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Thesis Title Development Control Thermoelectric Technique Based on

Disturbance Observer System

Name - Surname Mr. Sarayut Yaemprayoon
Program Electrical Engineering
Thesis Advisor Assistant Professor Jakkree Srinonchat, Ph.D.
Academic Year 2012
ABSTRACT

In the feedback control system, the PID Controller design is too complex and slow
response when is compared with P Controller. However, P Controller is obtained the overshoot.
Therefore, this thesis proposed the CP Controller for offset the disadvantages of both systems. This
thesis presents a development control thermoelectric based on disturbance observer system.

This thesis proposes a CP controller feedback technique combination with compensates
HDOB system. Moreover, the system is developed the bilateral controller with exploring
compensates HDOB system. This system is design in Altera - FPGA Cynclone IV in order to it can
design in parallel process.

The experimental results show that the CP controller obtains faster response than the PID
controller object disturbance into the system 7.5%. This feedback controller is applied to operate
combination with compensate HDOB system. The result shows that it provides 5.5 % better than the
system without HDOB in the term of reference point. Moreover, the system is applied the
compensate HDOB system into the bilateral control, which temperature feedback for increasing the

gain of the system. By this reason, this technique can reduce the error to 5.4%

Keywords : HDOB, CP controller, bilateral control
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ABSTRACT

This paper proposes a development method to control thermoelectric by using
customization proportional controller. Moreover, the system applied heat
disturbance observer to estimation value heat disturbance outside object into the
system. In the equipment part, Peltier device is selected to be the thermoelectric
module device. This device is a type suitable for analysis thermal system,
because the device has a fast respond and good stability, it is comparison with
the device in this group. Also this proposal used high speed controller (FPGA)
for the programming to control system. Moreover, about the circuit driver
current and sensor temperature used digital system. It protected noise working
well and easy to program with FPGA. The result of this research can be
guideline for analysis to control thermal systems or to control temperature for
various applications.

KEY WORDS

Customization Proportional controller (CP controller), Proportional-Integral-
Derivative controller (PID controller), Temperature control, Heat disturbance,
Heat disturbance observer (HDOB).

1 INTRODUCTION
Recently, Haptic robot control has been the important technology. It is

expected that robots help us or that robots working in various fields instead of us.

Therefore, researchers focused on the force sensation between human to robot or
object sure as [1]. However, only the force is insufficient for the complete
Haptic sensation, because about human Haptic have sensation force and
temperature. Therefore, this research is proposed development the temperature
controller. The proposal method is applied customization proportional controller
(CP controller) and using disturbance observer (DOB). In the controller unit, we
are used high speed FPGA, and the circuits are used only the digital system. It is
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protected noise working well. Therefore, this method can obtained more robust
system.

The methods to control temperature have various such as a fuzzy logic with
PID controller [2], which this controller is working well and popular. However,
the response of the PID controller is slower and more complication to design
than P controller. Generally, the P controller was able to obtain a good tracking
of a reference point, when the objects disturb in to system. However, the result
of this controller is an overshoot. For this reason, we propose developing the
temperature control by using CP controller. This method can be reduced the
overshoot of the system. It is used the characteristic of the Peltier device as
explanation in [3], while the method stills properties of the P controller.
Moreover, we saw the importance about the DOB of combination with CP
controller, because the research is applied P controller with this method as
explanation in [4], [5]. The result of this system can be obtained more than the
robust controller.

Tab. | lists of variable and subscripts definition

Variable Definition
T Temperature ()
q Heat (W)
' Heat physical constant in Peltier device (W)
q;/2 Joule Heat in Peltier device (W)
€ Thermal Capacitance (//K)
R Thermal Resistance (K/W)
R, Electronic Resistance (£2)
Gdis Cutoff frequency (rad/s)

[ Voltage source (V)

I Current source (4)
a Seebeck coefficient of Peltier device (V/K)
S
Kpe

Laplace operator
Proportional gain start point

Kyp Proportional gain stop point
K, Proportional gain
K; Integral gain
K, Derivative gain
Subscripts:c Cool side
Subscripts: h Hot side
Subscripts: p Peltier device
Subscripts: o Output Object
Subscripts: n Nominal value
Subscripts: cmd Command
Subscripts: cms Compensate
Subscripts: ref Referent
Subscripts: dis Disturbance
Subscripts: max Maximum value
Superscripts: Estimation value

The heat disturbances into system are the problem to control the thermal
system. However, the DOB can be estimated the amount of heat disturbance by
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comparing the output of the system with nominal value of input. The disturbance
observer is used mainly in the field of motion control as shown in [6], and the
heat DOB (HDOB) is used the structure of DOB from motion control. By the
proposal system, the effect of the heat disturbance is compensated by conversion
to the current source. In addition, the DOB is easy to implement and simple to
design. Moreover, some workings need to know the heat value. The heat sensor
need to set up in the device, and it has a limited bandwidth. However, heat value
can be estimated with the HDOB by using only the temperature sensor. In
addition, the heat sensor has a lot of noise, while disturbance observer with
FPGA programming low pass filter (LPF) can reduce them. Therefore, the
information is explained in this paper, and the validity can be confirmed by
experimental results.

2. EQUIVALENT CIRCUIT AND EQUATION CONTROLLER

In this research, the equations of the temperature control are analyzed from
the equivalent circuit as shown in Fig. 1. It is applied from another research as
explanation in the [7]. The equivalent circuit consists of Peltier device and
objects. The objects are human’s finger, materials or others. This is factor of the
heat disturbance into system, and it can compensate with HDOB. The object is
connected to the hot side node, because the experiment in this research focused
on the hot temperature control. The cool side is the same. It is dependent on the
application. The variables and subscripts are used in this research given in the

In the Fig. 1, the heat at the hot side node of the Peltier device can analyze
to n = Qph+'zi‘(ik+% (1)

In the opposite note, the device reverses to the cool side. The equation
becomes

= 4
9= _qpc+?+Qk_qo (2)
The Peltier device has a seebeck effect. It is a measurement from the
magnitude of an inducing maximum voltage in response to a maximum

Peltier device Objects
9. a\ || = \& a L2
— - — —
e R, Y R,
q,/2
= -~ 5 = == ==
=
5 R,

Fig. 1 shows equivalent circuit of the thermal system
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Qais

a) Controller Peltier device

Peltier Device

prreresn T s s, ]

Heat Disturbance Observer

b) Block diagram structure of HDOB
Fig. 3 shows block diagram structure of HDOB and Peltier device

temperature difference. The equation of seebeck coefficient becomes

. Umax

)60 TA5H
3)

The thermoelectric modules have a basic equation of the heat. The equation

using in this research is

o= 1y = [2'R £, Tdifferrent (4)
From the equation (3) and (4) is instead in the equation (1).The equation at
the hot side node is

IPRe  Th-T,
i an=alul+—*—=—+ q,
The cool side note becomes
I?Re | To-T
9. ==eTl+—*+=<=2 - g, (6)
»

Moreover, the heat equations can be analyzed from the thermal capacitance
in terms of temperature/time derivative. It can be explained to the equation (7).
This equation is applied from another research as shown in the [4].
dar
Gyt = an @)
From equations (5) and (7) can found the equation of the temperature
control flowing
dTp 1*Rg  Th—T¢
o= el + e = 4, (®)
In the equation (8), Cp% is the output of the system, and oT,I is the actual
value of the control system or Peltier device part. In the heat disturbance section,
I’R, )

—— and T"R—"are the disturbance value of the device, and q_ is the outside object
2 2
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e
‘

Fig. 3 shows Block diagram of the temperature control with proposal method

into system. The heat disturbance value can be designed to compensate with
structure of the HDOB, and the proposal method is explained in next section.

3 PROPOSAL METHOD DESIGN

The equation (8) is the temperature control in this research, and it becomes
to the block diagram as shown in the Fig. 2 a). Input of the system is current
source and output of the system is temperature value. The g4 are heat
disturbance such as Peltier device, human’s finger or material. Therefore, heats
disturb into system as analyzing in the next equation

H 5
Guis = T g, ©)

These heat disturbances are the problem to control the thermal system.
However, it can be compensate by the structure of the DOB. It is explained in
the next subsection.

3.1 HEAT DISTURBANCE OBSERVER

The heat disturbance can be estimated by the structure of the DOB, and
conversion to the current source is compensated into system. The estimation
method is compared the output of the system with nominal value of input. The
heat nominal input is applied from equation (3) and (4), and the nominal output
is obtained from equation (6). Moreover, the system is used the LPF to reduce
noise in the section of HDOB and digital temperature sensor. The transfer
function of the filter is shown as G(S) = L‘f (10)

The structure of the HDOB is shown’ it 4fie Fig. 2 b). However, only this
controller is open loop of the system control. Therefore, this research is
proposed the close loop by applying CP controller. It is explained in the next
subsection.

3.2 CUSTOMIZATION PROPORTIONAL CONTROLLER

The final block diagram is shown in Fig. 3. It including the point of this
research is a CP controller. The method of this controller is used the H-bridge
driver circuit to put the current and to reverse the direction current source of the
Peltier device. By using the characteristic of this device, it is possible to change
to hot or cool status on the surface with the reversing direction of the current
(same as a DC motor). By considering of the reference command, from the start
point to the haft of reference are controlled to the hot status. In this point, the
transfer function from block diagram is shown as following
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7, _ aKpeS?+2agaisKpeStagais®Kpe

o an

Tema A
Where: A = €, + (20, CpGass — nCpGais)S* + (@nCpGuis® — ‘lncpyms2 = afais"Con +
@GaisKpt)S + @Gais Kpe

After the half to the peak of the overshoot, the reversing direction of

current is changed to control from the hot status to cool status. By using the
proposal method, it is possible to reduce the overshoot of the system, because
the Peltier device still has surface hot, while the controller not put the current
source. It is a long time down to the referent position. Therefore, we have ideal
to propose this method. Thus the transfer function of this point is realized as
following

T, _ @KppS +2agqisKppStagdis*Kpp
o Zoppn oddis ppr T RodE pp (12)
Temd B
Where: B = a,0,5° + (2e,Cp0uis = #nCpaie)S* + (@nColais® — @nColluss” = @0ais"Con +
@gaisKpp)S + € guis* Kpp
In the section of CP controller, it is changing to the PID controller. The
transfer function becomes
ho_¢
Temad - b (]3)
Where: C = akys* + (aK, + 2ag4.K)s® + (2agasK, + aK; + agqiKa)s? + (@gas*K, +
2ag4isKi)s + agas”Ki
Where: D = a,C,s* + 2@ Cpguis — anCogais + aGaisKa)s® + (@nCpGuis” — @nCpais” —
@CpnGais” + @GaisKp + AGa1 Ka)5? + (@GaisKi + @G5 Kp)S + aGais™Ki
In this method, It can be reduced the overshoot, because the Peltier device
still has surface hot after the reference position, while the controller not put the
current source. It is a long time to down. In this reason, the method quickly to
reverse the surface to cool can be obtained good tacking the reference more than
only the P controller. In described above, the experiment is shown in the next
section,

4. EXPERIMENTS

In the proposal method, the validity can be confirmed by experimental. The
next subsection is shown the experimental setup, and several experimental
results.

Haatsink

DCfan

Temperstare Semzsr

a) Hard ware HatsakadDCla b) Schematic of the thermal system

_F-ig, 4 shows exﬁerimehtal setup
4.1 EXPERIMENTAL SETUP
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The experimental setup is shown in Fig. 4 a). The controller unit is used
high speed FPGA. It is suitable for the temperature control and combination
with force for the complete Haptic sensation in the future. The FPGA controls
Peltier by using Mosfet H-bridge to put the current with PWM and to reverse
direction the current by 1 wire interface. The temperature value is measured by
using digital sensor with 1 wire interface also. In the Fig. 4 b), it is a schematic
of the thermal system. The thermoelectric module is Peltier device. The device
is used in many applications, such as a small refrigerator or CPU coolers. It is a
suitable type for analysis thermal system, because it has a relatively fast
response among thermal devices. The device using only a DC power source is
easy to drive, and it can change cool side or hot side by reversing direction of
the current source. As a result, the temperature control becomes more robust to
those disturbances consequently, because the system is only used digital. It is
easy to programming with FPGA and protection noise working well.

4.2 EXPERIMENTAL RESULTS

The proposal method to control temperature is confirmed by experiment.
Several experiment results are shown in the Fig. 5 and Fig. 6. The temperature
command is set to difference 9 °C from temperature room. The parameters are
used in these experiments given in the Tab. 2.

The CP controller method is changed the direction of current to reduce the
overshoot. In this method, the experimental result comparison between P
controller and CP controller is shown in the Fig. 5. The proposal method retains
the properties of the P controller. Therefore, it is giving a faster response when
comparison with PID controller as shown the Fig. 6 a). At the time around 70 s,
we are used aluminum plate touching to the Peltier device for testing the outside
object disturbance into system. The CP controller has response to tacking better
than the PID controller.

In the Fig. 6 b), The CP controller is a comparison between using and not
using the HDOB. It is testing disturbance into system around 70 s also. The
result can be confirmed that the proposal CP controller based on HDOB

obtaining the better results to reject the disturbance.
Temperature Control

Tab. 2 parameters value Z
Parameter Value 7 L

[ 15 g ¥

Ky 10 § 0t

K, 0.1 ik
K; 0.24 -\ 4

Ky 0.05

Yais 1 (fad[i) =5 S &% 0 120 10 180
Cp 0.8 (W/K) Time(s)
o 00127 (V/K)_ Fig. 5 shows experiment P and CP

7, 33V

Tax 8.54
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a) CP and PID controllerwith HDOB  b) CP controller with HDOB and without HDOB

Fig. 6 shows experiment of the temperature control outside object disturbance

5. SUMMARIES

In the results of the development method to control temperature, the CP
controller can be obtained better results than the PID controller. Because it still
used characteristic of the P controller, while the customization is a method for
reducing the overshoot. Moreover, the system is combined the HDOB. The
response can give better tracking of the referent comparison with not using
HDOB. The result of this research can be used to guideline the analysis of
temperature control with Peltier device for applications obtaining better stability.
In the future research, we will focus on the bilateral temperature controller and
combination with force. This system can be applied to complete the Haptic
sensation system between human and robot or material.
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DEVELOPMENT OF TEMPERATURE CONTROLLER BY USING
CUSTOMIZED PROPORTIONAL CONTROLLER BASED ON
DISTURBANCE OBSERVER

Sarayut Yaemprayoon ", Chowarit Mitsuntisuk ”, Kiyoshi Ohishi ¥, and Jakkree Srinonchat

ABSTRACT: This paper proposes a development method to control temperature by using
customization proportional controller. Moreover, the system applied disturbance observer to
estimate heat disturbance value outside object into the system. In the equipment part, the
thermoelectric module used Peltier device. This device is a type suitable for analysis thermal
system, because the device has a fast respond and good stability. Also this paper used high
speed FPGA controller for the programming to control system. The result of this research can
be applied to control temperature for various applications.

KEY WORDS: Temperature control, CP controller, Heat Disturbance Observer (HDOB)

1. INTRODUCTION

The temperature controlling has various methods
such as a PID Controller, which this controller is
working well. However, the response of the PID
controller is slower and more complicate to design
than P controller. Generally, the P controller was able
to obtain a good tracking of a reference point.
However, the result of this controller is an overshoot.
For this reason, this research proposes the
development of temperature control by using
customization proportional controller (CP controller).
This method can be reduced the overshoot of the
system by using the characteristic of the Peltier
device.

Moreover, a disturbance observer (DOB) applied
to compensate the heat disturbance. From the
previous research, many researches utilized the DOB
to obtain high robustness in motion control system [1]
and temperature control as shown in [2]. The
advantage point of DOB is able to estimate the heat
disturbance into system and compensation them.

2. CONTROLLER DESIGN

The equations of the temperature controls in this
research analyzed from the equivalent circuit from
another research as shown in [3]. The equivalent
circuit consists of Peltier device part and objects part.
The variables used in this research given in the Table
1. From analysis research above, the synopsis of the
equation using in this research is

dTh Th1+1 RA~T;‘;TC+qD

is the output of the system,

H

In the equation, CT
and oTy ] is the actual value of the control system or

4

Peltier device part. In the disturbance section, —=

o , :
* are the disturbance value of the device, and

T,
and =

g, is the outside object into system.

In this research, the block diagram of the proposed
temperature control is shown in the Fig. 1. It consists
of actual control or Peltier device (block black line)
and nominal value or programming with FPGA
(block blue line). The nominal values consist of CP
controller and disturbance observer. In the block
diagram, the objects that heat disturbance into the
system calculated as follows,

gis™ : f T?([,T‘ +q, @

The heat disturbance (4g;,) can be estimated by

using the HDOB (@ 5,)and this value compensate into
system in the term of current source (I, ). Therefore,
this system can be obtained the robust controller. The
method of the HDOB estimates by using a nominal
value input comparison with output.

The H-bridge driver circuit used to reverse the
direction of the current source of the Peltier device.
By using the characteristic of this device, it is
possible to change to hot or cool status on the surface
with the reversing direction of the current (same as a
DC motor). By considering of the reference
command, from the start point to the midpoint of
reference controlled to the hot status. In this point, the

Table 1 variable definition

Variable Definition
iR Temperature hot side, cool side (€
4 Heat outside (W)
= Thermal Capacitance Peltier (J/K)
R, Thermal Resistance Peltier (K/W)
R, Electronic Resistance ((2)
20 Cutoff frequency (rad/s)
Ll Current source, reference (4)
o Secbeck coefTicient of Peltier device (V/K)
s lace o]
[ Proportional gain start point, siap point
Subscripts: n Nominal value
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Fig. 1 shows block diagram of the temperature control in this research.
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transfer function from block diagram is shown as
follows in the (3).

After the midpoint to the peak of the overshoot,
reversing direction of current changes to control from
hot status to cool status. By using the proposed
method, it is possible to reduce the overshoot of the
system. Therefore, the transfer function of this point
realized as follows in the (4).

In this method, It can be reduced the overshoot,
because the Peltier device still has surface hot, while
the controller not put the current source. It can only
down by different of the temperature room and it is a
long time to down. In this reason, the method
quickly to reverse the surface to cool can be obtained
good tacking the reference more than only the P
controller. In described above, the validity can be
confirmed by experimental results in the next section.

3. EXPERIMENT

In the experimental setup, the controller unit used
high speed FPGA. It controls Peltier device version
ETC-031-14-11-E by using Mosfet H-bridge driver to
put the current with PWM and to reverse direction the
current. The temperature value is measured by using
digital version DS18B20. The system is only used the
digital system. It is easy to programming with FPGA
and protection noise working well.

Experimental Result Temperature Control

£ - —+ .._.,<;,
| | !
‘
\

2]

—— Reference

===== CP Controlletr Without HDOB

------- PID Controller With HDOB

— CP Controlletr With HDOB

0 20 40 60 80 100 120 140 160
Time(S)

Fig. 2 shows experiment result.

@

The proposal method confirmed by experiment.
Several experiment results are shown in this section.
The temperature command (Tcmd) reference (black
line) is set to difference 9 °C from temperature room.
The gg;- used 0.5 rad/s.

In the Fig. 2, the CP controller (red and green line)
has an overshoot less than PID controller (blue line)
and start time faster than also. At the time around 70
— 80 s, the outside object disturbs into system. We are
use aluminum plant to touch on the Peltier device.
The CP controller with HDOB (red line) is a good
tracking reference position more than PID controller
with HDOB and CP controller without HDOB also.
In this experiment, it can be confirmed the validity of
the proposal method.

4. CONCLUSIONS

From the development of the method to control
temperature, the CP controller provides better results
than the PID controller, because it still used
characteristic of the P controller, while the
customization is a method for reducing the overshoot.
Moreover, the system applied HDOB in conjunction
with the CP controller. The response of this method
can give the robust system. The result of this research
can be guideline the analysis of temperature control
with Peltier device for applications obtaining better
stability. In the future, we will focus on the bilateral
controller with force sensation by using this method
also.
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Novel Method to Control Temperature on Aluminum Side
Using Customized Proportional Controller Based on
Disturbance Observer

Sarayut Yaemprayoon, Chowarit Mitsuntisuk, Kiyoshi Ohishi, and Jakkree Srinoncha

Abstract—This paper proposes the novel method to control
temperature on the aluminum side by using customized
proportional controller. Moreover, the system is applied
disturbance observer to estimate heat disturbance, and
compensate it. In the equipment part, the thermoelectric
module is used Peltier device. This device is a type suitable for
analysis thermal system, because the device has a fast respond
and high stability. Also this proposal used high speed FPGA
controller for the programming and signal processing. The
result of this research can be guideline to analysis thermal
systems on the aluminum side for various applications.

Index Terms—Customization proportional controller (CP
controller), proportional-integral-derivative controller (PID
controller), temperature control, heat disturbance and
disturbance observer.

[. INTRODUCTION

Many researches focus on the transmission force from
human to robot or object [1], [2]. However, only the force is
insufficient for the complete Haptic sensation. In order to the
human Haptic have force and temperature sensation.
Therefore, this research is proposed development the
temperature controller. The proposal method is used
customization proportional controller (CP controller) and
applying disturbance observer (DOB). This method can
obtained more robust system. Therefore, the information is
explained in this paper, and the validity can be confirmed by
experimental results.

The temperature controlling has various methods such as a
fuzzy logic with Proportional-Integral-Derivative (PID)
controller [3], which this controller works well. However, the
response of the PID controller is slower and more
complicate than P controller. Generally, the P controller is
able to obtain a good tracking of a reference point. However,
the result of this controller is an overshoot. For this reason,
this research proposes developing temperature control by
using CP controller. This method can be reduced the
overshoot of the system by using the characteristic of the
Peltier device [4]. Moreover, It can notice the importance
ofcombination between disturbance observer and CP
controller, because the research is applied P controller with
this method as explanation in [5]. The result of this system
can obtain more than the robust controller.

The disturbance observer is mainly used in the field of

Manuscript received January 25, 2012; revised February 30, 2012.

The authors are with the Department of Electronic and
Telecommunication, Rajamangala University of Technology Thanyaburi,
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motion control [6] and can estimate the amount of force
disturbance by comparing the output of the system with
nominal value of input. In the temperature control,
disturbance of the system is named a heat disturbance, and
using the structure of disturbance observer. Therefore, this
paper, heat disturbance observer is named HDOB. By the
proposed system, the effect of the heat disturbance is
compensated conversion for the current source. The
disturbance observer is simple to design and easy to
implement. Moreover, the heat sensor has a limited
bandwidth, and need to set up in the object, whilst heat value
can be estimated with the disturbance observer. In addition,
the heat sensor has a lot of noise, while disturbance observer
with programming low pass filter can reduce them.

In the equipment part, the thermoelectric module is used
Peltier device. This device is a suitable type for analysis
thermal system, because it has a relatively fast response
among thermal devices [7]. It is used in many applications,
such as a small refrigerator or CPU coolers. The device using
only a DC power source is easy to drive, and it can change
cool side or hot side by reversing direction of the current
source. In the experiment setup, the top of the Peltier side is
arranged the aluminum sheet, because it is the same include
loader and analysis temperature control with material [8], [9].
Moreover, some object of the temperature control need to
contact with the material. In the controller unit part, this
research is used high speed FPGA. It is suitable for the
temperature control and combination with force for the
complete Haptic sensation in the future. The FPGA controls
Peltier by using H-bridge to put current and to revert
direction. The temperature value is measure by using digital
sensor with range from -55°C to +125°C. As a result, the
temperature  control becomes more robust to those
disturbances consequently, because the system is only used
digital. It is easy to programming with FPGA and protection
noise working well.

The contents of this paper will be written as follows. The
equivalent circuit of the thermal system is given in the section
II. Using equation is analyzed from equivalent circuit.
Meanwhile, the proposed method CP controller with
disturbance observer is explained in section III. The validity
of proposal method 1s confirmed by experimental results in
section ['V. The last section is conclusion of this research.

II. EQUIVALENT CIRCUIT AND MODELING SYSTEM
DESCRIPTION
The equations of the temperature control in this research
are analyzed from the equivalent circuit as shown in Fig. 1. It
is applied from another research as shown in [10]. The
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equivalent circuit consists of Peltier device, aluminum sheet R Thermal Resi (K/W)
and objects. The objects are contact with aluminum side such R, Electronic Resi )
as human’s finger or materials, This is factor heat disturbance Bis CutofT frequency (rad/s)
into system, and it is can compensate with disturbance N Valtage (V)
: ¢ 2 1 Current source (A)
observer. The alummun‘] ShceF 15 ?Omwmed to the hot side o Seebeck coefficient of Peltier device (V/K)
node, because the experiment in this research focused on the s Laplace operator
hot temperature control. The cool side is the same. It is [ Proportional gain start point
depended on the application. The definitions of the Kpsp Proportional gain stop point
equivalent circuit and equation are used in this research given Subscripts: ¢ Cool side
in the Table 1. Subscripts: h Hoot side
Subscripts: p Peltier device
TABLEL  LISTS OF VARIABLE AND SUBSCRIPTS DEFINITION Subscripts: a Alumi Plant
Subscripts: o Output
Parameter Value Subscripts: n Nominal value
ie T (€} Subscripts: cmd Command
q Heat flow (W) Subscripts: cms Compensate
qy Heat physical constant (W) Subscripts: dis Disturbance
q Heat connection between Peltier device and Superscripts: * value
pa aluminum
q/2 Joule Heat in Peltier device (W)
C Thermal Capacitance (J/K)

Peltier Device

Aluminum Plant

Outside Objact

9 T LY T O Qi Ta 9o To
—> - — :
Ry R, R,
Dpe L
T, a/z q/2 9@
= = = - = -
o}
—
i R,
Fig 1. Modeling of the thermal system in this research
Peltier Device Alummnum Sheet
I T

(a) Temperature control by peltier device on the aluminum sheet

Peltier Device

Alsmdnum Sheat

Bz

Heat Distusbance Observer
Peltier davice

Heat Disturbance Observer

uminum shest

(b) Temperature control by Peltier device on the aluminum sheet with HDOB.
Fig. 2. Block diagram of the temperature control on the aluminum sheet (Open loop).
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CP coutrclier Peltier Device Alumunum Sheet

Heat Distarbance Observer ‘Heat Disturbance Observer
Peltier device Alumioum sheet

Fi

ig. 3. Block diagram of the temperature control on the aluminum sheet (close loop).

CP controller Pelties Device

T

LI o s o
ol ™
&
T, gy,
)8

Heat Dismrbance Observer

Fig. 4. Block diagram of the temperature control (imps 35

Digitall? Bis series Digital Senser

FPGA Controller Thermal system

Altern Cyelone 111 I I

PeltierHear sink |I

Object
Alnminum -

Peltier
Heat sink

Heat sink and DC fan

(a) Hardware setup (b) Schematic of the thermal system
Fig. 6. Experiment setup.
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In the Fig. 1, hot side node of the Peltier device can analyze
to

g,
q,= q_uh+?,-q_u£- quk (1)
Therefore, the device reverts to cool side. The equation
becomes
4
4.~ -4t 5 Tt 2

On the aluminum sheet, the equation can analyze to

9= 9ok 9, 3)
The thermoelectric modules have a basic equation of the
heat. The equation using in this research is

q=1U= IZ R= rzii[f;rnw/ (@)

Moreover, the seedback coefficient (5) of the Peltier is
measure from applying maximum voltage to the device per
temperature changing. Analysis to the equation becomes

o= dne (s

Thmax
From equation (4) and (5) instead of equation (1) to

PR, Ty=T. Ty=Ty ©)
2 R, Ra

q,= alul+

In addition, the heat equations explained above. It can
analyze from the thermal capacitance in terms of
temperature/time derivative. It can be explained to the
equation (7). This equation is applied from another research
as shown in [11].

= ™

dt

The equation of the temperature control in is explained in
next equation.

d PR, Ty-T, T,=Ty

@ ) il
G Tl ®
dly _Ta=Th
Gl e 1t ©)
diiy

From the equation (8), C, is output of the Peltier device,

and aTylI is actual value ofmthe control system or control
Peltier device part. In the disturbance section, % - T’}f—] al

heat disturbance in the Peltier device. In the equation (93. itis
aluminum sheet section. Also Cu% is output of the

Ta=Th

aluminum sheet or output of the system, T is heat
a

physical constant of the aluminum sheet. Therefore, g is
output heat disturbance into system. Moreover, installation
between Peltier and aluminum is a kind of thermal resistance.
It is kind of the heat disturbance (qpa).AlI of the disturbance

value can be designed to compensate with structure of the
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disturbance observer. Therefore, the equation (8) and (9)
become to block diagram Fig. 2 (a), and HDOB with low pass
filter as shown in the Fig. 2 (b), and the final block diagram
and proposal method is explained in the next section.

[1I. CONTROLLER DESIGN

To design the temperature control, the block diagram is
shown in Fig. 3. It consists of actual control (block black line)
and nominal value or programming with FPGA (block blue
line). In the block diagram, the nominal value is also 2 parts
the CP controller and disturbance observer. It is propose
method in this research.

In the Fig. 3, the frame of the Peltier device is converted
from equation (8) to block diagram. Therefore, heats disturb
into system as shown in the next equation.

Ry

2

_ PR, .1

qdi517 77 Ry, (10)
Moreover, the frame of the aluminum sheet is converted

from equation (8) to block diagram also. Therefore, heats

disturbance is

baisz= 490 + 4, (1D

The heat disturbance are the problem to control the thermal
system, but it can be estimated and compensated by the
structure of the disturbance observer. The estimation method
is compared the output of the system with nominal value of
input. The heat nominal input of the Peltier device is applied
from equation (3) and (4). It becomes to

Qrer = laT, (12)

Nominal value input of the aluminum sheet is applied from
g =l (13)
a Ru

The nominal output is obtained from equation (8) and (9).
Moreover, the system is used low pass filter (LPF) to reduce
noise in the section of heat disturbance observer and digital
temperature sensor. The transfer function of the filter is

shown as

— S

G(S) ey (14)

The last frame of the block is a CP controller. It uses this
method, because the response of the PID controller is slower
P controller. Generally, the P controller is able to obtain a
good tracking of a reference point. Moreover, the PID
controller is also more complicated to design, because the
system needs to choose three gain (Kp, Ki, Kd), while P
controller is selected the single best gain (Kp). However, the
result of this controller is an overshoot. For this reason, this
research is proposed the development of temperature control
by using CP controller. This method can be reduced the
overshoot of the system by using the characteristic of the
Peltier device.
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The H-bridge driver circuit is used to put the current and to
reverse the direction current source of the Peltier device. By
using the characteristic of this device, it is possible to change
to hot or cool status on the surface with the reversing
direction of the current (same as a DC motor). By considering
of the reference command, from the start point to the 30% of
reference are controlled to the hot status.

After the 30% to the peak of the overshoot, the reversing
direction of current is changed to control from the hot status
to cool status. By using the proposed method, it is possible
to reduce the overshoot of the system. It is use 30% to
reverse, because from the experimental is the best result.

From block diagram in Fig. 3, it can improve to easy than.
The method explains in the next section.

IV. IMPROVEMENT CONTROLLER DESIGN

In the Fig.3, this block diagram is difficult to fine thermal
resistant of the joint between Peltier device and aluminum
sheet, because it depends on the process of the connection.
Moreover, it is also difficult to program by FPGA. However,
the section of aluminum sheet can see in the kind of the heat
disturbance. Therefore, it can use block diagram in the Fig. 4
to control temperature on aluminum side, while HDOB is

T

R{,

T

PR,
7w YT

pa

(13)

9 4is=

The disturbance observer is applied structure from motion
control. The block is shown in the frame of the heat
disturbance in the Fig. 4. Motion control is estimated force
disturbance, while thermal control system is the heat
estimation. Therefore, the heat estimation is described as

A Ton8 i -8 4is Cp T oS

Gais= (16)
From the Fig.4, transfer function of the start point is shown
as following

Ty _ @KpeS*+20gaisKpiS+agais*Kpe

Temd A 47

where: A = a,C.5% + (2anCpGais — @nCpfais)S® + (@nCpfai® =
ancpgm':z - agd,szcm + agaisKpe)S + aGais*Kpe

After the 30% to the peak of the overshoot, the transfer
function of this point is realized as following

Ty aKppSi+2agaisKppS+agyis“Kpp
Tema B

(18)

where: B = @,C,5% + (2a,Cpais = @nCpais)S* + (@nCpfurs” =
“nCpS‘msz = @Gais* Con + €GaisKpp)S + €Gais Ky

In the section of CP controller, it is changing to the PID
controller. The transfer function becomes

it 1
Tema D

(19)

where: C = akys* + (aK, + 2agy;K;)s® + RagysK, + ak; +
agais”Ka)s* + (@Gais™ Kp + 2094isK)5 + agaisKi
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where: D = @,Cys* + (20, Cyais — @, Cpais + AGaisKa)s® +

2
(@nCoGuis” = nCplais” — ACpnlais” + X GaisKp + €Gais*Ka)s* +
(@gaisKy + aguis*Kp)s + agasK,

In this method, It can be reduced the overshoot, because
the Peltier device still has surface hot after the reference
position, while the controller not put the current source. Itisa
long time to down. In this reason, the method quickly to
reverse the surface to cool can be obtained good tacking the
reference more than only the P controller. In described above,
the experiment is shown in the next section.

The method in Fig.4 is shown in [12], and it can apply to
control temperature. This method can be confirmed by
experimental result as show in the next section.

V. EXPERIMENTS

To confirm the validity of the proposal method, several
experiment setup and results are conducted in this section.

A. Experimental Setup
The schematic block diagram of the temperature control is
shown in Fig. 5.The block diagram consists of’

e Altera Cyclone IIT FPGA is used EP3C120F780C8N
version to control system.

e Computer uses for programming FPGA and analysis
signal data. The programming is applied VHDL
language with Quartus I software, and using USB
blaster connected between computer and FPGA.

e LCD character displays value temperature and
referent temperature.

e Peltier device is used version ETC-031-14-11-E. The
device is arranged on the heat sink and DC fan to
dissipate the endothermic heat flow.

e The H-bridge driver is used to put current and to
reverse direction current for Peltier device with
mosfet IRF3205 (Maximum 110A). It is control
voltage by FPGA with series PWM.

e The digital temperature sensor used DS18B20 version
with 12 bit for reading temperature.

The experiment hardware setup is shown in Fig. 6 (a). The
main equipments are controller unit, driver current and
thermal system. The FPGA controller unit is used high speed
with a clock frequency 50 MHz (20ns). The driver can be
supplied the current to the device, and it can be reversed
direction of the current to hot or cool on the Peltier device. A
method to reverse direction current is proposed method in
this research.

The last main equipment is a thermal system. The
schematic of this system is given in the Fig. 6 (b). The Peltier
device is mounted on the heat sink with DC fan to dissipate
the endothermic heat flow, and top side of device arranged
aluminum sheet. The top of aluminum is arranged digital
temperature sensor to measure the temperature value. In the
explanation above, the system control is used only the digital.
It easy to control by FPGA, because it is not used digital to

analog convertor (DAC) or analog to digital convertor (ADC).

It is easy to programming, and digital system is protected
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noise working well.

B. Experimental Result

The proposed control system design is confirmed by
experiment. Several experiment results are shown in the Fig.
6. The temperature command is set to difference 8 °C from
temperature room. The parameters are used in these
experiments given in the Table II.

Firstly, CP controller method is changed the direction of
current to reduce the overshoot. In this method, the
experimental result comparison between P controller and CP
controller is shown in the Fig. 7 (a). The proposal method
retains the properties of the P controller. Therefore, it is
giving a faster response when comparison with PID
controller as shown the Fig. 7 (b). At the time around 200 s,
we are used another Peltier to touch the aluminum sheet for
testing the outside object disturbance into system. The CP
controller has response to tacking better the PID controller.

Secondly, the Fig. 7 (c) is a comparison between using and
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not using the disturbance observer. From the experimental
results it can be seen that, the robust controller can be
obtained by using disturbance observer. The Fig. 7 (d) is
experiment when the object disturbance in to system at the
time around 200 s. it can be confirmed that the proposed CP
controller based on disturbance observer is obtain the better
results to reject the disturbance.

TABLEIL. PARAMETER USE IN THIS EXPERIMENT

Parameter Value

Kot IS
Ko 4

K, 0.1

K, 0.15

Ky 0.5

S 1 (rad/s)
Gy 0.8 (W/K)

o 0.0127 (V/K)
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Fig. 7. Experiment result.

VI. CONCLUSION

From the development of the method to control
temperature, the CP controller provides better results than the
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PID controller, because it still used characteristic of the P
controller, while the customization is a method for reducing
the overshoot. Moreover, the system is applied disturbance
observer in conjunction with the CP controller. The response
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of this method can give the robust system. It can be used to
guideline the analysis of temperature control with Peltier
device on the aluminum sheet for applications obtaining
better stability. In the future research, we will focus on the
bilateral temperature controller and combination with force.
This system can be applied to complete the Haptic sensation
system between human and robot or material.
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Designing FPGA Low Pass Filter for Improvement
Control Peltier Device base on Heat Disturbance
Observer
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Abstract— This paper proposes a designing FPGA low pass filter
for improvement control Peltier device. This system is also
applied heat disturbance observer to estimation value of the heat
disturbance the system. Peltier device is selected to be the
thermoelectric module device. It is a type suitable for analysis
thermal system in order to fast respond and good stability when,
it compares with another device. It is also applied the low pass
filter, which designs on FPGA, to reduce noise and increase the
resolution of the digital temperature sensor. Moreover the
circuits are design on the digital system only. It protects noise
working well and easy to program with FPGA. Therefore, the
experimental result shows that it can be guideline for the analysis
to control thermal system various application.

Keywords—Field Programmable Gate Array (FPGA),
Proportional-Integral-Derivative controller (PID controller),
Temperature control, Heat disturbance, Heat Disturbance
OBserver (HDOB). Programming Low Pass Filter (PLPF)

L INTRODUCTION

Many application controls system demand recently higher
processing resource. The haptic robot is also an academic field
called “Haptic™ sure as [1], which deals with the acquisition,
transmission and reproduction of tactile sensation. However,
many work had focused on the force sensation between human
to robot or object sure as [2]. However, the human have a
Haptic with force and temperature sensation Therefore, this
research is proposed development the temperature control with
FPGA controller unit base on HDOB and PLPF.

The propose method is used FPGA controller because this
paper is proposed technical HDOB and PLPF with real time
controller. Therefore, the parallel processing is suitability
resource for the temperature contro. For example, this
controller unit is used in [3]. Moreover, the FPGA will suit the
programming Haptic temperature (Real time bilateral
temperature control) in the future work.
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The HDOB technical is programmed by FPGA. It is a
method estimation heat disturbance into the system and
converts to current source compensate. The heat disturbances
are problem to control the robustness temperature. The HDOB
can be estimated the amount of heat disturbance by comparing
the output of the system with nominal value of input. This
method is applied from [4]. The disturbance observer is used
mainly in the field of motion control as shown in [5], and the
HDOB is used the structure of disturbance observer (DOB)
from motion control. By the proposal system, the effect of the
heat disturbance is compensated by conversion to the current
source. In addition, the DOB is easy to implement and simple
to design. The compensate system by HDOB has been
proposed by [6]. Finally, the method is also applied PLPF to
reduce the noise by FPGA. It is used in the HDOB and sensor
section. Moreover, the circuits are design on the digital system
only. This can protect noise working well. This system is
therefore possible to obtain more robustness. Therefore, the
information is explained in this article, and the validity can be
confirmed by experimental results.

IL

The control temperature equations are analyzed from the
equivalent circuit of the Peltier device as shown in Fig. 1
which is explained in [7]. The equivalent circuit consists of
Peltier device and objects. The objects are human’s finger,
materials or others. This factor is kind of the heat disturbance
into system, and it can compensate with HDOB.

According to this experiment, it focuses on hot
temperature control, the object is therefore connected to the
hot side node. The variables and subscripts are used in the
Tab. 1.

From Fig. 1, the note of the hot side can be analysis a heat

EQUIVALENT CIRCUIT AND EQUATION CONTROLLER
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q,
Qh:qh+?J_q}.+q¢; ()

The Peltier devices control hot or cool by reverting direction
of the current source. Therefore, the equation is

q
q.=—q, + ?’ +q,—4, 2

The Peltier device has a seebeck effect.It is a measurement
from the magnitude of an inducing maximum voltage in
response to a maximum difference. This coeficient can also
notice in the datasheet of the Peltier device. The equation of
seebeck coefficientis

U
max ( 3 )
diff max

The thermoelectric modules in this experiment can be defined
as equation (4)

a=

g=IU=IR )
From the equation (3) and (4) is taken into equation (1).
Therefor the equation at the hot side node is

I'R, T,-T
qu=all e

+4q, (5)
»
The cool side note becomes
PR =1
q. =—ol]+—+—<—1*
2 R,
Moreover, the heat equations can be analyzed from the
thermal capacitance in terms of temperature/time derivative, It
can be explained to the equation (7).

LI 0]
rdr "
From equations (5) and (7)can be noticed the
equation of the temperature control flowing as
2 . N
Cﬂﬂ: aT;)I+ ] R( _T‘, 1: +q0
dt 2 R,

4, (6)

(&)

Peltier Device

Fig. 1 equivalent circuit of the thermal system

In the final equation, is the output of the system, and is the
actual value of the control system or Peltier device part. When
the current source (/) is supplied, the temperature is then
changed (and measure value by digital temperature). In the
heat disturbance section and (Peltier device heat disturbance)
are the disturbance value of the device, and object heat
disturbance is the outside term, The heat disturbance value can
be designed to compensate with structure of the HDOB, and
the proposal method is explained in next section.

[II.  DESIGN TECHNICAL CONTROLLER

From the equation (8), the actual value of the control
system or Peltier device part is

dr,

h—aTl @)
? g !

dt, -
Where Cp— is output and a7,/ is input control by
dt

current. Therefore, this equation becomes to block diagram as
show in Fig.2 in the section Peltier device. Moreover, the final
equation can know the object of the heat disturbance. It
analysis to

'R, T, -
" = ~+q. (10)
2 R,
TABLE L. LisTS OF VARIABLE AND SUBSCRIPTS
Variable Definition
T Temperature (°C)
q Heat (W)
e Heat physical constant in Peltier device (W)
q;/2 Joule Heat in Peltier device (W)
c Thermal Capacitance (] /K)
R Thermal R (K/W)
R, Electronic Resistance (£2)
Dyis Cutoff frequency (rad /s)
U Voltage source(V)
1 Current source (A)
a Secbeck cocfficient of Peltier device (V/K)
s Laplace operator
Ky Proportional gain
K; Integral gain
K, Derivative gain
Subscripis:c Cool side
Subscripis: h Hot side

Subscripts. p Peltier device

Subscripis: Quiput Object

Subscripts. n Nontinal value

Subscripts: cmd Command
Subscripts: cms Compensate
Subscripts: ref Referent
Subscripts: dis Disturbance

Subscripis: max Maximum value

Superscripts: " Estimation value
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PID controller

Peltier Device

G,

BaiLpn

8,4,Con

Heat Disturbance Observer

Fig.2 Block diagram of the temperature control with PID controller and HDOB

These heat disturbances are the problem to control the
temperature system. However, it can be compensate by the
structure of the HDOB. It is explained in the next subsection.

A.  Heat Disturbance OBserver

This article proposes the compensate system by HDOB.
This method is compared the output of the system with
nominal value of input. Therefore, it can know different heat
which is heat disturbance of the system. It converts to the
current source by equation. The heat nominal input is applied
from equation (3) and (4), and the nominal output is obtained
from equation (7).

B. Programing Low Pass Filter

Moreover, the system is used the PLPF to reduce noise in
the section of HDOB and temperature sensor. Moreover, the
resolution of the DS18B20 temperature sensor is used decimal
4 bits corresponding to increments of 0.5°C, 0.25°C, 0.125°C,
and 0.0625°C per step. Therefore, the PLPF in this research is
used program decimal resolution 32 bit °C per step. It is
possible to obtain the robust temperature control. Therefore,
the transfer function of the filter is analyzed to

g( S) - g dis

S+ &us

From the HDOB and PLPF method is become to the block

diagram as show in Fig.2 in the section of the heat disturbance
observer.

However, only this method is open loop of the system

control. Therefore, this research chooses the close loop by

applying PID controller. It is explained in the next subsection.

C. PID controller with HDOB

This paper proposes compensate method of the HDOB by
programming FPGA controller unit. However, HDOB needs a
combination with close loop controller to obtain robust
controller. This experiment is used PID controller because PID
controller is popular in the feedback controller system. The
final block diagram is shown in Fig. 2. It is included the
feedback PID controller by equation.

(1)

C(s)=Kp+ K +K,s

(12)
s
In the final block diagram, the transfer function is
T, A
— et (13)
7:11::! B

Where:

A=aK s +(aK, +20g, K, )s" +(Q2ag, K, +akK, +ag, 'K,)s"
Hag, 'K, +20g, K)s+og, 'K,

Where:

B=a,Cs'+(20,C,g, —,C 2, +ag, K)s' +

= p " p

(e, C, gdv.rz za,C g.mz _ac,wgd.‘j +agm\K,v +agd;de)sz

np n=p

Hag, K +ag, 'K )s+ag, 'K,

From the final block diagram, it consits of control Peltier
devied (To control the current sorce by H-brigde driver and to
measure temperature by digital sensor), HDOB and PID
FPGA is used as a controller in this experiment because it can
perform parallel processing, so it is used to be ccontroller in
this experiment.

V.

The equipment part is used digital component because it
needs to program and connect with FPGA. Moreover, the
digital component is protected noise working well. The FPGA
is used to control the Peltier by using Mosfet H-bridge current
driver. It puts the current control by PWM and reverse
direction of the current by 1 wire interface. The temperature
value is also measured by using digital sensor with 1 wire
interface. The thermoelectric module is the Peltier device
which is used in many applications, such as a small
refrigerator or CPU coolers. It is a suitable type for analysis
temperature system because it has a relatively fast response
among thermal devices. The device uses only a DC power
source because it is easy to drive. It can change cool side or
hot side by reversing direction of the current source. As a

EQUIPMENT PART
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Fig. 3 experimental results

result, the temperature control becomes more robust to those
disturbances.

V.  EXPERIMENTS RESULTS

Firstly, the Fig.3 a) shows the result of the PLPF. It is
measured form digital temperature sensor section and is

compared with simulation on software MTLAB (matrix
laboratory) and FPGA to confirm the validity.

Secondly, the PID controller with HDOB is shown in the
Fig. 3 b) and ¢). It is programmed by FPGA controller unit
and is applied the PLPF. In the experimental result, the
temperature command is set to difference 9°C from
temperature room.

Finally, the Fig. 3 d) is testing the point of the HDOB. It
is a comparison using and non-using HDOB. At the time 60
seconds, we used aluminum plate touching to the Peltier
device for testing the outside object disturbance into system.
It can summary that using HDOB provides a good tacking
than non- using HDOB. Therefore, it is possible to obtain the
robust temperature controller.

VI. CONCLUSION

This ariticle proposes the HDOB compensate and PLPF
technical by programing with FPGA. The HDOB is used to
estimation object of the heat disturbance and convese to the
current compensate to the system. Moreover, the system is
applied the PLPF for reducing the noise and increasing the
resolution of the temperature value. Therefore, the FPGA is
suitable for the technical propose method in the order to it
has a faster and paraller process. Moreover, It can program
by real time control system. The further work will focus on
the bilateral temperature controller and combination with
force. This system can be applied to complete the Haptic
sensation system between human and robot or material. The
FPGA suits.
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