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As the size of electronic devices fabricated using complementary metal-oxide semiconductor technology decreases
with increased operating frequency, the chip energy density increases, resulting in higher temperatures, reduced
device lifetime, and reliability issues. Precisely managing a time-varying electronic package heat source in real time
has become crucial to designing an excellent power dissipation mechanism. This work is the first to develop an
innovative algorithm that combines the linear quadratic Gaussian regulator and the input estimation method for
optimizing heat-dissipation control. The main purpose of the input estimation method, which is a combination of a
Kalman filter and the recursive least-squares estimator, is to estimate in real time the unknown time-varying heat flux
by simulating the electronic package surface temperature. Furthermore, the linear quadratic Gaussian regulator is
adopted to analyze the feedback gain to control the heat dissipation. Comparing the linear quadratic Gaussian/input
estimation method and linear quadratic Gaussian regulator with three typical time-varying heat-flux models
indicates that the proposed algorithm offers superior performance in terms of short time response and excellent heat-
dissipation control via accurate tracking of the heat flux generated by electronic devices. The simulation results
reveal that an effective and optimal heat-dissipation controller can be implemented for the cooling system using the
proposed algorithm.

Nomenclature s = innovation covariance defined
B — sensitivity matrix defined by Eq. (16), m2°C/W by Eq. (1), °C?
C, = specific heat of package seal, J/(kg°C) r = temperature, C
E(e) = expected value t = time (f:ontlnuous), S
G = coefficient vector defined by Eq. (2a), m?°C/J Is = final time, s . )
H = the measurement matrix defined by Eq. (8) u = unknown boundary heat-flux input, W/m 5
h = convection heat transfer coefficient, W/(m?°C) Ymax = permission value of controlzvanable, W/m
] = identity matrix w = process noise vector, W/m
J; = quadratic performance index defined by Eq. (24) X = state vector, C .
K = Kalman gain - X, = deglgn yvorkmg temperature, OC
K, = Kalman gain of input estimation, W/(m?°C) X = estimation of state for g = 0, °C
K, = regulator gain, W/(m?°C) X = ax1al.coord1nate, m
K, = thermal conductivity, W/(m°C) X = location pf thermocouple; m
k, j = time (discrete), s z = ol.aseyvauon §tateovector, C
ky = time steps fort =1, s z = bias 1nn0\./at10.n,‘ C )
L = thickness of package material, m o = thermal diffusivity, m*/s
M = sensitivity matrix defined by Eq. (17) T = cozifﬁment matrices defined by Eq. (7),
N = total number of spatial nodes for x = L m>*C/W
n = number of spatial nodes for 0 < x < L v = memory factor, defined by Eq. (18)
P = filter’s error-covariance matrix defined by At = samphr}g time interval, s
Eq. (10), °C2 Ax = spatial interval, m
P, = error-covariance matrix defined by Eq. (19), $ = Dirac delta function
(W/m?2)? €1 max = maximum tolerance of state variable error, °C
P, = matrix defined by Eq. (29), °C2 n = random variable
0 = process noise covariance matrix, (W/m?)? A = coefficient matrix defined by Eq. (6), m*°C/W
0. = weights of the control, m*/W? v = measurement noise vector, °C
Qo = weighting matrix of state variable error for final 0 = density of package seal, kg/m?
time, °C o = standard deviation, °C
O, = weights of the state variable error, °C~2 T = time,s
0, = weighting matrix of state variable error for overall d = state transition matrix defined by Eq. (5)
process, °C™> X = state variable error, °C
q = heat flux, W/m? N\ = coefficient matrix defined by Eq. (2c), s~!
R = measurement noise covariance, °C* Q = coefficient vector defined by Eq. (2¢), m?°C/J
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Superscripts

A estimated

transpose of matrix

Introduction

S TECHNOLOGICAL advances continue to be made,

electronic products are being developed that are lightweight
and operate at higher power density and higher performance.
Semiconductor components are becoming smaller because
manufacturing processes are improving. The number of transistors
per chip unit area has therefore increased. Therefore, the heat
produced per active component area, such as chipsets, memory
modules, and image processors, has markedly increased. Controlling
the temperature of these components to avoid heat damage has
become an important issue. The heat produced during high-speed
computer operation increases with the CPU calculation speed [1].
The lifetime and reliability of any electronic component falls as the
operating temperature increases [2,3]. Consequently, effectively
dealing with the heat-dissipation issue is the best way to increase the
life span of electronic products. Predicting heat production is the key
to enhancing the reliability of the entire operating system.

In the past decades, there have been many studies on controlling
the rise of temperature in electronic devices [4-7]. These studies
focused on reducing the interfacial thermal impedance, which may
be called passive thermal control. In the meantime, some active
thermal control methods have been proposed to lift the limitations in
passive thermal control methods [8—11]. Some are feedback control
systems [8,9] and others are not [10,11]. However, there are two
difficult areas in the application of feedback control systems to heat
dissipation in electronic devices. One is the thermal time delay
problem and the other is the short period of time for control action.
The main cause of these difficulties is poor prediction of the time-
varying heat generated by the CPU. Thus, accurate real-time
estimation of the time-varying heat generated by the CPU plays an
important role in these active thermal control methods.

In the past, much research on the optimal control design problem
was focused on well-defined systems. This means that all system
parameters are given initially and the system input is also well
known. Under these conditions, the linear quadratic Gaussian (LQG)
regulator [12] could easily solve the optimization problem with good
accuracy. However, it is difficult to obtain a good solution for heat-
dissipation control design if thermal input or other parameters are
deterministic but uncertain. For instance, the heat generated by a
CPU may be defined as the thermal input, and thermal conductivity
may be defined as a thermal property. Sometimes, these values are
unknown and cannot be measured. Accordingly, the approach
proposed here involves a combined control algorithm that could
concurrently estimate unknown parameters or thermal input online,
using the input estimation (IE) method, and solve the optimal control
problem based on the LQG regulator.

In 1996, Tuan et al. [13] proposed the online IE method to estimate
the unknown heat flux in a linear inverse heat conduction problem.
The IE method is composed of the Kalman filter technique and the
recursive least-squares estimator. The Kalman filter is used to
generate the residual innovation sequence, which contains the bias or
systematic errors caused by the implicit unknown time-varying input
and also contains the variance or random noise caused by the
measurement errors. Based on the regression model, the recursive
least-squares estimator is proposed to estimate the magnitude of the
unknown heat flux generated by an electronic device. The linear
inverse heat conduction problem has been fully addressed by Tuan
etal. [14] and Ji et al.[15]. However, it was not extended to solve the
optimal thermal control problem. Consequently, this work studies
the optimal thermal control problem of a linear heat-conducting
system under the influence of unknown thermal input. The main
objective of this work is to develop an adaptive control algorithm that
predicts the optimal value of time-varying heat dissipation, which
must be removed by the cooling system, with the problem corrupted
by modeling noise and unknown thermal input. After estimating the

JANG

amount of heat which must be dissipated, then we can design an
effective cooling system to assure that the CPU will be operated in a
safe temperature regime.

In this work, a heat-dissipation model for electronic devices is
defined first, and an innovative controller that combines the LQG
regulator and IE method is then developed to control the electronic
device heat dissipation. Elaborate experiments are simulated for
three cases, the results compared and conclusions drawn.

Problem Formulation

An example is considered in the formulation of this combined
theorem for application to heat-dissipating control problems. The
problem being considered is the conduction of heat through a
package seal to heat-dissipation components during the operation of
an integrated circuit. Figure 1 details a surface-mounted package of
an integrated circuit, in which a bare semiconductor die is bounded
on a paddle using adhesives, attached to a lead frame with wire
bounds, sealed with a solder mask, and then mounted on a printed
circuit board. Heat-spreading material is uniformly applied between
the package seal and heat sink on top of the package seal. The heat
sink is mounted directly on the seal to improve the heat-dissipation
efficiency.

To simplify the analysis, a one-dimensional heat conduction
model is employed, as outlined in Fig. 2. Consider a package seal that
is a uniform thermal conductor with thickness L. An unknown heat
flux ¢(¢), which is generated by the semiconductor die, acts on the
package seal at x = 0. The other side of the package seal, where
x =L, has a natural convection or forced convection boundary
condition. However, that boundary heat flux (i.e., the control input) is
unknown because the characteristics of the heat-dissipating
components are unknown. A thermocouple is placed at x = L to
measure the temperature z(f).

The one-dimensional heat conduction equation and boundary
conditions are as follows:

02T (x,1) T (x, 1)
KYT:IO P 8[ O_XSL, t>0 (la)
T (x,t
g TE0_ Ly w0, iso0 (1b)
dx
T (x, t
—K, ;" ) ) = hO[T(.t) —T]  x=L. 10
x
(Ic)
T(x,1)=T, 0<x<L, t=0 (1d)
The measurement equation is
2(t) =T(x, 1) + v(1), x=1L, t>0 (1e)
Heat-spreading
material Heat sink
Bare semiconductor ﬁPackage seal
die = Wire bonds
Solder mask Die paddle
Lead frame

Printed circuit board

Fig. 1 Diagram of surface-mounted package of integrated circuit.
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Fig. 2 Simplified heat-dissipation model for a typical electronics
package.
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where v(f) is the measurement error, which is assumed to be
Gaussian white noise with a zero mean.

The heat conduction equations are first transformed into state
equations to use the input estimation approach and LQG regulator to
solve heat-dissipation control problems. The central difference
approximation [16] is used for the spatial derivative along with the
boundary conditions, Eqs. (1b) and (lc), to yield the following
continuous-time state equation:

X(1) = WX (1) + Gu(1) + Qlq(1) + w(1)] (2a)
where
X =[T\() T T,..(t) T,n]" (@b
-2 2 0 0 0 0
1 -2 1 0 0 0
_ az 0 - .0 0 20
A"l o o - 0
0 0 0 1 -2 1
0 0 0 0 2 =2
0
0
20 :
- : 2
G KAx| : 2d)
0
-1
1
0
20 :
K,Ax : (2¢)
0
0

When the continuous-time state equation, Eq. (2a), is sampled with
sampling time interval Az, the discrete-time state equation is
obtained as

X(k+ 1) = ®X (k) + Au(k) + T[q(k) + w(k)] 3)
where
X(k)y =[T,(k) T,(k) T, (k) T,(k]" 4
D = VA )
(k+1)At
_ / explW(kA7 — 1)]G dt ©)
kAt
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exp[W(kAr — 1)]Q2dt @

/(k+1)At
kAt

where w(k) is the process noise vector and is assumed to be Gaussian
white noise with a zero mean. The covariance of the process noise is
E{w(k)wT(j)} = Q&,;;, where §;; is the Dirac delta function. The
discrete-time measurement equation is
z(k) = HX (k) + v(k) 8)
where H=[0 0 0 1] is the measurement matrix
and v(k) is the measurement noise vector, which is assumed to be
Gaussian white noise with a zero mean. The covariance of the
measurement noise is E{v(k)v” (j)} = RSy;.
This work develops an innovative controller using an LQG/IE
algorithm that can determine the amount of heat dissipated u(k)
under an unknown heat flux ¢(k) in Eq. (3).

Innovative Controller Design

Based on the assumption that the heat flux g (k) is zero or a known
value in Eq. (3), an optimal control result can be obtained using the
LQG regulator. However, when the system being controlled has a
time-varying heat-flux input ¢ (k), such as the heat flux resulting from
electronic device operation, the optimal heat-dissipating control
system design for the time-varying heat flux cannot easily be
obtained using an LQG regulator. To resolve this issue, this work
proposes a combined control theorem that uses the separation
principle [12] in the calculation. The control problem is divided into
two portions: parameter estimation and optimal control. The
separation principle is adopted to separately address the optimal
control and optimal parameter estimation problems. In solving the
optimal parameter estimation problem, the heat-dissipating control
quantity u(k) is assumed to be a known nonrandom variable. The
heat-flux input g (k) is then estimated using the IE method. The
parameter g(k), obtained from the preceding solution, is deduced to
determine a new heat-dissipating control quantity « (k) in the optimal
control problem solution. This recursive process is repeated until the
final time is reached.

The IE method has two portions: the Kalman filter and the
recursive least-squares algorithm (RLSA). The IE method uses the
Kalman filter to generate the residual innovation sequence. Based on
aregression model, the RLSA is proposed to extract the time-varying
heat flux in real time, named as the unknown boundary heat flux
generated by an electronic device. The RLSA is adopted to estimate
the parameters to reduce the memory used in the calculation. This is
done because only the output and the measurements from the
preceding moment are required for each estimate. The detailed
derivation and explanation of this technique can be found in Tuan
etal. [13].

Formulation of the Kalman filter

X(k/k—1)= ®X(k—1/k—1) + Afi(k—1) 9)
P(k/k—1) = ®P(k — 1/k — 1)®T + TQI” (10)
s(k) = HP(k/k — )H" + R (11)

K(k) = P(k/k — 1)H" s7" (k) (12)

P(k/k) = [I — K(k)H]P(k/k — 1) (13)

Z(k) = z(k) — HX(k/k — 1) (14)
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X(k/k) =X (k/k— 1) + K(k)z(k) (15)
The Kalman filter is a time-varying digital filter that uses information
from both the state equation, Eq. (3), and the measurement equation,
Eq. (8). Embedded within the Kalman filter is a set of recursive
matrix equations that permit us to perform filter analysis before any
data are processed. This allows state estimation error-covariance
matrix precomputation before data processing. K (k) is the Kalman
gain matrix, P(k/k — 1) is the state prediction-error-covariance
matrix, P(k/k) is the state filtering-error-covariance matrix,
X(k/k — 1) is the recursive predictor, and X(k/k) is the recursive
filter.
RLSA formulation

B(k) = H[®M(k — 1) + I]T (16)

M(k) = [I — K()H|[®M(k — 1) + 1] (17)

Ky(k) = y~' P, (k = DB" (k)[B(k)y~' P, (k — )BT (k) + s(k)]"!

(18)
Py (k) =[I — K, (k)B(k)]y~" P, (k— 1) (19)
q(k) = q(k = 1) + K, (K)[z(k) = B(k)g(k— D]~ (20)

where g (k) is the estimated input vector, P, (k) is the error covariance
of the estimated input vector, B(k) and M(k) are the sensitivity
matrices, and K, (k) is the Kalman gain. The bias input error Z(k) is
caused by the measurement noise and input disturbance. In this case,
the correction gain K, (k) for updating g(k) in Eq. (20) diminishes as
kincreases and permits g(k) to converge to the true constant value. In
the time-varying case, however, we like to prevent K, (k) from
reducing to zero. This is accomplished by introducing the memory
factor y. For 0 <y <1, K,(k) is effectively prevented from
shrinking to zero. Hence, the corresponding algorithm can
continuously preserve its updating ability. The y value depends on
the process noise covariance Q and the measurement noise
covariance R. Usually, the R value depends on the sensor
measurements. Both the O value in the filter and the y value in the
sequential least-squares approach will interactively affect the fast
adaptive capability in tracking of time-varying heat generated by the
CPU. In general, if we select a large Q value, the y value could be
chosen near one and the filter memory becomes long, reducing the
noise effects. For a smaller y value, the memory becomes short and
the estimation can track sudden changes occurring in the heat flux
q(k). For this work, we chose y = 0.875 as a compromise between
fast adaptive capability and the estimate accuracy loss.

For controller design, Eq. (3) is rewritten, substituting g(k) for
q(k), provided by Eq. (20). The discrete-time state equation and the
measurement equation are given using

X(k+ 1) = ©X(k) + Au(k) + T[G(k) + w(k)] 21a)

2(k) = HX(k) + v(k) (21b)

Rearrange Eq. (21a) to give
X(k+ 1) = dX(k) + Alu(k) + (ATA)'ATTG(k)] + Tw(k)
(22)

Let the items in parentheses in Eq. (22) represent the extensible
controller u, (k), and the following equation can then be obtained:

X(k 4+ 1) = ®X(k) + Au, (k) + Tw(k) 23)

JANG

The quadratic performance index J;(u,) is defined as

) = 50 ) Qo)
k-1

1
+3 2 (02X () + uI(k)Q(-u*(k)]} 4
k=i

where (k) = X (k) — X,(k), Q, and Q, are n X n nonnegative
matrices, and Q.. is a positive scalar. X (k) is the practical value of the
system state, and X, (k) is the designed working temperature. The
physical descriptions of the terms in the quadratic performance index
are as follows. The state variable error at the final time is represented
by x” (k;) Qo x(ks), and the other two terms specify the requirements
for the state variable error and the control variable in the overall
process, which includes the error x”(k)Q,x(k) and the energy
u” (k) Q.u(k). The random optimal control problem in Eq. (21a) is
used to obtain the array #(0), u(1), u(2) - - - u(k; — 1) that minimizes
the index function J;(u,). The error x7(k)Q, x(k) and the energy
u” (k)Q,u(k) are interdependent. Reducing the state variable error
requires magnification of the control effort, which might not be
obtained in practice when the state variable error is too large. On the
other hand, to reduce the control effort, the request for the reduction
of the state variable error will need to be compromised in a way. In
this work, we set Qo = Q, = Q, xI. Q, and Q. are defined as
follows:

sllm 0 0 0 0
0O .. 0 0 0
=0 0 4~ 0 0 (25)
0 0 0 . 0
0 0 0 0 ENlm
1
0.= (26)
umax

In the preceding equations, €; ., is the maximum tolerance of the ith
state variable error, and u,,,, is the maximum control variable. In this
work, the value of ¢; ., depends on the temperature error, and i,y is
an adjustable parameter with its maximum value equal to the
maximum heat dissipated by the chosen cooling system.

The LQG regulator is used to optimize the feedback control vector
u, (k). Following rearrangement of the items in parentheses in
Eq. (22), we get

i(k) = =K, (k) x(k) — (ATA)~' ATTq(k) @7
In Eq. (27), the regular gain K, (k) is given by
K, (k) =[ATP\(k+ DA + Q] 'ATP (k+ 1)@ (28)

where P, is the positive semidefinite stabilizing solution of the
discrete-time Riccati equation is shown as [17]

P (k) = ®T{P,(k+ 1) — Py(k+ DA[ATP,(k + 1)A

+ O 'ATP (k+ 1)} + 0, k< ky (29)
with boundary condition P, (k;) = Q,, k; = (t;/At) + 1.

Based on Eq. (29), by inversely calculating from k =k, to k = 1,
P, (k) can be obtained. In Eq. (27), x(k) denotes the state variable
error between the design working temperature and the practical value
of the system state. To simulate measurement temperature of the
thermal conductor of the package seal for the integrated circuit under
heating ¢, (k) and the amount of heat which must be dissipated
(1), the system response equation is as follows:

X(k+ 1) = ®X(k) + Aii(k) + T'qexae (k) (30)
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Fig. 3 LQG/IE control flowchart.

To verify the performance of the controller, the root mean square
error (RMSE) is defined:

ky

RMSE = [ki PREAGED (k)]z}

f k=1

ol

€2V

Figure 3 presents a detailed control flowchart of the LQG/IE
algorithm. The following section describes the numerical calculation
procedure.

Numerical Calculation Procedure

Unlike the unknown heat flux generated during electronic device
operation at x = 0, on the package seal, an intensive convection (or
natural convection) boundary condition is established by connecting
the device to heat-dissipating equipment on the opposite side of the
package seal. In the process of estimation, using the LQG/IE
algorithm, the initial values of the parameters must be given. The
overall calculation procedure is as follows.

1) The discrete-time state equation, Eq. (3), and the measurement
equation, Eq. (8), are established.

2) Set the weighting matrices in the quadratic performance index
J(u,) as follows. Compute Q, from Eq. (25) while assuming that
&imax = 1°C, i =1,2,...,N. In this work, we set Oy = Q. Q. is
obtained by Eq. (26) after setting the appropriate maximum control
variable u,,,,.

3) Substitute P, (k), which is computed by solving the Riccati
equation, Eq. (29), in the backward direction starting with the
terminal condition P, (k;) = Q,, into Eq. (28), to obtain the regular
gain K, (k).

4) The initial conditions of Ty, X,(k), g(—1), P, (—1),and M(—1)
are assumed.

5) The framework of the IE method, given by Egs. (9-20), is used
to estimate the heat-flux input g (k).

6) Compute the error (k) between X (k) and X, (k). If the error is
negative, which means that the simulated measurement temperature
X (k) is less than the designed working temperature, then substitute
the natural convection coefficient /,;, into Eq. (1¢) to obtain #(k);
otherwise, compute i (k), using Eq. (27).

7) Substitute g(k) and u(k), which are computed in steps 5 and 6,
respectively, into the system response equation, Eq. (30), to compute
X(k+1).

8) Repeat steps 5-7 until the final time (¢,) is reached.

Results and Discussion
Three time-varying heat-flux models are examined experimen-
tally to verify the effectiveness and the precision of the proposed
LQG/IE algorithm, applied in heat-flux estimation and optimal
electronic package heat-dissipation control. The following physical
quantities were used in the calculation:

p=1856kg/m’, C,=1078J/(kg’C) K,=0.74W/(m°C)
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The total time ¢, is assumed to be 120 s, and the sampling interval is
At=0.01's. The thickness of the package material is
L =20x10"* m. The thermocouple is placed on top of the
package material at x = L, and the total number of spatial nodes is
N =10. The initial temperature is T, = 20°C, and the designed
working temperature is X, = 40°C.

The initial conditions for the IE method were given by
X(—1/-1)=[T, T, T,]", Q = 10°, and R = 02, where
o denotes the standard deviation of the measurement. The state
filtering-error-covariance matrix for the Kalman filter is

108
108
P(-1/—1)= 32)
108
108

The recursive least-squares algorithm initial conditions were given
by g(—1) =0,y = 0.875, P,(—1) = 10%,and M(—1) = 0. Of them,
the initial values of P(—1/ — 1) and P, (—1) are normally unknown,
and the initial error is assumed to be large, which causes the estimator
to converge rapidly within a short transition period and to steadily
track the time-varying coefficients.

Based on a guessed value for g, (f) of the heat flux generated by
the electronic device and a computation of the amount of heat which
must be dissipated i(z), using the LQG regulator, the distribution of
the temperature field can be determined using the direct heat
conduction method from Eq. (28). Furthermore, the measurement
error can be added to the determined temperature field to yield the
measurement temperature:

z2() =T(x,, ) + no (33)
where 7 is arandom variable in the range —2.576 < n < 2.576 and o
denotes the standard deviation of the measurements. By assuming
there is a thermocouple embedded on the top of the package seal at
x = L, the simulated measurement temperature can be determined.
The estimation and optimal thermal control are implemented by
applying three time-varying heat-flux models, as in cases 1-3. The
results are compared with those obtained using the LQG regulator.

Case 1: Estimation using a square heat-flux wave.

Suppose that the time-varying heat-flux input is a square wave:

0  0<r<20,40<1=<1

2
4000 20 <t <40 (W/m?)

q(1) = { (34)

Two covariances of measurement noise, R = 10~* and R = 1079,
and weights of the control Q.=10"3 and Q.= 1072, are
considered. Figure 4 presents the inverse estimation of the square
heat-flux wave using the IE mthod, indicating that the IE mthod can

5000,
4000
o~ ' — exact
£ .6
E 30004 —+— estimated ( R=10 )
= —o— estimated ( R=16%)
" 2000
1000/
0 20 40 60 80 100 120
t (s)

Fig. 4 Estimated heat flux using IE algorithm with varying R for case 1.
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N’&‘ ] —+— LQG/IE (QcI 10°)
E - — 103
52000- LQG/E (Q =10")
‘=
1000

t (s)
Fig. 5 Dissipative heat flux for various control algorithms for case 1
(R=10"%).

40801 - La6 (Q=102)
3000] —— 106 (Q=107)
N —— LQG/IE (= 107%)
§ 2000, —— LQG/IE (= 107)
4=
1000

80 100 120
t (s)

Fig. 6 Dissipative heat flux for various control algorithms for case 1
R=107%).

200, RMSE
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140 —— a6 (Q=16%) 4.28
G 1201 —— LQGIE (Q = 10%) 0.51
= 100 —+— LQGIE (Qc= 107) 0.07
B gl

so_

40- .

20 A

o 20 40 60 8 100 120
t (s

Fig. 7 Comparison of surface temperature predictions for various
control algorithms for case 1 (R = 10~°).

effectively estimate the unknown time-varying heat flux in real time,
based on simulated temperature measurement. Figures 5 and 6
present the optimal control heat-flux results, revealing that the LQG/
IE algorithm can provide a short time response and more precise
tracking than that obtained using only the LQG regulator.

The LQG/IE algorithm is less sensitive to the weights of the
control. As shown in Figs. 7 and 8, the LQG regulator reacts more
slowly as Q. increases and larger errors in the simulated temperature
measurement are generated. Figure 7 shows that when R = 107, the
RMSE values based on the LQG regulator are 4.28 and 12.45, and
based on the LQG/IE method, the values are 0.07 and 0.51 for
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1804 —— Natural convection 59.93

2
1601 —— LQG  (Qg=10%)  12.60
140 —o— LQG (%-106) 4.31
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; 100 LQG/IE (Qg=10") 0.07
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Fig. 8 Comparison of surface temperature predictions for various
control algorithms for case 1 (R = 10~4).

Fig. 9 Temperature profile using LQG algorithm for case 1 (R = 10~4).

Q.= 10"% and Q, = 1072, respectively. Figure 8 shows that, when
R = 107*, the RMSE values based on the LQG regulator are 4.30 and
12.60, and based on the LQG/IE method are 0.07 and 0.52 for
Q. =107 and Q. = 1072, respectively. This error arises from the
fact that the LQG regulator cannot recognize when an unknown
thermal input acts on the thermal conductor. The IE method,
however, can estimate an unknown thermal input in real time.
Combining the IE method and the LQG regulator, which computes
the optimal thermal control heat flux, can yield rapid and precise
heat-dissipation results. The temperature field distributions obtained
using the LQG/IE algorithm and the LQG regulator shown in Figs. 9
and 10 are consistent with the results in Figs. 7 and 8. Therefore, the
LQG/IE algorithm can maintain a universal system temperature
within an ideal range and is suited to heat-dissipation applications in
unknown systems with time-varying or transient thermal input
sources.

Case 2: Estimation using a compound square heat-flux wave.

Suppose that the time-varying heat-flux input is

0 0<r=<10,110=<r=<1,
2000 10 <t<30

q(t) = 13000 30<r<70 W/m?) (35
3500 70 <1<90
4500 90 <1< 110

Two covariances of measurement noise, R = 10~*and R = 1079, are
considered. Figure 11 depicts inverse estimation of the square heat-
flux wave using the IE method and verifies that the IE method with
the simulated temperature can effectively estimate the unknown
time-varying heat flux in real time. The covariance of measurement
noise is set to R = 107, and the weights of the control are set to
Q.=10"% and Q. = 1073, Figure 12 presents the optimal control
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Fig. 10 Temperature profile using LQG/IE algorithm for case 1
R=107%).
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Fig. 11 Estimated heat flux using IE algorithm with varying R for

case 2.
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Fig. 12 Dissipative heat flux for various control algorithms for case 2
(R=10"%).

heat-flux results. Figure 13 plots the optimal thermal control surface
temperature results, and Fig. 14 presents the temperature profile
using the LQG/IE algorithm. All of these results are consistent with
the discussion in case 1. Figure 13 shows that the RMSE values based
on the LQG regulator are 8.51 and 26.55, and the values based on the
LQG/IE method are 0.25 and 1.35 for Q. = 1073 and Q, = 1072,
respectively. The LQG/IE algorithm yields a shorter response time
and more precise outcome than the LQG regulator. It is also less
sensitive to the weights of the control and offers better electronic
package heat dissipation.

Case 3: Estimation using a compound square impulse heat-flux
wave.
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Fig. 13 Comparison of surface temperature predictions for various
control algorithms for case 2 (R = 10~4).
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Fig. 14 Temperature profile using LQG/IE algorithm for case 2
R=107%.
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Fig. 15 Estimated heat flux using IE algorithm with varying R for
case 3.

Suppose that the time-varying heat-flux input is

q(1)

0 0<r<10,30<r<50,70<r<90,110<r=<t; )
= (W/m”)
4000 10<7<30,50<¢<70,90<r<110

(36)
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Fig. 17 Comparison of surface temperature predictions for various
control algorithms for case 3 (R = 10~*).
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Fig. 18 Temperature profile using LQG/IE algorithm for case 3
R=107%).

Given two covariances of measurement noise, R = 10"* and
R = 107°, the inverse estimation of the square heat-flux wave using
the IE method is shown in Fig. 15, which demonstrates that the IE
method effectively estimates the unknown time-varying heat flux in
real time. Suppose that the standard deviation of the measurement
noise is 0 = 1072, and the weights of the control are Q, = 1072 and
Q. = 1073. Figure 16 plots the optimal control heat-flux results.
Figure 17 plots the optimal thermal control surface temperature
results, and Fig. 18 plots the comparison results between the
temperature field distributions. All of these results are consistent with

JANG

those in cases 1 and 2. Figure 17 shows that the RMSE values based
on the LQG regulator are 7.70 and 22.70, and the values based on the
LQG/IE method are 0.33 and 1.23 for Q, = 1073 and Q, = 1072,
respectively. The LQG/IE algorithm provides a quicker and more
precise outcome than the LQG regulator alone, and is less affected by
the weights of the control. It quickly yields precise heat-dissipation
results. The approach described herein will ensure the device life
span, enhance the system reliability, and solve the heat-dissipation
problem associated with electronic device development for higher
power capacity, and yield greater effectiveness and lower weight.

Conclusions

This work developed a more effective LQG/IE algorithm to
resolve thermal control issues. The IE method inversely estimates in
real time the heat flux generated by electronic devices based on a
temperature simulated from the thermocouple measurements. The
LQG regulator is adopted to analyze the feedback gain to control the
heat dissipation. Three simulated time-varying heat fluxes were used
to verify LQG/IE algorithm performance. The results in the three
cases demonstrated that the LQG/IE algorithm outperforms the LQG
regulator with a shorter response time and more accurate heat-flux
tracking. Therefore, optimal heat-dissipation control using an LQG/
IE algorithm can provide temperature monitoring protection for
electronic devices in an operational environment. Further work will
involve implementing the LQG/IE algorithm in electronic devices.
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