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&is paper addresses the finite-time tracking problem for the double-layer Peltier system. Peltier is a semiconductor thermo-
electrical transform device. It is widely used in the thermal tactile reappearance area. To expand temperature differences, Peltier is
usually used in the form of double layers. &ere are some uncertain factors such as state coupling, external disturbance, and
parameter perturbation in double-layer Peltier. &erefore, it is of great theoretical and practical significance to design a controller
with superior performance. To this end, a compound continuous integral terminal sliding mode control strategy is proposed here.
Firstly, finite-time disturbance observers are designed for feedforward compensation and evaluating the external disturbances.
Secondly, the strong robustness of the sliding mode control enhances the disturbance rejection of the system. &e continuous
integral sliding mode makes the input continuous and weakens the chattering. Also, the terminal sliding mode improves the
convergence speed of the system on the sliding surface significantly.&e performance of the proposedmethod is analyzed through
Lyapunov stability analysis, simulations, and experiments. Compared to nonsmooth finite-time control, the continuous integral
terminal sliding mode control achieves rapid temperature stability and better disturbance rejection under the same condition of
finite-time convergence.

1. Introduction

Single-layer Peltier achieves thermal tactile reappearance
within a certain range [1]. In order to expand application, it
is necessary to enlarge temperature differences. Actually,
with the saturation of the control input, single-layer Peltier
cannot achieve a satisfactory temperature effect. In addition,
single-layer Peltier has limited refrigeration capacity, which
cannot meet the demand of thermal tactile reappearance in
low-temperature environment [2]. Considering that mul-
tiple Peltiers can be combined for refrigeration, a double-
layer Peltier temperature control system is adopted in this
paper. Two Peltier chips are placed up and down to form a
double-layer Peltier device. &e top Peltier and the bottom
Peltier work, respectively, under their control current. &e
double-layer Peltier device is probably used in a lower
temperature environment, which makes the thermal tactile
reappearance with a larger temperature difference [3].

However, the control system nonlinearity becomes
stronger with the number of the layers increased [4]. Also,

the temperature control algorithm with satisfactory per-
formance is also needed to make sure that the thermal tactile
perception reappearance device based on a Peltier chip can
reproduce the temperature timely and accurately [5]. &e
convergence speed of the common control algorithm is
relatively slow. Even if the response of the Peltier chip is fast,
it cannot realize thermal tactile reappearance timely. Sim-
ilarly, the disturbance rejection performance of the tradi-
tional control algorithms is not strong, so the device itself
cannot effectively overcome the thermal flow disturbance of
fingers. &en, the accurate thermal tactile reappearance will
be impossible. &erefore, convergence and disturbance re-
jection are two important indicators to measure the per-
formance of the thermal tactile reappearance system, and it
is very important to design a temperature control algorithm
with fast convergence speed and strong robustness.

In our previous study [6] on double-layer Peltier, based
on the feedforward compensation of disturbance, a non-
smooth finite-time feedback control strategy was adopted to
ensure that the state can converge to the equilibrium point in
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finite time. Under the action of fractional power, the
nonsmooth control enables the controller to have larger
control input near the equilibrium point, so that the system
can achieve a faster convergence performance [7]. However,
this method is based on the premise that the disturbance can
be precisely compensated. When the disturbance estimation
is inaccurate or there still exist unknown disturbances
without compensation, the controller cannot perform per-
fectly and accurately. Since the sliding mode control has a
strong robustness [8, 9], the sliding mode control can exactly
make up for this defect which can be suppressed by the gain
of sliding mode control and the switching characteristic of
sliding mode control. &erefore, sliding mode control is also
widely used in electromechanical systems [10–12].

However, sliding mode control inevitably has prob-
lems about chattering [13], relative order limitation, and
control precision [14]. &e fundamental cause of chat-
tering problems is the discontinuity of the control input. In
order to eliminate chattering problems and obtain con-
tinuous control, a continuous sliding mode is adopted
[15, 16]. Continuous sliding mode adds the discontinuous
switching signal to the derivative of the control signal.
After the process of filtering, the actual control input does
not contain high-frequency switching signal, and the
control input becomes continuous. &erefore, the chat-
tering is essentially reduced. In addition, for the con-
ventional sliding mode control, the order of the sliding
mode surface is one order lower than that of the system.
After modeling, it is found that Peltier is a first-order
system. Conventionally designing the sliding mode surface
will lose its dynamic characteristics and result in con-
siderable fluctuations in its input. In this paper, the order
of the sliding mode surface is not reduced, so that the same
dynamic model as the system order is adopted by the
integral sliding mode control [17]. Integral sliding mode
control can reduce the steady-state error, enhance the
stability of the controller, and reduce chattering to a
certain extent [18]. In order to ensure the finite-time
convergence of the double-layer Peltier temperature
control system, the disturbance observer with finite-time
convergence is also adopted. For traditional integral
sliding mode control, a linear sliding mode surface is used.
In order to improve the convergence speed of the tracking
error, the terminal sliding mode control strategy is used
widely [19–21]. &e terminal sliding mode control strategy
is to use uses a nonlinear terminal sliding mode surface
instead of a linear sliding mode surface. &e biggest ad-
vantage of terminal sliding mode control is its fast con-
vergence speed. In addition, it has small steady-state error
and high control accuracy. Meanwhile, the terminal sliding
mode surface is adopted in the selection of the sliding
mode surface [22].

&e structure of this paper is organized as follows.
Firstly, Section 2 introduces the modeling of the temperature
control system. Secondly, Section 3 introduces the design of
the compound sliding mode control strategy based on the
systemmodel. In Section 4, some simulation and experiment

results are given to verify the effectiveness and superiority of
the algorithm. Last but not least, the conclusion of this paper
is given in Section 5.

2. Modeling of Temperature Control System
Based on Double-Layer Peltier

&e schematic diagram of the thermal tactile reproduction
device based on double-layer Peltier is shown in Figure 1.
Double-layer Peltier superimposes two Peltier chips to-
gether. When the finger with higher temperature (Tf)

contacts the top Peltier surface, the thermal flow (qdis) is
generated. In order to maintain a constant temperature
(Th), the top Peltier is affected by the input current and then
creates heat transfer (qp1) from top to bottom because of the
Peltier effect. Also, the bottom-layer Peltier generates top-
down heat transfer (qp2) under the action of input current in
the bottom layer.&e upper surface of Peltier is the cold end,
while the lower surface is the hot end. At the hot end of the
bottom Peltier, there is a heat sink to dissipate heat and
maintain a constant temperature approximately. Cold ends
are equipped with temperature sensors to detect the surface
temperatures (Tc1 andTc2), as shown in Figure 1.

According to the single-layer Peltier equivalent circuit
diagram [23] and reference [6], the equivalent circuit dia-
gram can be obtained, as shown in Figure 2.

From Figure 2, the following equation can be obtained
referring to Kirchhoff’s law in the circuit:

Cp1
dTc1

dt
�

1
Rp1

Tc2 − Tc1(  − αTc1I1 +
1
2
RelI

2
1 + qdis,

Cp2
dTc2

dt
�

1
Rp1

Tc1 − Tc2(  − αTc2I2 +
1
2
RelI

2
2 +

1
Rp2

Tm,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(1)

where Tm � Th − Tc2. Defining the state variables x1 � Tc1
and x2 � Tc2 and inputs u1 � I1 and u2 � I2, then (1) can be
rewritten as

_x1 � a1x1 + b1x1u1 + ψ1x2 + c1u
2
1 + d1,

_x2 � a2x2 + b2x2u2 + ψ2x1 + c2u
2
2 + d2,

⎧⎨

⎩ (2)

where a1 � − (1/(Cp1Rp1)), b1 � − (α/Cp1), ψ1 � 1/(Cp1Rp1),
c1 � Rel/2Cp1, d1 � (qdis/Cp1), a2 � − (1/(Cp2Rp1)) −

(1/(Cp2Rp2)), b2 � − (α/Cp2), ψ2 � 1/(Cp2Rp1), and
c2 � Rel/2Cp2, d2 � Th/(Cp2Rp2).

3. Continuous Integral Terminal Sliding Mode
Control Based on Disturbance Observer

In order to improve the control performance of the system,
the terminal sliding mode controller [24] based on a finite-
time observer is designed in this section. Firstly, a finite-time
disturbance observer [25] is designed to estimate the dis-
turbance of the system. &en, an integral terminal sliding
mode surface with the same order as system (2) is
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constructed to maintain the dynamic characteristics of the
sliding mode surface. Finally, in order to eliminate chat-
tering and ensure the continuity of the control input, a
discontinuous control signal is added to the first derivative
of the switching control input by the continuous sliding
mode [26].

Assumption 1: it is assumed that the disturbances
d1 and d2 of system (2) are bounded and have first deriva-
tives, and their derivatives _d1 and _d2 are bounded by positive
constants K1 andK2, respectively.

To estimate the disturbances d1 and d2 in system (2), two
finite-time disturbance observers are designed as follows:

_x1 � a1x1 + b1x1u1 + c1u
2
1 + ψ1x2 + z1 + k11sigm21 x1 − x1( ,

_z1 �
_d1 � z2 + k21sigm31 x1 − x1( ,

_z2 � k31sigm41 x1 − x1( ,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(3)

_x2 � a2x2 + b2x2u2 + c2u
2
2 + ψ2x1 + z3 + k12sigm22 x2 − x2( ,

_z3 �
_d2 � z4 + k22sigm32 x2 − x2( ,

_z4 � k32sigm42 x2 − x2( ,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)

where sigα(x) � sign(x)|x|α, mi1 � 1 + (i − 1)τ, mi2 � 1+

(i − 1)τ, i � 1, 2, 3, 4, τ ∈ (− 1/3, 0), x1 and x2 are the esti-
mations of system states x1 andx2, respectively, z1 � d1,
z2 � _d1, z3 � d2, z4 � _d2, z1, and z2 are observations of d1
and its derivatives, and z3 and z4 are observations of d2 and
its derivatives.

Taking x1ref andx2ref as the reference temperature
values of x1 andx2, tracking errors are defined as e1 � x1 −

x1ref and e2 � x2 − x2ref , disturbance observation error
states as d1 � d1 − d1 and d2 � d2 − d2, and disturbance
derivative observation error states as _d1 �

_d1 − _d1 and
_d2 �

_d2 − _d2.
In finite-time disturbance observers (3) and (4), referring

to the proof of 3.3.1 in reference [25], for any τ ∈ (− 1/3, 0),
there exist k11, k21, k31, and finite time tf1 to make the
observation error states satisfy |x1 − x1|≤ δ11, |d1 − d1|≤ δ21,
and | _d1 −

_d1|≤ δ31 when t1 ≤ tf1, where δ11, δ21, and δ31 are
constants. Similarly, there also exists k12, k22, k32, and finite
time tf2 to make the observation error states satisfy
|x2 − x2|≤ δ12, |d2 − d2|≤ δ22, and | _d2 −

_d2|≤ δ32 when
t2 ≤ tf2, where δ12, δ22, and δ32 are constants.

In the double-layer Peltier system (2), x1 andx2 can be
obtained by temperature sensors. In order to eliminate the
coupling of input states, two auxiliary states are designed as
follows:

Tf

Tc1

Tc2

Th

Heat sink

Peltier divice
Temperature sensor

Finger

qp1

qdis

qp2

Figure 1: Schematic diagram of the thermal tactile reappearance device based on double-layer Peltier.
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Figure 2: Equivalent circuit diagram of the thermal tactile reappearance device based on double-layer Peltier.
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v1 � vc1 + vsw1 � b1x1u1 + c1u
2
1,

v2 � vc2 + vsw2 � b2x2u2 + c2u
2
2,

⎧⎨

⎩ (5)

where vci and vswi(i � 1, 2) represent the control input and
the switching control input in the Peltier layer.

&e state error of the system can be rewritten as
_e1 � a1x1 + ψ1x2 + v1 + d1,

_e2 � a2x2 + ψ2x1 + v2 + d2.
 (6)

In the top and bottom Peltier control system, the first-
order terminal sliding mode surface is designed as follows:

s1 � _e1 + η1sign e1(  e1



c1 ,

s2 � _e2 + η2sign e2(  e2



c2 ,

⎧⎨

⎩ (7)

where η1, η2 > 0 and 0< c1, c2 < 1.
&e control inputs are designed as

vc1 � − η1sign e1(  e1



c1 − a1x1 − ψ1x2 − d1,

vc2 � − η2sign e2(  e2



c2 − a2x2 − ψ2x1 − d2,

⎧⎪⎨

⎪⎩
(8)

where d1 and d2 are the estimations of disturbances
d1 and d2, respectively, which can be obtained from the
observers (3) and (4).

&e derivative of switching control inputs is designed as
_vsw1 � − k1sign s1( ,

_vsw2 � − k2sign s2( ,
 (9)

where k1, k2 > 0.

Theorem. Under assumption 1, for the double-layer Peltier
system (2), if the finite-time disturbance observers are
designed as (3) and (4), the sliding mode surfaces are chosen as
(9) and the control strategy is designed as follows:

u1 � −
b1x1

2c1
+

1
2c1

������������������

b21x
2
1 + 4c1 vc1 + vsw1( 



,

u2 � −
b2x2

2c2
+

1
2c2

������������������

b22x
2
2 + 4c2 vc2 + vsw2( 



,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(10)

then the systems states x1 and x2 can reach their desired
values x1ref and x2ref in finite time.

Proof. Substituting equations (5) and (8) into the state-error
system (6) to get the closed-loop error system

_e1 � a1x1 + ψ1x2 + vc1 + vsw1 + d1

� a1x1 + ψ1x2 − η1sign e1(  e1



c1 − a1x1 − ψ1x2

− d1 + vsw1 + d1

� vsw1 − η1sign e1(  e1



c1 − d1,

(11)

we have

_e2 � vsw2 − η2sign e2(  e2



c2 − d2. (12)

Substituting equations (11) and (12) into equation (7), it
obtains

s1 � vsw1 − d1,

s2 � vsw2 − d2.

⎧⎨

⎩ (13)

□

Lemma. Assuming that continuously differentiable function
V: U⟶ R satisfies the following conditions:

(i) V is a positive definite function,
(ii) _V(x) + cVα(x)≤ 0, x ∈ U0\ 0{ }, where c> 0,

α ∈ (0, 1) and U0 ⊂ U.
When U � U0 � Rn, the system is stable in finite time

[27].
&e stability analysis of the error dynamics (11) and (12)

are given by the following three steps:

(1) Proving that the sliding mode surface and the system
state error are bounded in finite time.
Selecting boundary function VA � (1/2)s21 + (1/2)e21 +

(1/2)s22 + (1/2)e22, the derivation ofVA can be obtained
as follows:

_VA � e1 _e1 + e2 _e2 + s1 _s1 + s2 _s2

� e1 s1 − η1sign e1(  e1



c1  + s1 _vsw1 −

_d1 

+ e2 s2 − η2sign e2(  e2



c2  + s2 _vsw2 −

_d2 
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− k1 s1
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 − s2
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2 + s
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1 + s
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2 +

1
2
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2

1 +
1
2
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2

2

≤ 2VA +
1
2

_d1max





2
+
1
2

_d2max





2
,

(14)

where |
_d1max| and |

_d2max| are the upper bounds of
|
_d1| and |

_d2|. According to inequality (14), VA is
bounded in finite time. &erefore, s1, s2, e1, and e2
cannot escape to infinity in finite time [28].

(2) Proving that the top and bottom Peltier control
systems reach to their respective sliding mode sur-
face in finite time.
Choosing Lyapunov function V1 � (1/2)s21 for the
top Peltier control system, then

_V1 � s1 _s1

� s1 _vsw1 − d1

.

 

� s1 − k1sign s1(  − d1

.

 

� − k1 s1


 − s1
d1

.

.

(15)

Similarly, in the bottom Peltier control system, choose
Lyapunov function V2 � (1/2)s22, then
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_V2 � − k2|s2| − s2
d2

.

. According to reference [25], _d1
and _d2 can be bounded by positive constants δ31 and
δ32, respectively. &erefore, if k1 is selected such that
k1 ≥ δ31, then we have
_V1 ≤ − (k1 − δ31)|s1| � −

�
2

√
η1V

(1/2)
1 , with

η1 � k1 − δ31 > 0. Similarly, _V2 � − (k2 − δ32)|s2| �

−
�
2

√
η2V

(1/2)
2 , with η2 � k2 − δ32 > 0. From lemma and

according to the finite-time Lyapunov stability crite-
rion [29], the top and bottom Peltier control systems
can reach s1 � 0 and s2 � 0 in finite time tr1 and tr2,
respectively. Choosing T � max tf1, tf2, tr1, tr2  and
t≥T, there is

_e1 + η1sign e1(  e1



c1 � 0,

_e2 + η2sign e2(  e2



c2 � 0.

⎧⎨

⎩ (16)

(3) Proving that the state error of the system on the
sliding mode surface can converge to the equilibrium
point in finite time.

According to equation (16), the time to reach the
equilibrium point can be calculated as follows on the sliding
mode surface, respectively:

ts1 �
e1 tr1( 



1− c1

η1 1 − c1( 
,

ts2 �
e2 tr2( 



1− c2

η2 1 − c2( 
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(17)

It shows that on the terminal sliding mode surface (7),
e1 and e2 can reach the equilibrium point in finite time.
&erefore, x1 approaches x1ref in finite time and x2 ap-
proaches x2ref in finite time.

Remark. In the actual control system, since _ei in the sliding
mode function si(t) (i � 1, 2) contains the disturbance di, it
is not feasible or easy to calculate sign(si) by calculating si.
For calculating sign(si), a new function gi(t) is defined as
follows:

gi(t) � 
t

0
si(t)dt � ei + ηi 

t

o
sign ei(  ei



ci , (18)

then sign(si) can be obtained as

sign si(  � sign gi(t) − gi(t − Δ)( , (19)

where Δ is the sampling time. Since si(t) �

limt⟶0(gi(t) − gi(t − Δ))/Δ, sampling time Δ can be
choosed to judge the symbol of si(t) according to the in-
crease or decrease of gi(t) in the sampling time Δ [30].

4. Simulation and Experiment

In this section, simulations and experiments are carried out
to verify the effectiveness of the proposed continuous in-
tegral terminal sliding mode controller for the double-layer
Peltier system. To demonstrate the superiority of the pro-
posed control strategy, a nonsmooth finite-time control

strategy is employed for comparison. Nonsmooth control is
a nonlinear control method between smooth control and
discontinuous control. In our previous study of Peltier [6],
under the premise that the disturbance can be accurately
compensated, a finite-time nonsmooth feedback control
strategy based on disturbance feedforward compensation
was used. Utilizing the fractional power, the nonsmooth
control allows the controller near the equilibrium point to
have a larger control input, resulting in faster convergence of
the system.

4.1. Simulation. In order to ensure the fairness of the
comparison, the finite-time disturbance observer-based
continuous integral terminal sliding mode controller is
adopted for two Peltier structures (double-layer form and
single-layer form). Also, two control systems choose the
same value of parameters, as shown in Table 1 [6]. Setting the
reference temperature to be 280K, when t � 10 s, the dis-
turbance starts to work and lasts for 5 seconds. &e dis-
turbance process is represented by a polynomial
d(t) � − 0.104t3 + 4.9536t2 − 78.786t + 418.23. Figure 3
shows a curve of the disturbance d1, the estimation d1 of
the disturbance, and the estimation error d1. About
0.2 second after the disturbance, the estimation error of
disturbance converges to zero, which fully shows that the
sliding mode observer 3 with finite-time convergence can
accurately and quickly estimate the polynomial disturbance.
&e control response curves and the control input curves of
the single-layer Peltier system and double-layer Peltier
system are illustrated in Figures 4 and 5, respectively.

It can be found in Figure 4 that for the 20K temperature
drop, double-layer Peltier has stronger disturbance rejection
and faster convergence than single-layer Peltier. In Figure 5,
the input current of double-layer Peltier is smaller than that
of single-layer Peltier.&is results from that the double-layer
Peltier divides the cooling temperature into two parts, one
for the top layer and the other for the bottom layer. &e top
and bottom layers are cooled separately; therefore, each layer
finishes a smaller temperature drop. Also, the smaller the
temperature drop, the less energy needed, namely, the less
control input required. In addition, when the temperature
shows a large drop, the convergence speed of single-layer
Peltier is limited due to the given control input amplitude.
&erefore, double-layer Peltier can be adopted when larger
cooling temperature difference and better control perfor-
mance are needed.

Our previous work [6] has studied the nonsmooth finite-
time control strategy of the double-layer Peltier system
which is used as a comparison in this section. Under the
condition of finite-time convergence, the advantages of the
terminal sliding mode control (TSMC) over finite-time
composite control (FTCC) are discussed here. &e param-
eters of two controllers are listed in Table 2.

Figures 6 and 7 show the response curves and corre-
sponding control input curves of FTCC and TSMC algo-
rithms, respectively. From Figures 6 and 7, two algorithms
have the same control input when the simulation starts.
Also, near the equilibrium point, TSMC has faster
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convergence than FTCC. When the disturbance acts on the
system at t � 10 s, TSMC needs 0.25s to regain the balance,
while FTCC requires 1.3 s to reach the set temperature again.
&ese fully reveal the fast convergence and strong distur-
bance rejection of the TSMC proposed above. Moreover, it is
observed from Figure 7 that the continuous integral sliding

mode makes the control input of the system continuous and
attenuates the chattering effectively.

4.2. Experiment. In order to apply the theory to practice, we
designed a hardware platform [6] to compare two algo-
rithms above, namely, FTCC and TSMC. Figure 8 shows the
integrated design of the experimental hardware platform,
and Figure 9 shows the actual equipment diagram of the
experimental hardware platform. &e following data would
be obtained from the equipment diagram in Figure 9. &is
device takes a dual-core chip OAMP-l138 from TI company
as the main controller, which is composed of ARM and DSP.
ARM is responsible for nonreal-time tasks, including hu-
man-computer interaction, reading data measured by sen-
sors, and sending data to the DSP. DSP is responsible for
high-intensity data real-time processing and calculation,
which means cyclically receiving data transmitted from the
ARM for calculation processing.

&e experiment was conducted at a room temperature of
23°C (about 300K). Before the experiment, the surface
temperature of Peltier was kept at room temperature. Fin-
gers were washed and wrapped in warm towels (about 45°C).
Once the experiment started, the finger was placed on the
Peltier chip for 10 seconds and removed after another
5 seconds. During this contact interval, the surface tem-
perature became stable again rapidly. &e surface temper-
ature data are collected based on FTCC and TSMC
algorithms, respectively, and illustrated in Figure 10.

Table 1: Control parameters of two Peltier control systems.

Control parameters Single-layer Peltier Double-layer Peltier

Controller parameters

k � 20, xref � 280K, c � 3/5, k1 � 20, k2 � 20, x1ref � 280K,
λ � 30, To � 300K, umax � 5A, x2ref � 288K, η1 � 30, η2 � 30,

umin � − 5A To � 300K, c � 3/5, umax � 5A,
umin � − 5A

Observer parameters k1 � 15, k2 � 10, K3 � 3, k11 � 15, k12 � 15, k21 � 10,
τ � − 0.2 k22 � 10, k31 � 3, k32 � 3, τ � − 0.2
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Figure 4: Control response curves of two Peltier control systems
(simulation).
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&e experimental temperature response curves and
control input curves of FTCC and TSMC are shown in
Figures 10 and 11, which are similar to the simulation
curves. Although the TSMC strategy is slightly overshot, the
sliding mode control with strong disturbance rejection has a
better performance than the nonsmooth feedback control.
From Figure 11, the control input of the two algorithms is

almost equal when the input becomes stable. &en about
t � 11 s, the double-layer Peltier overcomes the thermal flow
disturbance of fingers and becomes stable again under the
FTCC and TSMC algorithms. &e experimental control
input curves and the simulation control input curves are
somewhat different because the finger is not a heat source for
continuous excitation during the experiment. During the

Table 2: Control parameters of FTCC and TSMC.

Control parameters FTCC TSMC

Controller parameters

x1ref � 280K, x2ref � 288K, k1 � 20, k2 � 20, x1ref � 280K,
To � 300K, α � 3/5, umax � 5A, x2ref � 288K, η1 � 30, η2 � 30,

umin � − 5A, k � 20 To � 300K, c � 3/5, umax � 5A,
umin � − 5A

Observer parameters λ1 � 10, λ2 � 5, λ3 � 10, k11 � 15, k12 � 15, k21 � 10,
λ4 � 5, K1 � 10, K2 � 10 k22 � 10, k31 � 3, k32 � 3, τ � − 0.2
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Figure 6: Control response curves of FTCC and TSMC (simulation).
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Figure 7: Control input curves of FTCC and TSMC (simulation).
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heat exchange, when about t � 11 s, the temperature of the
finger was very close to the temperature of the Peltier. &en,
Peltier would be in a stable state, and the finger did not
disturb the Peltier surface temperature.

Table 3 lists the performance indexes of the single-layer
TSMC algorithm (STSMC), double-layer TSMC algorithm
(DTSMC), and double-layer FTCC algorithm (DFTCC).
TDR stands for temperature drop rate. Overshoot tolerance
range is chosen to be 2%. ST represents stable time. MPTR
stands for maximum percent temperature rise which is the

maximum value of the temperature rise after disturbance is
acted. As can be seen from Table 3, the double-layer Peltier
has a faster temperature drop rate and less stable time than
the single-layer Peltier. Since both DTSMC and DFTCC
converge in finite time, DFTCC and DTSMC have a similar
temperature drop rate. Because the sliding mode control
system is robust, STSMC and DTSMC have smaller maxi-
mum temperature rise percentage than DFTCC. Compared
to the nonsmooth finite-time control, the sliding mode
control performs better in moving the system state to the set

Power source
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Current gain

Double-layer
Peltier

Paltform

Temperature
sensor

Voltage amplifier

Differential
amplifier

AD7606

A/D

I/O

PWM

OMAP-L138

Control current

Figure 8: Integrated design of the experimental hardware platform.
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Controller (DSP + ARM)

TA7257P

TA7257P

Heat sink

Double-layer
Peltier
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Voltage amplifier

Figure 9: Equipment diagram of the experimental hardware platform.
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sliding mode state. &e sliding mode is artificially designed.
Also, it makes the sliding mode control robust to pertur-
bation of those parameters and unmodeled dynamics. Also,
for finite-time convergence, the sliding mode control can
suppress these disturbances and the influence of unknown
factors. &erefore, the sliding mode control has a stronger
disturbance rejection performance.

5. Conclusion

In this paper, the problem of the finite-time tracking control
of the surface temperature of the double-layer Peltier system
has been addressed with the help of the continuous integral
terminal sliding mode control strategy based on the finite-
time disturbance observer. Firstly, the model of the double-
layer Peltier system has been formulated well via the thermal
network model. Secondly, the finite-time disturbance ob-
server based on the system model has been adopted to es-
timate the external thermal flow disturbances. &en, the
compound continuous integral terminal sliding mode control
strategy has been developed and the continuous control input
has reduced the sliding mode chattering obviously. Finally,
compared with the single-layer Peltier, the advantages of
double-layer Peltier in larger temperature drop control per-
formance have been verified. Besides, compared with the
double-layer Peltier nonsmooth finite-time control, it has
been shown that the continuous integral terminal sliding
mode control for double-layer Peltier system has a stronger
disturbance rejection performance. It is worth mentioning
that the impedance of the sensor itself is neglected in the
experiment, which should be taken into account for accurate
modeling. Moreover, the &omson effect [31] will affect the
accuracy of the control in the application where the refrig-
eration temperature difference is larger. &e precise estima-
tion of the disturbance and the improvement of the control
accuracy will be further studied in the future.
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