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Abstract: In a traditional lumped-parameter thermal network, no distinction is made between the
heat and non-heat sources, resulting in both larger heat flux and temperature drop in the uniform heat
source. In this paper, an improved lumped-parameter thermal network is proposed to deal with such
problems. The innovative aspect of this proposed method is that it considers the influence of heat flux
change in the heat source, and then gives a half-resistance theory for the heat source to achieve the
temperature drop balance. In addition, the coupling relationship between the boundary temperature
and loading position of the heat generator is also added in the lumped-parameter thermal network,
so as to amend the loading position and nodes’ temperature through iterations. This approach breaks
the limitation of the traditional lumped-parameter thermal network: that the heat generator can only
be loaded at the midpoint, which is critical to determining the maximum temperature in asymmetric
heat dissipation. By adjusting the location of heat generator and thermal resistances of each branch,
the accuracy of temperature prediction is further improved. A simulation and an experiment on a
U-core motor show that the improved lumped-parameter thermal network not only achieves higher
accuracy than the traditional one, but also determines the loading position of the heat generator well.

Keywords: uniform heat source; lumped-parameter thermal network; thermal half-resistance;
loading position

1. Introduction

Thermal analysis is extremely important for the electrical machine design, because overheating
will accelerate insulation aging, demagnetize permanent magnets, and even cause system failure [1].
In general, there are three kinds of method for thermal analysis; i.e., the finite element method
(EFM), computational fluid dynamics (CFD) and the lumped-parameter thermal network (LPTN) [2-5].
FEM and CFD both belong to the numerical method that can build meshed models of complex
systems conveniently, and calculate the temperature distribution accurately [6-8]. However, they are
time consuming, usually taking a few hours, even several days [9-12]. In contrast, the LPTN is
a high-efficiency method that can predict the thermal distribution in an analytical way. It makes
the thermal path equivalent to an electric circuit, and the temperature distribution is thus obtained
by solving the circuit voltage. Mellor et al. first introduced the LPTN for electrical machines of
totally enclosed fan cooled (TEFC) design. They divided an induction motor into 10 key nodes,
connected them to build a thermal network, and then solved the temperature distribution [13].
The study shows that the LPTN can present the temperature distribution of an electrical motor to a
reasonable accuracy. After that, many researchers followed up and built various thermal networks.
For example, Yabiku et al. built a 9-node network for one linear motor, Rostami et al. built a 13-node
network for one axial flux permanent magnet machine [14-17], and Aldo Boglietti et al. established
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four different orders of LPTN to study the effect of order on temperature prediction [18]. Moreover,
Mohamed et al. built a 3D LPTN to describe the thermal behavior of a YASA motor [19]. However,
all these studies ignored the difference between the heat source and the non-heat source, and directly
applied the traditional LPTN to the heat source. That unavoidably compromises the model;s precision,
because the heat flux of heat source is not the same as the constant heat flux of the non-heat source.

In [20], Gerling et al. made some improvements to the traditional LPTN. They proposed the
equivalent heat flux by halving the heating power to avoid the excessively large heat flux in heat
source, so as to achieve the temperature drop balance. By this way the temperature drop deviation
is avoided in the separate heat source, but the halved heat flux will inevitably lead to other errors
in non-heat source. Hence, it is only suitable for the separate heat source. In order to make up this
shortcoming, Gerling et al. put forward a compensation measure; i.e., separately loading the remaining
half of the heating power to the non-heat source to keep the heat flux in non-heat source at a normal
level [21]. However, this brings another problem: how to prevent the external heat flux from flowing
back to the heat source. Besides that, Gerling proposed another negative compensation measure; i.e.,
directly loading the full heating power to the heat source and adding the negative elements on both
sides of the midpoint to achieve the temperature drop balance [22]. Although this compensation is
effective, it only works in symmetric heat dissipation. When it comes to asymmetric heat dissipation,
temperature error occurs, because in asymmetric hear dissipation the maximum temperature deviates
from the midpoint, the heat flux and thermal resistance will be redistributed. In [23] another improved
method for calculating the maximum temperature is mentioned. It achieves a rough temperature
estimation by linearizing the analytical solution. This process is tedious and complicated, and the
value of the compensation term is hard to determine.

In this paper, a novel improved LPTN based on the half-resistance theory and localization of heat
generator is proposed to determine the maximum temperature in the uniform heat source. It has two
significant features. The first is the introduction of half-resistance theory in the heat source, which can
compensate the temperature error caused by uneven heat flux. The second is the determination of the
heat generator loading position, i.e., the boundary temperature is utilized to determine the loading
position, and then redistribute the heat flux and thermal resistances on each branch.

The rest is organized as follows. Section 2 presents the details of the proposed LPTN based
on the half-resistance theory and localization of heat generator. In Section 3, the improved LPTN is
compared with the conventional LPTN. In Section 4, it is implemented to the study of one U-core
motor. Experiments are conducted on the research prototype in Section 5 to validate the proposed
LPTN. Finally, the research work is concluded in Section 6.

2. Improved LPTN Method with Half-Resistance and Localization of Heat Generator

One typical heat conduction and diffusion case with heat and non-heat sources is shown in
Figure 1, where the middle part is a uniform heat source and the two sides are non-heat sources.
Because the thermal conductivity of non-heat sources and convection coefficients on both sides are
not exactly the same, i.e.,, A} # A3 and hj # hy, the heat dissipation is asymmetric. According to [24],
steady-state one-dimensional heat flow with heat source can be represented as,

d?t @
L +— = 0, (1)
d2x Ai

where t denotes the temperature, x denotes the medium thickness, & denotes the heating power, A;
denotes the thermal conductivity and the subscript i denotes the different conducting media, such as I,

II and I in Figure 1.
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Figure 1. Typical case of heat conduction and diffusion.

2.1. Lumped Parameter Thermal Network

In a non-heat source, the heating power & is zero. Thus, the solution of Equation (1) is linear; i.e.,

t=ayx + ap, (2

where a1 and a, are both constants.
According to Fourier law [24], the heat flux is obtained as

dt
i a -
From Equation (3), it is found that the heat flux is constant. Therefore, for a wall with a thickness

of 4, the temperature difference can be easily calculated as follows:

q= —A —Aial. (3)

1) )
At = QA/\» = —A/\iﬂlﬂ = —m4, 4
1 1

where Q denotes the heat flow and A denotes the cross sectional area of the wall.
Similarly, the similar result can be obtained for the convective heat dissipation as

1

1
Aty = Q- = —Akim ¢, @)

where /1 denotes the convection coefficient.

As can be seen from Equations (4) and (5), they are similar in form to the Ohm's law for electric
circuit; i.e., Q is analogous to the current, 6/ AA; and 1/ Ah are analogous to the resistances and At; is
analogous to the voltage. Therefore, the heat conduction can be expressed in the form of electric circuit,
as shown in Figure 2. It should be noted that the premise of all the above formulas is that & = 0.

tct
t
! t 1/Ah, t /AL t, O
tO' *— L F—o
l =
0 5 x[m]

Figure 2. Equivalence of heat conduction and electric circuit.
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2.2. Half-Resistance Theory in the Heat Source

However, due to the heating power @ being non-zero in the heat source (region II), expressions of
temperature and heat flux are changed to

t:_£x2+b1x+bz,l1 SxSZZI (6)
2\,
=Y by bl < x < @)
q= zdx— 2U1, 0 = 4 = 12,

where by and b, are constants.

Note that the heat flux in Equation (7) is different from that in Equation (3), which violates
the precondition of constant heat flux in traditional LPTN. As shown in Figure 3, the actual heat
flux changes linearly in the heat source, while the traditional LPTN divides it roughly into two
constants, which almost doubles the average heat flux and then doubles the temperature drop inside
the heat source. In order to solve this problem, the half-resistance theory is proposed. As presented in
Equation (8), the doubled heat fluxes are offset by halving the thermal resistances. Unlike halving the
heating power mentioned in [21], this approach is simple and has no effect on the regions beyond the
heat source.

_ 1 —
Atp = Aq Ry = EA‘thl = Aq1Ry1, .
8

_ 1 -
Atp = AGyRy0 = EA%sz = AqR o,

inwhich g, = q1/2,9, = q2/2, 4, and g, denote the equivalent heat fluxes; Ry =R41/2, Ry =Rp/2,
R,1 and Ry, denote the equivalent thermal resistances; and Ry; + Ry» = Ry, R, denotes the whole
thermal resistance of the heat source.

q [J/m*>s] ¥ — FEM
— — Traditional LPTN method
——  Modified LPTN method

qz A " A A

I
I II / I

0 I]Ailm I 5 x[m]
C]l A A A )

Figure 3. Heat flux for FEM, half power and traditional LPTN.

Based on the half-resistance theory introduced above, the traditional LPTN has been successfully
applied to the heat source. However, this does not seem to accurately calculate the maximum
temperature inside the heat source yet. As presented in Figure 4, the heat source is divided into
two branches by the heat generator at the the maximum temperature node. While, in asymmetric heat
dissipation, the maximum temperature point will always deviate from the midpoint. Then how to
determine the loading position of the heat generator becomes the key.
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— GND

Figure 4. Heat conduction within the heat source.

2.3. Determination of the Heat Generator Location and Thermal Resistances

In the heat source, loading position of the heat generator determines the boundary temperature.
Conversely, the location can be estimated from the boundary temperature. This fits extremely well with
only nodes’ temperature available in LPTN. Therefore, relationship between the boundary temperature
and loading position of the heat generator is the key. Assume that the boundary temperatures of the
heat source are

t =t

= ta. )

x:ll x:lz

From Equation (1), the coefficients b; and b, in Equations (6) and (7) can be solved as

by —t b
2—h @

b = IL+1),
1= Tt 10)
b:tllz—l‘ﬂ]_gll
2E LT o

where /1 and [, are the position coordinates.
Since the heat flux at the location of heat generator is zero, according to Equation (7), the location
can be obtained as

Aaby
X = ————.
(03]

By substituting Equation (10) into Equation (11), the relationship between temperature and
position is derived as

(11)

Arth — B
X = —
o bL-—1

Convert this relationship to an updated correction factor k,

+ %(z2 +1). (12)

x—l17& th — 1 1

k= = — —~. 13
L L &hL-hL2 2 13

Then the thermal resistance redistribute to each branch of the heat source is obtained.
Ry1 = kRp, Ry2 = (1 —k)Ro. (14)

However, the determination of boundary temperature and heat generator location is an algebraic
loop. Therefore, an initial k is needed here. Normally the initial value is set to 0.5. Then follow the flow
chart in Figure 5; the thermal field can be calculated by iterative method, in which 7 is the iterations
and the maximum iteration number is N; other terminating conditions such as a residual are also set
up to speed up the convergence of calculation.



Energies 2020, 13, 1566 6 of 18

Generate Initial &
"y

Recalculate
thermal resistance

'

Temperature calculation of
thermal network

Y

nt+l
Update k

Figure 5. The flow chart of the iterative model.

3. Comparison with Traditional LPTN

In this section, the accuracy of the improved LPTN is compared with that of traditional LPTN.
The major parameters in simulation are listed in Table 1, and the results of the improved LPTN,
the traditional LPTN and the numerical computation, are shown in Figure 6. They show that the
traditional LPTN can describe the heat conduction well in the non-heat source regions (Regions I
and III), but leads to over temperature in the heat source (Region II). The maximum temperature
occurs at the midpoint of the heat source, which deviates from the FEM result. This large deviation is
closely related to its misuse of the loading position and heat flux in the heat source. Conversely,
the improved LPTN works well and achieves better results in both heat source and non-heat
source regions. Thanks to the half-resistance theory, the over temperature disappears. In addition,
benefit from Equation (12), loading position of the heat generator can be adjusted according to the
nodes’ temperature. With iteration, accuracy of the location and temperature is further improved.
As shown in Figure 7, details of the change of temperature and correction factor are recorded, in which
t; and t; are boundary temperatures, ¢, is the maximum temperature and k is the correction factor.
By the fifth iteration, both the maximum temperature and its location have reached a very high
precision, with an error less than 1 %. The improved LPTN successfully solves the two problems in the
traditional LPTN; i.e., over temperature and incorrect location. It has significant advantage over the
traditional LPTN in modeling the asymmetric heat dissipation, especially for those with low thermal
conductivity heat sources. As shown in Figure 8, the lower thermal conductivity, the greater error of
the traditional LPTN, while the improved LPTN can always predict accurately.
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Figure 6. (a) Temperature distribution in asymmetric heat dissipation with heat source. (b) Enlarged

view of local area.
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Figure 7. (a) Curve of temperature ¢; with iterations. (b) Curve of temperature ¢, with iterations.
(c) Curve of temperature ¢, with iterations. (d) Curve of correction factor k with iterations.
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Table 1. Major parameters for the simulation.

Symbol Quantity Vaule Unit
I Length 0.5 m
I Length 2.5 m
I3 Length 3 m
M Thermal conductivity of medium I 1 W/m-K
Ay Thermal conductivity of medium II 1.5 W/m-K
A3 Thermal conductivity of medium III 2 W/m-K
hy Convective heat transfer on left 1 W/m2.K
hy Convective heat transfer on right 2 W/m?.K
ol Heating power 50 W/m3
ty Ambient temperature 22 °C

13 ‘ ‘ 25 ‘ T —
—4, 1 FEM +/L 1.25, FEM [0 Traditional LPTN
——A,=1, traditional +/5 1.25, traditional S| B Improved LPTN |
—110r ==L 1mproved =1.25, improved | .20 B
Q -
= £
2 % \ 5 15/ 1
2 90t ‘g”‘”}“"‘g‘?\’ g
5 | e h\ =
g g Ny g 100 1
: = RN £
N —o—4,=1.5, FEM |
70/ ——2,=1.5, traditional = 5t ,
—o—4,=1.5, improved
50 0
0 0.5 1 1.5 2 2.5 3
Displacement [m] A, =15 A =125 A =1
(a) (b)

Figure 8. (a) Temperature comparison with different thermal conductivities. (b) Temperature errors at
maximum temperature.

4. Implementation into U-Core Motor

4.1. Thermal Network Model

In this section, the improved LPTN method is implemented on a U-core motor to predict the
temperature distribution. As shown in Figure 9, geometry of the U-core motor is presented. Each block
is a cube, so the Cartesian coordinates are selected for the thermal path determination in both planes.
According to the specific structure, only main thermal paths are retained in each plane. They are
connected at intersecting nodes, and then expand the two-dimensional network to a spatial one.
The basic 3-D element of that is shown in Figure 10.

Then, follow the thermal path shown in Figure 10 and connect these nodes; the improved LPTN
for the U-core motor is established in Figure 11. It is a spatial network with 123 nodes in total.
For easy identification, each thermal resistance is colored by the same color as the motor component,
and different color lines are used to distinguish heat conduction in different directions. Besides,
other auxiliary symbols, such as heat generator, ambient temperature and zero reference, are also
illustrated in this figure.
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@) (b)

Figure 9. (a) Cross section of the electric motor in XY plane. (b) Cross section of the electric motor in
XZ plane.

X

Figure 10. Basic 3-D elements of the thermal network of the heat source.

Since all materials and dimensions of each block are known, the value of each thermal resistance is
easily determined. The contact and convective thermal resistances can also be determined by empirical
formulas [25] and identification method [26]. Their specific values are included in Appendix A. Besides,
because the eight “current sources” all originate from the same winding, they share the same heat
power density. So they can be determined according to their volume sizes. At 15 A, heating powers of
each source are listed in Table 2.

Table 2. Heat source power for simulation.

Name Value Unit Name Value Unit Name Value Unit

S1 0.8992 W 54 05183 W S7 08992 W
S2 05183 W S5 0.8992 W S8 05183 W
S3 08992 W 56 05183 W Total 5.67 W
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Figure 11. Thermal network of the whole motor.
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4.2. Simulation and Analysis

A comparative study is conducted among the improved LPTN, traditional LPTN and FEM to
verify the advantage of the improved LPTN. As shown in Figure 12, two splines are selected along the
x and z directions on the motor, and then their temperatures are compared.

54649
54.241
53.632
53.024
52.418
51.807
51.199
50.59
49.982
49574 Min

53.898
53.149
52 461
51.764
51.067
50.37

49673
48975
48.278 Min

o.ooo 0.040(rm} 0.000 0.040 {my
L
n.ozo 0.0z0
(@) (b)

Figure 12. (a) Test spline in x direction. (b) Test spline in z direction.

Figure 13 shows the results in x direction. Temperatures of the two LPTNs are almost the same;
they both have a temperature error of 3 °C compared with the numerical result. Only at S1 and
S2, locations of the heat generator, does the improved LPTN perform better, but the improvement
is not obvious. There are two reasons for this result: one is the high thermal conductivity of
winding; the other is the small thickness of winding in x direction. Both of them lead to a small
thermal-resistance inside the heat source, and then advantages of the improved LPTN are weakened.

However, the result still fits with the half-resistance theory and validates its effectiveness inside the
heat source.

62 3 - .
[ Traditional LPTN
601 o 257 /. Improved LPTN
© 581 5 of ]
2 5
5567 o
< § 1.5 1
2 541 =
g L 2 af 1
=52y, v — FEM g
sall/ —+— Traditional LPTN \| Eos 1
Ui —s— Improved LPTN
Py - I . i ) 0
-24.1-20 -10 0 10 20 24.1
Displacement [mm] Shell out (A) S1(B) Silicon steel (C) S3 (D)
(a) (b)

Figure 13. (a) Temperature distribution in x direction at 15 A. (b) Temperature error at several points.

Figure 14 shows the comparison results in z direction. Because the uniform heat source is thicker in
z direction, the improved LPTN performs better in z direction than x. It achieves a smaller temperature
error at the heat generator, about 0.3 °C. Although the improvement in temperature prediction is not
great, the improved LPTN has an absolute advantage in determining the loading position of heat
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generator. As shown in Figure 14c, with the increase of the number of iterations, location of the heat
generator gradually approaches the real position. The introduction of the relationship between loading
position and nodes’ temperature plays an important role for that.

62— ‘ ‘ ; ‘ ‘ : 4 ‘ ‘ :
60 —= 1 S :] Traditional LPTN ]
— — 3 0 Improved LPTN 1
O 58 8 ’
— =1
o _A
g 56 B o
‘% ‘ —_ FEM g2 o 1
2 S54p I —+— Traditional LPTN §
% —¥— Improved LPTN 2
= 52 gt |
F o
F
50r
48 L L L L L L L 0 L L L
-18 -1 -10 -5 0 5 10 15 18
Displacement [mm] Shell down (E) S1(B) Shell up (F)
(a) (b)
0.5 T T T
048l —FEM
—o—Improved LPTN
0.461 :
= 0441
0.42}
0.4
0.381 B 3 4 5

Tteration times

(c)

Figure 14. (a) Temperature distribution in z direction at 15 A. (b) Temperature error at several points.
(c) Curve of correction factor k with iterations.

In z direction, two more sets of comparisons are made at 10 A and 20 A. The results are shown in
Figures 15 and 16; they are consistent with the conclusion in Figure 14, which further confirms the
advantage of the improved LPTN and illustrates that the simulation models are stable and reliable.

Temperature [C]

46

43 / e ]
42 B —FEM ]
41 :\. —*traditional LPTN
E —"Improved LPTN F V1
401 S
39-18-15 -10 -5 0 5 10 15 18
Displacement [mm]

(a)

Temperature error [C]

[ Traditional LPTN
(] Improved LPTN

il

Shell down (E)

S1(B)

(b)

Shell up (F)

Figure 15. (a) Temperature distribution in z direction at 10 A. (b) Temperature error at several points.
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120, T T 5 T -
. [ Traditional LPTN
_ sy O 4l ] 1mproved LPTN
2 110 : - E'
= 110- S & |
*% 10;‘/ B/ —FEM 5 ’
SR —+—traditional LPTN 2
g~ S 2t
= 1()()»“\~ —7—Improved LPTN g
o E
= £
L o 1 b
95 =
9(-)1 8 -15 -10 -5 0 5 10 0
Displacement [mm)] Shell down (E) S1(B) Shell up (F)
(a) (b)

Figure 16. (a) Temperature distribution in z direction at 20 A. (b) Temperature error at several points.

5. Experimental Validation

In this section, one prototype of U-core electric motor is presented, and experiments are conducted
to validate the proposed improved LPTN.

5.1. Experimental Platform

A research prototype of pump motor is selected for experimental study. As shown in Figure 17a,
it consists of a silicon steel sheet, permanent magnets, a winding, molded plastic, a rotating shaft,
a shell, etc. Among these components, the winding is the main source of heat, wrapped in polystyrene
resin on both sides of the U-shaped core. This embedded component has a negative effect on the heat
dissipation and measurement, resulting in only the surface temperature can be measured directly by
experiment. Therefore, the improved LPTN can only be validated by the experiment indirectly; i.e.,
utilize the experimental surface data to verify the FEM model first, and then validate the improved
LPTN by the credible FEM model in heat source.

PM
Silicon steel sheet/y

Shell
Winding
Molded plastic

(a) (b)
Figure 17. (a) Structure of the U-core motor. (b) Distribution of measurement points.

One test platform is structured for experimental validation, as shown in Figure 18. It includes a
heat source, prototype, sensors and acquisition module. The adjustable DC power serves as the input
of the uniform heat source, it can supply constant current to simulate the heating status under the
condition of motor stall. Thermal sensors PT100 are shown in Figure 17b; they are attached on the

motor to measure the temperature, and then collected by the ADAM-4015 module and transmitted to
PC via the RS485 interface.
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|
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§
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Figure 18. Experimental platform for temperature test.
5.2. Experimental Results and Discussion

Consistent with settings in simulation, three groups of currents of 10, 15 and 20 A were used to
validate the FEM model. After the temperature stabilized, temperatures of each point were recorded
and presented in Figure 19. It can be seen that in three groups of test, the FEM model fits well with
the results of the experimental measurement, and their errors are kept within 2 °C, indicating that
the FEM model is exactly reliable and credible. Therefore, it is reasonable and scientific to validate
the improved LPTN by the FEM model within the heat source. The conclusion in Section 4 has been
validated indirectly, showing that the improved LPTN performs better than the traditional LPTN,
especially in the uniform heat source with large thickness and low thermal conductivity.

120
_100F - Ssemil R
O rmi==e=0T M
£ 801 == Experiment |
2 — - 10A
?g | 15A
g 60 =T=20A
(5]
[_1
40 L O it — ¢ i i ¢ e 4 -_—f 4
20 - B - -
Point 1 Point 2 Point 3 Point 4
(a)
2 ‘ ‘
1 10A
o 15t £ 154
= Il 204
=}
5 I
g
2
£ 0.5
2
5
= 0
-0.5 - - - -
Point 1 Point 2 Point3 Point 4
(b)

Figure 19. (a) Temperature at test points. (b) Temperature error at test points.
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6. Conclusions

In this paper, considering the change of heat flux in a uniform heat source, a novel improved
LPTN is proposed to predict the thermal distribution more accurately. Compared with the traditional
LPTN, the key achievements of this contribution are: 1. It reduces temperature error inside the heat
source. Thanks to the compensation of the half-resistance theory, the lager heat flux is offset by
the halved thermal resistance, ensuring the equilibrium of the temperature drop in the heat source
without any negative impacts outside the heat source. 2. It determines the loading position of the heat
generator; i.e., the maximum temperature position. Benefiting from the coupling relationship between
the nodes’ temperature and the location of heat generator, the correction factor is derived, which is
quite significant in asymmetric heat dissipation. It provides the chance for adjusting the loading
position of the heat generator and redistributing thermal resistances. The iterative algorithm further
strengthens the above advantages. Simulation and experiment are conducted on a U-core electric
motor, and the results show that the improved LPTN fits with their results closely. Compared with
the traditional LPTN, the improved LPTN can not only achieve higher accuracy for the maximum
temperature prediction, but also determine its location.
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Abbreviations

The following abbreviations are used in this manuscript:

LPTN Lemped parameter thermal network
CFD computational fluid dynamics

FEM finite element method

TEFC totally enclosed fan cooled

At; Temperature difference (°C)
) Thickness of the wall (m)
Lo Heating power (W/m?3)
A Thermal conductivity of medium I (W/m-K)
Ao Thermal conductivity of medium II (W/m-K)
Az Thermal conductivity of medium IIT (W/m-K)
q; Equivalent heat flux (J/ m?-s)
R, Equivalent thermal resistance ((2)
Cross section area of heat flow (m?2)
a; Constant coefficient (-)
b; Constant coefficient (-)
h Convective heat transfer on the left side of medium I (W/m?K)
hy Convective heat transfer on the right side of medium III (W/ m?-K)
k Correction factor (-)
I Boundary position between media I and II (m)
lr Boundary position between media II and III (m)

I3 Boundary position of medium III (m)
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Q Heat flow (J-s)
q Heat flux (J/m?2-s)
Ry; Thermal resistance ()
t Temperature (°C)
tyy  Ambient temperature (°C)
Appendix A
Parameters in the thermal network are listed in Table Al.
Table A1l. Parameter Values in the Thermal Network.
Name Value Name Value Name Value Name Value
Ra 52.9629 Rego 0.0016 Ra17 0.0036 Rgse 14233 x 1076
Ro 56167 x 103 Ry 15556 x 103 Ry 0.0036 Rgsy 5.7212
R 408.4491 R 16.6860 Ra19 16.2393 Ryss 0.0841
R 0.4861 Regs 298.6437 Raoo 0.6481 Rys9 8.5556 x 104
R 885.7161 Reyy 1.2307 Ran 0.6481 Rge0  3.5000 x 10~#
Re 4.2940 Ress 1.4768 Ry 16.2393 Rge1 2.7654 x 10~*
Ry 4.2940 R 4.6765 Ry 0.0036 Ryen 0.8711
Reg 386.4556 Rea7 4.6765 Raog 0.0036 Rae3 0.8711
Ry 0.5833 Ress 1.4768 Raos 35.0000 Raea 0.1628
R0 6.0602 x 10* Reg9 1.2307 Rae 0.8711 Ryes 0.7432
Re11 881.3901 Reso 289.6437 Rqo7 0.0841 Raes 0.1628
Re12 0.9348 Res1 0.9348 Ryos 0.8711 Rye7 0.7432
Ras 298.6437 Resr  6.0602 x 10*  Ryng 35x 1074 Ryes 35.0000
Re1a 1.2307 Res3 0.5833 Ryzo 85556 x 107*  Ryeg 0.0036
R 1.4768 Resy 881.3901 Rgz1  2.7654 x 1074 Ra7o 0.0036
Rei6 4.6765 Ress 885.7161 Raz 0.1628 Ran 16.2393
Ra7 4.6765 Res6 4.2940 Ry3z3 0.7432 Ryg7 0.6481
Rg1g 1.4768 Res7 4.2940 Ryzs 0.1628 Ry73 0.6481
Re19 1.2307 Resg 386.4556 Rass 0.7432 Rya7a 16.2393
Reo 298.6437 Res9 0.4861 Ryze 5.7212 Ryrs 0.0036
Ret 0.9348 Reo 56167 x 103  Ryz; 14223 x107°  Ryye 0.0036
Rex 0.5833 Re61 52.9629 Ryss 86.7995 Ry77 35.0000
R 5.2790 Regn 408.4491 Razg 0.1427 Ryzs 0.0841
Re2s 0.4861 Ra1 7.5223 Raao 0.2843 Ry79 15.9856
Reos 5.2790 Rao 282.7724 Raa1 60.9119 Ryaso 750.1786
Roe 13751 x 10> Ry 282.7724 Rgey 14204 x 107®  Ryg 15.9856
Reo7 2.3932 Rya 7.5523 Raas 0.3737 Ras» 750.1786
Reog 215.3846 Rgs 1.4204 x 10 Ryaq 0.0803 Rgss 1.4211 x 10~
Reg 0.4861 Rge 82.9889 Raass 0.0803 Rasa 82.9889
Re30 5.2790 Ry7 0.1405 Raae 41.7196 Ryss 0.1405
R 5.2790 Rgs 0.1545 Raay 436.2265 Ryse 0.1545
R 5.2790 Rgo 82.9889 Raas 436.2265 Ras7 82.9889
Res3 0.5833 Ra1o 1.4211 x 10~° Raao 49.0389 Rass 1.4226 x 10~
Reza 0.9848 Ran 15.9856 Rys0 0.3737 Rysg 7.5523
Ress 1.5556 x 103> Ryip 750.1786 Rgs1 1.4204 x 107 Ryqp 282.7724
R 1.5556 x 103 Rg13 750.1786 Rgsn 86.7995 Rao1 7.5523
Resy 16.6860 Ry14 15.9856 Rys3 0.1427 Rg9n 282.7724
Ress 1.5556 x 103 Ryis 0.0841 Rys4 0.1523 Rg93 0.4884
Re39 0.0016 Rais 35.0000 Ryss 60.9119 tr 22.0000
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