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Tev [K] . , Eev

[W] COP [-] .
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2.3.2

. , Ni Ti[K] qi[W]

.

Ci
dTi

dt
= qi (2.9)

, Ci [J/K] Ni , .

Ni qi[W] qicd[W], qicv[W], qird[W], qiev[W],

qim[W]( , , ) .

qi = qicd + qicv + qird + qiev + qim (2.10)

,

. , .

, Ni qicd[W] ,

.

qicd =
∑
j �=i

Kij
cd(Tj − Ti) (2.11)

, Ni, Nj ∈ Λ . Kij
cd [W/K] ,

.

, Ni qicv[W] 2 .

qicv = qicv1 + qicv2 (2.12)

, qicv1[W] Ni ∈ Φ (or Nj ∈ Φ) Nj ∈ Λ (or Ni ∈ Λ)

, .

qicv1 =
∑
j �=i

hij
cvAij(Tj − Ti) (2.13)

, hij
cv [W/(m2·K)] , Aij [m2] .

hij
cv , . ,

[8] ,

hij
cv = 5.7 + 3.8va (2.14)
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(va[m/s] ( )). ,

vs

[23].

hij
cv =

{
2.38|Ti − Tj |0.25 2.38|Ti − Tj |0.25 ≥ 12.1

√
vs

12.1
√
vs 2.38|Ti − Tj |0.25 < 12.1

√
vs

(2.15)

, , .

, ,

.

, qicv2 [W] , Ni, Nj ∈ Φ

.

qicv2 =
∑
j �=i

cair(WijTj −WjiTi) (2.16)

.

qird[W] Ni, Nj ∈ Λ , Gebhart

[20].

qird =
∑
j

εiσAiGji(T
4
j − T 4

i ) (2.17)

, εi [-], Ai [m
2], σ [W/(m2·K4)] Ni ,

. , Gebhart Gji [-]

. .

Ni qiev[W] ,

.

qiev = wF i
pclh

i
evf

i
clAi(Pa − Pi) (2.18)

, w[-], F i
pcl[-], hev[W/(kPa· m2)], f i

cl[-] , ,

, - . , Pi[kPa] Ni ∈ Λ Ti[K]

, Pa[kPa] X[kg/kg’] ,

[28, 29].

Pi = 0.611 · 10
7.5(Ti−273.15)

(Ti−273.15)+237.3 , Pa =
P0X

0.622 +X
(2.19)

qim[W] , .

[13, 16, 30] , .



2 18

2.3.3

. X [kg/kg’]

, .

Mair
dX

dt
= mev +mlea +mAC (2.20)

, Mair [kg] , mev [kg/s] , mlea [kg/s]

, mAC [kg/s]

.

mev[kg/s] .

mev =
1

βw

n∑
i

qiev (2.21)

, βw [J/kg] .

mlea, mAC [kg/s] .

mlea = Wlea(Xa −X) (2.22)

mAC =
12∑
i=1

W i
AC(XAC −X) (2.23)

, Wlea [kg/s] , Xa [kg/kg’] , XAC [kg/kg’]

. Wlea Xa CFD

.

2.4

2.4.1

,

. ,

,

[24]. ,

, .

, Stolwijk[13, 14] [15] ,

[15, 16].
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Fig.2.6 Thermoregulation model of a passenger

, ,

.

, ,

Stolwijk [17] .

. , , 180[cm], 70[kg], 20

.

, Fig. 2.6 . , , ,

, . ,

, , , ( ) , .

.

, qk[W], qbl[W], qmet[W]

qsh[W] . - , , ,

qdry(= qcv + qrd + qcd)[W], qins[W], qsw[W], qres[W],

qsun[W] . Ni

.

Ci
dTi

dt
= qik + qibl + qimet + qish + qidry + qiins + qisw + qires + qisun (2.24)

, Fig. 2.7 . ,

, qmet[W] .

[Met] , [30]
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Fig.2.7 Heat flow of a human body

. , 1[Met]=58.3[W/m2] ( ).

qsh[W] .

[13].

qsh =

{
51.6ΔThcΔT s (ΔThc < 0 and ΔT s < 0)
0 (otherwise)

(2.25)

, Thc[K] Thc0[K] ΔThc = Thc−Thc0

, T s[K] T s0[K] ΔT s = T s − T s0

. , . ,

, .

, qres[W] .

, , .

, qk[W] .

(2.11) , Fig. 2.6

.

, , qbl[W]

. , Ni qbl[W]
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.

qbl = ρblcblBF (Tbl − Ti) (2.26)

, ρbl[kg/�], cbl[J/(kg·K)] , BF [�/s] , Tbl[K]

. SBF , MBF [�/h] ,

[13, 32].

SBF =

{
BFBs + 36ΔThcΔT s + 0.93ΔT s (ΔThc > 0 and ΔT s > 0)
BFBs + 0.93ΔT s (otherwise)

(2.27)

MBF =

{
BFBm + qsh + 2.5ΔT s (ΔThc < 0 and ΔT s < 0)
BFBm + 2.5ΔT s (otherwise)

(2.28)

BFBs, BFBm[�/h] , . ,

, ,

. ,

, . SBF MBF

, SBF , MBF

.

, . , , ,

qdry[W] qev[W] .

,

, (2.11), (2.13), (2.17) .

.

qins[W]

qsw[W] .

[13].

qsw =

{ −58.5ΔThcΔT s (ΔThc > 0 and ΔT s > 0)
0 (otherwise)

(2.29)

, . ,

, .

, qins qsw qev[W]

, w[-] . w[-]

, w = 0.06[-] [12], 0.06 < w ≤ 1 .

w[-] .

w = 0.06 +
qsw
Emax

(2.30)
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Emax[W] .

Emax =
n∑

i=1

hi
evf

i
clA

i
sk(P

i
a − P i

sk) (2.31)

, P i
sk[kPa], P

i
a[kPa] T i

sk[K]

. , w[-] ,

, qev[W] .

qev = whi
evf

i
clA

i
sk(P

i
a − P i

sk) (2.32)

, hi
ev[W/(m2·kPa)] , hi

cv[W/(m2·K)]

[16].

hi
e = LRhi

cv (2.33)

, LR = 16.5[K/kPa] .

. .

, [13, 17]

.

2.4.2

, . ,

. ,

. ,

[14, 15, 16], [31, 32] ,

. , .

. , Icl[Clo]

, .

1[Clo] = 0.155 [m2·K/W] . , 1[Clo]

, 0.6[Clo], 1[Clo] .

[33] .

, - qcl,sk[W], - qdry[W]

.

Ci
dTi

dt
= qicl,sk + qidry (2.34)
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Table2.1 Parameters of clothing

parameter value

specific heat ccl[J/(kg·K)] 1380

density ρcl[kg/m
3] 329

, Ci[J/K], Ti[K] Ni .

, Table 2.1 [34] .

Ni Ai
cl[m

2] Ai
sk[m

2], Iicl[Clo]

.

Ai
cl = f i

clA
i
sk (2.35)

f i
cl = 1 + 0.2Iicl (2.36)

, f i
cl - [16] ( , (2.36)

0.2 . Fanger[23] ).

- qcl,sk[W] . Ni

T i
sk[K] Ti[K] .

qicl,sk = Ki
cl,sk(T

i
sk − Ti)A

i
cl (2.37)

- Ki
cl,sk[W/(m2·K)] , [35] CFV i

cl

.

Ki
cl,sk =

1

0.155IiclCFV i
cl

(2.38)

CFV i
cl = e−0.155(vi

s−0.09) (2.39)

vis[m/s]

.

, , .

, ,

, - qiev[W]

F i
pcl[-] [16].

qiev = qiins + qisw = F i
pclA

i
skf

i
clwh

i
ev(P

i
a − P i

sk) (2.40)

F i
pcl =

1

1 + 0.344hi
cvI

i
cl

(2.41)

F i
pcl[-] , F i

pcl=1 .
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2.5

2.5.1

.

,

. qemit[W] ,

[36].

qemit = σεAT 4 (2.42)

, σ[W/(m2·K4)] , ε[-] , A[m2] ,

T [K] . .

, ,

. ,

. , .

, , , ,

. , , Gebhart

[20] , Gebhart

. ,

Gebhart , .

2.5.2 3D

, .

, Fig. 2.8 3D

. ,

. , , ,

.

Fig. 2.8 3D , Fig. 2.8

.

, . ,

33 .
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Fig.2.8 3D model of the automobile and the driver
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33 .

, 6 .
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i ,
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Fig. 2.9 , Fji[-] .

Fji =
1

Ai

∫
Ai

∫
Aj

cosφi cosφj

πl2
dAjdAi (2.43)

, ,

. , , ,

[19]. ,

[18, 19] .

Fig.2.9 Positions of two surfaces to calculate the view factor

2.5.4

( Sin
1 Sin

33) ( Sin
34 Sin

39) 3D

.

, Fig. 2.10 , Fig. 2.10

Lambert .

.

Fig.2.10 rdiation expressed by distribution of rays
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, [18] . r ,

n = [0 0 1]T , Rθ, Rη ∈ [0, 1) ,

.

r =
[√

Rη cos(2πRθ)
√
Rη sin(2πRθ)

√
1−Rθ

]T
(2.44)

, , n = [0 0 1]T

r . ,

Möller [37] .

.

3D Fji[-] .

1) Sin
i

.

2) , V1, V2, V3 , 2

r1 = [0, 1), r2 = [0, 1) E .

E = (1− r1 − r2)V1 + r1V2 + r2V3 (2.45)

, r1 + r2 ≤ 1 r1, r2 .

3) E Lambert ,

[18, 37]( ).

4) 1) - 3) Mi .

Sin
i Mi , Sin

j mji

Fji[-] .

Fji =
mji

Mi
(2.46)

N∑
j=1

Fji = 1

, FjiAi = FijAj [36] . ,

[38] , , , .

Fnew1
ji =

Aj(F
old
ji + F old

ij )

Ai +Aj
(2.47)

Fnew2
ji =

Fnew1
ji∑N
j=1 Fji

(2.48)

F old
ji = Fnew2

ji (2.49)
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(2.47) , (2.48)

.

2.5.5 Gebhart

, , .

, Gebhart [20]

.

Sin
i qiemit[W]

.

qiemit = σεiAiT
4
i (2.50)

, σ = 5.67 · 10−8[W/(m2·K4)] , Ti [K] Sin
i

, εi [-] Sin
i , Ai [m

2] Sin
i .

Sin
i , Sin

j .

, Sin
j qjird[W] . Sin

i qiemit[W] Sin
j

qjird[W] Gji[-] Gebhart .

Gji =
qjird
qiemit

(2.51)

, Gji .

• Sin
i αi[-] εi [-] ( )[36].

• ,

.

, Sin
j qjird[W] .

qjird = Fjiεjq
i
emit +

N∑
k=1

FkiρkGjkq
i
emit (2.52)

, ρk[-] Sin
k , N , ,

. (2.51) .

Gji = Fjiεj +
N∑

k=1

FkiρkGjk (2.53)
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, Gji [-] .

⎡
⎢⎢⎢⎣

Gj1

Gj2

...
GjN

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

Fj1εj
Fj2εj

...
FjN εj

⎤
⎥⎥⎥⎦+

⎡
⎢⎢⎢⎢⎣

F11ρ1 F21ρ2 · · · FN1ρN

F12ρ1 F22ρ2 · · · ...
...

...
. . .

...
F1Nρ1 · · · · · · FNNρN

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

Gj1

Gj2

...
GjN

⎤
⎥⎥⎥⎦ (2.54)

(2.54) , .

Gji Fji[-], εi[-], ρi[-]

, . Table 2.2

. *1

[39] . , ,

, .

ρi [-] ρi = 1 − εi .

. ,

, , .

Table2.2 Reflectivity and emissivity of the surfaces

infrared ray

parts reflectivity ρi[-] emissivity εi[-]

skin 0.02 0.98

clothing 0.23 0.77

wall 0.05 0.95

glass 0.1 0.9

2.5.6

Sin
i qird [W] , Gebhart .

qird =
N∑
j=1

εjσAjGijT
4
j −AiεiσT

4
i (2.55)

*1 Web .

(1) Infrared Service, Inc.: Emissivity Values for Common Materials, http://www.infrared-

thermography.com/material-1.htm

(2) OMEGA Engineering: Table of Total Emissivity, http://www.omega.com/temperature/Z/pdf/z

088-089.pdf
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, Gebhart [40] .

N∑
j=1

Gji = 1 (2.56)

GjiεiAi = GijεjAj (2.57)

(2.56) ,

. , (2.57) (2.54)

FjiAi = FijAj . .

qird = Aiεiσ
N∑
j=1

Gji

(
T 4
j − T 4

i

)
(2.58)

, .

2.6

2.6.1

,

. ,

. . Fig. 2.11 .

Fig. 2.11 , , , ,

, , , [41]

. , SPCTRAL2[21]

, .

. ,

.

, , SPCTRAL2

. ,

, .

, . ,

Se
1 Se

16 , .
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   glass
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   absorbed

    amount

direct

diffuse
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   parts

Fig.2.11 Insolation model

Fr (Se
1) FrAs (Se

2) FrDr (Se
3)

Rr (Se
4) RrAs (Se

5) RrDr (Se
6)

(Se
7) FrDr (Se

8) FrAs (Se
9)

RrDr (Se
10) RrAs (Se

11) FrDr (Se
12)

FrAs (Se
13) RrDr (Se

14) RrAs (Se
15)

(Se
16)

Fig. 2.8 3D ,

39 (Sin
1 Sin

39) . ,

6 g1 g6 .

Fr (g1) FrAs (g2) FrDr (g3)

Rr (g4) RrAs (g5) RrDr (g6)

, Fr , Rr , Dr , As .

, .

2.6.2

,

.

. Z

[rad], AZ [rad]( 0[rad] ) . ,

( , ) [41] ,
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. [41] .

, ( Z̃[rad],

ÃZ[rad]) . , Z, AZ[rad]

vsun .

vsun =
[
cos(AZ) sin(Z) − sin(Z) sin(AZ) cos(Z)

]T
(2.59)

, Z̃ = 0[rad] . ,

ÃZ , ÃZ = 0[rad] ,

. , , Fig. 2.12

( θr[rad], θp[rad], θy[rad]) Rrpy .

, , .

Rrpy =

⎡
⎣cos θy − sin θy 0
sin θy cos θy 0
0 0 1

⎤
⎦
⎡
⎣ cos θp 0 sin θp

0 1 0
− sin θp 0 cos θp

⎤
⎦
⎡
⎣1 0 0
0 cos θr − sin θr
0 sin θr cos θr

⎤
⎦ (2.60)

, ṽsun Rrpy

.

ṽsun = Rrpyvsun =

⎡
⎣ṽsun1ṽsun2
ṽsun3

⎤
⎦ (2.61)

roll

pitch

yaw

Fig.2.12 Attitude angle of an automobile
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, Z̃[rad] ÃZ[rad] . *2

Z̃ = cos−1(ṽsun3) (2.62)

ÃZ =

⎧⎨
⎩

cos−1
(

ṽsun1

sin Z̃

)
(ṽsun2 < 0)

2π − cos−1
(

ṽsun1

sin Z̃

)
(ṽsun2 ≥ 0)

(2.63)

, , , ψ[rad]

. , Fig. 2.13 vsun 3D

vw .

ψ = cos−1

(
vTsun · vw

‖vsun‖ · ‖vw‖
)

(2.64)

Fig.2.13 Position relation between the sun and the wall surface

2.6.3

SPCTRAL2[21] . SPCTRAL2

, .

, , , , ,

.

.

,

*2 cos−1 0 ≤ cos−1(x) ≤ π .
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Fig.2.14 Transmissivity of Rayleigh scattering
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Fig.2.15 Transmissivity of water vapor
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Fig.2.16 Transmissivity of ozone

. , ,

, . Fig. 2.14

. , ,

. Fig. 2.14 40 120 8 31

.

, Fig. 2.15 . Fig.

2.15 , .

, ,

, . Fig. 2.16 40 120 8 31

. , ,

.

.
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Fig.2.17 Transmissivity of aerosol
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Fig.2.18 Transmissivity of mixed gas

, .

Fig. 2.17 .

Fig. 2.18 . ,

. , Fig. 2.18 40

120 8 31 .

SPCTRAL2 , Idλ [W/(m2 ·μm)]

.

Idλ = H0λDτoλτrλτwλτaλτuλ (2.65)

, λ , H0λ [W/(m2· μm)] , D [-] -

, τoλ, τrλ, τwλ, τaλ, τuλ [-] , , ,

, . Fig. 2.19 ,

Fig. 2.20 ( 40 120 8 31 ).

, Fig. 2.20 SPCTRAL2

.

, Isλ [W/(m2 ·μm)] .

Isλ = (Irλ + Iaλ + Igλ)Cs (2.66)

Irλ, Iaλ, Igλ [W/(m2· μm)] , ,

, Cs [-] . [21] .
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Fig.2.19 Product of all transmissivities
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Fig.2.20 Insolation distribution

, ,

. Itλ [W/(m2

·μm)] .

Itλ = It1λ + It2λ + It3λ + It4λ (2.67)

, It1λ[W/(m2· μm)] ,

It1λ = Idλ cos(ψ) (2.68)

It2λ[W/(m2· μm)] ,

It2λ = Isλτrλτaλτoλτuλτwλ
cos(ψ)

cos(Z)
(2.69)

It3λ[W/(m2· μm)] ,

It3λ =
1

2
Isλ (1 + cos(η)) (1− τrλτaλτoλτuλτwλ) (2.70)

It4λ[W/(m2· μm)] ,

It4λ =
1

2
rgλ (Idλ cos(Z) + Isλ) (1− cos(η)) (2.71)
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. , rgλ [-] , ψ, Z, η [rad]

, , . SPCTRAL2

, [21] .

, Itdλ [W/(m2 ·μm)] Itsλ [W/(m2

·μm)] .

Itdλ = It1λ (2.72)

Itsλ = It2λ + It3λ + It4λ (2.73)

, Se
i qisun[W] , Se

i Ietdλi

Ietsλi , αe
i [-] Ae

i .

qisun = αe
iA

e
i

∫
(Ietdλi + Ietdλi) dλ (2.74)

, , SPCTRAL2 0.3 4[μm]

, . , αe
i [-] .

2.6.4

τgλ [-] , Fig. 2.21 . Fig.

2.21 τgλ [-] , ψ [rad] Fig.

2.21 . , Cd(ψ)

[-] *3 .

Cd(ψ) = 1− exp

{
−9

(
1− 2ψ

π

)}
(2.75)

Fig. 2.22 ψ [rad] Cd[-] . Cd [-]

.

, Cd = 0.889 [-] .

, gk (k = 1, 2, · · · , 6) Igkgdλ [W/(m2 · μm)]

Igkgsλ [W/(m2 · μm)] , SPCTRAL2 gk

Igktdλ [W/(m2 · μm)] Igktsλ [W/(m2 · μm)] ,

.

Igkgdλ = τgλCdI
gk
tdλ (2.76)

Igkgsλ = τgλCdI
gk
tsλ (2.77)

*3 , 50[deg]

. http://glass-catalog.jp/pdf/g05-010.pdf
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Fig.2.22 Correction coefficient for directional transmissivity

2.6.5

,

. Gebhart [20]

. , Gebhart G̃kj [-] .

G̃kj [-] , α [-] ρ [-] ,

Table 2.3 . SPCTRAL2 ,

, ,

, .

[42], [43], [8] , ( ρ = 1− ε )

. . ,

[14, 15, 16] ,

. ,

, , . ,

.

6 , Sin
j
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Table2.3 Absorptivity and reflectivity for insolation

parts absorptivity α[-] reflectivity ρ[-]

skin 0.7 0.3

clothing 0.3 0.7

wall 0.75 0.25

normal glass 0.46 0.055

insulation glass 0.65 0.055

qjs [W] .

qjs =

6∑
k=1

Igkgs G̃jgk (2.78)

Igkgs [W] gk , Agk [m2]

.

Igkgs =

∫
Igkgsλdλ ·Agk (2.79)

, SPCTRAL2 0.3 4[μm] ,

.

2.6.6

,

. 3D 6 (g1 g6)

. .

1) gk

.

2) r1 = [0, 1), r2 = [0, 1) ,

E .

E = (1− r1 − r2)V1 + r1V2 + r2V3 (2.80)

,r1 + r2 ≤ 1, , V1, V2, V3

.
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3) E 1 , Möller [37] .

−ṽsun .

4) 1) 3) Mgk . gk Sin
j

mjgk , gk , Sj

Rjgk [-] .

Rjgk =
mjgk

Mgk

(2.81)

5) 1) 4) , Z̃ 0 90[deg], ÃZ 0 360[deg]

.

Rjgk [-] ,

. , Rjgk .

Rjgk [-] ,

. , , , . , gk

, Sin
j Bjgk [-] .

, Sin
j qjd [W] .

qjd =

6∑
k=1

IgkgdBjgk (2.82)

, Igkgd [W] gk , .

Igkgd =

∫
Igkgdλdλ ·Agk (2.83)

Agk [m
2] gk .

. , gk

, Sin
j , Gebhart G̃ji

.

IgkgdBjgk = IgkgdRjgkαj +

N∑
i=1

IgkgdRjgkρiG̃ji (2.84)

, N , αj [-] , ρj [-] . ,Bjgk [-]

Bjgk = Rjgkαj +
N∑
i=1

RjgkρiG̃ji (2.85)
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Fig.2.23 Absorption factor of direct insolation on the center console

. Rjgk [-]

, Bjgk [-] . Fig. 2.23

(Sin
5 ) Bjgk . Fig.

2.23 , Fr , FrAs , FrDr

. , , Rr , RrAs

, RrDr .

, Sin
j qjsun[W] .

qjsun = qjs + qjd =
6∑

k=1

(Igkgs G̃jgk + IgkgdBjgk) (2.86)
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2.7

2.7.1

, , , , , 6

[23]. , , 6

.

,

Predictive Mean Vote (PMV)[23] Standard new Effective

Temperature (SET*)[12] . ,

ISO 14505 , Equivalent Temperature Teq [16, 24].

, PMV ,

. , ,

[44] . , ,

, .

, SET* Teq ,

. , Teq ,

. SET*

[45]. , SET* [12],

, SET* . [46]

, SET*

, , [25] SET*

.

, , SET*

. , PMV Teq ,

SET* .

2.7.2 PMV

PMV Fanger[23]

. PMV ,

, .

Table 2.4 7 ( ) .
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PMV . , ,

L[kcal/(h ·m2)] , Ta[
oC], Pa[mmHg], va[m/s],

Tmrt[
oC], Icl[clo], M [kcal/h], ADu[m

2], -

fcl[-] .

L =
M

ADu
− 0.35

(
43− 0.061

M

ADu
− Pa

)
− 0.42

(
M

ADu
− 50

)

−0.0023
M

ADu
(44− Pa)− 0.0014

M

ADu
(34− Ta)− fclhcv(Tcl − Ta)

−3.4 · 10−8fcl
{
(Tcl + 273)4 − (Tmrt + 273)4

}
(2.87)

, , .

, , ,

. ,

. , Tcl[
oC] Tcl

.

T ∗
cl = 35.7− 0.032

M

ADu
− 0.18Icl[fclhcv(Tcl − Ta)

+3.4 · 10−8fcl{(Tcl + 273)4 − (Tmrt + 273)4}] (2.88)

, hcv[kcal/(h·m2·oC)] (2.15) (

). , PMV L[kcal/(h ·m2)]

Table2.4 Comfort scale of PMV

PMV Sensation

+3 hot

+2 warm

+1 slightly warm

0 neutral

-1 slightly cool

-2 cool

-3 cold
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[23] .

PMV =
(
0.352e−0.042(M/ADu) + 0.032

)
· L (2.89)

PMV , . ,

PMV Predicted Percentage Dissatisfied (PPD) Fanger[23]

.

PPD = 100− 95 · e(−0.0335PMV4−0.2179PMV2) (2.90)

PPD PMV , % ,

Fig. 2.24 . −0.5 ≤ PMV ≤ +0.5, PPD ≤ 10%

, PMV=0 5[%] .

2.7.3 Equivalent Temperature

Equivalent Temperature Teq . Teq

( ) .

, .

Teq ,

. qdry[W/m2], Ts[K],

hs
dry[W/(m2·K)] Teq[K] .

Teq = Ts − qdry
hs
dry

(2.91)

Teq , , . , Teq

hs
dry , .

-3 -2 -1 0 1 2 3
0

50

100

PMV

P
P

D
[%

]

Cold Hot

Comfortable

Fig.2.24 Relation between PPD and PMV
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2.7.4 SET*

SET* . , , , ,

, ,

.

, (

) . SET* Table 2.5

.

SET* , , SET*

Table 2.6 [16].

,

. , SET* .

[25] , 50[%], ,

0.1 0.2[m/s], 0.6[Clo] ,

SET* . SET* Table 2.7

Table2.5 Standard Environment for SET*

Conditions Value

humidity 50[%]

operative temperature SET∗[oC]
wind velocity vsa < 0.15[m/s]

Clo value Iscl =
1.33

M+0.74
− 0.095[Clo]

insolation 0[W]

Table2.6 Relationship between SET* and thermal sensation of sedentary person

SET*[oC] Sensation

>37.5 very hot, very uncomfortable

34.5-37.5 hot, very unacceptable

30.0-43.5 warm, uncomfortable

25.6-30.0 slightly-warm, slightly unacceptable

22.2-25.6 comfortable

17.5-22.2 slightly cool, slightly unacceptable

14.5-17.5 cool, unacceptable

10.0-14.5 cold, very unacceptable
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Table2.7 Median of comfortable SET*

Parts SET*[oC]

Head 23.14

Trunk 23.45

Arms 25.06

Legs 25.70

.

, SET* . , SET* Bi

. , , .

, , , , . ,

, (2.11), (2.13), (2.17) .

, (2.37) .

(2.18) . , Bi Hi
sk[W] ,

qisun[W] .

Hi
sk = qicd + qicv + qird + qiev − qisun (2.92)

, Hsk[W] .

Hsk =
∑
i

Hi
sk (2.93)

, w[-], T i
sk[K]

, . .

SETi[K] , Bi w[-],

T i
sk[K] , Hsi

cv[W] .

qsicv = hsi
cvF

si
cl f

s
clA

i
sk(T

i
sk − SETi) (2.94)

Hsi
rd[W] .

qsird = εsiskF
si
cl σA

i
sk

(
T i4
sk − SET4

i

)
(2.95)

εssk = 0.98[-]( ) [39].

F si
cl [-] Table 2.5 Iscl[Clo] , hsi

cv[W/(m2·K)] Table 2.5

vsa[m/s] (2.15) . F si
cl [-]
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hsi
cv[W/(m2·K)] ,

hsi
rd[W/(m2·K)] .

F si
cl =

Isia
0.155Iscl + Isia

(2.96)

Isia = fs
cl(h

si
cv + hsi

rd) (2.97)

, hsi
rd[W/(m2 ·K)] .

hsi
rd = εsiskσ

(
T i
sk + SETi

) (
T i2
sk + SET2

i

)
(2.98)

, Hsi
ev [W] .

qsiev = wF si
pclf

s
clh

si
evA

i
sk(P

i
sk − φs

aP
i
SET) (2.99)

, φs
a[-], hsi

ev[W/(m2·kPa)], F si
pcl[-] Table 2.5

. , P i
sk[kPa], P

i
SET[kPa] Bi

T i
sk[K] SETi[K] .

, Hsi
sk[W] .

Hsi
sk = qsicv + qsird + qsiev (2.100)

, SET* .

Hsi
sk(SETi) = Hi

sk (2.101)

, SET* Newton

.

2.8

2.8.1

,

. , ,

. ,

, Ti X x ∈ R
n

.

x =
[
T1 · · · Tn−1 X

]T
(2.102)
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Table2.8 Relation between heat circuit and electric circuit

Heat circuit Electric circuit

heat capacitance condenser

heat resistance resistance

temperature voltage

heat flow current

heat generation current source

, .

, Table

2.8 .

,

. , , ,

.

, O1, O2 , O2

, O1, O2 . O1 C1[J/K], T1[K]

, O2 C2[J/K], T2[K],

To[K] . , O1, O2 , M1[W], M2[W]

.

, O1, O2 ,

K12[W/K]( ) . , O2

, K2a[W/K] . , Table 2.8

, Fig. 2.25 .

. ground

Air

Fig.2.25 Heat circuit
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ground

Fig.2.26 Graph of heat circuit

, . , Fig.

2.25 Fig. 2.26 . , O1, O2, ground

, .

,

Ni ground ,

. , ,

, .

2.8.2

. , ground

(n×m) L . L

lj ∈ R
n .

L =
[
l1 l2 · · · lm

]
(2.103)

lj i lij .

lij =

⎧⎨
⎩

−1 (if the edge lj enters node Ni)
1 (if the edge lj leaves node Ni)
0 (otherwise)

(2.104)

, L+

L−( (n ×m) ground ) , i

j .

l+ij =

{
1 (if the edge lj leaves node Ni)
0 (otherwise)

l−ij =

{ −1 (if the edge lj enters node Ni)
0 (otherwise)

(2.105)
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, .

L = L+ + L− (2.106)

+ .

2.8.3

, Ni, Nj

lk q̃k q ∈ R
n

.

q = −L̃q̃

q̃ =
[
q̃1 q̃2 · · · q̃m

]T ∈ R
m (2.107)

L̃ , L̃ = L,

L̃ = L+, L̃ = L− . −
.

ground Ni xi vi(xi)

. , Fig. 2.27 lk , lk 2

Ni, Nj vi(xi), vj(xj)

ṽk(vi, vj) , Kk . , q̃k

Kk ṽk , .

q̃ = Kṽ

K = diag(K1,K2, · · · ,Km)

ṽ =
[
ṽ1, ṽ2, · · · , ṽm

]T ∈ R
m (2.108)

Fig.2.27 An example of conductance and potential on the edge
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, (2.107) .

q = −L̃Kṽ (2.109)

ṽ . .

2.8.4

, , .

,

.

, . qcv[W] , , 1) - , 2)

- , (2.12) . , Ni-Nj

qcv[W] , Ni Nj

.

qcv1 = hij
cvAij(xi − xj) (Ni ∈ Λ, Nj ∈ Φ or Ni ∈ Φ, Nj ∈ Λ)

qcv2 = cairWjixi (from Ni ∈ Φ to Nj ∈ Φ)
(2.110)

, Nj ∈ Φ Ni ∈ Φ ,

.

. Ni, Nj ∈ N

qcd[W] .

qcd = Kij
cd(xi − xj) (2.111)

, , - , -

. , , -

qcv1 qcd .

, , (2.109) L̃cv1 = Lcv1, L̃cd = Lcd .

Ni, Nj ṽk , Fig. 2.28 ground

vi, vj ṽk = vi − vj . L lk

, ṽk = lTk v, v � vi [22].

ṽ = LTv (2.112)

v = x , -

qcv1 qcd .

qcv1 = −Lcv1Kcv1L
T
cv1x (2.113)

qcd = −LcdKcdL
T
cdx (2.114)



2 52

ground

Fig.2.28 Potential gradient between two nodes

Kcv1, Kcd k Kcv1,k, Kcd,k ,

(2.110), (2.111) .{
Kcv1,k = hij

cvAij

Kcd,k = Kij
cd

(2.115)

, - qcv2 . -

(2.110) , . , (2.109)

L̃cv2 = Lcv2 . , v = x . ,

q̃cv2 ∈ R
m (2.110) , . ,

ṽcv .

ṽcv2 = L+T
cv2x (2.116)

, - qcv2 .

qcv2 = −Lcv2Kcv2L
+T
cv2x (2.117)

Kcv2 k Kcv2,k (2.110) .

Kcv2,k = cairWji (2.118)

, .

. Ni, Nj ∈ Λ qrd[W] .

qrd = εiσAiGji

(
x4
i − x4

j

)
(2.119)

, R(x) .

R(x) =
[
R(x1) R(x2) · · · R(xn)

]T
R(xi) = x4

i (2.120)
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, , Ni vi = R(xi) .

, ṽk , 2 vi, vj

, ṽrd .

ṽrd = LT
rdR(x) (2.121)

, , L̃rd = Lrd . ,

qrd .

qrd = −LrdKrdL
T
rdR(x) (2.122)

Krd k Krd,k (2.119) .

Krd,k = εiσAiGji (2.123)

, ,

.

qev = wF i
pclh

i
evf

i
clAi(P (xj)− P (xi)) (2.124)

, Ni ∈ Λ, Nj ∈ X . P (xj)[kPa] Nj ∈ X .

P (xi)[kPa] [28, 29].

P (xi) =

{
0.611 · 10

7.5(xi−273.15)

(xi−273.15)+237.3 (if xi is temperature)
P0xi

0.622+xi
(if xi is humidity)

(2.125)

P0[kPa] . ṽev Ni ∈ Λ

Nj ∈ X . , (2.125) P (xi)[kPa]

P (x) .

P (x) =
[
P (x1) P (x2) · · · P (xn)

]T
(2.126)

, Ni ,

. , Ni Nj

, Nj , Nj

. , Ni ∈ Λ Nj ∈ X

, βw[J/kg] ,

qev mev .

qev +mev = −(L+
ev +

1

βw
L−
ev)KevL

T
evP (x) (2.127)
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Kev k Kev,k (2.124) .

Kev,k = wF i
pclh

i
evf

i
clAi (2.128)

2.8.5 -

, , , , ,

Ni ground . , ,

.

, lk xa
k . -ground

ṽk(xi, x
a
k) , vi(xi) lk vak(x

a
k)

, .

ṽ = Lv − va (2.129)

, va(xa) � vak , xa ∈ R
m . ( - ,

- ), , , , xa
cv1,

xa
cv2, x

a
cd, x

a
rd, x

a
wv .

- , v = x,

vacv1 = xa
cv1, v

a
cd = xa

cd . v = R(x),

vard = R(xa
rd) . , - , ,

qacv1, q
a
cd, q

a
rd .

qacv1 = −La
cv1K

a
cv1(L

aT
cv1x− xa

cv1) (2.130)

qacd = −La
cdK

a
cd(L

aT
cd x− xa

cd) (2.131)

qard = −La
rdK

a
rd

{
LaT
rd R(x)−R(xa

rd)
}

(2.132)

- qacv2 , v = x ,

vacv2 = xa
cv2 , (2.110) , ,

.

qacv2 = −La
cv2K

a
cv2L

a+T
cv2 x− La

cv2K
a
cv2L

a−
cv2x

a
cv2

(2.133)

(2.23) mlea, mAC [kg/s] .

mlea[kg/s] X[kg/kg’]

Xa[kg/kg’] (2.22) . , mAC [kg/s]
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, , ,

(2.23) . ,

xa
wv = [Xa XAC ]

T . , v = X,

va = xa
wv . Ni ∈ X ground ,

ma
wv .

ma
wv = −LT

wvK
a
wv

(
LaT
wvx− xa

wv

)
(2.134)

Kwv k Kwv,k .

Kev,k =

{
Wlea (by leaking air)
Wbl (water-vapor flow from HVAC)

(2.135)

( ) qm , -ground , -ground

.

qm = −LMM

M =
[
M1 M2 · · · Mm

]T
(2.136)

, Mk[W] lk , .

2.8.6

x ,

*1.

C
dx

dt
= Ax+B1R(x) +B2P (x) +Dd (2.137)

x =
[
T1 · · · Tn1 X

]T
A = −LA1KAL

T
A2

B1 = −LB1KB1L
T
B1

B2 = −L+
B2KevL

T
ev

D = LDKD

d =
[
xa
cv1 La−

cv2x
a
cv2 xa

cd R(xa
rd) xa

wv M
]T

LA1 =
[
Lcv1 Lcv2 La

cv1 La
cv2 Lcd La

cd La
wv

]
LA2 =

[
Lcv1 L+

cv2 La
cv1 La+

cv2 Lcd La
cd La

wv

]
LB1 =

[
Lrd La

rd

]
LB2 = L+

ev +
1

βw
L−
ev
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LD =
[
LaT
cv1 −La−

cv2 LaT
rd LaT

wv −LM

]
KA = blockdiag(Kcv1,Kcv2,K

a
cv1,K

a
cv2,Kcd,K

a
cd,K

a
wv)

KB1 = blockdiag(Krd,K
a
rd)

KD = blockdiag(Ka
cv1,K

a
cv2,K

a
cd,K

a
rd,K

a
ev, I)

(2.137) , C , x

, , ,

. ,

. A, B1, B2, D , L

K . ,

.

2.9

2.9.1

, .

. ,

, ,

.

, .

, . ,

, .

30 40[km/h] , 100[km/h] .

, 35[oC], 70[%] , 50[oC], 767[W/m2] .

,

. Fig. 2.3 , (0.125[kg/s])

Table 2.9 .

.

*1 blockdiag(K1, · · · ,Kn) .

blockdiag(K1, · · · ,Kn) =

⎡
⎢⎣
K1 0

. . .

0 Kn

⎤
⎥⎦
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Table2.9 Ratio of air-mass flow against air-mass flow from the blower

Outlet Wind ratio [%]

center vent (driver) 22.225

center vent (assist) 22.225

side vent (driver) 22.225

side vent (assist) 22.225

rear vent (driver) 5.55

rear vent (assist) 5.55

the others 0

,

. ,

, . ,

, , (Table 2.9, Fig. 2.29, Fig.

2.30) . , Fig. 2.29

,

.

. Fig. 2.30 ,

. , Fig. 2.29 ,

.
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Fig.2.29 Air temperature from the HVAC system in the experiment
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Fig.2.30 Absolute humidity from the HVAC system in the experiment
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2.9.2

, Fig. 2.31 . Fig. 2.31 Fig. 2.4 12

, , , ,

. , , , .

, ,

.

, Fig. 2.32 . Fig. 2.32 ,

, . ,

. ,

, .

, ,

, , .

, , . , Fig. 2.33

. ,

Fig. 2.33 . ,

Fig. 2.33 .

Fig. 2.34 . Fig. 2.34 , ,

, . Fig. 2.34 ,

, ,

4[oC] .

, ,

.

,

. ,

. ,

, .

, .

,

. ,

, ,

.
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3

3.1

3.1.1

.

,

. ,

, ,

.

, , ,

. ,

, . ,

,

, ,

.

, ,

. ,

,

.
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3.1.2

. , ,

, . 0 1000[W/m2]

, , . ,

.

. Table 3.1 .

Table3.1 Conditions of the optimization

ambient air temperature 30[oC]

ambient radiant temperature 30 [oC]

ground temperature 50[oC]

ambient relative humidity 50[%]

vehicle speed 40[km/h]

temperature of the engine room 80[oC]

absolute humidity from the HVAC system 0.0042[kg/kg’]

COP of the evaporator 2.5[-]

Clo value 0.6[Clo]

Metaboric rate 1.6[Met]

3.1.3

. ,

u ,

SET*( :SET[oC], :SETh[
oC], :SETt[

oC], :SETra, SETla[
oC],

:SETrl, SETll[
oC]) y

. {
ẋ = f(x, u, d)
y = g(x, u, d)

(3.1)

y =
[
SET SETh SETt SETra SETla SETrl SETll

]T
(3.2)

u =
[
W 1

AC · · · W 12
AC T 1

AC · · · T 4
AC

]T
(3.3)

, x (2.102) , f(x, u, d), g(x, u, d) (2.137),

(2.101) . , Table 3.1 d



3 63

.

, SET* , [25]

SET* . SET*

Table 2.7 . Table 2.7

, SET*

. , y yr .

yr =
[
23.9 23.14 23.45 25.06 25.06 25.7 25.7

]T
(3.4)

, SET* Table 2.6 , SET* 23.9[oC]

.

, x, u, d

(2.4) E(x, u, d), y(x, u, d)

J(x, u, d) .

J(x, u, d) = (y − yr)
TQ(y − yr) + E (3.5)

Q .

, SET* .

, ,

. , J(x, u, d) u0

. ,

, .

u0 = arg min
u

J(x, u, d) (3.6)

subject to

dx

dt
= f(x, u, d) = 0,

12∑
i=1

W i
AC ≤ 0.15[kg/s], 0 ≤ W i

AC ≤ 0.02[kg/s],

T i
AC ≥ T i

duct =

{
5[oC] (for the front zone)
7[oC] (for the rear zone)

,

Ebl ≥ 0, Eev ≥ 0, Eht ≥ 0

, Tev ,

Tev = 3[oC] .
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0[W/m2] 25[W/m2] , 0[W/m2] ,

Table 3.1

. , ,

. MATLAB Optimization

Toolbox[47] .

3.1.4

Fig. 2.2

. , Fig. 3.1, Fig. 3.2,

Fig. 3.3, Fig. 3.4 . , Q

Q = 100I .

, SET* Fig. 3.1 , Table 2.7

SET* , .

, Table 2.6 ±2[oC]

, .

SET* ,

.

, . Fig.3.2 ,

.

, . ,

.

Fig. 3.3, Fig. 3.4 . , Fig. 3.3

, ,

.

,

. , Fig. 3.4 ,

T i
duct[K] .

, , , 1)

, 2)

, 3) , .

, .
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Fig.3.5 Mean radiant temperature (Q = 100I)
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Fig. 3.5 , Fig. 2.4 12 Fig. 3.6 . Fig. 3.5

, . ,

, . ,

,

Fig.3.3, Fig.3.6 .

,

, . ,

.

, Q = 105I , .

Fig. 3.7 Fig. 3.8 . , Fig. 3.1, Fig. 3.2

, SET* , . ,

Fig. 3.9 . Q = 100I

, Fig. 3.9 ,
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Fig.3.10 Comparison of mean radiant temperature
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. , Q = 100I

SET* ,

. Fig. 3.10 . , Q = 105I

,

. , , ,

, ( ) .

3.1.5

, ,

(3.6) ,

.

, Fig. 3.11 . Fig. 3.11

Fig. 2.2, Fig. 2.3 , Fig. 2.2 ,

(d) 1 . , ,

Table 3.2 . ,

Table 3.2 .

, Fig. 3.11 , u

T f
AC [K] Wbl[kg/s] .

u =
[
T f
AC Wbl

]T
(3.7)

, T r
AC = T f

AC + 2[K] ,

, 5[oC]( ), 7[oC]( ) .

, Q = 100I .

(b) blower

(c) evaporator
recirculation air

fresh air

(d) heater core

(e) mixing door

front driver

front assist

rear driver

rear assist

(a) mode-switching

             door

Fig.3.11 Unzoned HVAC system
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Table3.2 Distribution ratio of airflow for each outlet

Outlet Ratio[% ]

Front driver center vent 10

side vent 10

upper cent 6.25

foot 10.25

Front assist center vent 10

side vent 10

upper cent 6.25

foot 10.25

Rear driver vent 6.25

foot 7

Rear assist vent 6.25

foot 7

, Fig. 3.12, Fig. 3.13, Fig. 3.14 SET* ,

. Fig. 3.12 SET* Table 2.7

, . Fig. 3.13 ,

0[W] .

,

. ,

( : 5[ ], : 7[ ]) , Fig. 3.14

.
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Fig.3.12 Optimized SET* with unzoned HVAC ststem
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Fig.3.13 Optimized energy consumption with unzoned HVAC system
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Fig.3.14 Optimized airflow from the HVAC system with unzoned HVAC system

3.1.6

. ,

,

. , (2.2)

Tev[K] . ,

.

, .

Tev[K], T i
AC [K] , (3.5)

.

Tev ≥ 3[oC], T i
AC ≥

{
Tev + 2[oC] (for the front zone)
Tev + 4[oC] (for the rear zone)

(3.8)

Fig. 3.15 Q = 100I .

, ,

. Tev , ,

SET*, , Fig. 3.1, Fig. 3.2, Fig. 3.3

.
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.

(2.2) , Tev[K] W i
AC [kg/s] .

, ,

, Tev

. , ,

.

3.1.7

. ,

.

, E[W] Fig. 3.16 . Fig.

3.16 ,

. , ,

25[%] ,

.

, SET* (Fig. 3.1,

Fig. 3.12). , ,

. SET* Fig. 3.17

. , SET* Table 2.7

, . ,

,

.
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4

4.1

,

. ,

.

, TAC [K] ,

[1, 24].

TAC = K(Tref − Tr)−Q+ Tr (4.1)

, K , Tref , Tr[K] , Q

.

. , . ,

, .

, .

, . ,

, ,

. ,

, , . ,

/ .

,

. , .

, , ,
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.

4.2

, u ,

1) center vent, 2) side vent, 3) upper vent, 4) foot 4

. ,

(5[oC]) . y

4 ( , , ( ), ( )) SET* ,

.

Fig. 4.1 .

,

. , SET* , Fig. 4.1 SET*

, SET* . , Fig. 4.1

θ = [θT θI ]
T , θT

θI . P (θ) ,

, θ .

y0(θ), u0(θ) SET*

. ,

, u0(θ) θI ∈ {0, 1000}[W/m2],

θT ∈ {20, 40}[oC] , Fig. 4.2 .

, θ u0(θ) . ,

, .

Fig.4.1 Control system
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Fig.4.2 Feedforward controller

K(θT ) , Λ(θ) ,

θ . , Fig. 4.1

,

K(θT ) (

) . , Λ(θ)

.

, K(θT ) Λ(θ)

.

4.3

4.3.1 L2 , H∞

x(t) ∈ R
n , L2 .

‖x‖2 =

(∫ ∞

−∞
xT(t)x(t)dt

) 1
2

< ∞ (4.2)

L2 .

H∞ G(s) , σ(G(jω))
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.

‖G‖∞ = sup
ω

σ(jω) (4.3)

, .

σ(jω) =

√
λ(G∗(jω)G(jω)) (4.4)

, λ(·) .

, L2 H∞ . y(s) = G(s)u(s)

, .

‖y‖22 =

∫ ∞

−∞
yT(t)y(t)dt

=
1

2π

∫ ∞

−∞
u∗(jω)G∗(jω)G(jω)u(jω)dω

≤ 1

2π

∫ ∞

−∞
u∗(jω)σ(G(jω))2u(jω)dω

≤ ‖G‖2∞
∫ ∞

−∞
uT(t)u(t)dt = ‖G‖2∞ · ‖u‖22 (4.5)

,

‖G‖∞ = sup
‖u‖2 �=0

‖y‖2
‖u‖2 (4.6)

. sup‖u‖2 �=0
‖y‖2

‖u‖2
L2 , H∞ .

4.3.2

P W .

(1) P > 0

(2) WTPW > 0

(1) , P x 
= 0 , xTPx > 0

. , x = Wz , xTPx = zTWTPWz > 0 , z 
= 0

, WTPW > 0 .

, (2) , z 
= 0 , zTWTPWz > 0

. , x = W−1z 
= 0 , zTWTPWz = xTPx > 0 , P > 0 .
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4.3.3 Schur complement

P ,

P =

[
P11 P12

PT
12 P22

]

.

(1) P > 0

(2) P11 > 0, P22 − PT
12P

−1
11 P12

(3) P22 > 0, P11 − P12P
−1
22 PT

12

(1) , W ,

W =

[
I −P−1

11 P12

0 I

]
(4.7)

WTPW =

[
P11 0
0 P22 − PT

12P
−1
11 P12

]
> 0 (4.8)

, (1) (2) . (1) (3)

, 3 .

4.3.4

G(s),{
ẋ = Ax+Bu
y = Cx+Du

(4.9)

, G H∞ γ .

‖G(s)‖∞ < γ (4.10)

, L2 H∞ .

‖G(s)‖∞ = sup
‖u‖�=0

‖y‖2
‖u‖2 < γ (4.11)

, ∫ t

0

yT(τ)y(τ)dτ < γ2

∫ t

0

uT(τ)u(τ)dτ (4.12)
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. , ,

.∫ t

0

{
yT(τ)y(τ)− γ2uT(τ)u(τ) +

d

dt
xT(τ)Px(τ)

}
dτ < 0 (4.13)

, .

yTy − γ2uTu+
d

dt
xTPx < 0 (4.14)

, .

(Cx+Du)T(Cx+Du)− γ2uTu+ (Ax+Bu)TPx+ xTP (Ax+Bu) < 0[
x
u

]T [
PA+ATP + CTC PB + CTD

BTP +DTC −γ2I +DTD

] [
x
u

]
< 0 (4.15)

, (LMI) .[
PA+ATP + CTC PB + CTD

BTP +DTC −γ2I +DTD

]
< 0 (4.16)

LMI P > 0 , (4.10) .

, .

, LMI 1
γ Q = 1

γP > 0 , Schur complement

LMI .[
QA+ATQ+ 1

γC
TC QB + 1

γC
TD

BTQ+ 1
γD

TC −γI + 1
γD

TD

]
=

[
QA+ATQ QB

BTQ −γI

]
+

1

γ

[
CTC CTD
DTC DTD

]

=

[
QA+ATQ QB

BTQ −γI

]
+

[
CT

DT

]T
1

γ
I

[
CT

DT

]

=

⎡
⎣QA+ATQ QB CT

BTQ −γI DT

C D −γI

⎤
⎦ < 0 (4.17)

4.3.5 S-procedure
T0, · · · , Tp ∈ R

n×n , T0

.

ζTT0ζ > 0 (4.18)

subject to

ζTTiζ ≥ 0, ζ 
= 1, i = 1, · · · , p
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.

T0 −
p∑

i=1

τiTi > 0, τi > 0 (4.19)

, (4.19) T0 τi [48] .

4.4

4.4.1

, (3.1) . ,

0 1000[W/m2], 20 40[oC] m

(xk
e , u

k
e , d

k
e), (k = 1, · · · , m) Talor .

, (δx, δu, δd) .

{
d
dtδx = Ak

l δx+Bk
l1δu+Bk

l2δd
δy = Ck

l δx+Dk
l1δu+Dk

l2δd
(4.20)

Ak
l , B

k
l1, B

k
l2, C

k
l , D

k
l1, D

k
l2 (3.1)

.

Ak
l =

∂f

∂x

∣∣∣∣
(xk

e ,u
k
e ,d

k
e )

, Bk
l1 =

∂f

∂u

∣∣∣∣
(xk

e ,u
k
e ,d

k
e )

, Bk
l2 =

∂f

∂d

∣∣∣∣
(xk

e ,u
k
e ,d

k
e )

,

Ck
l =

∂g

∂x

∣∣∣∣
(xk

e ,u
k
e ,d

k
e )

, Dk
l1 =

∂g

∂u

∣∣∣∣
(xk

e ,u
k
e ,d

k
e )

, Dk
l2 =

∂g

∂d

∣∣∣∣
(xk

e ,u
k
e ,d

k
e )

(4.21)

, 89 , ,

[49] . Fig. 4.3

, 20 . ,

[50] .

, xp , , ,

uK = δu, dp = δd, yp = δy . ,

(xk
e , u

k
e , d

k
e) , 20 .

{
ẋp = Ak

pxp +Bk
p1uK +Bk

p2dp
yp = Ck

pxp +Dk
p1uK +Dk

p2dp
(4.22)
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Fig.4.3 Hankel singular value of the linearized system

4.4.2 LPV

, uK yp ,

.{
ẋp = Ak

pxp +Bk
p1uK

yp = Ck
pxp +Dk

p1uK
(4.23)

, θT .

20[oC] 40[oC] ( 500[W/m2] ). ,

.

, LPV(Linear parameter

varying) PΔ(θT ) . ,

Fig. 4.4 . Fig. 4.4

, A, D

, , B, C . , PΔ(θT ) A

θT , B, C, D
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.

PΔ =

[
Ap(θT ) BΔ

CΔ DΔ

]
(4.24)

BΔ = {bij + δbij (t)Δbij}, CΔ = {cij + δcij (t)Δcij}, DΔ = dij + δdij
(t)Δdij}

, Bn ΔB .

Bn = {bij} ΔB = {Δbij} (4.25)

Δbij =
1

2
(max

k
bkij −min

k
bkij) (4.26)

, bkij k Bk
p1 (i, j) , bij

. , cij , Δcij , dij , Δdij .

, PΔ(θT ) BΔ, CΔ, DΔ δbij , δcij , δdij

Δ,

Δ ∈ BΔ = {diag(δ1, · · · , δq) : δi ∈ C, |δ| ≤ 1} (4.27)

, Fig. 4.5 . , Fig.

4.5 P̃ (θT ) [51].

P̃ =

⎡
⎣ Ap(θT ) Bd1 Bp2

Cp1 Dp11 Dp12

Cp2 Dp21 Dp22

⎤
⎦ (4.28)

B1 =
[
Bd 0 0

]
, B2 = Bn, C1 =

[
0 HT

C 0
]T

, C2 = Cn,

D11 = 0, D12 =
[
HT

B 0 HT
D

]T
, D21 =

[
0 Cd Dd

]
, D22 = Dn

Fig.4.5 Plant system with uncertainty
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Bd .

Bd = blockdiag(b1, b2, · · · , br) (4.29)

HB =
[
I · · · I

]T
(4.30)

bi ΔB i , HB I r . Cd, Dd, HC ,

HD .

, G ,

G =

[
A B
C D

]

, G {
ẋ = Ax+Bu
y = Cx+Du

.

, θT ,

θT (20[
oC] 40[oC]), Ap Ap, Ap , Fig. 4.4

Ap(θ) .

Ap(θT ) =
θT − θT

θT − θT
Ap +

θT − θT
θT − θT

Ap (4.31)

, P̃ (θT ) LPV .

4.4.3

, Fig. 4.6 WS

G . WS

. , Fig. 2.4

, middle , ,

. , 1 , , ,

(Fig. 4.7) .

W̃S =
1

3s+ 0.01
(4.32)

, Fig. 4.6 G .⎧⎨
⎩

ẋg = Ag(θT )xg +Bg1w +Bg2uK

z = Cg1xg +Dg11w +Dg12uK

e = Cg2xg +Dg21w +Dg22uK

(4.33)
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Fig.4.7 Weighting function for sensitivity

, z =
[
zT1 zT2

]T
, w =

[
wT

1 wT
2

]T
. , P̃ (θT )

, G(θT ) LPV

, G(θT ) Ag(θT ) .

Ag(θT ) =
θT − θT

θT − θT
Ag +

θT − θT

θT − θT
Ag (4.34)

4.4.4

,

H∞ . ,

. , ,

.

, K(θT ) .{
ẋK = AK(θT )xK +BK(θT )e
uK = CK(θT )xK

(4.35)

, K(θT ) G , LPV
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.[
AK(θT ) BK(θT )
CK(θT ) 0

]
=

θT − θT

θT − θT

[
AK BK

CK 0

]
+

θT − θT

θT − θT

[
AK BK

CK 0

]
(4.36)

, G(θT ) K(θT )

Gcl(θT ) ,

,

[49, 52] . , θT , θT

.

G K Gcl . ,

(4.33) (4.35) Gcl .

Gcl =

⎡
⎣ Ag Bg2CK Bg1

BKCg2 AK +BKDg22CK BKDg21

Cg1 Dg12CK Dg11 +Dg12DkDg21

⎤
⎦

=

[
Acl Bcl

Ccl Dcl

]
(4.37)

, , ,

.

Gcl(s) μΔ(Gcl) [53] .

ρ(Gcl(jω)) ≤ μΔ(Gcl(jω)) ≤ σ(Gcl(jω)) (4.38)

, ρ(Gcl(jω)) , σ(Gcl(jω)) . ,

ω .

μΔ(Gcl(jω)) ,

. , D(jω) ∈ D(D
) , D(jω) ,

.

μΔ(Gcl(jω)) ≤ inf
D(jω)∈D

(D(jω)Gcl(jω)D(jω)−1) ≤ σ(G(jω)) (4.39)

, D , H∞
.

μΔ(Gcl) ≤ inf
D∈D

‖DGclD
−1‖∞ (4.40)
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Fig.4.8 Scaling of the closed-loop system

, , ‖DGclD
−1‖∞ K D

.

D , Fig. 4.8

G̃cl = DGclD
−1 .

D ∈ D = {blockdiag(d1, · · · , dq, I) : di ∈ R, di > 0} (4.41)

, D , (blockdiag(Δ,ΔF ))

.

, γ = ‖DGclD
−1‖∞ , w̃ = Dw z̃ = Dz

L2 . , , [48, 54].

γ2 ≥ sup
‖w̃‖2 �=0

‖z̃‖22
‖w̃‖22

= sup
‖w‖2 �=0

∑
i d

2
i ‖zi‖22∑

i d
2
i ‖wi‖22

(4.42)

,

γ2
∑
i

d2i ‖wi‖22 ≥
∑
i

d2i ‖zi‖22

γ2

∫
wTSwdt ≥

∫
zTSzdt

γ2wTSw ≥ zTSz (4.43)

. , S = DTD = blockdiag(s1, · · · , sq, sq+1I) > 0 .

, 2 .

zTSz − γ2wTSw +
d

dt
xT
clPxcl < 0 (4.44)
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, P > 0 .

, (4.44) , , , Shur Cpmplement

[54] .⎡
⎣PAcl +AT

clP PBcl CT
cl

BT
clP −γS DT

cl

Ccl Dcl −γS−1

⎤
⎦ > 0 (4.45)

, P [52].

P =

[
Y N
NT Z

]
, P−1 =

[
X M
MT W

]
(4.46)

, X,Y ∈ R
n×n > 0, W,Z ∈ R

nk×nk > 0, M,N ∈ R
n×nk . ,

P−1P = I ,

P−1P =

[
X M
MT W

] [
Y N
NT Z

]

=

[
XY +MNT XN +MZ
MTY +WNT MTN +WZ

]
= I (4.47)

. , .

XY +MNT = I, XN +MZ = 0

MTY +WNT = 0, MTN +WZ = I (4.48)

, PP−1 = I ,

PP−1 =

[
Y N
NT Z

] [
X M
MT W

]

=

[
Y X +NMT YM +NW
NTX + ZMT NTM + ZW

]
= I (4.49)

, .

Y X +NMT = I, Y M +NW = 0

NTX + ZMT = 0, NTM + ZW = I (4.50)

, ΠX , ΠY ( ) .

ΠX =

[
X I
MT 0

]
(4.51)

ΠY =

[
I Y
0 NT

]
(4.52)
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,

PΠX =

[
Y N
NT Z

] [
X I
MT 0

]
=

[
Y X +NMT Y
NTX + ZMT NT

]
=

[
I Y
0 NT

]
= ΠY (4.53)

ΠT
XP =

[
X M
I 0

] [
Y N
NT Z

]
=

[
XY +MNT XN +MZ

Y N

]
=

[
I 0
Y N

]
= ΠT

Y(4.54)

, LMI .

ΠT
XPΠX = ΠT

XΠY =

[
X I

XY +MNT Y

]
=

[
X I
I Y

]
> 0 (4.55)

, (4.45) blockdiag(ΠX , I, I) .⎡
⎣ΠT

X 0 0
0 I 0
0 0 I

⎤
⎦
⎡
⎣PAcl +ATP PBcl CT

cl

BT
clP −γS DT

cl

Ccl Dcl −γS−1

⎤
⎦
⎡
⎣ΠX 0 0

0 I 0
0 0 I

⎤
⎦ > 0

⎡
⎣ΠT

XPAclΠX +ΠT
XATPΠX ΠT

XPBcl ΠT
XCT

cl

BT
clPΠX −γS DT

cl

CclΠX Dcl −γS−1

⎤
⎦ < 0 (4.56)

, .

ΠT
XPAclΠX = ΠT

Y AclΠX

=

[
AgX +Bg2Ĉ Ag

Â Y Ag + B̂Cg2

]
(4.57)

ΠT
XPBcl = ΠT

Y Bcl =

[
Bg1

Y Bg1 + B̂Dg21

]
(4.58)

CclΠX =
[
Cg1X +Dg12Ĉ Cg1

]
(4.59)

, .

Â = Y AgX + Y Bg2CKMT +NBKCg2X +N(AK +BKDg22CK)MT

B̂ = NBK

Ĉ = CKMT (4.60)

, .[
X I
I Y

]
> 0 (4.61)
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⎡
⎢⎢⎣
AgX +XAT

g +Bg2Ĉ + (Bg2Ĉ)T Ag + Â

∗ Y Ag +AT
g Y + B̂Cg2 + (B̂Cg2)

T

∗ ∗
∗ ∗

Bg1 (Cg1X +Dg12 ∗ Ĉ)T

Y Bg1 + B̂Dg21 CT
g1

−γS DT
g11

∗ −γS−1

⎤
⎥⎥⎦ < 0 (4.62)

(4.62) S , blockdiag(I, I, S−1, I)

.⎡
⎢⎢⎣
AgX +XAT

g +Bg2Ĉ + (Bg2Ĉ)T Ag + Â

∗ Y Ag +AT
g Y + B̂Cg2 + (B̂Cg2)

T

∗ ∗
∗ ∗

Bg1S
−1 (Cg1X +Dg12Ĉ)T

(Y Bg1 + B̂Dg21)S
−1 CT

g1

−γS−1 S−1DT
g11

∗ −γS−1

⎤
⎥⎥⎦ < 0 (4.63)

, [54]

.

1. S−1 = I , γ LMI X > 0, Y > 0, Â, B̂, Ĉ

.

2. 1 Y , B̂ , LMI γ S−1, X, Â, Ĉ ,

.

3. 2 S−1 , LMI .

4. γ 2 3 .

, ‖DGclD
−1‖∞ K S . 2 , γ

, γ S−1 , γ- [53]( )

γ . .

(1) γ γ ∈ {γmin, γmax} , γ = 1
2 (γmax + γmin)

LMI .
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(2) (1) γmax = γ, γmin = γ , ,

(1) .

(3) γ (1), (2) .

, , (4.61)

(4.63) , θT , θT .

,

.

CK = ĈM−1T (4.64)

BK = N−1B̂ (4.65)

AK = N−1(Â− Y AgX − Y Bg2CKMT −NBKCg2X)M−1T −BKDg22CK (4.66)

, AK , BK , CK . , (4.35), (4.36)

.

, 20, 40[oC]( 500[W/m2]) 2

, LMI SeDuMi . ,

[52, 55] .

Fig. 4.9 , θT θT ∈ {θT , θT } ,

. Fig. 4.9 ,

, .
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Fig.4.9 Open-loop transfer function
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4.5

4.5.1

,

. Fig. 4.10

. Fig. 4.10 , u ,

Sat(u) us u u .

us =

⎡
⎢⎣
Sat(u1)

...
Sat(um)

⎤
⎥⎦ (4.67)

Sat(ui) =

⎧⎨
⎩

ui (ui ≥ ui)
ui (ui < ui < ui)
ui (ui ≤ ui)

(4.68)

, P us us 
= u ,

. ,

u ,

. , ,

, .

, ,

. ,

.

-+
++

Fig.4.10 Control system with constraint of the actuator

4.5.2

.

[26, 56, 57, 58] ,
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[57, 58] .

Λ Fig. 4.11 . Fig. 4.11

, K P

. , Λ , ud us

K ,

. , ,

[57, 58].

, Fig. 4.11 Postlethwaite [26]

. ,

[57] ,

, .

, , .

, . , Λ

Fig. 4.12 . , Fig. 4.12 M , N P

+

+

+

+ -

-+-

Fig.4.11 Control system with the anti-windup compensator

+

+

+

+ -

- Saturation
+ -

Fig.4.12 Postlethwaite’s anti-windup compensator
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P = NM−1 , M − I N [59].

[
M − I
N

]
∼

⎧⎨
⎩

ẋa = (Ap +BpF )xa +Bpũ
ua = Fxa

ya = (Cp +DpF )xa +Dpũ
(4.69)

Ap, Bp, Cp, Dp P . ,

F .

, us usi (4.68) .

usi = Sat(udi) =

⎧⎨
⎩

udi (udi ≥ udi)
udi (udi < udi < udi)
udi (udi ≤ udi)

(4.70)

ud udi udi , u0i

, ui ≤ u0i ≤ ui

,

ui − u0i = udi < 0 < udi = ui − u0i (4.71)

.

, , Fig. 4.12 .

, M , N P

, Fig. 4.12 Fig. 4.13 .

, Dz(ud) . Dz(ud)

, Fig. 4.14 .

Dz(udi) = udi − Sat(udi) =

⎧⎨
⎩

udi − udi (udi ≥ udi = ui − u0i)
0 (udi < udi < udi)
udi − udi (udi ≤ udi = ui − u0i)

(4.72)

, U = [ud1, ud1] × · · · × [udm, udm] ∈ R
m ud ∈ U ,

ũ = Dz(ud) = 0 .

, Fig. 4.13 ,

K P . ,

uK ya . ,

uK ya L2 ,

. L2 , .

sup
‖uK‖2 �=0

‖ya‖2
‖uK‖2 ≤ γ (4.73)
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+

+

-

-

Dead zone

+ -

Fig.4.13 Equivalent system

0

Fig.4.14 Dead zone

2 .

d

dt
xT
aPxa + yTa ya − γ2uT

KuK < 0, P > 0 (4.74)

, u0

, udi ≤ 0 ≤ udi ( u0i = ui,

u0i = ui ). , Fig. 4.14

Dz(udi) ∈ Sector[0, I] , ud ∈ R
m ũ ∈ R

m

.

ũiudi ≥ ũ2
i , ∀i ∈ 1, · · · , m (4.75)

ũTW (ud − ũ) ≥ 0, W = diag(w1, · · · , wm) > 0 (4.76)

, S-procedure , .

d

dt
xT
a Pxa + yTa ya − γ2uT

KuK + 2ũTW (u− ũ) < 0 (4.77)
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, F LMI . (4.77) (4.69)

.

⎡
⎣xa

ũ
uK

⎤
⎦
T ⎡
⎣(Ap +BpF )TP + P (Ap +BpF ) + (Cp +DpF )T(Cp +DpF )

∗
∗

PBp + (Cp +DpF )TDp − FTW 0
−2W +DT

p Dp W
∗ −γ2I

⎤
⎦
⎡
⎣xa

ũ
uK

⎤
⎦ < 0 (4.78)

.⎡
⎣(Ap +BpF )TP + P (Ap +BpF ) + (Cp +DpF )T(Cp +DpF )

∗
∗

PBp + (Cp +DpF )TDp − FTW 0
−2W +DT

p Dp W
∗ −γ2I

⎤
⎦ < 0 (4.79)

, , 1
γ , Q = γP−1 > 0,

U = γW−1 > 0, L = FQ , Π = blockdiag(Q,U, I)

LMI .

⎡
⎣QAT

p +ApQ+BpL+ LTBT
p + 1

γQ(Cp +DpF )T(Cp +DpF )Q

∗
∗

BpU + 1
γQ(Cp +DpF )TDpU − LT 0

−2U + 1
γUDT

p DpU I

∗ −γI

⎤
⎦ < 0 (4.80)

, LMI .⎡
⎣QAT

p +ApQ+BpL+ LTBT
p BpU − LT 0

∗ −2U I
∗ ∗ −γI

⎤
⎦

+

⎡
⎣QCT

p + LTDT
p

UDT
p

0

⎤
⎦ 1

γ
I
[
CpQ+DpL DpU 0

]
< 0 (4.81)
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Schur complement LMI .⎡
⎢⎢⎣
QAT

p +ApQ+ LTBT
p +BpL BpU − LT 0 QCT

p + LTDT
p

∗ −2U I UDT
p

∗ ∗ −γI 0
∗ ∗ ∗ −γI

⎤
⎥⎥⎦ < 0 (4.82)

, F LMI Q > 0, L , F = LQ−1 .

,

, ,

[58, 60] . .

4.5.3

θ ,

Fig. 4.1 θ

. LPV ,

LPV .

, Λ , 0,1000[W/m2], 20,

40[oC] 4 (4.82) LMI

.

, Λ(θ) ( (4.69))

AΛ(θ), BΛ(θ), CΛ(θ), DΛ(θ) ,

.

[
AΛ(θ) BΛ(θ)
CΛ(θ) DΛ(θ)

]
= (θI−θI)(θT−θT )

(θI−θI)(θT−θT )

[
A

θI ,θT

Λ B
θI ,θT

Λ

C
θI ,θT

Λ D
θI ,θT

Λ

]
+

(θI−θI)(θT−θT )

(θI−θI)(θT−θT )

[
A

θI ,θT

Λ B
θI ,θT

Λ

C
θI ,θT

Λ D
θI ,θT

Λ

]

+
(θI−θI)(θT−θT )

(θI−θI)(θT−θT )

[
A

θI ,θT

Λ B
θI ,θT

Λ

C
θI ,θT

Λ D
θI ,θT

Λ

]
+

(θI−θI)(θT−θT )

(θI−θI)(θT−θT )

[
AθI ,θT

Λ BθI ,θT

Λ

CθI ,θT

Λ DθI ,θT

Λ

]

(4.83)

, θT , θT , θI , θI .

,

.
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4.6

4.6.1

Fig.4.1 .

.

, 0.6[Clo] , 1.6[Met] ,

. Fig. 4.15 JC08 .

Fig. 4.16 , . ,

, 60[deg] , Fig. 4.17 500[m]

. ,

.

12∑
i=1

W i
AC ≤ 0.15[kg/s], 0 ≤ W i

AC ≤ 0.02[kg/s],

T i
AC ≥ T i

duct =

{
5[oC] (for the front zone)
7[oC] (for the rear zone)

Table 4.1 .

Table4.1 Conditions of the simulation

ambient radiant temperature Ta[K]

ground temperature Ta + 20[K]

ambient relative humidity 50[%]

temperature of the engine room 80[oC]

absolute humidity from the HVAC 0.0042[kg/kg’]

COP of the evaporator 2.5[-]

(Ta[K] is ambient air temperature. )

30[oC] , Fig. 4.2

u0(θ) Fig. 4.18 . Fig. 4.18 ,

(SET*)

. , SET* 5[oC] (

5 , 10 15 ) , .

SET* . Fig. 4.19 SET*
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Fig.4.15 Velocity on JC08 mode
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Fig.4.16 Change of amount of the insolation

500m

N

S
Zenith:60[deg]

Azimuth:180[deg]

Fig.4.17 Course in the simulation

.

. Fig. 4.19 , ( )

, SET* . Fig. 4.19

, ,

SET* . , SET*

.
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Fig.4.18 SET* without the feedback controller

Fig.4.19 The view from the position of the sun

4.6.2

20, 30, 40[oC] ,

. ( 700[W/m2], ) .

, 40[oC] SET* Fig. 4.20 . SET*

, Fig. 4.18 SET*

, . Fig. 4.21 ,

Upper vent ,

.

, 30[oC] SET* Fig. 4.22 , Fig.
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4.23 . Fig. 4.22 , SET* 40[oC]

. , Fig. 4.23 , 40[oC]

, . ,

40[oC] ,

Fig. 4.21 .

20[oC] SET* Fig. 4.24, Fig. 4.25 . Fig. 4.24

, SET* SET*

. , SET* ,

SET* . 20[oC] SET*

, .

, . 20[oC] ,

Fig. 4.26, Fig.

4.27 . Fig. 4.26, Fig. 4.27 , SET*

Fig. 4.24 . ,

,

.

, (θT = 40[oC], θI =

1000[W/m2]) , (θT = 20[oC], θI = 0[W/m2])

, Fig. 4.17 JC08 Fig. 4.28,

Fig. 4.29 , Fig. 4.30, Fig. 4.31 . Fig. 4.28, Fig. 4.29 ,

, SET*

. Fig. 4.30, Fig. 4.31 , SET*

. ,

, , , SET*

. , SET* ,

SET* ,

.

, SET* , ,

, .
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Fig.4.20 SET* with the feedback controller at 40[oC]
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Fig.4.21 Control inputs at 40[oC]
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Fig.4.22 SET* with the feedback controller at 30[oC]
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Fig.4.23 Control inputs at 30[oC]
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Fig.4.24 SET* with the feedback controller at 20[oC]
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Fig.4.25 Control inputs at 20[oC]
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Fig.4.26 SET* without the anti-windup compensation at 20[oC]
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Fig.4.27 Control inputs without the anti-windup compensation at 20[oC]
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Fig.4.28 SET* at 40[oC] and 1000[W/m2]
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Fig.4.29 Control inputs at 40[oC] and 1000[W/m2]
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Fig.4.30 SET* at 20[oC] and 0[W/m2]
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Fig.4.31 Control inputs at 20[oC] and 0[W/m2]
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4.6.3

,

. , , 30[oC], 700[W/m2], 2[m/s]

, .

Fig. 4.32 .

,

( ).

, 30[oC] 0[kg/s] ,

.

W i
AC =

{
0 (T i

AC > 30[oC])
W i

AC (otherwise)
(4.84)

.

, SET* Fig. 4.33 . Fig. 4.33 ,

SET* . ,

, .

, .

2[min] , SET* , , Fig. 4.32

. , 10[min] , SET*

. Fig. 4.34 . Fig. 4.34 , SET*

. ,

, .

, Fig. 4.35 .
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Fig.4.32 Outlet air temperature
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. , 10[min] ,

.

, ,

Fig. 4.36, Fig. 4.37 .

, , .

, , SET*

. ,

, .
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Fig.4.33 SET* in cool down
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Fig.4.34 SET* in cool down (Scaled up)
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Fig.4.35 Inputs in cool down



4 105

0 5 10 15 20
10

20

30

40

50

60

time[min]

Head

Right leg
Left leg

Whole body
Trunk

Right armLeft arm

S
E

T
*

[ 
 C

]
o

Fig.4.36 SET* without the anti-windup compensation in cool down
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Fig.4.37 Control inputs without the anti-windup compensation in cool down
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5

5.1

,

,

. , ,

. ,

, . ,

, .

Fig. 5.1 , .

, ξ . ,

,

+
+

+-

+ -

-

+
+

HVAC
system

Thermal
environment

Estimator

Controller

Actual plant

Fig.5.1 Control system with a comfort estimator
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. ŷ y

, ŷ , y .

, [61]

, [27] .

,

, PMV ,

.

. , ,

. , ,

PMV ,

, .

, SET* , 1)

, 2) / 2

.

, , Fig. 5.2

. Fig. 5.2 , , , ,

. ,

, , . ,

, . ,

, ,

Insolation

  Automotive

interior & air

  Automotive

     exterior

Passenger

 Comfort

evaluationInputs from HVAC system

Ambient environment

 Position of the sun

SET*

Amount of  the insolation

Fig.5.2 System for comfort evaluation
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. 6 , SET*

.

, , , , ,

. , ,

.

5.2 H∞

5.2.1

, Fig. 5.2 , , , ,

. ,

.

, . ,

( ) ,

. , , , , ,

, , ,

. , .

•
•
• ( 4, )

•
• ( 2, , )

•
• ( 12, defogger )

• ( 4, 4 )

•
•

, , , , ξ

. , IR .

, -

. , ( (4.20)) Al
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Insolation

   model

    Observer

(interior & air)

Passenger

   model

 Comfort

evaluation

Inputs from HVAC system
IR sensor, Humidity sensor

 Position of the sun

SET*

Amount of  the insolation Absorbed amount of the insolation

+

+

-

-

++

Fig.5.3 Comfort estimation with the observer

Co , (Co,Al) Uo

,

rank(Uo) = rank

⎛
⎜⎜⎜⎝
⎡
⎢⎢⎢⎣

Co

CoAl

...
CoA

88
l

⎤
⎥⎥⎥⎦
⎞
⎟⎟⎟⎠ = 57 (5.1)

, 89 ,

.

, Fig. 5.2 , Fig. 5.3 . Fig.5.3

, , ,

, . , Fig. 5.2 ,

. ,

46 ,

.

, Uo rank(Uo) = 46 .

, ,

.

, ,

. ,

, ,

. , Fig. 5.3

, , ,

.
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, H∞ .

, , L2 .

, , H∞ [62] ,

. ,

, [63]

. .

5.2.2 H∞

Fig. 5.3 ,

.

,

, xo . , ( (4.20))

, .{
δẋo = Aoδxo +Bo1δu+Bo2dp
δξ = Coδxo + v

(5.2)

, xoe δxo = xo − xoe, δu = us − u0 ,

dp , v . , ξe δξ = ξ − ξe .

, (Co,Ao) .

, .{
δ ˙̂xo = Aoδx̂o +Bo1δu+ F (δξ − δξ̂)

δξ̂ = Coδx̂o
(5.3)

, δu .

, , e .

e = δxo − δx̂o (5.4)

ė .

ė = Aoδxo +Bo1δu+Bo2dp −Aoδx̂o −Bo1δu− F (δξ − δξ̂)

= (Ao − FCo)e+Hw (5.5)

, H = [Bo2 − F ], w =
[
dTp vT

]T
.

, , dp,

v Wd, Wv d̃ = Wddp, ṽ = Wvv ,
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Observer

Plant

+

-

+

-

Fig.5.4 System to design the observer

, We . Fig. 5.4

w ẽ = Wee F . ,

H∞ , L2 . , w

ẽ L2 .

sup
‖w‖�=0

‖ẽ‖2
‖w‖2 < γ (5.6)

2 ,

‖ẽ‖22 − γ2‖w‖22 + e(∞)TPe(∞)− e(0)TPe(0) < 0∫ t

0

{
eTW 2

e e− γ2wTw +
d

dt
eTPe

}
dt < 0

eTW 2
e e− γ2wTw + ėTPe+ eTP ė < 0 (5.7)

. , (5.5) ,

eTW 2
e e− γ2wTw + eT(Ao − FCo)

TPe+ eTP (Ao − FCo)e

+ dTpWdB
T
o2Pe− vWvTFTPe+ eTPBo2Wddp − eTPFWvv < 0 (5.8)

. , .

⎡
⎣ e
dp
v

⎤
⎦
T ⎡
⎣(Ao − FCo)

TP + P (Ao − FCo) +W 2
e PBo2Wd −PFWv

∗ −γ2I 0
∗ ∗ −γ2I

⎤
⎦
⎡
⎣ e
dp
v

⎤
⎦ < 0(5.9)

, .⎡
⎣(Ao − FCo)

TP + P (Ao − FCo) +W 2
e PBo2Wd −PBo2Wv

∗ −γ2I 0
∗ ∗ −γ2I

⎤
⎦ < 0 (5.10)
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P , F , L = PF .⎡
⎣AT

o P + PAo − CTLT − LCo +W 2
e PBo2Wd −LWv

∗ −γ2I 0
∗ ∗ −γ2I

⎤
⎦ < 0 (5.11)

, Shur complement ,⎡
⎢⎢⎣
AT

o P + PAo − CT
o L

T − LCo PBo2Wd −LWv We

∗ −γI 0 0
∗ ∗ −γI 0

∗ ∗ −γI

⎤
⎥⎥⎦ < 0 (5.12)

. (LMI) , LMI γ P > 0, L

, L2 F F = P−1L

.

5.3

5.3.1

.

,

.

(PMV) [27]

, .

, Fig. 5.2 ,

.

• {ũi}Ni=1 (N = 31, )

, , ( 4, ), ,

( 2, , ), ,

( 12, defogger ), ( 4, 4 ),

(x,y,z ), ,

• {yk}Lk=1 (L = 4, )

SET*( , , , )

, IR . ,

Fig. 5.5 . Fig. 5.5 ,



5 113

Inputs from HVAC system

 Position of the sun

SET*

Amount of  the insolation

IR sensor, Humidity sensor

Ambient temperature

...

...

...
...

Neural network

Fig.5.5 Estimator with a neural network

Hidden unit

Input unit

Output unit ...

...

...

...

...

Fig.5.6 Recurrent neural network

Fig. 5.3 ,

.

, , {-1, 1}
, {0, 1} .

, Fig. 5.2

,

. , Fig. 5.6 3 .

, 1

,

. , Fig. 5.2

, .



5 114

5.3.2

. Fig. 5.6

, , , 3 ,

.

.

{ũi}Ni=1 {Ui}Ni=1 , 1

{yk(τ − 1)}Lk=1 {Ui}N+L
i=N+1 ,

. , 1 , {ui}N+L
i=1

.

ui =

{
ũi (i ∈ {1, N})
yk(τ − 1) (i ∈ {N + 1, N + L}) (5.13)

, U0 , u0 = 1 .

, ui , whu
ji

, {Hj}Mj=1 . {Hj}Mj=1

{ahj }Mj=1 .

ahj =
N+L∑
i=0

whu
ji ui (5.14)

hj .

[64] . , Fig.

5.7 .

φ(x) =
1

1 + e−x
(5.15)

dφ

dx
= φ(x)(1− φ(x)) (5.16)

, Hj hj .

hj =

{
φ(ahj ) = φ

(∑N
i=0 w

hu
ji ui

)
(j ∈ {1, · · · ,M})

1 (j = 0)
(5.17)

, H0 , h0 = 1 .
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Fig.5.7 Sigmoid function

, hj wyh
kj {Yk}Lk=1 .

{Yk}Lk=1 {ayk}Lk=1 .

ayk =
M∑
j=0

wyh
kj hj (5.18)

, yk φ( ) .

yk = φ(ayk) = φ

⎛
⎝ M∑

j=1

wyh
kj hj

⎞
⎠ (5.19)

, yk ũ . ,

, .

yk ,

wyh
kj , w

hu
ji M .

, . M

,

. , M∗ , ,

.

, .

{hj}Mj=1 .

⎡
⎢⎣
h1

...
hM

⎤
⎥⎦ = φ

⎛
⎜⎜⎜⎝
⎡
⎢⎣
whu

10 whu
11 · · · whu

1(N+L)

...
...

...
whu

M0 whu
M1 · · · whu

M(N+L)

⎤
⎥⎦
⎡
⎢⎢⎢⎣

1
u1

...
uN+L

⎤
⎥⎥⎥⎦
⎞
⎟⎟⎟⎠ (5.20)
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{yk}Lk=1 .

⎡
⎢⎣
y1
...
yL

⎤
⎥⎦ = φ

⎛
⎜⎜⎜⎝
⎡
⎢⎣
wyh

10 wyh
11 · · · wyh

1M
...

...
...

wyh
L0 wyh

L1 · · · wyh
LM

⎤
⎥⎦
⎡
⎢⎢⎢⎣

1
h1

...
hM

⎤
⎥⎥⎥⎦
⎞
⎟⎟⎟⎠ (5.21)

, , .

5.3.3

, 3

, (Back propagation : BP

)[64] . ,

. ,

, .

. , .

E .

E =
1

2

L∑
k=1

(yk − dk)
2 (5.22)

, {dk}Lk=1 {yk}Lk=1 .

. , wij

, .

w∗
ij = wij − ηΔwij (5.23)

Δwij =
∂E

∂wij
(5.24)

, η , . (5.24)

wij E . , ,

,

.

, ,

{u}Ni=1, {h}Mj=1, {y}Lk=1 . , ∀wij 
= 0

.
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, Δwyh
kj . Δwyh

kj

(5.22) , .

Δwyh
kj =

∂E

∂wyh
kj

=
∂E

∂yk

∂yk
∂ayk

∂ayk
∂wyh

ij

= (yk − dk)φ
′(ayk)hj

= (yk − dk)yk(1− yk)hj

= δykhj (5.25)

, (5.16) . , δyk

.

, Δwhu
ji . , .

Δwhu
ji =

∂E

∂whu
ji

=
∂E

∂ahj

∂ahj
∂whu

ji

=
L∑

k=1

∂E

∂yk

∂yk
∂ayk

∂ayk
∂hj

∂hj

∂ahj

∂ahj
∂whu

ji

=
L∑

k=1

(yk − dk)φ
′(ayk)w

yh
kj φ

′(ahj )ui

=
L∑

k=1

(
δykw

yh
kj

)
hj(1− hj)ui

= δhj ui (5.26)

, whu
ji δyk . ,∑L

k=1

(
δykw

yh
kj

)
, δyk Yk, Hj

Hj . ,

.

,

. , .

5.3.4 Back propagation through time (BPTT )

, Fig. 5.6

. 2

, Back
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propagation through time (BPTT ) ,

Real time recurrent learning (RTRL ) [64] . BPTT

, .

, t0 ≤ τ ≤ tn .

E(t0, tn) .

E(t0, tn) =
1

2

tn∑
τ=t0+1

L∑
k=1

{
(yk(τ)− dk(τ))

2
}

(5.27)

, ,

yk(τ) dk(τ) ,

.

, t0 ≤ τ ≤ tn

Fig. 5.8 . ,

, .

, t0 + 1 ≤ τ ≤ tn − 1 ,

. BPTT . , BPTT

.

, , wij .

w∗
ij = wij − η

tn∑
τ=t0+1

Δwij(τ) (5.28)

, Fig. 5.8 τ = tn -

...

...

...
......

...

...
.......

...

...

...
...

Fig.5.8 Connection of the networks through time
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. , Δwyh
kj (tn) .

Δwyh
kj (tn) =

∂E(t0, tn)

∂wyh
kj

=
∂E(t0, tn)

∂yk(tn)

∂yk(tn)

∂ayk(tn)

∂ayk(tn)

∂wyh
kj

= (yk(tn)− dk(tn))φ
′(ayk(tn))hj(tn)

= δyk(tn)hj(tn) (5.29)

, τ = tn - {U}Ni=1 ,

.

Δwhu
ji (tn) =

∂E(t0, tn)

∂whu
ji

=
∂E(t0, tn)

∂ahj (tn)

∂ahj (tn)

∂whu
ji

=
L∑

k=1

∂E(t0, tn)

∂yk(tn)

∂yk(tn)

∂ayk(tn)

∂ayk(tn)

∂hj(tn)

∂hj(tn)

∂ahj (tn)

∂ahj (tn)

∂whu
ji

=
L∑

k=1

(yk(tn)− dk(tn))φ
′(ayk(tn))w

yh
kj φ

′(ahj (tn))ui(tn)

=

L∑
k=1

(
δyk(tn)w

yh
kj

)
hj(tn)(1− hj(tn))ui(tn)

= δhj (tn)ui(tn) (5.30)
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, - {U}N+L
i=N+1 .

Δwhy
ji (tn) =

∂E(t0, tn)

∂why
ji

=
∂E(t0, tn)

∂ahj (tn)

∂ahj (tn)

∂why
ji

=
L∑

k=1

∂E(t0, tn)

∂yk(tn)

∂yk(tn)

∂ayk(tn)

∂ayk(tn)

∂hj(tn)

∂hj(tn)

∂ahj (tn)

∂ahj (tn)

∂why
ji

=
L∑

k=1

(yk(tn)− dk(tn))φ
′(ayk(tn))w

yh
kj (tn)φ

′(ahj (tn))yi(tn − 1)

=
L∑

k=1

(
δyk(tn)w

yh
kj

)
hj(tn)(1− hj(tn))yi(tn − 1)

= δhj (tn)yi(tn − 1) (5.31)

, τ = tn − 1 . , -

.

Δwyh
kj (tn − 1) =

∂E(t0, tn)

∂wyh
kj

=
N∑
j=1

∂E(t0, tn)

∂yk(tn − 1)

∂yk(tn − 1)

∂ayk(tn − 1)

∂ayk(tn − 1)

∂wyh
kj

=

⎧⎨
⎩yk(tn − 1)− dk(tn − 1) +

N∑
j=1

δhj (tn)w
hy
jk

⎫⎬
⎭φ′(ayk(tn − 1))hj(tn − 1)

= δyk(tn − 1)hj(tn − 1) (5.32)

, tn δhj (tn) tn − 1 -

.

τ = tn − 1 - .

Δwhu
ji (tn − 1) = δhj (tn − 1)ui(tn − 1) (5.33)

Δwhy
ji (tn − 1) = δhj (tn − 1)yi(tn − 2) (5.34)

, .
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t0 + 1 ≤ τ ≤ tn

Δwyh
kj (τ) = δyk(τ)hj(τ) (5.35)

Δwhu
ji (τ) = δhj (τ)ui(τ) (5.36)

Δwhy
ji (τ) = δhj (τ)yi(τ − 1) (5.37)

δyk(τ) =

{ {yk(τ)− dk(τ)}φ′ (ayk(τ)) (τ = tn){
yk(τ)− dk(τ) +

∑N
j=1 w

hy
jk δ

h
j (τ + 1)

}
φ′ (ayk(τ)) (t0 + 1 ≤ τ ≤ tn − 1)

(5.38)

, Np , E .

E(t0, tn) =
1

2

Np∑
p=1

tn∑
τ=t0+1

L∑
k=1

{
(ypk(τ)− dpk(τ))

2
}

(5.39)

, ypk(τ), dpk(τ)) p

.

.

w∗
ij = wij − η

Np∑
p=1

tn∑
τ=t0+1

Δwp
ij(τ) (5.40)

Δwp
ij(τ) p , (5.35) (5.38)

.

5.3.5

10 , 4

. Table 5.1 .

,

. , . ,

20 , 0.5[s] .

,

40 . , BPTT . , (5.39)

Fig. 5.9 . , ,

. , .
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Table5.1 Learning data of neural network

pattern ambient temperature control insolation initial value

1 30[oC] FF 0 1000[W/m2](sine wave) equilibrium point

2 20[oC] FF 0 1000[W/m2](sine wave) equilibrium point

3 40[oC] FF 0 1000[W/m2](sine wave) equilibrium point

4 30[oC] FF+FB 0 1000[W/m2](sine wave) equilibrium point

5 20[oC] FF+FB 0 1000[W/m2](sine wave) equilibrium point

6 40[oC] FF+FB 0 1000[W/m2](sine wave) equilibrium point

7 30[oC] FF+FB 500[W/m2](constant) equilibrium point

8 20[oC] FF+FB 500[W/m2](constant) equilibrium point

9 40[oC] FF+FB 500[W/m2](constant) equilibrium point

10 30[oC] FF+FB 500 900[W/m2](sine wave) cool down

(FF:Feedforword controller, FB:Feedback controller)

0
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2

10
3

10
4

10
5

E
rr

o
r

Number of iteration

Fig.5.9 Value of objective function with BPTT method

5.4

5.4.1

Fig. 5.1 ,

. , 2 .

, ,

. , 0.6[Clo] ,

1.6[Met] , , JC08 .

Fig. 4.16 , , 60[deg] , Fig. 4.17 500[m]
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.

10[oC] . 4 .

, . , e = xo−x̂o

, Fig. 5.10, Fig. 5.11 . Fig. 5.10 (12
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Fig.5.15 Estimated error of air temperature in cool down
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Fig.5.16 Estimated error of interior temperature and humidity in cool down
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Fig.5.24 SET* with neural network in cool down
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Fig.5.25 SET* with neural network in cool down (scaled up)
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Study, Pflügers Archiv für die gesamte Physiologie des Menschen und der Tiere

Vol.291, pp.129-162 (1966)

[14] J.A.J. Stolwijk: A Mathematical Model of Physiological Temperature Regulation in

Man, NASA CONTRACTOR REPORT 1855 (1971)

[15] , , : 65

, No.541, pp.9-16 (2001)

[16] K.C. Persons: Human Thermal Environments (Second Edition), Taylor & Francis

(2003)

[17] : ,

(2011)

[18] : , , pp.48-53 (1994)

[19] , , : ,

572 , pp.17-22 (2003)

[20] B. Gebhart: Surface Temperature Calculations in Radiant Surroundings of Arbitrary

Complexity - for gray, diffuse radiation, International Journal of Heat and Mass

Transfer, Vol. 3, Issue 4, pp. 341-346 (1961)

[21] Richard E. Bird, Carol Riordan: Simple Solar Spectral Model for Direct and Diffuse

Irradiance on Horizontal and Tilted Planes at the Earth’s Surface for Cloudless At-

mospheres, Journal of Climate and Applied Meteorology Vol.25(1), pp.87-97 (1986)

[22] , : , (1978)

[23] P. O. Fanger: Thermal Comfort, McGraw-Hill New York (1972)

[24] : 2013( ),

(2013)

[25] , , : -SET* ,

, Vol.26, No. 4, pp.97-102 (1995)

[26] M.C. Turner, G. Herrmann, I. Postlethwaite: Anti-windup Compensation using a

Decoupling Architecture, Advanced Strategies in Control Systems with Input and

Output Constraints Lecture Notes in Control and Information Sciences, Vol. 346,

pp. 121-171 (2007)



135

[27] , : ,

, Vol.40, No.5, pp.43-51(2005)

[28] Tetens, O: Über einige meteorologische Begriffe, Z Geophys. 6, pp.297-309 (1930)

[29] : 5 , (2008)

[30] B.E. Ainsworth, W.J. Haskell, M.C. Whitt, M.L. Irwin, A.M.Swartz, S.J. Strath,

W.L. O’Brien et.al.: Comendium of Physical Activities: An Update of Activity Codes

and MET Intensities, Medicine and science in sports and exercise (32), pp.498-516

(2000)

[31] , , , :

, 8 (2008)

[32] : ,

(2009)

[33] , : ,

(6), pp.19-25 (1978)

[34] , , :

( 8) : ,

(40), pp.189-192 (2000)

[35] , , , , , :

, 621 ,

pp.23-28 (2007)

[36] : , (1994)
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A

A.1

Si Δi
l Sj Möller [37]

.

, O , L , Sj Δj
l

V0, V1, V2 . , Fig.A.1 , E1 = V1 − V0,

E2 = V2 − V0, P = O − V0 . Δj
l X

X = pE1 + qE2 + V0 (A-1)

Fig.A.1 Möller’s method to judge ray/triangle intersection
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, p, q, O X d = ‖P‖ .⎡
⎣ d

p
q

⎤
⎦ =

1

(L× E2) · E1

⎡
⎣ (P × E1) · E2

(L× E2) · P
(P × E1) · L

⎤
⎦ (A-2)

, O Δj
l .

d ≥ 0, p ≥ 0, q ≥ 0, p+ q ≤ 1 (A-3)

Sj , d

.

A.2

3D ,

A.2 . ,

.

,

.

Head

R. arm

L. arm

Trunk

R. leg

L. leg

Fig.A.2 Ray shooting
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B

B.1

( θy[rad]) .

.

, Fig.B.1 A , B, C . θy

AB, BC .

Fig.B.1 Spherical trigonometry

2 (B, C) , 2

.

B =
[
cos(φ1) cos(λ1) cos(φ1) sin(λ1) sin(φ1)

]T
(B-1)

C =
[
cos(φ2) cos(λ2) cos(φ2) sin(λ2) sin(φ2)

]T
(B-2)
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, φ1, φ2[rad] B,C , λ1, λ2[rad]( ) .

, B,C l1,2[m] .

l1,2 = R cos−1(BTC) (B-3)

, R[m] .

θy[rad] . , , .

sin(λ2 − λ1)

sin(a)
=

sin(θ)

sin(π/2− φ2)
(B-4)

a B, C . (B-4) sin(a) .

sin(a) =
sin(λ2 − λ1) cos(φ2)

sin(θ)
(B-5)

, .

sin(a) cos(θy) = cos(π/2− φ2) sin(π/2− φ1)− sin(π/2− φ2) cos(π/2− φ1) cos(λ2 − λ1)

tan(θy) =
sin(φ2) cos(φ1)− cos(φ2) sin(φ1) cos(λ2 − λ1)

sin(λ2 − λ1) cos(φ2)
(B-6)

, θy[rad] .

θy = tan−1

(
sin(φ2) cos(φ1)− cos(φ2) sin(φ1) cos(λ2 − λ1)

sin(λ2 − λ1) cos(φ2)

)
(B-7)
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Fig.B.2 Driving route
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Fig.C.1 2 passengers in the automobile
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