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ABSTRACT

This paper presents the design and control of thermoelectric generator (TEG)
modules using PID controller to optimize the TEG model produces output voltage 7.67 V within
operating time 60 minutes and use gas fuel pressure less than 10 psi. In this research, we study
the output voltage produced from TEG model and time when fuel gas pressure changes. In this
study, we used level of fuel gas pressure 1.6 — 2.0 psi with TEG machine to keep voltage output
versus time. The TEG simulation module implemented by using first order plus dead time
(FOPDT) model in MATLAB Simulink program. In simulation, MATLAB Simulink was used to
verify output response of the TEG machine and the simulation model with the same level of fuel
gas pressure both TEG machine and simulation model that produced the same level of output
voltage 7.67 V and used time to reach steady state of 40 minutes. Furthermore, the control PID
tuning by Dahlin synthesis and Quarter decay ratio were designed in MATLAB Simulink
program. The results shown that Dahlin synthesis controller had a settling time around 10
minutes, which was faster than Quarter decay ratio that used 15 minutes. However, we found that
the pressure had an overshoot value of 12 psi. To fix this issue, we used a PID tuning by Dahlin
synthesis and limited gas pressure at 10 psi and monitored the voltage output versus time. For the
test results we found that output voltage overshoots around 7.97 V then we used an anti-windup
theory to reduce the voltage overshoot. The anti-windup block was setup in the PID window and
the input gas pressure still limited at 10 psi. The results shown that no overshoot voltage but the
settling time increased to 55 minutes. This test can verify that the model can be applied to study

the TEG system.

Keywords: Thermoelectric generator, FOPDT, Dahlin synthesis
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(requires Simulink Control Design).
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2 OPERATION

21 Data Plate
2.1.1 Location: Data Plate is located on the inside of the right-hand cabinet door.
2.1.2 Fuel Type: An "X"is stamped in the appropriate box for Natural Gas or Propane.

IMPORTANT: Each type of fuel requires a particular orifice, therefore use only the fuel indi-
cated on the data plate.

NOTE: If butane is used, the data plate will indicate propane. This is because the energy
content of propane and butane are nearly equal; therefore, they require the same
orifice.

2.1.3 Model Number: The model number on the Data Plate is interpreted as follows.
2.1.4 Fuel Pressure, Power, Voltage: The fuel pressure, power output and voltage across

1120 )-()

FUEL TYPE:
L =PROPANE ——
N = NATURAL GAS —

POWER CONDITIONER VOLTAGE:
12,24 or 48V

the precision load that were measured during the factory performance test are record-
ed on the data plate. Observe that the fuel pressure is stamped in kPa and that the
pressure gauge has scales for both kPa and psi. Figure 9 shows how the fuel gauge
pressure differs from that stamped on the data plate if the TEG site is at an elevation
different than Global's factory (750 meters). This is due to the fact that the gauge read-
ing varies with atmospheric pressure which changes with site elevation. This informa-
tion is provided for reference only because, as you will see, the fuel pressure is adjust-
ed to obtain the desired power.

2.1.5 Serial Number: The serial number is a unique number assigned by Global to provide
traceability.

Global Thermoelectric 241
27762 rev. 3
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Figure 9 Change in Fuel Pressure Vs Elevation

2.2  Start-Up Data Sheets
Start-up Data Sheets are provided at the back of this section to assist you in setting up the
TEG properly. During set up you will be asked to record data on these sheets so remove one
at this time and keep it available. It is recommended that a Data Sheet be used each time
the TEG is started. They are valuable for future reference. If additional sheets are needed
they can be duplicated.

2.3  Starting Generator
Perform the following steps (see Figure 10):

2.3.1 Turn on fuel. Loosen the lock nut on the fuel regulator.

2.3.2 If required, correct the factory set fuel pressure for the elevation as per Figure 9,
Change in Fuel Pressure Vs. Elevation.

2.3.3 Adjust the air shutters to slightly fuel rich from the factory set position. Note that the
air shutters should always be adjusted equally in small increments.

2.3.4 Set the "Power Switch" to set up position.
2.3.5 Set the "Output Voltage Adjust" to middle position.

Global Thermoelectric 2-2
27762 rev. 3
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2.3.6 Press down the button on the shut off valve. The TEG should immediately start firing,
as noted by a popping inside the combustion chamber. The TEG will pop until sus-
tained ignition occurs (purring sound). Record the time of sustained ignition.

Note: If popping and sustained ignition cannot be obtained quickly, adjust the air shutters
to air rich position until sustained ignition occurs, then using several small steps,
return the air shutters to the factory set position.

2.4 Heat Up to Rated Power

TEG performance is determined by measuring the voltage across the precision load. This
voltage is defined as V,; and is measured by the digital panel meter when the power switch
is in the set up position.

Global Thermoelectric

2-3
27762 rev. 3
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25 V,,Versus Time / 5 ~\
The heat up characteristic of the TEG is shown in o ol
Figure 11, which gives Vg, as a function of time
after ignition. This curve is for a TEG set at the fuel 5

pressure that produces rated power. During this
heat up period, measure the V, and record it as
item 2 on the start up data sheet at the time inter-
vals specified. To monitor progress during heat
up, compare your measurements with those /

Vi (Volts)
N
I~

shown in Figure11. 2 /
After 20 minutes of operation observe the V,, and 1 /
determine the following: /
5 10 20 30 40 50 60

1) If V4 is near 6 volts, the fuel pressure is set

TIME (Minutes after ignition)
for rated power. \T ¢

r

Figure 11 V Vs Time
2) If V4 is less than 5.5 volts, the fuel pressure
is set for less than rated power, but do not adjust at this time.

3) If V. is greater than 6.5 volts, the fuel pressure is set for more than rated power.
Reduce the fuel pressure by 9.8 kPa (1.4 psi) at this time, see Figure10 and Figure 13.

WARNING: To prevent damage to the TEG do not allow the V, to exceed 7.1 volts at ambi-
ent temperatures above 24°C (75°F).

2.6 Vg, Versus Power

Vet the voltage across the precision load, is a measure of power. The value of the precision
load (0.387 ohms) is selected to provide the optimum load condition for the TEG.

The relationship between V and power (P) is:

P = vset2
0.387

This relationship is shown in Figure 12. The graph gives V¢, as a function of set-up power.
In determining power (P) consider the following example:

1) Your Vg is 6.12 volts.
2) Locate 6.12 volts on the vertical axis.
3) Read horizontally until intersecting the curve.

4) Read vertically downward to the horizontal axis to determine power.

Global Thermoelectric 2-4
27762 rev. 3
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5) Which is 97 watts.
In determining V,, consider the following:
1) The power is 120 watts.
2) Locate 120 watts on the horizontal axis.
3) Read vertically until intersecting the curve.
4) Read horizontally to the vertical axis to determine V.
5) Which is 6.8 volts.
2.7 Determining Required V.,

This heat up period is the ideal time to determine the V. V. is based on set up power as
follows:

SET UP POWER . Ve,

from Figure 4 from Figure 12

Set up power is found by adjusting the desired power for ambient temperature. V is deter-
mined from set up power as shown in Figure 12.

1) Estimate the maximum ambient temperature expected at the side and record on the
start up data sheet as Item 3.

2) Measure or estimate the present ambient temperature and record as Item 4.
If rated power or maximum allowable power is desired:

3) Use the information in Figure 4 and the procedures in section 1.7 to determine the cor-
responding set up power and record as Item 5.

4) Use Figure 12 to determine the related V,, and record as Item 6.
If less than rated power is desired:
5) Determine the desired power output.

6) Determine the corresponding set up power by adding 0.3 watts to the desired power
for each °C difference between the present and maximum ambient temperatures.

7) Refer to Figure 12 to determine the related V,; and record as Item 6.

Global Thermoelectric 2-5
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Figure 12 V., Vs Set up Power
2.8 Fuel & Air Adjustment

After the TEG has been operating for one hour, V., should not be changing with time. The

readings on the start up data sheet at 40 and 60 minutes should not differ by more than 0.2
volts. When you are satisfied that V, is not changing with time, compare the measured value

of Vg with the required Vg, Item 6. Proceed with air shutter adjustments to optimize the
burner first (section 2.9) then adjust the fuel pressure as required (section 2.10).

2.9 Air Shutter adjustment

This burner contains dual air shutters which control the amount of air used for combustion.
See Figure 10.

If too little air is used (fuel rich), combustion is incomplete and not all the energy in the fuel is
converted to heat.

Global Thermoelectric 2-6
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If too much air is used (air rich), additional energy is required to heat the excess air to exhaust
temperature.

In both cases fuel is being wasted. When the air shutter is at its optimum setting (neither of
above) the TEG is operating at maximum efficiency.

NOTE: If available a combustion analyzer will facilitate rapid air shutter optimizing as you
need not wait for V, to change.

Figure 13 shows change in V,, as a function of air shutter settings. Observe that V,
decreases more rapidly on the fuel rich side than on the air rich side. For this reason a fuel
rich operation is to be avoided.

Make initial adjustments of air shutters towards the fuel rich side by decreasing the air holes.
Both air shutters are to be adjusted equally in small increments. Wait 5 to 10 minutes for burn-
er to stabilize. Note the V., and record.

If V4 increased or did not change, the burner is air rich. Continue decreasing the air holes
until a slight decrease is observed.

Note: You must wait the required time after each adjustment. When a decrease in V,
has occurred, increase the air hole size by rotating the air shutter back about
2.5mm. This should ensure slightly air rich (optimum) settings.

s N
/ [

e

(VOLTS)
&
\

—@.Z

—=0:9

—-0.6

—-0.7

CHANGE IN V(sen

—-0.8

FUEL RICH AIR RICH
ool [
\ 7778 J

Figure 13 Change in Vg Vs Air Shutting Setting
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If V, decreased you are presently fuel rich. Enlarge the air holes until V, peaks then
increase the air holes slightly more towards the air rich side (optimum settings).

After the unit has stabilized, read V,, and compare with required V, Iltem 6.

If these values are not within +0.1 volts, proceed to fuel pressure adjustment (paragraph
2.10).

If these values are within +0.1 volts, the TEG is ready to switch to operate mode.
2.10 Fuel Pressure Adjustment

To change V. it is necessary to change the fuel pressure. Figure 14 shows the change in
Vet @s a function of the change in fuel pressure for a typical TEG operating at rated power.
The following examples will illustrate how this curve can be used.

1) Suppose the measured V, is 6.5 volts, but 6.7 volts or a change of +0.2 volts is
required.

2) Locate the #0.2 volts on the vertical axis and read horizontally until intersecting the
curve.

3) Read vertically down to the horizontal axis and find the required change in fuel pres-
sure.

4) Which is 5.5 kPa (0.8 psi).
You must increase the fuel pressure by 5.5 kPa or 0.8 psi.

5) Suppose the measured V; is 6.8 volts and that 6.5 volts or a change of -0.3 volts is
required.

6) Locate -0.3 on the vertical axis and read horizontally until intersecting the curve.

7) Read vertically down to the horizontal axis and find the required change in fuel pres-
sure.

8) Which is -8.3 kPa (-1.2 psi).
You must decrease the fuel pressure by 8.3 kPa or 1.2 psi.
2.10.1 Use the following procedures to make the adjustment in fuel pressure:

1) Record Vg after a minimum of one hour of operation as Item 7.

Global Thermoelectric 2-8
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2)

3)
4)

5)

9)

Determine the required change in Vg, by subtracting ltem 7 from Item 6 and record as
Item 8.

Record the fuel pressure as Item 9.

Determine the required change in fuel pressure from Figure 14 and record as Item 10.
Determine the new fuel pressure by adding ltem 10 to Item 9 and record as Item 11.
EXAMPLE:

ltem9 = 37.9 kPa (5.5 psi)
Iltem 10 = 2.1 kPa (0.3 psi)

New Fuel
Pressure = 35.8 kPa (5.2 psi)

Adjust the fuel pressure to the value in Item 11. Close the cabinet doors and record
the time.

Wait at least 10 minutes and record V, as ltem 12.
Compare this new value of Vg, in ltem 12 to the required value in ltem 6. If the two
are still different by an unacceptable amount, repeat this procedure using the latest val-

ues of V¢, and fuel pressures as ltems 7 and 9.

When the measured and required values of V, are in agreement, the TEG is ready to
switch to operation mode.

2.11 Applying Customer Load

The TEG is now operating at the required power output. If this is a single TEG system, it is
ready to connect to the customer load. If there are multiple TEGs ensure that all units are
ready before proceeding.

1)

If station batteries are present, measure and record their voltage. Batteries should be
fully charged; if they are discharged below 22 volts, the 1120 TEG will not charge the
station battery.

2) Set power switch to "Run" position, see Figure 10. The TEG "normal" light should
come on. Adjust the voltage control to the desired operating voltage plus 0.7 volts
using the Output Voltage Adjust dial on the electronics box and the reading on digital
panel meter. If a multiple TEG system is in use, ensure that all outputs are equal.

Note: The TEG incorporates a protective series diode. The output voltage will drop 0.7

volts from the no load to loaded condition.
Global Thermoelectric 2-10
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Push the red "Meter Select" button to read the current.

3) Connect the customer load via disconnects mentioned in Electrical Connection section
1.12. The TEG "Normal" light should remain as a steady glow, if the lamp dims or the

output voltage drops significantly, the TEG is being overloaded. Ensure that the load is
no more than 100 watts at 24-30 volts.

4) In multiple generator systems ensure that all outputs are set the same.

Global Thermoelectric 2-11
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System Modelling and Controller designed for
Thermoelectric Generator using a First Order
Plus Dead Time

Rung-aroon Photoon' and Warit Wichakool?, Non-members

ABSTRACT

This paper discusses the design, implementations
and verification of Thermoelectric generator (TEG)
modules using a first order plus dead time (FOPDT)
in a Matlab/Simulink™ program. The models pro-
posed in this paper were designed to improve the
thermoelectric generator performance under the con-
dition of the inlet fuel control system with performed
load connections. The tuning for the proportional-
integral-derivative (PID) controller was done with
Dahlin synthesis tuning and Quarter decay ration
tuning formulas. The comparisons result of simu-
lations model from real TEG machine were exam-
ined and analysed against controller from simulation
model to study the TEG system.

Keywords: Thermoelectric Generator, FOPDT.

1. INTRODUCTION

A basic thermoelectric generator machine is shown
in Fig. 1.

m

HEAT
SINK

mOo—<mOQo
am@ITP>PINA>mMIT

Fig.1: Basic thermoelectric machine.

A thermoelectric generators (TEG) comprises ba-
sically of three main sections: a heat source, a heat
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sink and a thermoelectric (TE) device. The heat
source supply thermal energy while the heat sink is
important in creating a temperature gradient across
the TE device. The TE device basically works by con-
verting the thermal energy in the thermal reservoir
into an electrical energy. In terms of design, sim-
plicity is one of the upside of TEG over other heat
engines. In additional, an absence of moving parts
makes TEG favorable for miniaturization.

The mathematical models of TEG are available
which can be used to simulate their corresponding
behaviors and performance analysis. Modeling and
simulation enable us to analyze, design, and optimize
the TEG by omitting the design cycle, which is easier.
Recently, SPICE software is used to design an equiv-
alent circuit model of TEG for easy model analysis
and for further extraction of model parameter from
specifications in commercial. Most authors studied
transient behavior using SPICE software in order to
analyze the voltage output under different thermal
reservoirs and electrical load conditions. However,
the results were not able to predict the exact time
to reach a steady state condition [1]-[10]. The cir-
cuit models designed using SPICE is more suitable
for simulation of power electronics applications.

For the simulation of control objective, it is a
better option to build a TEG model using a Mat-
lab/Simulink package. Aati Kane studied perfor-
mance of thermoelectric module (TEM) using Mat-
lab/Simulink [11]. The Seebeck, Peltier and Thomson
coefficients were experimentally with respect to tem-
perature dependent to extract voltage and current
output when TEM working in dynamic mode. Huan-
Liang Tsi studied and performed TEM model using
Matlab/Simulink and extract voltage and current at
standard temperature and compare to commercial
TEC1-12710 module [12]. However, both cases used
SPICE model to analyze the voltage output behavior
under different thermal reservoirs.

The system model is simplified by utilizing a first
order plus dead time (FOPDT) to model the TEG
module [13]-[14]. A complicated higher-ordered sys-
tem model with a simple dead time delay and a
lower-ordered system can be represented using the
FOPDT model. Even though we are able to deter-
mine the dead time delay and the system time con-
stant through a graphical method [15]-[16], its accu-
racy rely on the drawing of the line tangent to the
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process reaction curve at the point of maximum rate
of change. Thus, to reduce the model error, the fitting
curve was designed following the qualifying dynamic
process behavior, which was proposed by Douglas J.
Cooper [17]. By examining the FOPDT model and
process step running of commercial TEG machine,
this model is selected due to the fact that the method
of step running of commercial TEG is identical to
process step testing procedure of FOPDT model. A
typical plot of voltage output over time of commercial
TEG machine to the response curve of FOPDT model
seems to be indistinguishable because both have dead
time presented. A dead time is essential in the system
step operating of commercial TEG machine in avoid-
ing damage on TE device due to the high pressure at
the first step input. Similarly, the process reaction
from FOPDT model describes the dead time as the
amount of delay for the first begin of model responses
behavior. As a result, a simple PID controller can be
designed using Zeigler-Nichols and Dahlin synthesis
tuning process to analyze the performance of com-
mercial TEG in simulation [18].

This paper illustrates the steps in modeling a sim-
ple TEG system using the FOPDT model in Mat-
lab/Simulink. In addition, the paper discusses the
method for using the determined model to design a
simple controller to enhance the TEG system perfor-
mance. This paper is organized as follows. First,
we describe the theory of the FOPDT and the ex-
traction of its parameters. Next, the experimental
setup is depicted. The real TEG system response is
shown and verified. Finally, the results of simulated
close-loop control obtained from the TEG system are
shown and discussed.

2. THEORY AND SYSTEM MODEL

A simple block diagram of a TEG system is shown
in Fig. 2

Fuel 3 T
Voltege e Contral 3 -
I?Q—T)—-T_{ Furction TESMedU Elecicalioad

eltage Cutpot

Fig.2: Block diagram of a TEG system model.

The system model comprises of three parts, a con-
trol function, a TEG module and an electrical load.
First, our concentration starts on modelling the TEG
process module. The model used to predict a transfer
function of the TEG is the FOPDT model. The rea-
son we use FOPDT model is that this model can work
on both dynamic test on the actual system or com-
puter simulation of the process. It is simple to per-
form a step test which matches the process step run-
ning of a real commercial TEG machine. The three

difference parameters in low order transfer function
are needed for identifications. Furthermore, the ba-
sic and main design methods and tuning techniques
in the practical controllers such as PID controller
are generalized and developed for the FOPDT trans-
fer function. The proper experimental data consist
of dynamic information that characterize our con-
troller output to determine a process variable (PV)
behaviour. A FOPDT model is a proper method to
quantify by assigning numerical values to key aspects
of this controller output (CO) to the process vari-
able relationship which is used in controller. The
FOPDT curve is shown in Fig. 3. The combination
of a FOPDT process can be expressed in a differential
equation as [18]
dPV (t)

g TPV =KCO(t-6,). (1)

PV Model

€O %)

Time (Vi

Fig.3: FOPDT curve.

When CO changes, the parameter K represents
the direction and how far the process variable moves.
A time constant 7, describes the time taken for the
process variable to respond. A variable ¢ is an ac-
tive time and variable ,, describes the amount of de-
lay that occurs before the process variable starts to
change.

The equation of transfer function of FOPDT can
be represented as

G(s) = (K‘f_l"'g) . @)

T78+1

The model has three characteristic parameters to
be determined. The variable K is a process gain, rep-
resenting the direction and how far of process variable
moves. It can be determined by the steady state level
of the process output. The variable 7 is a time con-
stant, describing the time required for the process
variable response. Finally the variable tg is a dead
time, which describes how much delay occurs before
the process variable first begins to change.

The TEG transfer function G(s) can be approxi-
mated by a first-order model for the purpose of char-
acterizing the dynamic response of the process. The
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characterized process includes the dynamic behavior
of the output signal that can be modelled by a sta-
ble FOPDT model. In order to identify the system
parameters, we used a step response of the open loop
TEG module, as shown in Fig. 4.

TEG Process ‘

M(s) G(s) ‘—> C(s)

Fig.4: Block diagram for open loop test.

The step test procedure was carried out as fol-
lows. First, the input step change m(t) was applied
to the process and the process output response c¢(t)
was measured. The resulting plot of ¢(t) versus time
must cover entire test period of the step test until the
system reaches a new steady state. A typical step re-
sponse plot also known as a process reaction curve is
shown in Fig. 5.

mi I Am

eft)

Fig.5: Process reaction curve to a step response.

From the block diagram for open loop test shown
in Fig. 4, the process output of the FOPDT model
in (1) is given by

co-(E2)(1).  w

Expanding this expression by partial fractions, we
obtain

1 T
C(s)=Ke % |- — —_|. 4
(s) s Ts+1 @
We can obtain the time domain response of the sys-
tem using the inverse Laplace transform. The proces
output is given by

o) = Ku(t — to)[1 — e~ t10)/7), (5)

Where the unit step function is included to indi-
cate explicitly that

=1
o

e(t) =0 ,for t < to. (6)

The perturbation of the transmitter output from
its initial value is given by

Ac=c(t) —c(t =0). (7)

The steady state value of the process reaction
curve can be calculated by

tlil{.xcc(t) =K. (8)

From Fig. 4, because the model response must
match the process reaction curve at steady state, we
can calculate the steady gain of the process, where is
the step change in input response as

K=—. (9)

After the process reaction is obtained, the control
system can be designed by using a closed loop Quarter
decay ratio compare to a Dahlin synthesis method.

The Quarter decay ratio method is a trial and error
tuning method based on sustained oscillations which
was first proposed by Ziegler-Nichols (1942). On the
other hand, the Dahlin synthesis was originally in-
troduced by Dahlin (1968), who defined the tuning
parameter as the reciprocal of the close loop time con-
stant. The connection between process transfer func-
tion and the modes of a PID controller can be estab-
lished from the controller synthesis. These methods
can propose a set of formulas based on the param-
eters of first order model fit to the process reaction
curve.

Regarding to FOPDT equation, the results in the
following synthesized controller transfer function as

Ts+ 1 ¢ tof
Ge(s) = <Kc“0-") (T(,S+ 1-— (f““-") ’ (U]

In order to convert the algorithm of Eq. 10 to the
standard PID form we obtain the following synthe-
sized controller transfer function as

To
= 1 1+73
6= () (4 2) ().

The Quarter Decay ratio PID controllers is recom-
mended for slow processes or the processes with dead
time. The standard PID form we obtain the following
Quarter Decay ratio controller transfer function as

Gl =k (1 o+ %) (%) . a2

Equation (12) shows that derivative portion is mul-
tiplied by the term 1/(a7qs + 1). This term, which
can be recognized as the transfer function of a first
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order system with gain of unity and a time constant
equal to ay, is referred as a filter. The filter does
not usually effect the performance of the controller
because the time constant is small and the variable
T4 18 a derivative time.

The equivalent to an actual PID controller with
tuning parameter of Quarter decay ratio and Dahlin
synthesis shown in Table 1. The variable K repre-
sents the process gain, K. represents the proportional
gain, T; represents the integral time, T, represents
the derivative time, t; represents the dead time, and
7. represents the closed loop time constant while 7
represents the time constant.

Table 1: Quarter decay and Dahlin synthesis for-
mulas.

FOPDTt K - L2 (tu)" Ko T
-—tos e
Gls) = Ke™to 2 K(to+ 7c)
Ts+1
T =2ty Ti=1
T; = 0.5t0 T, =057

3. EXPERIMENTAL SETUP

The test rig was setup by using a commercially
available TEG1120 as shown in Fig. 6.

In this research, we measured and recorded the val-
ues of the output voltage over times which were used
to plot the response of process reaction curve. The
experiments were done over the period of six months
to verify that data were accurate enough in deter-
mining the parameter of the FOPDT function. At
the inlet, the fuel gas that we applied to the pres-
sure regulator was about 40% of maximum rating of
the TEG. The maximum pressure rating for the TEG
machine used should be at 4 psi, which means that
the pressure applied was 1.6 psi. We then increased
the pressure using a step input change with the steady
state voltage set at 50% of the maximum rating value,
which is 2 psi. By controlling the fuel gas pressure at
this range, we can determine the minimum gas pres-
sure required to get a good stable TEG voltage under
shorter amount of time.

The voltage outputs versus times were taken into ac-
count to plot for process reaction curve or open loop
step response shown in Fig. 7. We used the incremen-
tal step response as an input for parameter extraction
process.

Using a curve fitting method mentioned before, we
obtained the parameters of FOPDT in (1) as follows,
K = 2425, ty = 1.5 minutes and 7 = 7.5 minutes.

Using a Simulink model as shown in Fig. 8, we
verified the extracted parameters obtained. A deter-
mination of process transfer was done by comparing
the incremental step response of the experimental re-
sult and the simulation result was shown in Fig. 9.

Fig.6: FExperimental setup.

dhbade o,
T

o,

Fig.7: Process reaction curve from commercial TEG
machine.
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Fig.8: Simulation block diagram for verifying the
obtained FOPDT model for the TEG system.
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Fig.9: Comparison between the actual response and
the simulated response using a FOPDT model.

The incremental step response from the experi-
ment and the Simulink model were closely fitted to-
gether as shown in Fig. 9. The deviation between
transfer function curve and process reaction curve
is caused from calculation of proper time constant
with maintain the same value between simulated and
actual response. Alternatively, the actual response
shows a small overshoot, which indicates a damped
second-ordered system. However, the deviation is not
too big. As aresult, the FOPDT can be used to model
a complicated system such as the TEG for further
study purposes.

The controller tuning was done under no load con-
nection to get the actual result. Practically, different
machines will have different amount of load, which
can result in different voltage drops. As the load
varies, it is better to exclude the load from the tuning
process to obtain more accurate result.

/\\/\','\ v e b =
Rinternal

VTEG (D) RLO&D =
Current o

<4

(R o

Fig.10: An equivalent circuit of TEG.

Fig. 10 shows the equivalent circuit for the TEG.
Thus based from the voltage divider theory, the inter-
nal load can be estimated. By measuring the corre-
sponding voltage and current across each of the load
used, we can estimate the voltage drop across the
internal resistance. Next, this voltage drop and the
measured current values can be used to calculate the
internal load resistance value. The calculated internal
load values for each of the corresponding load used
and the average internal load are shown in Table 2
below.

We used the derived transfer function model to de-
sign a simple controller to study its behaviour un-
der a closed-loop control system. Tuning formulas of

Table 2: Internal resistance estimation.

1Q 530 V 5.30 A 0.28 Ohm
2Q 6.00 V 3.00 A 0.27 Ohm 0.31
5Q 6.50 V 1.30 A 0.23 Ohm Ohm
10 Q2 6.50 V 0.65 A 0.46 Ohm

Quarter decay ratio and Dahlin synthesis are given in
Table 3.

Table 3: Quarter decay ratio and Dahlin synthesis
parameters.

FOPDT K, = 2474 | K = L.134
o) — (242575 [T =300 | T, =750
)=\ 71 ) [Tu=0.750 [ T;=3.750

The comparison results of voltage output which
operate on different electrical load values were used in
the model and their respective results were compared
with voltage output from physical machine.

D LE] &

Sty2 TansterFerz Dl =

Fig.11: Completed simulation model with electric
load connection.

The electric loads of 1 Ohm, 2 Ohm, 5 Ohm, and
10 Ohm together with internal load were selected to
be used in the model. The switch for each of the
electrical load will be activated when the completed
model achieve its steady state time.

Fig. 12 above represents the output voltage of the
system model with electrical load connected when the
system is operating at the steady state. The voltage
output current and internal resistance is based on the
voltage divider theory. Fig. 13 shows the output volt-
age and current obtained from the physical machine.
The electrical load used is connected when the volt-
age reach 6.8 volt.

Table 4 above shows the different output voltage and
current with respect to the load of the system model
used. By comparing the voltage and current values
obtained from simulation and physical machine, we
can conclude that both sets of result are almost the
same. One of the hiding conditions is the internal
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Fig.12: The system step response using completed
simulation model with electric load connection.
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Fig.13: The output response from physical machine.

Table 4: Comparison of step response system model
and physical machine.

10 Q 6.50 V 6.60 V 0.65 A 0.66 A

load that might have effect on the output voltage and
current when electric load is connected.

Next, we tried to equip the system with the Dahlin
synthesis PID controller together with electric load
connection. This step is to validate that the PID
controller can control output response back to the
steady state voltage even the output voltage drop due
to the electric load. The complete simulation model
with PID controller was designed and PID parameters
given to the PID block to simulate step response of
both voltage and current.

4. RESULTS AND DISCUSSION

We simulated the completed closed-loop control of
the TEG system without an electrical load using the
controller parameter described in Table II. The unit

step response of the controlled system is shown in
Fig. 14. And the completed of experimental data
collection from real TEG machine was compared with
data response from the Dahlin synthesis tuning.

=

Qupit

Swep PID Dahiin Synthesis ~ Dead tme Trar unction

BID OahinSyrhests

PID Guster Decsy Rt

Qo] o o 2

QuarerDecayRatio  DeAtMel  [ranster Funcion

Fig.14: Completed simulation model for PID con-
troller.

Fig.15: The system step response using the proposed
method for PID controller.

The simulation results confirm that the proposed
method can be applied to the simulation of ther-
moelectric generator control. Fig. 15 shows that
the Quarter decay ratio tuning parameters results
in a significant high overshoot, more oscillatory be-
haviour, and a longer settling time. More details on
the step responses are shown in Table 5.

Table 5: Comparison of step response system model
ysical machine.

2 minute 8 minu

Peak time 5 minutes

Settling time

15 minutes 10 minutes

Fig. 16 shows that the system response for both
voltage and current at the electric load when using

PID controller.

5. CONCLUSION

This paper has shown that the parameter extrac-
tion of the TEG model using the FOPDT as a system
model. We can utilize this model for designing a con-
troller in order to enhance the system performance
of the TEG system. Finally, it is possible to take
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Fig.16: Completed simulation model for PID con-
troller with electric load connection.
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Fig.17: The system step response using completed
simulation model for PID controller with electric load
connection.

into account an electrical load in the simulation for
dynamic response study.
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