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Abstract—Differential quadrature approximation and the 
Chebyshev collocation method are adopted to convert the 
partial differential equation that governs heat transfer into a 
lumped parameter model. The transient responses of a 
thermostat are calculated using the Runge-Kutta method. 
Differential quadrature approximation and the Chebyshev 
collocation method efficiently determinate the heat transfer 
properties. A control strategy for a fuzzy logic controller in 
the system is proposed. The fuzzy logic controller  
is implemented using assembly language and a single 
chip 89C51. 
 

Index Terms—Differential quadrture method, Chebyshev 
collocation method, heat transfer, Runge-Kutta method, fuzzy 
logic control. 
 

I. INTRODUCTION 
HE DIFFERENTIAL quadrature method reduces the 
partial differential equations into a set of algebraic 

equations and has been used extensively to solve a variety 
of problems in different fields of science and engineering. 
Jang et al. [1] proposed the δ  method, in which the 
boundary points are selected at a small distance from each 
other. The δ  technique can be applied to the double 
boundary conditions of plate and beam problems. The 
correctness of the solution depends on a sufficiently small 
δ . The boundary points are chosen at a small distance δ . 
The use of δ  at the boundary makes the matrix  
ill-conditioned. Wang and Bert [2] considered the 
boundary conditions to find the differential quadrature 
weighting coefficients. Hsu [3], [4] studied the nonlinear 
pull-in behavior of different electrostatic actuators using 
the Wilson-Ө method and the differential quadrature 
method. Dong et al. [5] investigated the propagation 
characteristics of TE and TM modes in waveguides using 
the differential quadrature method. Xu and Mazumder  
[6], [7] adapted the differential quadrature method to model 
lossy uniform and nonuniform transmission. Malik and 
Bert [8] solved the problem of the free vibration of the 
plates and showed that the boundary conditions can be built 
into the differential quadrature weighting coefficients. In 
their formulation, the multiple boundary conditions are 
directly applied to differential quadrature weighting 
coefficients such that no nearby point needs to be selected. 
In other words, the accuracy of the calculated results is 
independent of the value of the δ -interval. Differential 
quadrature weighting coefficients can be obtained by 
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multiplying the inverse matrix. Sherbourne and Pandey [9] 
solved buckling problems using the differential quadrature 
method. Feng and Bert [10] analyzed the flexural vibration 
analysis of a geometrically nonlinear beam using the same 
method. Chen and Zhong [11] examined the nonlinear 
computations of the differential quadrature and differential 
cubature methods. Tomasiello [12] applied differential 
quadrature to initial-boundary-value problems. Wang et al. 
[13] presented a free vibration analysis of circular annular 
plates with non-uniform thickness using the differential 
quadrature method. Wang and Gu [14] presented a static 
analysis of frame structures using the differential 
quadrature element approach. Liew et al. [15]-[24] applied 
the differential quadrature method to Mindlin plates on 
Winkler foundations, and to thick symmetric cross-ply 
laminates with first-order shear flexibility. They adopted 
the generalized differential quadrature in buckling analysis. 
Du et al. [25] applied the generalized differential 
quadrature method to structural problems. Mirfakhraei and 
Redekop [26] solved the buckling of circular cylindrical 
shells using this method. Moradi and Taheri [27] analyzed 
the delamination buckling of general laminated composite 
beams using the differential quadrature method. De Rosa 
and Franciosi [28] performed approximate dynamic 
analysis of circular arches using the differential quadrature 
method. Sun and Zhu [29] utilized upwind local differential 
quadrature to solve incompressible viscous flow. Gu and 
Wang [30] presented a free vibration analysis of circular 
plates with stepped thickness over concentric regions using 
differential quadrature method. Tomasiello [31] applied the 
differential quadrature method to initial-boundary-value 
problems. Tanaka and Chen [32] applied a dual-reciprocity 
boundary-element method to transient elastodynamic 
problems using the differential quadrature method. Chen et 
al. [33] solved with high-accuracy plane stress and plate 
elements using the quadrature element method. The 
foregoing discussion demonstrates that over the last two 
decades, the differential quadrature method has been 
applied extensively as an effective approach for solving a 
range of problems in various fields of science and 
engineering. A number of methods are available for solving 
complicated beam problems. They include the Rayleigh-
Ritz method, the analytical method, the Galerkin method, 
the finite element method and the boundary element 
method. The differential quadrature method is a global 
method. It is based on the fact that the derivative of a 
function with respect to a co-ordinate direction can be 
expressed as a weighted linear sum of all of the function 
values at all mesh points along that direction, and that a 
continuous function can be approximated by a high-order 
polynomial in the overall domain. The differential 
quadrature method is an easy-to-use and meshless 
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technique. In this investigation, the heat transfer equations 
of the system are derived using the differential quadrature 
approach and the Chebyshev collocation method, which are 
employed to form the thermal field problems in matrix 
form. The transient temperature responses are solved using 
the Runge-Kutta method. To the author’s knowledge, very 
few work have presented a heat transfer analysis using the 
differential quadrature method and the Chebyshev 
collocation method. 

II. HEAT TRANSFER ANALYSIS 
This work uses one-dimensional and two-dimensional 

models. For the one-dimensional model, the heat transfer 
equation of the system can be simplified as [34] 

( ) ( )0
T q Tk x x c

x x t t
δ ρ∂ ∂ ∂ ∂+ − =

∂ ∂ ∂ ∂
  (1) 

where ( )0x xδ −  is the delta function; T  is the 
temperature; k  is the thermal conductivity; q  is the heat 
source; 0x  is the position of the heat source; ρ  is the 
density, and c  is the specific heat. A heater is placed near 
the right side. A cooling device is placed near the left side. 
The boundary conditions are as follows 

0Tkbh
x

∂− =
∂

  for  0x =  (2) 

0Tkbh
x

∂− =
∂

  for  x L=  (3) 

where L  denotes the length of the thermostat and b h×  
describes the shape of the section of the thermostat. The 
two-dimensional unsteady state heat transfer can be 
expressed as follows [34] 

( ) ( )

( ) ( )0 0

T Tk k
x x y y

q Tx x y y c
t t

δ δ ρ

∂ ∂ ∂ ∂+
∂ ∂ ∂ ∂

∂ ∂+ − − =
∂ ∂

 (4) 

where 0x , 0y  is the position of thermal source. The 
boundaries are specified as follows 

0Tk
x

∂− =
∂

  for  0x =  (5) 

0Tk
x

∂− =
∂

  for  x L=  (6) 

0Tk
y

∂− =
∂

  for  0y =  (7) 

0Tk
y

∂− =
∂

  for  y b=  (8) 

III. DIFFERENTIAL QUADRATURE METHOD 
A differential quadrature approximation at the i th 

discrete point on a grid at the x  axis is given by [35] 

( )

1

( , )
( , )

xm N
mi

ij jm
j

T x y
A T x y

x =

∂
=

∂ ∑   for  1, 2,..., xi N=  (9) 

A differential quadrature approximation at the i th 
discrete point on a grid at the y  axis may be expressed as 

( )

1

( , )
( , )

yNm
mi

ij jm
j

T x y
B T x y

y =

∂
=

∂ ∑   for  1,2,..., yi N=  (10) 

where ( )m
ijA  and ( )m

ijB  are the weighting coefficients of 
m th-order partial derivatives. A group of test functions is 
constructed to derive the weighting matrices, as follows 

( ) ( )( , )
( ) ( ) ( ) ( )k k l l

M x N yT x y
x x M x y y N y∗ ∗=

− −
 (11) 

where 

1

( ) ( )
xN

m
m

M x x x
=

= −∏  (12) 

1,

( ) ( )
xN

k k m
m m k

M x x x∗

= ≠

= −∏   for  1,2,..., xk N=  (13) 

1

( ) ( )
yN

m
m

N y y y
=

= −∏  (14) 

1,

( ) ( )
yN

l l m
m m l

N y y y∗

= ≠

= −∏   for  1,2,..., yl N=  (15) 

Substituting (11) into (9) and (10) yields 
*

(1)
*

( )
( ) ( )

i
ij

i j j

M x
A

x x M x
=

−
  for  , 1, 2, , ,xi j N i j= ≠ (16) 

and 

( ) ( )1 1

1,

xN

ii ij
j j i

A A
= ≠

= − ∑   for  1,2, , xi N=  (17) 

and 

( )
( ) ( )

*
(1)

*
i

ij
i j j

N y
B

y y N y
=

−
 for , 1,2, , ,yi j N i j= ≠  (18) 

and 

( ) ( )1 1

1,

N

ii ij
j j i

B B
= ≠

= − ∑   for  1, 2, , yi N=  (19) 

The higher-order derivates are obtained using the 
following equations 

(2) (1) (1)A A A⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (20) 

(3) (1) (2)A A A⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (21) 

(4) (1) (3)A A A⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (22) 
:  
:  

( ) (1) ( 1)m mA A A −⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (23) 

where ( )mA⎡ ⎤⎣ ⎦  is the m th order weighting coefficient 
matrix in the direction of x  axis. The recurrence 
relationship that yields the differential quadrature 
weighting coefficients of the second and higher order 
derivative in the direction of the y  axis is developed as the 
following equation 

(2) (1) (1)B B B⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (24) 

(3) (1) (2)B B B⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (25) 
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(4) (1) (3)B B B⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (26) 
:  
:  

( ) (1) ( 1)m mB B B −⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (27) 

where ( )mB⎡ ⎤⎣ ⎦  is the m th order weighting coefficient 
matrix in the direction of the y  axis. This relation gives 
the higher order weighting coefficient matrix based on the 
first-order derivative weighting coefficients. The above 
relations are not restricted to the choice of sampling points. 
An equally spaced distribution is easy to use but yields 
relatively inaccurate results. The non-uniform distribution 
points, which produce an unequally spaced sample point 
distribution, have been used to improve the accuracy of the 
calculation. The unequally spaced sample points in the 
present computation are chosen as  
follows [35] 

i
x

1 ( i 1 )x ( 1 cos )
2 N 1

π−= −
−

 for , ,..., xi 1 2 N=  (28) 

i
y

1 ( i 1 )y ( 1 cos )
2 N 1

π−= −
−

  for  , ,..., yi 1 2 N=  (29) 

The one-dimensional heat transfer equation of the 
system can be discretized in matrix form with respect to the 
sample points, using differential quadrature method  

2
(1) (2)

1 1

1 1

( )

x xN N

jl kl jl kl
l l

o

k A T k A T
L x L

q Tx x c
t t

δ ρ

= =

∂ ⎛ ⎞+ ⎜ ⎟∂ ⎝ ⎠
∂ ∂+ − =
∂ ∂

∑ ∑
 (30) 

The boundary conditions are specified as follows 

(1)
1

1

0
xN

l kl
l

kbh A T
L =

− =∑  (31) 

(1)

1

0
x

x

N

N l kl
l

kbh A T
L =

− =∑  (32) 

In the differential quadrature method, (9) and (10) are 
substituted into (4). The governing equations that describe 
the thermal performance of the thermostat can be 
discretized in matrix form with respect to the  
sample points 

2
(1) (2) (1)

1 1 1

2 (2)

1

1 1 1

1( ) ( ) ( )

yx x

y

NN N

jl kl jl kl jl kl
l l l

N

jl kl o o
l

k kA W k A W B W
L x L b y

q Tk B W x x y y cb t t
δ δ ρ

= = =

=

∂ ∂⎛ ⎞+ +⎜ ⎟∂ ∂⎝ ⎠

∂ ∂+ + − − =
∂ ∂

∑ ∑ ∑

∑
(33) 

The boundary conditions are as follows 

(1)
1

1

1 0
xN

l kl
l

A T
L =

− =∑  (34) 

(1)

1

1 0
x

x

N

N l kl
l

A T
L =

− =∑  (35) 

(1)
1

1

1 0
yN

l kl
l

B T
b =

− =∑  (36) 

(1)

1

1 0
y

x

N

N l kl
l

B T
b =

− =∑  (37) 

In this investigation, the transient temperature responses 
of the system are solved using the Runge-Kutta method. 

IV. CHEBYSHEV COLLOCATION METHOD 
The Chebshev polynomial is an orthogonal polynomial. 

The n th-order Chebyshev polynomial is expressed  
as [36]-[39] 

( ) cos( )nT x nθ= , cos( )x θ= , 1 1x− ≤ ≤  (38) 

where n  is a non-negative integer. (38) can be rewritten as 
the following equations [36]-[39]. 

1 1 0 1( ) 2 ( ) ( ), ( ) 1, ( )n n nT x xT x T x T x T x x+ −= − = =  (39) 

The orthogonality condition of Chebyshev polynomials 
can be rewritten as the following equation using the 
weighting function 

12 2(1 )x −−  [36]-[39] 

1 12 2
1

0,

(1 ) ( ) ( ) , 0
2

, 0

m n

m n

x T x T x dx m n

m n

π

π

−

−

≠⎧
⎪⎪− = = ≠⎨
⎪

= =⎪⎩

∫  (40) 

( )f x  defined by the Chebyshev series for 1 1x− ≤ ≤  is 
given by [36]-[39] 

0 0
1

1( ) ( ) ( )
2 n n

n

f x a T x a T x
∞

=

= +∑  (41) 

where 
11 2

1

2 (1 ) ( ) ( )n na x f x T x dx
π

−

−
= −∫ . By employing 

the Chebyshev collocation method, the governing 
equations that describe the thermal performance of the 
system can be rewritten as the following equations 

( )
( )

2N
n

n 02
n 0

T x q Tk a x x c
t tx

δ ρ
=

∂ ∂ ∂+ − =
∂ ∂∂∑  (42) 

The boundary is specified by the following equations 

0

( )
0

N
n

n
n

T x
kbh a

x=

∂
− =

∂∑  for 1x = −  (43) 

0

( )
0

N
n

n
n

T x
kbh a

x=

∂
− =

∂∑  for 1x =  (44). 

V. EXPERIMENTS 
The fuzzy controller is widely used [40]-[44]. Nagib et 

al. [41] indicated that the fuzzy control algorithm is more 
suitable for controlling nonlinear thermal processes. Zhao 
et al. [44] described the development of a fuzzy gain 
scheduling scheme of Proportional + Integral + Derivative 
controllers for process control. This work describes a single 
chip-based fuzzy logic controller design. The hardware 
setup includes single chip based on 89C51, temperature 
sensors of AD590, cooling devices, a multi-channel 
analog-to-digital circuit and heating devices. The analog 
measurements are acquired through the multi-channel 
analog to digital circuit. The performance of the control 
scheme is verified experimentally. The single chip  
is smaller than  the personal computer.  The single chip has  
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Fig. 1.  Transient temperature response. 
 

 
Fig. 2.  Transient temperature response. 
 

 
Fig. 3.  Transient temperature response. 
 

 
Fig. 4.  Transient temperature response. 
 
less memory than the personal computer. The temperature 
is measured using a semiconductor temperature sensor 
AD590. The linearity of this sensor is within 0.5% for 
temperature range between 0-65 C  and 0150 C . These 
temperature analog data are passed from the analog-to-
digital converter to the single chip 89C51. Assembly 
language is used to  program the software.  The fuzzy logic 

 
Fig. 5.  Transient temperature response. 
 

 
Fig. 6.  Transient temperature response. 
 
control method is adopted to calculate the required 
temperature parameters of the heaters and the cooling 
devices. The five levels of the fuzzy variables are NB1, 
NS2, ZR3 , PS4 and PB5. Symmetrical triangular 
membership functions are chosen. The minimum 
membership value for the antecedents propagates through 
to the consequent and truncates the membership function 
for the consequent of each rule. The graphical inference is 
done for each rule. Fuzzy mathematical tools and the 
calculus of fuzzy IF-THEN rules provide the most useful 
paradigm for automating and implementing the extensive 
body of human knowledge not yet exploited in the 
quantitative modeling process. Twenty-five rules are used 
in the fuzzy controller. 

VI. RESULTS AND DISCUSSION 
Figs. 1-4 plot the experimental and numerical temperatures 
in the center of the system. A program is written to 
compute the weighted coefficients. The differential 
quadrature approach is used to solve (1)-(8). The results 
imply that the temperatures calculated using the differential 
quadrature and the Chebyshev collocation methods match 
the experimental values. The results obtained using one-
dimensional model are the same as those obtained using the 
two-dimensional model. The differential quadrature and 
Chebyshev collocation methods are used to solve the heat 
transfer problems with no need of energy formulation. 
Figs. 5 and 6 plot the transient temperature responses. A 
fuzzy logic controller is introduced in this work. The 

 
1. Negative Big 
2. Negative Small 
3. Zero 
4. Positive Small 
5. Positive Big 
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results of the simulation and the experiment confirm the 
performances of a single chip and prove that the single chip 
is robust and adaptive. Simulation and experimental results 
demonstrate that these formulae yield satisfactory results. 

VII. CONCLUDING REMARKS 
A fuzzy logic controller is introduced into temperature 

control. With respect to hardware, the 89C51 single-chip 
microcomputer is utilized to implement the temperature 
control theory. The differential quadrature formulation and 
the Chebyshev collocation formulation of heat transfer 
analysis are proposed. Partial differential equations are 
reduced to algebraic equations using the differential 
quadrature and the Chebyshev collocation methods. The 
results calculated using the differential quadrature and the 
Chebyshev collocation methods agreed very closely with 
the experimental results. Those two methods are powerful 
contenders for solving boundary value problems. 

REFERENCES 
[1] S. K. Jang, C. W. Bert, and A. G. Striz, "Application of differential 

quadrature to static analysis of structural components," Int. J. for 
Numerical Methods in Engineering, vol. 28, no. 3, pp. 561-577, 
Mar. 1989. 

[2] X. Wang and C. W. Bert, "A new approach in applying differential 
quadrature to static and free vibrational analyses of beams and 
plates," J. of Sound and Vibration, vol. 162, no. 3, pp. 566-572, 
Apr. 1993. 

[3] M. H. Hsu, "Nonlinear dynamic analysis of micro-electrostatic 
actuators with different electrode and beam shapes," Int. J. of 
Electrical Engineering, vol. 12, no. 2, pp. 201-206, May 2005.  

[4] M. H. Hsu, "Deflection analysis of electrostatic micro-actuators 
using the differential quadrature method," Tamkang J. of Science and 
Engineering, vol. 9, no. 2, pp. 97-106, Jun. 2006. 

[5] Y. C. Dong, M. S. Leong, P. S. Kooi, K. Y. Lam, and C. Shu, 
"Computation of the propagation characteristics of TE and TM 
modes in waveguides using generalized differential quadrature 
method," Microwave and Optical Technology Letters, vol. 14, no. 1, 
pp. 39-44, Jan. 1997. 

[6] Q. W. Xu and P. Mazumder, "Accurate modeling of lossy 
nonuniform transmission lines by using differential quadrature 
methods," IEEE Trans. on Microwave Theory and Techniques, 
vol. 50, no. 10, pp. 2233-2246, Oct. 2002. 

[7] Q. W. Xu, Z. F. Li, J. Wang, and J. F. Mao, "Modeling of 
transmission lines by the differential quadrature method," IEEE 
Microwave and Guided Wave Letters, vol. 9, no. 4, pp. 145-147, 
Apr. 1999. 

[8] M. Malik and C. W. Bert, "Implementing multiple boundary 
conditions in the DQ solution of higher-order PDE’s application to 
free vibration of plates," Int. J. for Numerical Methods in 
Engineering, vol. 39, no. 7, pp. 1237-1258, Apr. 1996. 

[9] A. N. Sherbourne and M. D. Pandey, "Differential quadrature 
method in the buckling analysis of beams and composite plates," 
Computers and Structures, vol. 40, no. 4, pp. 903-913, 1991. 

[10] Y. Feng and C. W. Bert, "Application of the quadrature method to 
flexural vibration analysis of a geometrically nonlinear beam," 
Nonlinear Dynamics, vol. 3, pp. 13-18, Jan. 1992. 

[11] W. Chen and T. Zhong, "The study on the nonlinear computations of 
the DQ and DC methods," J. of Numerical Method for Partial 
Differential Equations, vol. 13, no. 1, pp. 57-75, Jan. 1997. 

[12] S. Tomasiello, "Differential quadrature method: application to initial-
boundary-value problems", J. of Sound and Vibration, vol. 218, 
no. 4, pp. 573-585, Dec. 1998. 

[13] X. Wang, J. Yang, and J. Xiao, "On free vibration analysis of 
circular annular plates with non-uniform thickness by the differential 
quadrature method," J. of Sound and Vibration, vol. 184, no. 3, 
pp. 547-551, Jul. 1995. 

[14] X. Wang and H. Gu, "Static analysis of frame structures by the 
differential quadrature element method," Int. J. for Numerical 
Methods in Engineering, vol. 40, no. 4, pp. 759-772, Feb. 1997. 

[15] K. M. Liew, J. B. Han, Z. M. Xiao, and H. Du, "Differential 
quadrature method for mindlin plates on winkler foundations," Int. J. 
of Mechanical Sciences, vol. 38, no. 4, pp. 405-421, Apr. 1996. 

[16] K. M. Liew, J. B. Han, and Z. M. Xiao, "Differential quadrature 
method for thick symmetric cross-ply laminates with first-order shear 
flexibility," Int. J. of Solids and Structures, vol. 33, no. 18, pp. 2647-
2658, Jul. 1996. 

[17] J. B. Han and K. M. Liew, "An eight-node curvilinear differential 
quadrature formulation for Reissner/Mindlin plates," Computer 
Methods in Applied Mechanics and Engineering, vol. 141, pp. 265-
280, May 1997. 

[18] K. M. Liew and F. L. Liu, "Differential cubature method: A solution 
technique for Kirchhoff plates of arbitrary shape," Computer 
Methods in Applied Mechanics and Engineering, vol. 145, no. 1, 
pp. 1-10, Jun. 1997. 

[19] K. M. Liew and T. M. Teo, "Modeling via differential quadrature 
method: Three-dimensional solutions for rectangular plates," 
Computer Methods in Applied Mechanics and Engineering, vol. 159, 
no. 3, pp. 369-381, Jul. 1998. 

[20] F. L. Liu and K. M. Liew, "Differential quadrature element method: 
a new approach for free vibration analysis of polar Mindlin plates 
having discontinuities," Computer Methods in Applied Mechanics 
and Engineering, vol. 179, no. 3, pp. 407-423, Sep. 1999. 

[21] K. M. Liew and J. B. Han, "A Four-node differential quadrature 
method for straight-sided quadrilateral Reissner/Mindlin plates," 
Communications in Numerical Methods in Engineering, vol. 13, 
no. 2, pp. 73-81, Jan. 1999. 

[22] K. M. Liew, T. M. Teo, and J. B. Han, "Comparative accuracy of DQ 
and HDQ methods for three-dimensional vibration analysis of 
rectangular plates," Int. J. for Numerical Methods in Engineering, 
vol. 45, no. 12, pp. 1831-1848, Aug. 1999. 

[23] H. Du, K. M. Liew, and M. K. Lim, "Generalized differential 
quadrature method for buckling analysis," J. of Engineering 
Mechanics, vol. 122, no. 2, pp. 95-100, 1996. 

[24] J. B. Han and K. M. Liew, "Axisymmetric free vibration of thick 
annular plates," Int. J. of Mechanical Science, vol. 41, no. 9, 
pp. 1089-1109, 1999. 

[25] H. Du, M. K. Lim, and R. M. Lin, "Application of generalized 
differential quadrature method to structural problems," Int. J. for 
Numerical Methods in Engineering, vol. 37, no. 11, pp. 1881-1896, 
Jan. 1994. 

[26] P. Mirfakhraei and D. Redekop, "Buckling of circular cylindrical 
shells by the differential quadrature method," Int. J. of Pressure and 
Piping, vol. 75, pp. 347-353, 1998.  

[27] S. Moradi and F. Taheri, "Delamination buckling analysis of general 
laminated composite beams by differential quadrature method," 
Composite, Pt B, vol. 30, no. 5, pp. 503-511, 1999. 

[28] M. A. De Rosa and C. Franciosi, "Exact and approximate dynamic 
analysis of circular arches using DQM," Int. J. of Solids and 
Structures, vol. 37, no. 8, pp. 1103-1117, Dec. 2000. 

[29] J. Sun and Z. Zhu, "Upwind local differential quadrature method for 
solving incompressible viscous flow," Computer Methods in Applied 
Mechanics and Engineering, vol. 188, no. 1, pp. 495-504, Jul. 2000. 

[30] H. Z. Gu and X. W. Wang, "On The free vibration analysis of 
circular plates with stepped thickness over a concentric region by the 
differential quadrature element method," J. of Sound and Vibration, 
vol. 202, no. 3, pp. 452-459, May 1997. 

[31] S. Tomasiello, "Differential quadrature method: application to initial-
boundary-value problems," J. of Sound and Vibration, vol. 218, 
no. 4, pp. 573-585, Dec. 1998. 

[32] M. Tanaka and W. Chen, "Dual reciprocity BEM applied to transient 
elastodynamic problems with differential quadrature method in 
time," Computer Methods in Applied Mechanics and Engineering, 
vol. 190, no. 18, pp. 2331-2347, Jan. 2001. 

[33] W. L. Chen, A. G. Striz, and C. W. Bert, "High-accuracy plane stress 
and plate elements in the quadrature element method," Int. J. of Solid 
and Structures, vol. 37, no. 4, pp. 627-647, Nov. 2000. 

[34] P. I. Frank, and P. D. David, Fundamentals of Heat and Mass 
Transfer, John Willy & Sons, New York, 1996. 

[35] C. W. Bert and M. Malik, "Differential quadrature method in 
computational mechanics: a review," Applied Mechanic Review, 
vol. 49, no. 1, pp. 1-28, Jan. 1996. 

[36] C. H. Lin and M. H. R. Jen, "Analysis of a laminated anisotropic 
plate by Chebyshev collocation method," Composites, Pt. B: 
Engineering, vol. 36, no. 2, pp. 155-169, Mar. 2005. 

[37] C. H. Lin and M. H. R. Jen, "Analysis of laminated anisotropic 
cylindrical shell by Chebyshev collocation method," J. of Applied 
Mechanics, vol. 70, no. 3, pp. 391-403, May 2003. 

www.SID.ir



Arc
hi

ve
 o

f S
ID

HSU: HEAT TRANSFER ANALYSIS USING THE DIFFERENTIAL QUADRATURE METHOD 153

[38] J. Shen, F. Wang, and J. C. Xu, "A finite-element multigrid 
preconditioner for Chebyshev-collocation methods," Applied 
Numerical Mathematics, vol. 33, no. 1, pp. 471-477, May 2000. 

[39] Y. Y. Lu, "A Chebyshev collocation method for computing the 
eigenvalues of the Laplacian," Int. J. for Numerical Method in 
Engineering, vol. 38, no. 2, pp. 231-243, 1995. 

[40] T. J. Ross, Fuzzy Logic with Engineering Applications,  
McGraw-Hill, 1997. 

[41] G. Nagib, W. Gharieb, and Z. Binder, "Application of fuzzy control 
to a non-linear thermal process," in Proc of the 31st Conf. on 
Decision and Control, pp. 1154-1159, 1992. 

[42] M. Mizumoto, "Fuzzy controls under various fuzzy reasoning 
methods," Information Science, vol. 45, no. 2, pp. 129-151, 
Sep. 1988. 

[43] M. Braae and D. A. Rutherford, "Selection of parameters for a fuzzy 
logic controller," Fuzzy sets systems, vol. 2, no. 3, pp. 185-199, 1979. 

[44] Z. Y. Zhao, M. Tomizuka, and S. Isaka, "Fuzzy gain scheduling of 
PID controllers," IEEE Trans. on Systems, Man, and Cybernetics, 
vol. 23, no. 5, pp. 1392-1398, Sep. 1993. 

 
M. H. Hsu was born in Taiwan. He received his Doctor of Philosophy 
degree in Mechanical and Electromechanical Engineering from the 
National Sun Yat-Sen University. He is currently an associate professor in 
the Department of Electrical Engineering at National Penghu University. 
He has published over 60 journal and conference papers. His research 
interests include electric machines, mechanical vibration and 
microelectromechanical systems. 

 
 

www.SID.ir



 

 

https://sid.ir/1791
https://sid.ir/1792
https://sid.ir/1793
https://sid.ir/1795
https://sid.ir/1794
https://sid.ir/1796
https://sid.ir/1702
https://sid.ir/1700
https://sid.ir/1699
https://sid.ir/1698
https://sid.ir/1787

