variable is the temperature q
(K). We assume that dl points in the body have the same temperature (average temperature) and
temperature deviations from the average a various points do not affect the vdidity of the single-
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temperature modd. If thisis not the case, the body may be partitioned into segments, each of which
has an average temperature associated with it. Since temperature is a measure of the energy stored
in abody, we normaly select the temperatures as the Sate variables of atherma system.

Write Physical Relations for Each Element:
There are only two types of passve therma eements. therma capacitance and thermal resistance.
We aso need to consider thermal sources.

1. Thermd Capacitance
When hest flows into abody of solid, liquid, or gas, this therma energy may show up in various
forms such as mechanicd work or changes in kinetic energy of a flowing fluid. If we restrict
oursalves to bodies of materia for which the addition of therma energy does not cause
sgnificant mechanica work or kinetic energy changes, the added energy shows up as stored
internd energy and manifests itself as arise in temperaure of the body. A physical body at a
uniform temperature will have an dgebraic reationship between its temperature and the hesat
gored init. Provided that there is no change of phase and that the range of temperaturesis not
excessve, thisreationship can be considered linear.
g, (t)- 9., (t) = net heat flow rate into body

t . .
Jto[qm(l )- Goy (1) ]I = net heat supplied between timest, and t

Assume that heat supplied during thistime interva equas a congtant C times Dqg.

t
Ja()- alte)] = | [an(1)- aes(l )
where C is the thermal capacitance (JK) and is equa to Ms, where M isthe mass of the body

(kg) and s isthe specific heat of the body (Jkg-K). Differentiating the above equation results
in

1= 2[00 G (1)

We can use this equation only when the temperature of the body is assumed uniform. If thermd
gradients within the body are so greet that we cannot make this assumption, then the body
should be divided into two or more parts with separate thermal capacitances.

2. Thermd Resgtance
Whenever two objects have different temperatures, there is a tendency for heat to be
transferred from the hot region to the cold region in an attempt to equaize temperatures. For a
given temperature difference, the rate of heat transfer varies depending on the thermal resistance
of the path between the hot and cold region. The nature and magnitude of the thermd
resistance depend on the modes of heet transfer involved: conduction, convection, or radiation.
a) Conduction: In conduction, heat flows from one body to another through the medium
connecting them at arate proportiond to the temperature difference between the points:

a(t)= [au(t) - 0. 0]
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where R is the thermd resstance (K-s/J or K/W) which equas L/4k, where 4 isthe cross-

sectiona area of the path, L isthelength of the path, and & isthe therma conductivity of the
materid (W/m-K). We can use this equation only when the body being treeted as a thermd

resistance does not store any hedt.

b) Convection Many practicd Stuaions involve heet flow through fluid / solid interfaces by
convection. Here heat flows by conduction through athin layer of fluid (caled the boundary
layer) which adheres to the solid wall. At the interface between the boundary layer and the
main body of fluid, the hest is carried away by constantly moving fluid particlesinto the main
dream. Thisoverdl processis caled convection and is described by the equation:

d = hA[g,(t)- a,(1)]
where 4 is the surface area and / isthe film coefficient of heet transfer (¥'s-mf-K), which is
experimentaly determined and usudly varies with temperature.

c) Radiaion Two bodies can exchange thermd energy with no physica contact whatever by
the process of radiation. The rate of heat transfer depends on a surface property of each
body cdled the emissivity, geometrica factors involving the portion of the emitted radiation
from one body that actudly drikes the other body, the surface areas involved, and the
temperatures of the two bodies. For a given configuration and materids, the defining

equation takes the form:
g =dai(t)- a3(t)]

where C indudes dl the effects other than the temperatures and is usudly quite smal. The
temperatures are absolute.

3. Thermd Sources. A therma source can be one that adds or removes heet at a Specified rate,
or can take the form of a temperature of a body as a known function of time regardless of the
rate a which heat flows between the body and the rest of the system. For this therma system,
the resstive heater dectrica network is shown in Figure 5, where R), isthe heater resistance, i,
isthe heater current, and 7, isthe heater voltage.

Heater
Electrical —
Circuit i,

min

T

Figure 5. Electrical Network of the Resistive Heater
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If we assume 100% converson efficiency, the heat flux produced by the resstive heater is

equivaent to the power disspated across the resstive eement. The power dissipated across
the resdtive hegter is given by:

2

P:Vhih :Vhi :V_h

Rh Rh

Write System Relations of Equilibrium and/or Compatibility:
The generd procedure for thisstep is:
a) Sdect the temperature of each thermal capacitance as a Sate variable and use

6= 2[a(0)- 0 (0]

to obtain the corresponding state-variable equation.
b) The net heet flow rate into a thermal capacitance depends on the heat sources and hest flow
rates through thermal resstances. Use

1
q(t) = E[ql(t) - qz(t)]
to express the heat flow rates through the resistances in terms of the system's Seate variables.

Combine System Relations and Physical Relations to Generate the Mathematical Model for
the System:

V2
0;,(t) = heater input = -
Rh
1 1
Qout (t) = E[q - qambient] = m[q - qambient]

q= %[qm(t) - %(q * Qaticnt )}

- +i —i (t)+i
q RCq - qun RC qambient
This is a linear, fird-order, ordinary differentid equation with condant coefficients. The time

congant ist = RC and the inputs are g»(t) and Qambient -
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5. Predicted Dynamic Response

In order to predict the dynamic response of the physica system (as represented by the physicad modd),
we must solve the mathematical equations either andyticaly or numericadly. To gain the most complete
ingght into the dynamic behavior of the physcd system, both methods of solution should be used, if

possible.

At the operating point of the therma system
9= 9.(t)=9  g=0
The system differentiad equation

11 1
q+R_Cq_Eqin(t)+R_anmbient

reduces to

ia—iq +iq
RC C in RC lambient

a = Uampiene + A

When the system is in equilibrium, the temperature of the therma capacitance is congtant, and the hesat
flow rate g, supplied by the heater must equd the rate of heat flow through the therma resistance.

Then the temperature difference across the resstance is Rq;, .

Define incrementd variables

q(t) = Q(t)' a Qm(t) :qin(t)- Qin
Therefore
~ 1 a1 1
q+R_C(q+ q) _E[qm(t) +-qin]+R_anmbient
A1 o~ 1,
+—a=—3q. (t
A+ 2597 ()
Observations:

If g, >0 then q>q,,,., adthecapacitanceisbeing heated.
If g, <0 then g<q,,,. adthecapacitanceis being cooled.
If T, = 0, then the nomindl value of the temperatureis g = 0, e ad G (t) = 0 (t) -

Take the Laplace transform of the differentia equation:
A 1 ~,, 1
QA9+ 208 = S Q)

1
QY __ c . R _R
Q) g4_1 RCs+l ts+l
RC

where R:i and t =RC
hA
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This differentid equetion is a standard firg-order, linear, ordinary differentid equation with constant
coefficients. Step response and frequency response plots for this system are shown in Figure 6.

-t
da, ., - - )
t—2+q, =Kq, q, =Kagg1-e
dt
Q K Q K
— H — -1
o (9= <o (iw)=—————D - tan wt
Q ts+1 Qi (Wt) +1
Time Response of a First-Order System to a Unit Step Input
1
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Figure 6. Step Response and Frequency Response Plots for a First-Order Dynamic System
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6. Experimental Testing: Model Parameter Identification
In the mathematical mode derived from the physical mode of the physicd system, two parameters need
to be determined before the response of the dynamic sysem can be predicted. The therma
capacitance C can be computed as the product of the mass of the duminum plate M = 0.0057 kg (M =
r V where density r = 2770 kg/nt® and volume V = 2.048E-6 nv) and the specific heet of duminum c,
=875 Jkg-K. Thethermd capacitance C of the duminum plate thenis 4.96 JK.
The thermd resstance R = 1/hA must be obtained by experimentd testing. If we can measure the time
congtant of the system t = RC, we can compute the vaue of R from the cdculated value of C and the
An open-loop step response test is proposed to measure t. The thermd

resstance can aso be determined from the steady-<ate temperature of the plate, since in the steady

measured vaue of t.
date
Vr? (q B qambient )
= or N =2_ G/
qm qout R A R
6.1 Experimental Set-Up
The circuit diagram of the physca sysemisshown in Figure 7.
iy I

=15V 315\]70'1 uF

[RIA00 kg1 % J

o
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Figure 7. Circuit Diagram
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The sensor circuit appears on the left Sde of Figure 7. The AD590 temperature sensor is represented
by the current source in the upper |eft hand corner, smulated as 298 mA. With the sensor gain of 1 nA
/K, this corresponds to 298 K, or 25 °C. The collection of four pointsin the upper |eft hand corner of
the system, marked 3A, represent Jumper A, which alows the user to switch between a constant
voltage input to the circuit formed by the resstive divider of the 1 MW resistor and the 1 KW resistor,
and the input from the AD590 sensor source. The use of this feature will be explained later in the case
sudy. For the experimenta parameter identification, it is only necessary to note that the output of the
firg amplifier on the left most LF 412 op-amp represents a buffered version of the sensor signd.

For the experimentd parameter identification, it is necessary to measure the resstance marked Rens ON
the schematic diagram. This resstor determines the sensor gain of the AD590 temperature sensor, i.e,
(volts/ K) = (ImA) (R, ) - In addition, it is necessary to measure the resistance of the heater,
the nomina resstance of which is 185W. The heater resistance islocated in the lower right hand corner
of the schemetic drawing. It isdenoted as R..

K sensor

The sensor-gain resstor and the heater resstance are experimentaly quantified in the following way.
The sensor resstance, Rens, determines the sensor gain. The resstance can be measured by removing
Jumper A, located in the upper left hand corner of the circuit schematic, and measuring the resstance
across the leads of Rens ON the printed circuit board. This measurement assumes the input impedance of
the operationd amplifier that Rens IS connected to is very high and that loading effects are therefore
negligible. The next step in the opentloop experimenta analys's of the system isto disconnect the hester
from the heater control board. This connection is made on the green termina block located on the
upper right hand corner of the printed circuit board. Disconnection is accomplished by dackening the
two screws in the green header block, and removing the heater wires. The resistance of the heater, R,,
can be determined by measuring the resistance across the two red wires that |lead to the heater.

To conduct the modd parameter identification, it is necessary to place a voltage across the hegater
terminas. The system must be disconnected from the controller for the open-loop experiment. The
most direct way to do thisisto disconnect the control signd line.

The experimenta data is acquired by applying power to the printed circuit board, placing a voltage
across the heater terminds, and recording the voltage a Pin 2 on the printed circuit board. Fin 2
represents the buffered voltage signd from the AD590 temperature sensor.  The signd should be
measured every thirty seconds, and the experimental step response data should be plotted.
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A more thorough experimenta determination of the thermd resistance R should be conducted. Such an
experimental determination would involve applying a series of voltage potentids to the heater, and
waiting for the response of the heater to achieve a steady-State temperature. The therma resstance
could be determined for each of these steady-dtate plate temperatures. A plot of R asafunction of
temperature would dlow a more sophisticated model to be implemented. Such a modd would use this
experimenta plot of the therma resstance as a look-up table, and determine a thermd resistance for
each time step that best matches the temperature of the plate at that time.

As the intended control scheme for this system is on-off control, such a sophisticated modd is not
deemed necessary for this investigation. For the remaining andysis, the current modd with a condtant
thermd resistance will be employed.

7. Control System Design

With an understanding of the nature of the system dynamic behavior, as well as a modd that predicts
reasonably well the performance o the system, it is now necessary to design a control system that will
regulate the temperature of the plate. The control system proposed for this experiment is an on-off
controller. The architecture of this control method is discussed here.

The god of an on-off control scheme is to switch the actuator between two states, on or off, based
upon ameasure of an error Sgnd. Typicaly, the on-off controller isimplemented with a deadband, or a
region in which no control action istaken. Anilludrative diagram of on-off contral is shown in Figure 8.

\‘
. ..........................................................................
j Deadband
Heater Off
Plate
Temperature
Time

Figure 8. Typical On-Off Control Response
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Examine the response shown in Figure 8. As we can see from the figure, the error, or difference
between the setpoint and system responsg, isinitidly quite large. The heeter is on, and the system acts
to decrease the difference between the desired response and the measured response.  As the plant
temperature crosses the lower part of the deadband we continue to apply corrective action. When the
plant response reaches the setpoint, the heater remains on, and does so until the response reaches the
upper limit of the deadband, at which point the heater is turned off, and the temperature of the plate
begins to fal. When the plate temperature fals below the lower limit of the deadband, the heater is
again turned on, and the plate is heated until it has again reached the upper limit of the deadband. This
repetitive behavior is known as limit cycling, and it is a characteristic of on-off control. We can see
from the response that the average plate temperature is the setpoint temperature.

Simulation of an on-off controller applied to the therma system could be accomplished using a nor+
linear MatLab / Smulink block diagram, as shown in Figure 9.

p»| Error Qin
To Workspace4 To Workspace2
[
* R(s)
Hp I u[1]"2/Rh » I—p» Temp
- RC.s+1
Temperature Electrical-
Reference Sum Thermal System To Workspace

Controller: Relay Conversion

®—> time
Clock

To Workspacel

Figure 9. MatLab / Simulink Block Diagram of Thermal Closed-Loop Control System
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The smulated response of the system is shown in Figure 10 for a setpoint of 20° C and a deadband of
2° C.

25
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0 20 40 60 80 100
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Figure 10. Simulation of Control about 20° C Sepoint with a 2° C Deadband

As can be seen in Figure 10, the system behavior closdy resembles classc on-off control response as
depicted in Figure 8. Initidly, the plate temperature is below the setpoint temperature of 20° C. The
heater is on, and the temperature of the plate begins to climb until it reaches 21° C, a which point the
heeter is turned off. The plate cools due to natura convection until the plate reaches the lower limit of
the deadband, 19° C, and then the hesater is turned back on. We can see from the figure that the
average response centers around a plate temperature of 20° C.

It is important to note that the rise to 20° C under closed-loop contral is much faster than what is
possible under opertloop control. This is one primary benefit of feedback control, as we can use a
much higher voltage command signd, which produces much more power and thus faster response than
the voltage command possible under open loop control to achieve the same steady- state temperature.
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8. Implementation
will be implemented in software on a microcontroller. The use of a microcontroller alows for a great

The next step in the design processis to develop circuitry to perform the functions of the control design
ded of flexibility in implementing logica decison branching. With this incressad flexibility comes the

proposed in Section 7. In the case of the on-off controller, the logica branching of the control agorithm

price of additiond sgna conditioning.
by the heater sysem are andog voltages. We are required, therefore, to design circuitry that will
condition the sensor and command signas such that they can be read by the andog-to-digitd converters

Microcontrollers are digita devices, and the Sgnas generated by the temperature sensor and received
of the microcontroller, as well as develop power-drive circuitry that can switch the necessary current on
and off through the heater, based on the relaivey low-current output Sgnals of the microcontroller.

8.1 Analog Control Implementation
The printed circuit board on the plate temperature control system has been designed to implement or+
off control of the resstive heater. The schematic diagram of the board circuit is shown in Figure 11

(identicdl to Figure 7).
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Figure 11. Circuit Diagram of On-Off Controller for Plate Temperature Control
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Working from left to right on the above circuit diagram, the function of each of the components will be
described. Two signds are selectable via jumper A on the upper left hand corner of the board. The
sensor sgnal, selected when jumper A isin the lower position, places the temperature sensor, modeled
here as a current source, across the 1 KW resstor shown, resulting in a1l mV/K sensor gain. The firgt
dage of a LF 412 operationa amplifier acts to buffer the sensor sgnd to prevent loading. From the
output of the LF 412, the sensor Sgnd is fed into an inverting amplifier, whose gain is st by the
potentiometer shown above the amplifier. The gain is seected such that the output of the amplifier isten
timestheinput. The sensor gainisnow -10 mV/K. From thisamplifier, the output isfed into a summing
amplifier, with a gain of -10. The summing amplifier takes the Sgna from the sensor and adds it to a
sgna generated by the resstive dvider powered by the five-volt supply at the bottom of the page.

Jumper B sdects whether this divider sgnd is pat of the summaion. The resgtive divider in
combination with the summing amplifier dlows the subtraction of room temperature from the sgnd, and
the output measured a the point marked "Plate Temp" on the schematic can be tuned by the
potentiometer of this temperature offset to be zero volts when the plate is a room temperature. The
problem at this point is setting the gain of the second stage amplifier. We need away to set thisgain so
that it is precisdly a minus 10 times increase of the output of the first stage amplification. We must do
this when no offset is gpplied (Jumper B), so that we ensure that the output of the amplifier is a pure
minus 10 times increase on the previoudy amplified sensor Sgndl.  Its effective amplification of the room
temperature offset is of no concern, as we will use this offset only to zero the sensor Sgnal a room

temperature, and the amount of offset needed to perform this function is of no concern. The problem,
however, is that room temperature is 298 K, and based on a sensor gain of 1 mV/K, the output of the
fird sage amplification will be 298 volts.  This sgnd cannot be amplified by a factor of ten, as the
resulting voltage (29.8 volts) iswdl beyond the saturation point of the amplifier.

At this point the function of Jumper A is redized. Recdl that the 1 mA/K sgnd tha the sensor

generates is converted to a 1 mV/K signd by the 1 KW resdtor. If thissignd isreplaced with asigna

of lower potentid, then the inverting operationa amplifier and the summing amplifier can each be tuned
s0 that they yield their intended gain of minus 10 on the Sgnd. Jumper A, therefore, is used to replace
the sgna provided by the sensor with the potentia created by a resstive divider condgting of a1l MW
resstor in serieswith the 1 kW resistor. The potential between the top of the 1 kW resistor and ground,
the substitute sensor signd, will be in the neighborhood of 0.015 volts when the divider is powered by a
15-volt supply. The effect of amplifying thissgna by afactor of 100 will be to create a potentia of 1.5
volts a the output of the second stage of amplification, which is well within the saturation limits of the
amplifier.

With each of the gains tuned to minus 10, it is clear that a sensor Sgnd has been created with anet gain
of 0.1 V/K, or asigna in the neighborhood of 2 volts for the desired plate temperature of 20° C above
ambient.
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It is now necessary to create asigna that will be the setpoint of the controller. Looking to the bottom of
the schematic, a resgtive divider can be seen which is driven by a five-volt source, and conssts of a1l
kW potentiometer and a 1 kW resistor. This network can produce a setpoint signal that ranges from 0
to 2.5 valts.

Recdl that both the setpoint signa and the plate temperature signa are connected to the microcontroller
via anadog-to-digitd converters, which have an input range of 0-5 volts. Each input Sgnd, the setpoint
sgna and the temperature sensor signd, should therefore be within the capacity range of the converters
for the intended control temperature of 20° C above ambient.

The function of the microcontroller 5 to compare the levels of the set point and plate temperature
sgnds, and take gppropriate control action. The control action isto turn the heater on or off, and in this
case the microcontroller command is a digitd signd, ether a high (+5 volts) or low (GND). For now
we will just assume that the microcontroller is cgpable of performing this task, and we will look at the
circuitry downstream of the microcontroller to see how the control Sgnd is ddivered to the heater asa
command.

Let us look at the two cases of high and low separatdy. Fird, assume the sgnd from the
microcontroller is low. A trandstor, connected to the microcontroller through the 10 RV resistor,
switches a rdlay on and off . The tranggtor is utilized because the output current capability of the
microcontroller ison the order 1 mA @ 5V, and the rdlay cail requires 15 voltsat 50 mA. Theresigtive
heeter foil is connected through the contacts of the relay. When the output is low, the current signd to
the base of the tranagor is zero, and the coil of the rlay is not energized. The relay is shown in the
schematic in the off pogtion, and it is seen that the path of current is from the 15-volt supply, through a
185 W resstor that represents the heater, through the contacts of the relay to Jumper E. Jumper Eisa
sdection switch tha dlows two forms of control to be implemented.  When the jumper is in the left-
hand position, connecting verticdly the termind at the top to the termind at the bottom, the output of the
relay is connected back to the 15-volt supply. With no potentia drop across the heater element, there
is no current flow, and the heater is off. Thisis the configuration for on-off control. For the case where
the jumper is in the right-hand position, the output of the relay is connected to ground. This applies a
15-volt potential across the heater. The use of this on-bias control maintains a nomind current flow
through the heater, even in its off sate. This nomina disspation prevents the plate fom cooling as
quickly it would in a zero-current state. The requirement to utilize this biased control scheme is that the
desired plate temperature be higher than the temperature created by a steady 15-volt potentia applied
across the hester.

In the case in which the controller commands a logic high, current will flow into the base of the
tranastor, the relay will switch to its other set of contacts, and the bottom termind will be switched to
minus 15 voalts, putting 30 volts across the heater dement. Thisis the on mode, and nearly 5 watts of
power are ddlivered to the heater when the microcontroller commands the hegter to this state.
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With the description of the control circuitry complete, we will now discuss the sdection of the
microcontroller based on the requirements of this system.

8.2 Microcontroller Selection

The requirements of the microcontroller for this gpplication are farly draghtforward. The
microcontroller must be capable of two channels of analog-to-digital conversion, with the range of that
converson a the minimum being 0-3 volts, corresponding to a temperature change of thirty degrees on
the plate. In addition, the microcontroller must be capable of a least one digitd out. As the dynamics
of this plant are very dow, the bandwidth requirements of the microcontroller are not an issue.

If we look at the wide variety of microcontrollers that are commercidly available, we see that a good
magority of them have these cgpabilities. The unit we sdected for this gpplication, the Micro-485 by
Blue Earth Research in Mankato, Minnesota, has these features, plus a host of other capabilities. The
specifications of the Micro-485 are shown in Table 5.

Table 5: Summary of Micro 485 Specifications

Feature Specification
Microprocessor Intel 8051 running at 12 MHz
Digitd I1/O 27 Bi-directiond TTL compdtible pins
Andog Inputs 4 12-hit 0-5 volt A/D converter channels
Serid Communication RS-422, RS-232
RAM 128K, battery-backed for retention after power down
ROM 32K, contains onboard Basic and Monitor

It is important to note that in addition to meeting the minimum requirements, the Micro 485 has severd
additiona fegtures that make it an attractive microcontroller for red-time control. The firgt of these is
the RS-232 communication capability, which alows the user to communicate with the controller using a
persond computer and a serid communication package. In addition, the microcontroller has an on
board BASIC interpreter, which alows the control software to be prototyped in a rdaivey
draghtforward manner, with a smple, high-levd language. Because of the rdatively dow dynamics of
the heater system, fast clock speed or compiled code are not required in this control gpplication.

8.3 Software Design

The control software performs the logic branching based on sgnals measured by the microcontroller.
The use of software in implementing the control code dlows tremendous flexibility in the implementation
of the controller. The control code in this gpplication must implement the logic of Figure 12.
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Figure 12. Flow Diagram of Decision Logic

The basic function of the code is described in Figure 13.
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Figure 13. Software Flow Diagram
Wewill now look at the segments of code that perform the functions described in Figure 13.

100 REM set up Port A as an output, reset Port B
110 xby(0fd03h)=128:xby(0fd01h)=6

120 PRINT USING(####)

130 REM calibrate the A to D converters

140 XBY (0ff03h)=2

150 DO: SFR=XBY (0ff03h):WHILE SFR.AND.2
160 IF SFR.AND.40h THEN GOTO 140

Line 110 configures the digita outputs pins of the Micro 485, setting up Port A as an output, and
reasserting communication with the host computer. Line 120 configures future print statements to print
numbers in a four-decima-place format. Lines 140-160 are standard code in the Micro 485
architecture, which initidize and cdibrate the andog-to-digitad converters.

170 REM read current temperature

180 XBY (0ff00h)=1

190 CURTEMP=256* XBY (0ff01h)

200 CURTEMP=CURTEM P+XBY (0ff00h)
210 REM read setpoint temperature

220 XBY (0ff00h)=0

230 SETEMP=256* XBY (0ff01h)

240 SETEMP=SETEMP+XBY (0ff00h)

Lines 180 and 220 read the plate temperature and setpoint temperature through channels 1 and 0 of the
andog-to-digitd converter, respectively. These are 12-bit conversons, and CURTEMP and
SETEMP are assgned a hit value that corresponds to the voltage level of the sgnas present on these
channels when the converson was initisted. The converson is performed in the following manner.
Address OFF00h is assigned a value corresponding to the channel to be converted (0-3). Asthe result
of a converson is 12-bits, and each memory address in the Micro 485 can store one 8-bit byte, the
result must be read in two steps.  Fird, the high byte is read from address OFFO1h. This byte contains
zerosin the upper four bit locations, while the lower four bits contain the MSB of the conversion result.
This vaue is summed with the 8 LSB, located at OFFO0Oh. The upper four bits are weighted by a factor
of 256, which represents the significance of ther location in the upper byte. The result is a decimad

number, 0-4095, that represents the 12-hit conversion of the voltage sgnds.

250 ERROR=SETEMP-CURTEMP

Line 250 computes an eror, ERROR, that is the difference between the setpoint and plate
temperature.
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260 IF ERROR<-82 THEN COMMAND=0
270 IF ERROR>82 THEN COMMAND=255
280 IF (ERROR>-82).AND.(ERROR<82) THEN COMMAND=COMMAND

Lines 260 through 280 implement the logic branching. Line 260 determines if the error is more than 82
bit vaues below zero, indicating the plate temperature is greater than the upper limit of the deadband
temperature. (Recdl that we are using 12-hit converters, with arange of 0-5 volts. One hit istherefore
equivdent to 0.00122 valts, and eighty two bits corresponds to a voltage of just about 0.1 volts, or
one-hdf of our deadband.) If the plate is more than one degree above the setpoint, the command is set
to zero. Line 270 determines if the plate temperature is more than 82 bit values below the command
temperature, in which case the plate temperature is below the bottom of the deadband, and the heater
must be turned on. Line 280 determines if the error lies somewhere in the deadband, in which case we
issue the previous commeand.

290 XBY (0fd0Oh)=COMMAND

Line 290 commands the heater usng the vaue of COMMAND determined by the logic branching.
Address OFDOOh is the memory location of Port A, which controls the state of the hester.

300 PRINT "CURRENT TEMP=",CURTEMP,"SET TEMP="SETEMP
310 GOTO 170

Lines 300 and 310 print the current plate temperature and setpoint temperature, and then send the
program flow back to line 170, to alow the control loop to be executed again.
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9. Testing and Comparison with Predicted Dynamic Response
The fina stage is to experimentaly determine the response of the closed-loop system and compare the
result to the predicted dynamic behavior based on the physica and mathematica models.
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