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Abstract— The lifetime of a battery depends mainly on the
operating temperature. Thus, this paper proposes a low cost
refrigeration system applied to batteries temperature control. In
the proposed system, Peltier modules (thermoelectrical devices,
which uses the Peltier effect for heat exchange) are used to
refrigerate the system. In addition are compared the performance
of two control strategies (conventional PI and P+I), applied to the
system temperature control. It is shown that the P+I controller
has a better performance than the conventional PI controller due
to its characteristic of present higher control effort at the initial
time. It is proposed, though, a structure with the P+I controller to
correct the windup problem. Moreover, the transfer function of
the system was obtained applying a system identification method,
in order to improve the control precision and to reduce the
complexity in obtaining the system model. The prototype is still
in development stage, in this way, the results were obtained by
simulation.

Keywords—  Thermoelectric, Peltier,
temperature, control, anti-windup.
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L INTRODUCTION

In the last years, with the increasing number of photovoltaic
system applications, like telecommunication towers, water
pumping, remote lighting, the demand for batteries had a
significantly increase[1]-[5]. Thus, it is important to pay
attention to the lifetime batteries.

However, the batteries operating temperature is a critical
factor for its lifetime. The operating temperature affects the
chemical activity and the internal resistance of the battery. At
higher temperatures, the internal resistance decreases,
consequently, the discharge voltage increases. In this context,
the Ampere-hour capacity of the battery also increases. In the
other hand, elevated temperatures increase the chemical
activity, accelerating the discharge time of the battery. Each
type of battery presents a different operating temperature.

However, in general, the best performance of a battery is
achieved at an operating temperature between 20 °C to 40 °C
[6]-[7].

In VRLA (Valve Regulated Lead Acid) batteries, for
example, operation at high temperature causes loss of water and
accelerates the dry-out, which leads to loss of capacity. Thus,
the lifetime of a VRLA battery dramatically decreases in 40 °C
of operating temperature, for example. For this reason, the
operating temperature of a VRLA battery is between 20 °C and
25°C. [8]-[9]

In this context, the objective of this paper is to present a low
cost system for batteries temperature control utilizing
thermoelectrical modules, aiming the maintenance of its
lifetime.

Peltier module is a thermoelectrical energy converter, which
consists of a bunch of semiconductors connected in series and
positioned in such a way to produce heat transfer from one side
to another of the module. To realize the conversion of electrical
energy to thermal energy, Peltier modules utilize the Peltier
effect (characteristic effect of semiconductors). This effect
allows that the injection of a current by the module terminals
induce the heat transfer from the hot side to the cold side of the
module [10]-[12].

Peltier Modules were chosen as heat transfer, due to its
advantages, like: simple manipulation, reduced size and
reduced weight, in relation to other refrigeration systems, that,
many times, use fluids (like air and water) to refrigerate.
Moreover, Peltier modules are powered by DC sources [8].

Other works have been utilized Peltier modules for
temperature control in different applications [13]-[15]. This
paper uses a system identification method to obtain the system
transfer function, with the objective of decrease the complexity
in obtaining the model of the process and improve the control
precision. This paper also compares the performance of two
control strategies: conventional PI and P+] for this application.
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The proposed prototype is in development stage. For this
reason, all the results presented, in this version of this paper,
were obtained by simulation.

II.  SYSTEM IDENTIFICATION

A. Introduction to System Identification

In order to control a process, it must know the relationship
between the input and output of the plant, which is defined as
the mathematical model of a system representing its essential
aspects as appropriate for a particular use [16].

It is possible then to find it in two different ways: the
physical-mathematical analysis, which are interpretative
equations of physical phenomena that characterize the process
in question or the system identification, which involves the
application of an entry in the real plant yielding a corresponding
output to the applied input. It can find a representative system
model from the obtained output by several possible methods.

In this work, the mathematical model of the system becomes
very complex because of the need to accurately model the
dynamics of the whole plant, not just one Peltier module. Thus,
it was decided to obtain the system transfer function, using a
system identification method, in view of the experimental
model represents sufficiently well the dynamics of the system,
in addition to being a simpler option for obtaining the function
transfer system to be controlled.

According to [17], obtaining a plant transfer function using
identification system consists of four steps: Input/output data
acquisition under an experimentation protocol, Selection or
estimation of the “model” structure (complexity), Estimation of
the model parameters, validation of the identified model.

B. Real Plant and Identification Procedure

The plant consists of a 60 L of polystyrene with cover, with
two thermoelectric modules allocated at the top rear of the
Styrofoam. The aforementioned modules consist of Peltier
thermoelectric associated with a heat sink and a cooler on each
side of the thermoelectric. It notes that the external and internal
heat sinks have heat insulation between them, so that the
temperature does not influence one another by radiant heat.

The model used was the 50 W thermoelectric TEC1 - 12706
[18], depicted in Figure 1. To the measurement of plant internal
temperature it was used the integrated circuit LM35 [19].

The developed plant is shown in Figure 2.

As mentioned, the aim is to control, from the initial
temperature, the temperature variation between the outside and
the inside, in order to impose the desired internal temperature.
However, to achieve the desired temperature variation, one
needs to know the current which must be applied to the plant.

Thus, to perform the experimental analysis of the plant
model, it was applied a current step and the internal temperature

was measured. The applied step was 2.95 A, which corresponds
to approximately half the nominal load of the modules.

%,
2
“%

TEC - 12706.

Figure 1.

Temperature
Sensor

Figure 2. Developed Plant.

To choose the sampling time Ts, it was used the criterion
set out in Equation 1 [17]:

2T < T, (1)

where T, corresponds to the time constant in closed loop.
The sampling time was set at 15 sec.

At an initial temperature of 23 ° C, it was acquired the step
response, applied after the first sampling period.

From the response of to the real plant rung shown in Figure
3, it can bring the plant to a first order model in Equation 2
format.

K
a;s+1

G(s) = (2)

where a; corresponds to the time constant in closed loop.

It can represent the plant model as a first order model in the
form of Equation 1:

Y(s) = G(s)U(s) (3)

where Y(s) is the system output and U(s) the input step.
Therefore:

u@s) =% (4)
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where K is the gain of the plant and a; is the time constant
of the model.

A linear time-invariant system (LTI) with an input and an
output (SISO - Single Input Single Output) can be described as
in Equation 2 [21].

y(o0) = lin(} sY(s) =K. A (5)
S—

Note that y (o) is the temperature variation in the steady
state, so it must adjust the gain K according to Equation 5.

(6)
From Eq 6, it was calculated the gain K of the plant: -3.57.

K = y(0) _ Temperatureging—Temperature;nitial
A A

To obtain the time constant al, it uses the Equation 7 [17],
where al is the time corresponding to the value found Va in Eq.
7.

Va=0.63[y(0) —y(07)] + y(07)
From Eq. 7 relates to Eq. 8.

(7)

Va = 0.63[Tempsina; — Tempinitiar] + TeMPinitiar (8)
With Eq.8 it is calculated the time constant, al: 600

The final model of the plant is shown in Equation 9.
-3.57

G(s) =———

600s+1

(9)

To validate the model, Figure 3 compares the step response
of the model with the step response of the real plant.

It was calculated the model error encountered sample to
sample, obtaining then the average error. The average error
obtained was 0.89%, which is considerably acceptable. It was
found that in any sample was recorded error greater than 4%
and only 5 of 352 samples had higher errors than 3%.

III. CONTROLLER DESIGN

A. Discretization of the Model and Theoretical Foundation

The model is initially discretized by ZOH method (zero-
order hold), presented by Equation 10 [16]:

=(1-z1Hz{®

G2)=(1-2z )Z{S } (10)
The discretized plant is shown in Eq. 11:
1y _ —0.08809z~1

Gz™) = 1-0.9753z~1 (1)

It is possible to control the first order plant with a
conventional PI controller. However, being a thermal system,
and thus a very slow system, it is desired that the initial control
effort be as high as possible, which does not occur with the
conventional PI, as will be explained in Topic C.

The block diagram of PI controller is shown in Figure 4. For
purposes of differentiation, the controller of Figure 4 can be
called a P + I controller.

24

== === Real Plant

m—— (Obtained Model

Temperature (*C)

1 1 1 1 1 L 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time(s)

Figure 3. Comparison between Obtained Model and Real Plant.

It is observed that the Integrator block inserts a zero at the
origin. To rule out the effect of zero defines the desired pole of
the inner loop located at the origin. It is called the innermost
loop as Gi(z').

rik} ulk) yik)
+ Ki + 5
- G(z?) >

™

Kp

F 3

Figure 4. Block diagram of P+I Controller

Figure 5 shows the block diagram of Figure 5 simplified,
where Gi(z"!) is defined in Equation 12.

rik) uiky vk
+ i | _Ki o ci i
| e ()
Figure 5. Simplified block diagram with the P + I controller.
-1y — _ Gz™H
G@™) = o (12)

Therefore, it is possible to obtain the gain Kp according to
the characteristic equation of the loop Gi(z'"), according to
Equation 13, setting the desired pole, which was selected as
located at the origin.

1-K,.G(z71)=0 (13)
Thus, find the gain Kp according to Equation 14.
1 0-0.9753
P =50~ “o08805 11.0716 (14)

The outer loop pole is set according to the desired
requirements for closed-loop system, as response time for 95%
(5% error) for 5 minutes. The 95% response time is defined
according to Equation 15 [20]:
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ts% =3t

(15)
where T is defined as the closed-loop time constant.

From a desired continuous plant, it is possible to find the
desired pole according to the operator z relation to the time
constant T. When equal to zero the denominator of Equation 2
is the desired pole SD by Equation 16.

1

Sa=—1 (16)

T
It is known that the z operator may be defined according to
Equation 17 [17].
z=e5Ts (17)
Thus, the desired discrete pole can be related by Equation
18.

Sa.Ts

Pa=¢€ (18)
where pq correspond to the desired pole of the outer loop.

It is estimated, then the desired pole from equations 15 and
16, pa= 0.8607.

It is defined as Hi(z"!) the block integrator of Figure 5.

The closed loop system transfer function can be defined by
the equation 19.
Hi(z ) Gi(z )

-1\ —
HE™) = SheheeD

(19)

Thus, K; is defined according to the system characteristic
equation, Equation 20, and performed according to the
definition of the desired pole.

Kj

-1\ —
1+ (1_2_1).Gi(Z )=0 (20)
The gain K; is defined in Eq. 21.
K="k = 15812 (21)

Gi(pa)

B. Proposed Anti-windup Structure

For the control, it is proposed to P+I controller refurbished
in stable functions in order to imply the integrator to correct
possible wind-up problems. Thus, the controller shown in
Figure 4 is redesigned according to Figure 6.

This anti-windup correction is only performed correctly
depending on the allocation to the saturator block.

In section IV, the two controllers will be compared, the P+,
corresponding to Figure 4 and the anti-windup P+,
corresponding to Figure 6.

However, the controller design is the same for both
controllers.

It is then possible to obtain the closed loop transfer function
of block diagram of Figure 6, shown in Equation 22.

ikl

k) . uik)
—» Kz { . oy » Giz*) i >
Viz?)
» 5[z | &N
Figure 6. Block Diagram of the Anti-windup P+1.
H(Z_l) _ F(z71).B(z™1) (22)

Az"DH+A(z"D).S(z"D)+V(z"1).B(z™1)

where A(z') and B(z!) corresponding to the denominator
and the numerator of the discretized plant, respectively, defined
by Equations 23 and 24.

Az YH)=1+4a,.2z71 (23)
B(zY) =b,.z71 (24)
where a; and b; are known, according to discrete plant.

Through comparison between the block diagrams of Figures
4 and 6, are defined in terms of K, e Kj, the polynomials S(z”
",V(z'!") and F(z"") in the Equations 25, 26 e 27.

S(zH)=-z71 (25)
V(™) = (K; — Kp) + Kp. 271 (26)
F(z™') =K (27)

The obtained closed-loop transfer function is shown in Eq.
28.

0.1393z72
1-0.8607z"1

H(z™1) = (28)

C. Adjust the Conventional PI Controller for Comparison
with the P+I Controller

The block diagram of the conventional PI controller is
shown in Figure 7.

The controller in Figure 7 may be remodeled according to
the RST model [17], as shown in Figure 8.

The closed loop transfer function of the block diagram of
Figure 8 is shown in Equation 29.

T(z_l).B(z_l)
A(z71).S(z7H)+R(z71).B(z™Y)

H(z™) =

(29)

For a comparison between controllers to be actually valid,
there must be the same system requirements of the closed loop.
The desired plant is found from a discretized continuous plant,
obtained from the selected requirements [17]. The discrete
desired plant is shown in Equation 30.
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Figure 7. Conventional PI Controller Block Diagram.
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Figure 8. Conventional PI Controller in the RST Format.

For a comparison between controllers to be actually valid,
there must be the same system requirements of the closed loop.
The desired plant is found from a discretized continuous plant,
obtained from the selected requirements [17]. The discrete
desired plant is shown in Equation 30.

—0.01491 —0.01349z1
1-1.712z7140.7408z 2

Hd(z™1) = (30)

It defines the polynomial P (z!) as the denominator of the
desired plant [17] shown in Equation 31.
Pz ) =1+p.z7 1 +p,.z72 (31)

Where p; and p, are known, according to discrete desired
plant defined in Equation 30.

By comparing the diagram of Figure 7 and Figure 8, it
obtain the orders of polynomials, defined by equations 32 and
33.

Sz H=1-2z1

R(Z_l) = ro + Tl.Z_l

(32)
(33)

The polynomial T(z ) is set so as to maintain the static gain
of the closed loop unit according to the Equation 35.

According to Equation 34, the static gain of a discrete
function is defined as z= 1.

z=e5TS =e0Ts =1 (34)

Thus, the static gain of the closed loop function of Equation
29 is given by Equation 35:
T(1)

H(1) = —&

RO (35)

Thus, for H(1) is equal to 1, defines the polynomial T(z!)
as a gain calculated from the sum of the polynomial coefficients
R(z™"), as shown in Equation 36.

Tz D =r+n (36)

Comparing the denominator of Equation 29, also called
Bezout Equation [17] with the polynomial P (z'!) are obtained
the Equations 37 and 38.

r = —”2;1“1 (37)
Ty = P1-l:111+1 (38)

The polynomials are obtained according to the equations
that relate, shown in Equations 39 and 40. The polynomial P(z"
1) was set in Equation 30.

R(z71) = —-2.9843 4+ 2.6618z"1  (39)
T(z™1) = —0.3225 (40)
The obtained closed loop function is shown in Eq. 41.

H(z™) = (41)

0.02841
1-1.712z7140.7408z~2

The main difference between the P+I controller and the
conventional PI controller is given in the control signal, as the
P+I controller reaches the maximum at the start of the reference
signal. The Section IV will expose such difference.

IV. SIMULATION RESULTS

To simulate the system response closed loop, reference is
applied as the desired temperature variation. It is assumed,
though, an initial temperature of 25 °© C, which is coupled both
to the output as the reference, in order to better visualize the
plant output.

Since the model of the thermoelectric used supports a
maximum current of 6.4 A, in the simulation, is added a
saturation of 6.4 in the controller output.

Figures 9 to 11 were obtained for a desired temperature
variation of -10 ° C, which results in the required temperature 5
[e]

C.

The system output, the control signals of PI and P+I
controllers and the applied reference are shown in Figure 9. For
comparison between PI and P+I controller, the saturation is
neglected in Figure 9 and in Figure 10.

It can be seen, in Figure 9, the difference between the
control signals PI and P + I. The control signal controller P + I
begins at maximum. This feature is crucial for the rejection of
disturbance. It can be also observed a small difference between
the system outputs using P+I controller and using the PI
controller. This difference is due to the adjustment of the
controllers, which was carried out so that the responses of the
systems were the closest possible to the two controllers, but the
outputs are not strictly equal.

A disturbance is applied to the output of the plant to verify
the difference between the rejection of disturbance of the PI
controller and the P + I controller.
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Figure 10 shows the disturbance applied at the time 1500 s,
the outputs of the systems and control signals of the P+I and PI
controllers.

Considering a margin of = 5% of the reference value, it can
be observed, in Figure 10, that after the disturbance, the system
output using P+I controller stabilizes about 4 minutes faster
than the system using the PI controller.

25 T T
20 & S C L C Reference I
\\ === Qutput System (Pl)
E 181 LY m— Qutput System (P+)
5 \
3 1ot \ .
5
0 1 1
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30 l‘ = Control Signal(Pl) ]
5 == = = Djsturbance Signal
220}y, d
= \
10 N, J
0 | - -
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Time(s)

Figure 9. System Output, Control Signals (PI e P+I) and the Applied
Reference.
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Figure 10. System Outputs (PI and P+I), Control Signals (PI and P+I) and
the Disturbance Signal.

Therefore, the most appropriate controller for the
application in question is the P+I controller.

Then, consider the plant input saturation and compared P+I
controller, shown in Figure 4, and the P+I controller anti-
windup, shown in Figure 6.

Figure 11 shows the system output, the control signal to the
P+I controller and the anti-windup P+I controller. The

disturbance applied and the reference is also shown in Figure
11. The disturbance was applied at time 1500 sec.

From Figure 11, it can be seen that the proposed anti-
windup P+l controller has better performance because
stabilizes approximately 44 minutes faster than the P+I
controller of Figure 4. It is also noted that the system controller
using P+I of Figure 4 shows strong non-linear characteristic,
with windup both reference tracking as the rejection of
disturbance.

25 T I I I
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Output
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Figure 11. Disturbance Applicantion in the P+I Controller and in the Anti-
windup P+I Controller with the Current Saturation.

V. CONCLUSION

In this paper, it was mentioned that the temperature
negatively influences the battery lifetime. The solution
presented was the digital temperature control, which is easy to
implement, has simple drive and low-cost with the use of Peltier
thermoelectric modules.

For the control project, from experimental results, the
system identification has been made, yielding a suitable model.
The model was validated by means of a method for calculating
the average error, obtaining a negligible value of only 0.89%.

It was compared the utilization of a conventional PI
controller with the use of a P+ controller. It was observed that,
as a slow system, the utilization of a controller which has a high
control effort at the beginning of the reference implementation
is more suitable, a characteristic that is observed in the P+I
controller. Consequently, the rejection of the disturbance is
faster, with a difference of about 4 minutes compared with the
PI controller, as shown in Section I'V.

With the insertion of the current saturation, the system
output could present windup problem. To correct this problem,
a structure was proposed with the P+I controller, according to
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