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Nonlinear Switching Systems
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Abstract In this work, an economic model predictive control (EMPC) and corresponding switching strategy for nonlinear

switching systems are presented to handle the unreachable problem between mode transitions. An open-loop optimal

transition for systems to prepare for upcoming switching is proposed. The corresponding calculation is done in the RTO

layer, and optimal mid points and trajectories are updated in due time. Systems states are driven to the mid points

respectively in the preparation phase and transition to the succeeding mode is complished in the switching phase by

a switching scheme. Both optimal steady-states and mid points′ asymptotic stability in the related mode are insured

by a dissipativity based EMPC with auxiliary controlling index, and simultaneously a computational upper bound is

established for best improving the transition economic performance. Transient performance analysis and simulation result

have verified the validity of the method.
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N�ó���S, Ó���U~���Ǒó�G�éA�²L�I3��)�L§�\Èþ. �.XÚ��Û`z~^©�4���(�ò)�¥éuS�!°�!²L�õ8IÅ�©). ¢�`z��âNÝ��Oy�ü�&E, l¡��ÛXÚ�N²L5�ÆÝ, �Ñ÷v�fXÚ$1�å�­�²L`z:. e�k?���~^ MPC (Model

predictive control) Ä��lþ��Ñ�­�²L`z:, nÜ?nXÚ$1L§¥��å�6Ä, ¿�.����£´Ü·��½�. Ó�, #ó�I�e��Û`z$1���XÚ3ó�L§¥, é½�)�eØÓü�Oy!��ºÝ�é��.Cz
(XØÓ1g|©�É��Æ!ØÓ�AL§ó¹Cz) ÑkéA�XÚ�ªCz, 3ù«�¹e��Û`z¯K�8(u?Ø����5XÚ3V���(�e�²L`z$1.



1018 g Ä z Æ � 43ò8
õê��5XÚ�Û`z$1�$��ª´ïá3 “­�b�”[1] Ä:þ, Ïd, ��5XÚ�ª���ïÄ9:3u�y���ª$1ó�:�­½5!°�59�ªm�²­LÞ[2−6] . Ù¥,du����É�O�Kú��, ØÓ�ªe`z¯K��1��7�3�8, k�Ü©ïÄó��Ä��O�þ��¹e�yXÚ3�ó���S���15[7] . #ó�I�e, XÚª������ “­�b�” ØU÷v, $1Ä�L§¥�²L5C�Ø��Ñ. C
5, Æöò²Lýÿ��[8−10]

(Economic model predictive control, EMPC)$^�����5XÚ¥, éuJpXÚ3��$1L§¥�²L5kwÍ�z. EMPC ´�«3/ªþ!$1üÑþ�¢��)� MPC �Ó�EÄ�����{, Ù3z��ǑÓ�I¢��)��k����`��¯K. � EMPC ���5U�IǑ���²L�I�'�2Â5U�I, �½5Ú
(½) à5Ø2�y. Ïd, 3?Ø­½5¯Kþ,

EMPC ~~I�Ú\�	�b�^�½�å. ~5��{Ì�k±eü«: ©z [8] ¥ÄgJÑ�ÑÑ5^�ÏL�E'u²L5U�I!XÚ�.!­�²L`z:�Ø�ª�å'X, �E
éA� Lyapunov ¼ê, l
�y­�²L`z:�­½5. ±db�ǑÄ:, �Yó�ÿ��ªà8�å EMPC[9]!�ªà�å EMPC �[10]; ,�a�{ÏL�E9Ï Lyapunov ¼êÚ (½) Lyapunov��ì, òÙ�Ǒ�å�\��Ç¢��)�¯K¥, �éëYXÚk©z [11− 12], lÑXÚk©z
[13− 14]. Ta�{3�½§ÝþO��{áÚ�,�4�XÚ�²L5UòÉ�u¤�E�9Ï��ì99Ï Lyapunov ¼ê.�é��5��XÚ� EMPC, 8
�ó�3XÚ
��ª�1��3�8�
Je, �y
��L§�²­LÞ¿Jp
²L5U[12, 15]. ©z
[12] æ^Äu Lyapunov ¼ê� EMPC, z��ªe EMPC �áÚ�Ǒ9Ï��ì���8, 
�ü��ª�{áÚ�I�3�8; ©z [15] Äuÿ���ªà8�å EMPC[16] ��ª�y­½5, Ù
��ªe�­�`z:I u���ªªà�å8¥. É�u EMPC ?Ø­½5�E,5, éu3�ó���S���XÚ, XÛ�ÄLÞL§�²L5U¿²­��, ��k¤Ù�ó�.�éù�¯K, �©æ��g�´�E�X��1¥mLÞ­�:ÿ�
��ª��1�, ÏL�OÛÜ EMPC ��ì, òG�Åg=£�¥m:¿�¤��. 3ù�üÑe, �©�E
ÄuÑÑ� EMPC 9Ï5U�I, 39Ï5U�I��e�

EMPC U
�y?��1­�:ìC­½, ¿��U%C�²L5U�I; ?�Ú, �©�O
éA���üÑ, 3�ª~5$1�, �{�yG�­½3T�ª�­�²L`z:. Ó�, 3�ª����â
��ª�²L�I�)Ú�#�1¥m:9�`;,, òG�Åg=£�¥m­�:¿|^�`;,�yG�3�ªm�²­LÞ. ¤J�{·^u�3Ø��¯K���5��XÚ, ¢S�ö�5r, 3�y²­���Ä:þJp
6�L§�²L5, �ý(J�y
�{�k�5.ÎÒ`²: 8Ü I L«�K�ê8. S≥aL«8Ü÷v S≥a = {x ∈ S;x ≥ a}, Ó�,

S[a,b] = {x ∈ S; a ≤ x ≤ b}, Ù¥ a, b ∈ I.

|·| L«îAp��ê. Bxs(r) L«4¥�÷v:

Bxs(r) : {xxx : |xxx− xxxs| ≤ r}. Class L L«�a½Â3 γ : R≥0 → R≥0 þ�ëY�üN4~¼ê, ÷v
limx→∞ γ(x) = 0, f ◦ g(x) L«EÜ¼ê f(g(x)).

1 ¯K£ã9Ä�½Â�ÄXe��5XÚlÑ�m�.:

xxx(k + 1) = fffσ(k)(xxx(k),uuu(k)) (1)Ù¥, k ∈ I≥0, xxx(k) ∈ R
nx L«G�Cþ,

uuu(k) ∈ R
nu ǑÑ\Cþ. �©�Ä�XÚØ�ul�5y��k�����ª, �¤k�ªäk�Ó�G�CþÚÑ\Cþ�ê, ¿����u)äkgÌ5. 3��u)
, ó�3��ª�XÚl τ �Ǒ������, ��´#Nu)��, äkO��m Tp. X)��Æ�1g��!ó¹^��UC!ü�OyCz�ØÓó�?ÖeÚå�.�Cz. Ïd, σ : [k0, k1) → I≥1,

σ(k + 1) = ϕ(k,xxx(k), σ(k), τ, Tp), Ǒ��
ó��ª!XÚG�9�mk'�¼ê. éu(½ σ(k) = i�ªe, �.Ǒ fff i(xxx(k),uuu(k)) : Rnx ×R
nu → R

nx ,�)�8IéA�²L�IǑ lie(xxx(k),uuu(k)) :

R
nx × R

nu → R. G��åǑ xxx(k) ∈ X i, Ñ\�åǑ uuu(k) ∈ U i.b� 1. ²L5U�I lie(·) 3R
nx × R

nu þëY, ���ªe�. fff i(·) 3 X i × U i þ|ÊF℄ëY, ÷v:

|fff i(xxx1,uuu1)−fff i(xxx2,uuu2)| ≤ Li
fx
|xxx1−xxx2|+L

i
fu
|uuu1−uuu2|

(2)b� 2. �ª i e�3 (�Ø��) ­�²L`z: (xxx∗
i ,uuu

∗
i ) ǑXe¯K��`), Ø���5,
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l̄ie = lie(xxx
∗
i ,uuu

∗
i ) = 0.

min lie(xxx,uuu) s. t. xxx = fff i(xxx,uuu),xxx ∈ X i,uuu ∈ U i

(3)½Â 1. �ª i e�­�: (xxxs
i ,uuu

s
i ) � N Ú��G�8ÜǑ

φi(xxx
s
i , N) = {xxx(N) : ∀k ∈ I[0,N−1],∃uuu(k) ∈ U i,

xxx(0) = xxxs
i ,xxx(k + 1) = fff i(xxx(k),uuu(k)),xxx(k) ∈ X i}

(4)½Â 2. N Ú��� (xxxs
i ,uuu

s
i ) ��©�1G�8ÜǑ

ψi(xxx
s
i , N) = {xxx(0) : ∀k ∈ I[0,N−1],∃uuu(k) ∈ U i,

xxx(N) = xxxs
i ,xxx(k + 1) = fff i(xxx(k),uuu(k)),xxx(k) ∈ X i}

(5)½Â 3. �ª i e, ����Ǒ N ��­�:
xxxs

i �'�¤é�1�å8½ÂǑ
Zi(xxxs

i ) = {(xxx,uuu) : xxx ∈ ψi(xxx
s
i , N),

uuu ∈ U i, fff i(xxx,uuu) ∈ ψi(xxx
s
i , N)} (6)b� 3. �ª i eéA�¤é�1�å8þ÷v Zi(xxxs

i ) 6= ∅ �Ǒ;8.aquõê EMPC ©z [8−12] ¥'uXÚ¢S$1²L5�½Â, éuz��ª(½� (xxx∗
i ,uuu

∗
i ),�©¤�Ä���XÚ6�L§²L5 (Transient

performance) Ǒeã/ª:

JS
i (xxxµ(k), µµµ(xxx(k))) =

− (Ts − τi)l̄
i
e − (τi+1 − Ts)l̄

i+1
e +

Ts−1∑

k=τi

lie(xxxµ(k),µµµ(xxx(k)))+

τi+1−1
∑

k=Ts

li+1
e (xxxµ(k),µµµ(xxx(k))) (7)Ù¥, (xxxµ(k),µµµ(xxx(k))) L«XÚ¢SG�;,, τiL«XÚ3�ª i e l (xxx∗

i ,uuu
∗
i ) ��Ǒ, τi+1 L«3�ª i+ 1 e­½� (xxx∗

i+1,uuu
∗
i+1) ��Ǒ. Ts Ǒu)����Ǒ, ÷v Ts − τi ≤ Tp. T5U�In)Ǒl i �ª� i + 1 �ª6�L§G� l­�`z:¤���²L5U.�©�8�´�O�é��5��XÚ�Û`z$1� EMPC �{, �y i �ª~5$1�XÚ­½3�½�­�8I`z: (xxx∗

i ,uuu
∗
i ); �ªm����yXÚ²­���#�ª¿Jp6�L§�²L5, �©¿Ø�����ªm~5$1� EMPC

�{áÚ��3�8, =��3G��åÚÑ\�å��S�3k��������8½��8���¥m­�:, ÷vXeb�.b� 4. �ª i Ú i+ 1 e, �3k�õ�­�:: (xxxs
i,0, uuu

s
i,0), (xxxs

i,1, uuu
s
i,1), · · · , (xxxs

i,pi
, uuus

i,pi
); (xxxs

i+1,0,

uuus
i+1,0), (xxxs

i+1,1, uuu
s
i+1,1), · · · , (xxxs

i+1,pi+1
, uuus

i+1,pi+1
).Ù¥, xxxs

i,0 = xxx∗
i , xxx

s
i+1,pi+1

= xxx∗
i+1. Ù{Ǒ¥m­�:, �÷v:

xxxs
i,pi

∈ ψi+1(xxx
s
i+1,0, N),

xxxs
m,j ∈ ψm(xxxs

m,j+1, N),

∀j ∈ I[0,pm−1],m = i, i+ 1 (8)½�LãǑ
xxxs

i,pi
∈ ψi+1(xxx

s
i+1,0, N),

xxxs
m,j+1 ∈ φm(xxxs

m,j, N),

∀j ∈ I[0,pm−1],m = i, i+ 1 (9)5 1. b� 4 �) φi(xxx
∗
i , N)∩ψi+1(xxx

∗
i+1, N) =

∅ ��¹, �õê�AÏ5ëYzó��XÚ3æ��mv
á��¹e, ÙlÑLãþU÷vb�.

2 ÄuÑÑ5^���Û`z$1 EMPCéuäk­�$1I��zóL§, I�y?��ªe�XÚìC­½3­�`z: (xxx∗
i ,uuu

∗
i ).��L§¥, du���� N ÉO�Kú��,#�ª�­�: (xxx∗

i+1,uuu
∗
i+1) éuÎ�ª�
G�~~´����SØ���, = xxx∗

i+1 /∈ φi(xxx
∗
i , N)� xxx∗

i /∈ ψi+1(xxx
∗
i+1, N), �©æ��üÑXã 1 ¤«, Äk, T���{`z�)�1¥m­�:

(xxxs
m,j,uuu

s
m,j), �Ù÷v^� (8) Ú (9). Ùg, òG��g²L=£�¥m­�: (xxxs

m,j,uuu
s
m,j), �ª?\ ψi+1(xxx

∗
i+1, N) ¥. du EMPC 3�y­½5þ�äE,5, ¯K�J:3uÛÜ EMPC �{XÛ�G� lT�ªe�­�`z:, ¿ìC­½�¥m­�:, ¿3k��m Tp S�¤²L��.

ã 1 �ªm��üÑ
Fig. 1 Modes switching strategy
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PN([x̃xx, ũuu], l, fff , Z,xxx0,xxxT ):

min JN(xxx0, ũuu) =
N−1∑

k=0

l(xxx(k),uuu(k))

s. t.

xxx(k + 1) = fff(xxx(k),uuu(k))

(xxx(k),uuu(k)) ∈ Z

k ∈ I[0,N ]

xxx(0) = xxx0

xxx(N) = xxxT

(10)

Ù¥, 8I¼ê JN (xxx0, ũuu) Ǒ��5U�I, 3
EMPC ¥, T�I~~Ǒ²L�I le(xxx(k),uuu(k))3���� N S�\\. xxx0 Ǒ�
G�, xxxT Ǒªà�ª�å¿÷v xxxT ∈ Z, db� 1!3 �T¯K`z¼ê�3e., ��3�`G�;,Ú��;,L«Ǒ [x̂xx, ûuu], �`�Ǒ VN(xxx0) =

PN([x̂xx, ûuu], l, fff , Z,xxx0,xxxT ).5 2. ØÓuMPC, 5U�I l �à��½.Äk0� EMPC ¥�­½5�'�­�½Â�Ún.½Â 4
[17]

. �ª i ee�3ëYk.¼ê
λi : ψi(xxx

s
i , N) → R Ú'u xxx∗

i �½�ëYk.¼ê
ρi(xxx), ��eãØ�ªéu¤k (xxx,uuu) ∈ Zi(xxxs

i ) ¤á:

lie(xxx,uuu) − lie(xxx
s
i ,uuu

s
i ) + λi(xxx) − λi(fff i(xxx,uuu)) ≥ ρi(xxx)

(11)KXÚ�ª i 38Ü Zi(xxxs
i ) þ'uø�Ç

si(xxx,uuu) = lie(xxx,uuu) − lie(xxx
s
i ,uuu

s
i ) î�ÑÑ.5 3. e�ª i 3�å8 Zi(xxxs

i ) þäk'u5U�I lie(·), ­�: (xxxs
i ,uuu

s
i ), XÚ�. fff i(·) �î�ÑÑ5�, ´�:

∀(xxx,uuu) ∈ Zi(xxxs
i ), (xxx,uuu) 6= (xxxs

i ,uuu
s
i )

lie(xxx,uuu) > lie(xxx
s
i ,uuu

s
i )

(12)^� (12) ǑXÚ÷vî�ÑÑ5��7�^�, ­�:7LǑÙéA��å8 Zi(xxxs
i ) þ­�`z¯K (3) ����`), = (xxxs

i ,uuu
s
i ) = (xxx∗

i ,uuu
∗
i ).Ún 1

[18]
. e�ª i 3 Zi(xxxs

i ) þ'uø�Ç
si(xxx,uuu) = lie(xxx,uuu) − lie(xxx

s
i ,uuu

s
i ) î�ÑÑ, Kæ^EÄ��`z�) PN([x̃̃x̃x, ũuu], lie, fff i, Z

i(xxxs
i ),xxx0,xxx

s
i ) �

EMPC ��ì�y�ª i 3��8 Zi(xxxs
i ) SìC­½� (xxxs

i ,uuu
s
i ).ÏLÑÑ5^�, ò²L5U�I=zǑ�½�^=5U�I, ¿N\ªà�ª�å�y4í�15, Ó�^=5U�I��e���¯K��¯

KÓ), �^=5U�I�'�oäÊìÅ¼ê�y­�`z:�ìC­½. �©�e5�SN, òkJÑ�«�y?��1­�:ìC­½� EMPC�{, 2�ã�T�{éA�XÚ�ªm��üÑ.

2.1 ·^u�­�8I`z:� EMPCXÚÑÑ5´�y EMPC ��e�XÚìC­½�­��ª. e8I­�: (xxxs
i ,uuu

s
i ) ´¯K (3) ¥��`:�� (��ü�­��`:), ½Ǒ­�`z¯K�g`:, = (xxxs

i ,uuu
s
i ) 6=

(xxx∗
i ,uuu

∗
i ), l

i
e(xxx

s
i ,uuu

s
i ) > lie(xxx

∗
i ,uuu

∗
i ), d^� (12) �Ø�3'uø�Ç lie(xxx,uuu) − lie(xxx

s
i ,uuu

s
i ) �î�ÑÑØ�ª. �©æ���ª´�E9Ï5U�I, l
UCø�Ç, ¿35Uþ��U/%C�²L�I.½n 1. �Ä3�å8 Zi(xxxs

i ) þ'u­�: (xxxs
i ,uuu

s
i ) �½�ëY¼ê αi(xxx,uuu), αi(xxx,uuu) äk5� αi(xxx,uuu) ≥ Ci

1|xxx − xxxs
i | + Ci

2|uuu − uuus
i |. e÷v

Ci
1 > Li

fx
, Ci

2 > Li
fu

, KXÚ�ª i 'uø�Ç
αi(xxx,uuu) − αi(xxx

s
i ,uuu

s
i ) î�ÑÑ. ǑÒ´`, oUé�|ÊF℄ëY¼ê λi

α(·) : ψi(xxx
s
i , N) → R, 9'u­�: xxxs

i �½�ëY¼ê, ��: λi
α(fff(xxx,uuu)) −

λi
α(xxx) ≤ −ρi

α(xxx) + αi(xxx,uuu) − αi(xxx
s
i ,uuu

s
i ).y². d Ci

1 > Li
fx

, Ci
2 > Li

fu
, ���3

Li
λ, L

i
ρ > 0, ��:

Li
λ(Li

fx
+ 1) + Li

ρ ≤ Ci
1, L

i
λL

i
fu

≤ Ci
2 (13)�Ä λi

α(·) 3 ψi(xxx
s
i , N) þ÷v |λi

α(xxx1)−λ
i
α(xxx2)| ≤

Li
λ|xxx1 − xxx2|, ρ

i
α(xxx) 3 ψi(xxx

s
i , N) þ÷v ρi(|xxx −

xxxs
i |) ≤ ρi

α(xxx) ≤ ρ̄i(|xxx− xxxs
i |) ≤ Li

ρ|xxx− xxxs
i |, K:

λi
α(fff(xxx,uuu)) − λi

α(xxx) + ρi
α(xxx) ≤

Li
λ|fff(xxx,uuu) − fff(xxxs

i ,uuu
s
i )|+

Li
λ|xxx− xxxs

i | + Li
ρ|xxx−xxxs

i | ≤

[Li
λ(Li

fx
+ 1) + Li

ρ]|xxx− xxxs
i |+

Li
λL

i
fu
|uuu− uuus

i | ≤

Ci
1|xxx− xxxs

i | + Ci
2|uuu− uuus

i | ≤

αi(xxx,uuu) − 0 = αi(xxx,uuu) − αi(xxx
s
i ,uuu

s
i ) (14)Ïd, �ª i 'uø�Ç αi(xxx,uuu) − αi(xxx

s
i ,uuu

s
i ) î�ÑÑ. �5 4. �½÷v½n 1 b�^���½ëY¼ê, X®²�O�� MPC 5U�I, �ÏL^�

(13) (½ Li
λ, Li

ρ, ?
é� λi
α(·) Ú ρi

α(·).5 5. d½n 1 �, αi(xxx,uuu) �±n)Ǒ�XÚJøÑÑ5��¼ê.½Â 5. �½'u8I­�: (xxxs
i ,uuu

s
i ) �½�ëY¼ê αi(xxx,uuu), ½Â i �ªe�9Ï5U�I
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i |))l

i
e(xxx,uuu)+ γ(δ|xxx−

xxxs
i |)αi(xxx,uuu). Ù¥, ~ê δ > 0, (xxx,uuu) ∈ Zi(xxxs

i ),

γ(·) : R+ → (0, 1], Ǒáu Class L �ëY¼ê.5 6. 4~¼ê γ(δ|xxx − xxxs
i |) �� e−δ|xxx−xxxs

i |,

− δ|xxx−xxxs
i |

Sup(xxx,uuu)∈Zi(xxxs
i
) |xxx−xxxs

i
|
+ 1 �/ª, T¼ê��^�n)Ǒ�y (xxxs

i ,uuu
s
i ) NC�ÑÑ5, δ ��½G�:l

(xxxs
i ,uuu

s
i ) ��, 9Ï5U�I��C²L5U�I.3½Â
9Ï5U�Ie, �±��Xe(Ø:½n 2. é?¿ δ, (xxxs

i ,uuu
s
i ) ǑéAu l̃i(xxx,uuu, δ)�­�`z���`:, =:

(xxxs
i ,uuu

s
i ) = arg min

(xxx,uuu)∈Zi(xxxs
i )

xxx=fff(xxx,uuu)

l̃i(xxx,uuu, δ) (15)y². ´� l̃i(xxxs
i ,uuu

s
i , δ) = 0, �Ä (xxx,uuu) 6=

(xxxs
i ,uuu

s
i ), (xxx,uuu) ∈ Zi(xxxs

i ), K:

l̃i(xxx,uuu, δ) > (1−γ(δ|xxx−xxxs
i |)) ·0+0 ·αi(xxx

s
i ,uuu

s
i ) = 0

(16)

�5 7. ½n 2 ¤á´XÚ�ª i 3 Zi(xxxs
i ) þ'uø�Ç s̃(xxx,uuu, δ) = l̃i(xxx,uuu, δ) − l̃i(xxxs

i ,uuu
s
i , δ) î�ÑÑ�7�^�.½n 3. �3 δ̄, éu ∀δ ∈ [0, δ̄] �, �ª i 3

Zi(xxxs
i ) þ'uø�Ç l̃i(xxx,uuu, δ) − l̃i(xxxs

i ,uuu
s
i , δ) î�ÑÑ.y². ò8Ü Zi(xxxs

i ) ¥�:© 4 a?Ø. �Ä
{(xxx,uuu) : αi(xxx,uuu) = lie(xxx,uuu), (xxx,uuu) ∈ Zi(xxxs

i )} k:

s̃i(xxx,uuu, δ) = lie(xxx,uuu) + γ(δ|xxx − xxxs
i |) · 0 =

αi(xxx,uuu) ≥ λi
α(fff(xxx,uuu)) − λi

α(xxx) + ρi
α(xxx)

(17)�Ä {(xxx,uuu) : αi(xxx,uuu) < lie(xxx,uuu), (xxx,uuu) ∈ Zi(xxxs
i )}k:

αi(xxx,uuu) + (1 − γ(δ|xxx −xxxs
i |))(l

i
e(xxx,uuu)−

αi(xxx,uuu)) > αi(xxx,uuu) ≥ λi
α(fff(xxx,uuu))−

λi
α(xxx) + ρi

α(xxx) (18)�Ä {(xxx,uuu) : lie(xxx,uuu) ≥ λi
α(fff(xxx,uuu)) − λi

α(xxx) +

ρi
α(xxx), αi(xxx,uuu) > lie(xxx,uuu), (xxx,uuu) ∈ Zi(xxxs

i )} k:

lie(xxx,uuu) + γ(δ|xxx − xxxs
i |)(αi(xxx,uuu) − lie(xxx,uuu)) >

lie(xxx,uuu) ≥ λi
α(fff(xxx,uuu)) − λi

α(xxx) + ρi
α(xxx)

(19)�Ä {(xxx,uuu) : lie(xxx,uuu) < λi
α(fff(xxx,uuu)) − λi

α(xxx) +

ρi
α(xxx), αi(xxx,uuu) > lie(xxx,uuu), (xxx,uuu) ∈ Zi(xxxs

i )}, �� δ̄ := inf 1
|xxx−xxxs

i
|
γ−1 ◦ gi(xxx,uuu), Ù¥ gi(xxx,uuu) =

λi
α(fff(xxx,uuu))−λi

α(xxx)+ρi
α(xxx)−lie(xxx,uuu)

αi(xxx,uuu)−lie(xxx,uuu)
. éu ∀δ ∈ [0, δ̄], k:

γ(δ|xxx − xxxs
i |)(αi(xxx,uuu) − lie(xxx,uuu)) ≥

gi(xxx,uuu)(αi(xxx,uuu) − lie(xxx,uuu))
(20)

(1 − γ(δ|xxx − xxxs
i |))l

i
e(xxx,uuu) + γ(δ|xxx − xxxs

i |)αi(xxx,uuu) ≥

lie(xxx,uuu) + gi(xxx,uuu)(αi(xxx,uuu) − lie(xxx,uuu)) =

λi
α(fff(xxx,uuu)) − λi

α(xxx) + ρi
α(xxx) (21)Ïd, δ̄ Ǒ���ª i 3 Zi(xxxs

i ) þ'uø�Ç
l̃i(xxx,uuu, δ) − l̃i(xxxs

i ,uuu
s
i , δ) î�ÑÑ���þ.. �d½n 3 �y²L§, ��þ. δ̄. �Ä�¢SA^��ö�5, �deã�å`z¯K�`z¼ê�`� δ̄ε O� δ̄, ÷v δ̄ε ∈ [0, δ̄], limε→0+ δ̄ε = δ̄.

min 1
|xxx−xxxs

i
|
γ−1(λi

α(fff(xxx,uuu))−λi
α(xxx)+ρi

α(xxx)−lie(xxx,uuu)+ε

αi(xxx,uuu)−lie(xxx,uuu)+ε
)

s. t.

αi(xxx,uuu) ≥ lie(xxx,uuu)

λi
α(fff(xxx,uuu)) − λi

α(xxx) + ρi
α(xxx) ≥ lie(xxx,uuu)

(xxx,uuu) ∈ Zi(xxxs
i )

(22)½n 4. éu¤k δ ∈ [0, δ̄], XÚ�ª i 3�1�å8 Zi(xxxs
i ) þæ^EÄ��`z¢��)¯K

PN([x̃xx, ũuu], l̃ie, fff i, Z
i(xxxs

i ),xxx0,xxx
s
i ) � EMPC ��ì�yXÚ�ª i 3��8 Zi(xxxs

i ) SìC­½�éAu
l̃i(xxx,uuu, δ) �­�`z���`: (xxxs

i ,uuu
s
i ).y². du (xxxs

i ,uuu
s
i ) ∈ Zi(xxxs

i ), ªà­�:�åe¯K PN([x̃xx, ũuu], l̃ie, fff i, Z
i(xxxs

i ),xxx0,xxx
s
i ) ÷v4í�15. Ó�, éu¤k δ ∈ [0, δ̄], �å8¥�z�:þ÷v l̃ie(xxx,uuu, δ) − l̃ie(xxx

s
i ,uuu

s
i , δ) ≥ λi

α(fff(xxx,uuu)) −

λi
α(xxx)+ ρi

α(xxx), ��=� (xxx,uuu) = (xxxs
i ,uuu

s
i ) ��Ò¤á, Ïdd½n 1 �(J��½n 4. �

2.2 ��5��XÚ�²Lýÿ���Ä¢Szó)�XÚó�A:, %��XÚ����� i + 1 �ª������®­½ó�3
(xxx∗

i ,uuu
∗
i ), ó�Ú½Xe:Ú½ 1. XÚ3 i�ªe~5ó�:�XÚ'uø�Ç lie(xxx,uuu)− lie(xxx

∗
i ,uuu

∗
i ) î�ÑÑ�, K¢��)¯K PN ([x̃xx, ũuu], lie, fff i, Z

i(xxx∗
i ),xxx0,xxx

∗
i ); ÄK, d^�

(13) (½'u (xxx∗
i ,uuu

∗
i ) � αi(xxx,uuu), dª (22) (½

δ̄ε, ��'u (xxx∗
i ,uuu

∗
i ) �9Ï5U�I l̃i(xxx∗

i ,uuu
∗
i , δ̄ε),¢��)¯K PN([x̃̃x̃x, ũuu], l̃ie, fff i, Z

i(xxx∗
i ),xxx0,xxx

∗
i ).Ú½ 2. ÄgS��, XÚ������,¿�âe��ª&E(½¥m­�:��ê pi,

pi+1, ?\Ú½ 2.1; ÄK, e pi 6= 1 � pi+1 6= 0,K?\Ú½ 2.2; e pi = 1, pi+1 = 0, K8I:
(xxxs

m,uuu
s
m) ��ǑþgS��^­�: (xxxs

m′ ,uuus
m′),
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(xxxs

m′ ,uuus
m′) = (xxx∗

i+1,uuu
∗
i+1), ?\Ú½ 3.

min
κ1−1∑

k=0

lie(xxx(k),uuu(k))+
κ2−1∑

k=κ1

li+1
e (xxx(k),uuu(k))

s. t.

xxx(k + 1) = fff i(xxx(k),uuu(k)), k ∈ I[0,κ1−1]

xxx(k + 1) = fff i+1(xxx(k),uuu(k)), k ∈ I[κ1,κ2−1]

xxx(k) ∈ X i,uuu(k) ∈ U i, k ∈ I[0,κ1]

xxx(k) ∈ X i+1,uuu(k) ∈ U i+1, k ∈ I[κ1,κ2−1]

xxx(0) = xxx0,xxx(κ2) = xxx∗
i+1

xxx(j(N + 1) − 1) = xxx(j(N + 1)), j ∈ I[1,np]

(23)Ú½ 2.1. � pi = 1, pi+1 = 0. d��
G� xxx0 = xxx∗
i . ë�©z [19] �)l­�: (xxx∗

i ,uuu
∗
i ) � (xxx∗

i+1,uuu
∗
i+1) �m´Ä�3�1;,. Ù¥, np = pi + pi+1, κ1 = pi(N + 1),

κ2 = (np+1)(N+1)−1. e�),�gO� pi, pi+1:

pi = 1, pi+1 = 1, pi = 2, pi+1 = 1 · · · , ��¥m:¯K (23) �3�1).Ú½ 2.2. �â�
G� xxx0, pi, pi+1, �)¯K (23). T¯K��`)�þPǑ ûuu, éAG�;, x̂xx. ò1��¥m:�Ǒ8I­�: (xxxs
m,uuu

s
m), K

xxxs
m = x̂xx(N), uuus

m = ûuu(N), Ón, ¼�1��¥m:
(xxxs

m′ ,uuus
m′) �Ǒ�^­�: (xxxs

m′ ,uuus
m′). �;��9ÏS�:

zzz(n) = x̂xx(n+N), vvv(n) = ûuu(n+N), n ∈ I[0,N ] (24)Ú½ 3. �â8I­�: (xxxs
m,uuu

s
m), d^� (13) (½'u (xxxs

m,uuu
s
m) � αm(xxx,uuu), dª

(22) (½ δ̄ε, ��'u (xxxs
m,uuu

s
m) �9Ï5U�I l̃m(xxxs

m,uuu
s
m, δ̄ε), Ón��'u (xxxs

m′ ,uuus
m′) �9Ï5U�I l̃m

′

(xxxs
m′ ,uuus

m′ , δ̄ε), ¢��)¯K
PN([x̃xx, ũuu], l̃me , fffm, Z

m(xxxs
m),xxx0,xxx

s
m).Ú½ 4. �# pi, pi+1. e pi > 0, K pi =

pi − 1, pi+1 = pi+1; ÄK, pi = pi, pi+1 = pi+1 − 1.Ú½ 5. e Tp = ∞, =O��m¿ü, #NXÚ���6G�ÌÄ��, �G�­½� xxxs
m, �£Ú½ 2; e Tp < ∞, - K0 = ⌊(Tp −N × pi)/pi⌋.eG�3 K0 �Ǒ
®�� xxxs

m, �£Ú½ 2; ÄK,du (xxxs
m,uuu

s
m) �ìC­½5, XÚò3 K0 �Ǒ?\'u­�: xxxs

m �¥� Bxs
m
(r̄) S. �Ä K − 1�Ǒ, �)¯K PN ([x̃xx, ũuu], l̃me , fffm, Z

m(xxxs
m),xxx0,xxx

s
m)����`;,, TG�;,k., z�G�: u Bxs

m
(r) = CmBxs

m
(r̄) S. k ∈ [K,K + N ]�Ǒ, ¢��)eã��5²L��¯K

SN([x̃xx, ũuu], l̃me , l̃
m′

e , fffm, fffm′ ,xxx0,xxx
s
m′). Ù¥, 8I¼ê EN(xxx0, ũuu) =

∑mout−1

k=0 l̃m(xxx(k),uuu(k), δ̄i
ε) +

∑N−1

k=m′
in
l̃m

′

(xxx(k),uuu(k), δ̄i+1
ε ), mout = N − n,

m′
in = mout + 1, n = 0, 1, · · · , N .

min EN(xxx0, ũuu)

s. t.

xxx(k + 1) = fffm(xxx(k),uuu(k)), k ∈ I[0,mout−1]

xxx(k + 1) = fffm′(xxx(k),uuu(k)), k ∈ I[m′
in−1,N−1]

(xxx(k),uuu(k)) ∈ Bxs
m
(r), k ∈ I[0,mout]

(xxx(k),uuu(k)) ∈ Zm(xxxs
m′)

xxx(N) = zzz(n),xxx(0) = xxx0

(25)Ú½ 6. � (xxxs
m′ ,uuus

m′) = (xxx∗
i+1,uuu

∗
i+1)�,?\e��ª~5$1�ã, �£Ú½ 1. � (xxxs

m′ ,uuus
m′) 6=

(xxx∗
i+1,uuu

∗
i+1) �, ­EÚ½ 2.5 8. κ1 =���­�: xxxs

pi
k', �XÚ¢S����m¿���'é, T¯K¢S3��ª i e (xxx0,uuu0) → · · · → (xxxs

i,pi
,uuus

i,pi
), �ª i+ 1 e

(xxxs
i,pi
,uuus

i,pi
) → (xxxs

i+1,0,uuu
s
i+1,0) → · · · → (xxx∗

i+1,uuu
∗
i+1)�m�ýÿ�`;, (e�
ó�G�®� i+ 1 �ªKk�ª). ¿�d©z [15] �, äkî�ÑÑ5��XÚ�¢S4�;,6�5U��©��ýÿ�`;,k��'X.5 9. ¥m:¯K99Ï5U�I��Eäk���O�þ, 3 RTO �¥�). T���{��O��m Tp A��÷v Tp ≥ N × pi. Ïd, eO��m�~á�, �±�ÄUCÚ½ 2.1 ¥�©�)¥m:�ê��üÑ.5 10. e m 6= m′, L«¢SXÚ=òu)��. Tp v
��, ¢S��&ÒdG�û½, XÚG��� (xxxs

i,pi
,uuus

i,pi
) �u)��; Tp É��, ��&Òd�mû½, ¢S���Ǒ=Ǒ τi + Tp. Ïd,

ϕ(k,xxx(k), σ(k), τ, Tp) =
{

σ(k), k ≤ τ + Tp ∧ xxx(k) 6= xxxsw

σ(k) + 1, Ù�
(26)Ù¥, xxxsw = xxxs

σ(k),pσ(k)
.5 11. du9ÏS� (24) Ǒ÷vÄ��.

fffm′(·) �G��Ñ\;,, Ïd¯K (25) z��ǑÑ÷v4í�15, 3�å8Sþk�1).5 12. 31�g$�(½� pi, pi+1 �, Ú½
2 zgS�þk�1), ù´du k = K + N + 1�, dþ��Ǒ¯K (25) ��`)��El�
G��8I: (xxxs

m,uuu
s
m) ��1;,, Ó��þgS�



6Ï 
æT�: ����5XÚ�Û`z$1�²Lýÿ�� 1023Ú½ 2 ¼��l (xxxs
m,uuu

s
m) � (xxx∗

i+1,uuu
∗
i+1) ��`;,, �Ó�¤Ú½ 2 ��©�1).

3 ��L§6�²L5©Û�©?Ø��XÚ6�5U��ª/�©z
[10, 18], �Ä ∃xxxs

i ∈ φi(xxx
∗
i , N) ∩ ψi+1(xxx

∗
i+1, N), =��3��¥m­�:��¹. òXÚG�m©lm­�: (xxx∗

i ,uuu
∗
i ) �Ǒ½ÂǑ k = 0, �¢S;,e� JS

i (xxxµ(k),µµµ(xxx(k)). d
ã�{, ·�k'uø�Ç si(xxx,uuu) = l̃ie(xxx,uuu, δ)− l̃
i
e(xxx

s
i ,uuu

s
i , δ) �ÑÑØ�ª. Ïd, Ó©z [8] ½Â5U�I:

L̃i
r(xxx,uuu, δ) = l̃i(xxx,uuu, δ) − L̃i

r(xxx
s
i ,uuu

s
i , δ)+

λi
α(xxx) − λi

α(fff(xxx,uuu)) (27)½Â Ṽ i
r,N(xxx0) := PN ([x̂xx, ûuu], L̃i

r, fff i, Z
i(xxxs

i ),xxx0,xxx
s
i ),

Ṽ i+1
r,N (xxx0) := PN([x̂xx, ûuu], L̃i+1

r , fff i+1, Z
i+1(xxx∗

i+1),xxx0,

xxx∗
i+1), Ṽ i

N(xxx0) := PN ([x̂xx, ûuu], l̃i, fff i, Z
i(xxx∗

i ),xxx0,xxx
∗
i ).

Ṽ s
N(xxx0) = SN([x̂xx, ûuu], l̃ie, l̃

i+1
e , fff i, fff i+1,xxx0,xxx

∗
i+1).
�ü��Ǒ`z¯K�÷v'X: Ṽ i
r,N(xxx+)−

Ṽ i
r,N(xxx) ≤ L̃i

r(xxx
s
i ,uuu

s
i , δ)

︸ ︷︷ ︸

0

−L̃i
r(xxx,uuu, δ), Ïdk:

L̃i
r(xxx,uuu, δ) ≤ Ṽ i

r,N(xxx) − Ṽ i
r,N(xxx+) (28)K¢S4�G�;,: (xxxµ(k),µµµ(xxxµ(k)) ÷v:

K−1∑

k=0

L̃i
r(xxxµ(k),µµµ(xxxµ(k)), δ) ≤

Ṽ i
r,N(xxx0) − Ṽ i

r,N(xxxµ(K)) (29)'u¯KPN([x̃xx, ũuu], L̃i+1
r , fff i+1, Z

i+1(xxx∗
i+1),xxx0,xxx

∗
i+1)ǑkÓ��(Ø. e¡©ü«�¹?Ø.

1) Tp v
�, G���¥m:XÚu)��.d� xxxµ(K)=xxxs
i , K = Ts.�Ä (xxx∗

i ,uuu
∗
i ) → (xxxs

i ,uuu
s
i ): Ṽ

i
r,N(xxxs

i ) = 0

Ts−1∑

k=0

L̃i
r(xxxµ(k),µµµ(xxxµ(k)), δ) ≤

Ṽ i
r,N(xxx∗

i ) − Ṽ i
r,N(xxxµ(Ts)) = Ṽ i

r,N(xxx∗
i ) (30)�Ä (xxxs

i ,uuu
s
i ) → (xxx∗

i+1,uuu
∗
i+1):

K−1∑

k=Ts

L̃i+1
r (xxxµ(k),µµµ(xxxµ(k)), δ) ≤

Ṽ i+1
r,N (xxxs

i ) − Ṽ i+1
r,N (xxx∗

i+1) = Ṽ i+1
r,N (xxxs

i ) (31)éuªà�ª�å, ^=5U�I��5U�I�)`z¯Ke�`z;,���Ó, �`z¯

K�`�����~ê�. Ïd:

Ts−1∑

k=0

l̃i(xxxµ(k),µµµ(xxxµ(k)), δ)+

K−1∑

k=Ts

l̃i+1(xxxµ(k),µµµ(xxxµ(k)), δ) ≤

Ṽ i
N(xxx∗

i ) + Ṽ i+1
N (xxxs

i ) (32)

Ṽ i
N(xxx∗

i ) + Ṽ i+1
N (xxxs

i ) ≤ V̄ i
N(xxx∗

i ) + V̄ i+1
N (xxxs

i ) (33)

V̄ i
N(xxx∗

i ) � V̄ i+1
N (xxxs

i ) L « � ´ ¯ K (23) �) � � � ¥ m ­ � : Ú � ` ; ,, © ã© O � \ ¯ K PN([x̃xx, ũuu], L̃i
r, fff i, Z

i(xxxs
i ),xxx0,xxx

s
i ),

PN([x̃xx, ũuu], L̃i+1
r , fff i+1, Z

i+1(xxx∗
i+1),xxx0,xxx

∗
i+1) ¥��.Ïd,

JS
i (xxxµ(k),µµµ(xxx(k)) =

Ts−1∑

k=τi

lie(xxxµ(k),µµµ(xxx(k)))+

τi+1−1
∑

k=Ts

li+1
e (xxxµ(k),µµµ(xxx(k)))−

(Ts − τi)l̄
i
e − (τi+1 − Ts)l̄

i+1
e ≤

P ∗
mid + T i(δ,xxxs

i , αi, Ts − τi)+

T i+1(δ,xxxs
i+1, αi+1, τi+1 − Ts) (34)Ù¥

Tm(δ,xxxs
m, αm, Tm) = −Tm l̄

m
e +

∑ γ(δ|xxxµ − xxxs
m|)

(1 − γ(δ|xxxµ − xxxs
m|))

[αm(xxxp∗

mid
,uuup∗

mid
)−

αm(xxxµ,µµµ)]

(35)�ÚÒL«þª¥éA�þ3 [0, Ts] �Ǒ�\\, Ǒ�ëê δ, ¼ê αi, 9���m TS, 6�L§�m τi+1 − τi �'�Ø��. p∗mid ´��¥m:¯K��`¼ê�.

2) ���mÉ�, d� TS = Tp = K + N , K�ǑG� u¥m:��: xxxµ(K) ∈ Bxs
i
(r̄).�Ä (xxx∗

i ,uuu
∗
i ) → (xxxµ(K),µµµ(xxx(K))):

K−1∑

k=0

l̃i(xxxµ(k),µµµ(xxxµ(k)), δ) ≤ Ṽ i
N(xxx∗

i ) − Ṽ i
N(xxxµ(K))

(36)�Ä k ∈ [K,K + N): d�¢��)²L��¯K (25). K �Ǒ, xxx0 = xxxµ(K), T¯K� PN ([x̃xx, ũuu], l̃i, fff i, Z
i(xxxs

i ),xxx0,xxx
s
i ) k�Ó�`) {ûuu(0), ûuu(1), · · · , ûuu(N) = uuus

i} ��`;,
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{x̂xx(0), x̂xx(1), · · · , x̂xx(N) = xxxs

i}, ��`�÷v'X:

Ṽ s
N(xxx(K)) = Ṽ i

N(xxx(K)) (37)

K + 1 �Ǒ��E�1): {x̂xx(1), · · · , x̂xx(N), zzz(1)},

{ûuu(1), · · · , ûuu(N), vvv(1)}, Kk:

Ṽ s
N(xxxµ(K + 1)) − Ṽ s

N(xxxµ(K)) ≤

−l̃i(xxxµ(K),µµµ(xxxµ(K)), δ)+

l̃i+1(zzz(0), vvv(0), δ)

(38)Ón
Ṽ s

N(xxxµ (K + 2)) − Ṽ s
N(xxxµ(K + 1)) ≤

l̃i+1(zzz(1), vvv(1), δ)−

l̃i(xxxµ(K + 1),µµµ(xxxµ(K + 1)), δ)

...

Ṽ s
N(xxxµ(K +N)) − Ṽ s

N(xxxµ(K +N − 1)) ≤

l̃i+1(zzz(N − 1), vvv(N − 1), δ)−

l̃i(xxxµ(K +N−1),µµµ(xxxµ(K +N−1)), δ)

(39)¤±
K+N−1∑

k=K

l̃i(xxxµ(k),µµµ(xxxµ(k)), δ) ≤

Ṽ s
N(xxxµ(K)) − Ṽ s

N(xxxµ(K +N)) + V̄ i+1
N (xxxs

i )

(40)�Ä k ∈ [K + N,K ′], Ù¥, xxxµ(K ′) = xxx∗
i+1, L«XÚG�­½�#�ª­�`z:��Ǒ.

K′−1∑

k=K+N

l̃i+1(xxxµ(k),µµµ(xxxµ(k)), δ) ≤

Ṽ i+1
N (xxxµ(K +N)) − Ṽ i+1

N (xxx∗
i+1) (41)

Ṽ s
N(xxxµ(K+N))� Ṽ i+1

N (xxxµ(K+N))´���, K:

Ts−1∑

k=0

l̃i(xxxµ(k),µµµ(xxxµ(k)), δ)+

K′−1∑

k=Ts

l̃i+1(xxxµ(k),µµµ(xxxµ(k)), δ) ≤

Ṽ i
N(xxx∗

i ) + V̄ i+1
N (xxxs

i ) − Ṽ i+1
N (xxx∗

i+1) (42)d Ṽ i+1
N (xxx∗

i+1) = Ṽ i+1
r,N (xxx∗

i+1) + λi+1
α (xxx∗

i+1) −

λi+1
α (xxx∗

i+1) = 0 �:

Ṽ i
N(xxx∗

i ) + V̄ i+1
N (xxxs

i ) ≤ V̄ i
N(xxx∗

i ) + V̄ i+1
N (xxxs

i ) (43)

�Ó��ª (34) Ú (35).²L©Û, �O��mÉ��, æ^Ú½ 5 �üÑ|^¥m:¯K����`;,�E��¯KªàÄ�;,, 6�5Uþ�O��m¿v��¹k�aq�þ., Tþ.�¥m:¯K��`�!¤ÀÑÑ¼ê α!��¼ê γ!6�L§�mk'.

4 �ý�y�ÄëY��; (Continuous stirred tank re-

actor, CSTR)XÚ[9],Ù¥u)Ø�_�A A → B,B�A B → C. äN£ãXe:

dCA

dt
=
F

V
(CA0 − CA) − k1e

−E1
RT C2

A

dCB

dt
= −

F

V
CB + k1e

−E1
RT C2

A − k2e
−E2
RT C2

B

dCc

dt
= −

F

V
Cc + k2e

−E2
RT C2

B

dT

dt
= −

F

V
(T0 − T ) +

−∆H1

ρCp

k1e
−E1
RT C2

A+

−∆H2

ρCp

k2e
−E2
RT C2

B +
Q

ρCpV
(44)Ù¥, CA, CB, Cc L«�Ô¥�AÔ A, �Ô

B, C �ßÝ; T L«�Aì§Ý, Q L«Jø��Aì�9þ, Ǒ��Cþ; �Aì�NÈǑ
V = 1m3,��A�'ëêǑ: E1 = 5000 kJ/ kmol,

E2 = 4000 kJ/ kmol, k1 = 176.94 h−1, k2 =

10.88 h−1, ∆H2 = 1.05 × 104 kJ/kmol, ∆H1 =

1.15 × 104 kJ/ kmol. Cp = 0.231 kJ/ kgK Ú ρ =

1000 kg/m3 Ǒ�Aì¥�N�'9NÚ�Ý, Ød�	, ~ê R Ú F ©OǑ 8.314 kJ/kmol, 5m3/h.�ª ie6\�Aì��AÔ A�ßÝCA01 =

3.4 kmol/m3, §Ý T01 = 420K. �ª i + 1 �A�Æu)Cz: CA02 = 3kmol/m3, T02 = 380K,Ù{ëêØC. XÚæ��mþǑ ∆ = 0.01 h,æ^
�î.{KlÑ�. (44), G��þ xxx =

[ CA CB Cc T ]T = [ x1 x2 x3 x4 ]T, ü Ǒ [ kmol
m3

kmol
m3

kmol
m3 100K ]T, Ñ\CþǑ

u = QkJ
h

. �AL§�²L5��A�Ô¥�
B �¬ßÝ���', ²L5U�I: lie(xxx, u) =

li+1
e (xxx, u) = −xi

2. �ª i Ú i + 1 k�Ó�Ñ\�å U i = U i+1 = {u : u ∈ [0, 5 × 105]}, G��åǑ: X i : {(xi
1, x

i
2, x

i
3, x

i
4) ∈ R : xi

1, x
i
2, x

i
3 ≥

0, xi
4 ∈ [0, 3]}, X i+1 : {(xi+1

1 , xi+1
2 , xi+1

3 , xi+1
4 ) ∈ R :

xi+1
1 , xi+1

2 , xi+1
3 ≥ 0, xi+1

4 ∈ [2, 5]}.�ý¥�­�`z¯KÚÄ�`z¯Kþd Matlab ¥ Fmincon �). Ù¥, Ä�



6Ï 
æT�: ����5XÚ�Û`z$1�²Lýÿ�� 1025`z¯K1��ǑI��{Jø�©�S�:, ÷vªà�å��©�1;,�â©z
[19] ��{3 GAMS ¥��. dª (3) O���­�`z: u∗

i = 4.1377 × 105, xxx∗
i =

[1.1352, 1.6973, 0, 5676, 2.003], u∗
i+1 = 3.3773×105,

xxx∗
i+1 = [0.9960, 1.5051, 0, 4988, 2.1003], ����
N = 20, �Ø3Û«�ªeþ��©�1;,. =
xxx∗

i+1 /∈ φi(xxx
∗
i , 20) � xxx∗

i /∈ ψi+1(xxx
∗
i+1, 20). d¯K

(23) �� pi = 1, pi+1 = 0, `z¥m:Ǒ: us
i =

4.1116 × 105, xxxs
i = [1.0953, 1.6961, 0.6086, 2.0642].

i �ªe, �Ä¥m:3X²L5U�I��eØ­½, À�÷v½n 1 b�^��'u¥m:�½�ëY¼ê αi(xxx, u) =
∑4

j=1 qj(xj − xs
j)

2
+

r(u− us
i )

2, Ù¥, xj L«1 j �G�þ, ǑLã�B�Ñ�ª i eI. �ª i 3ó���S÷v|ÊF℄^��|ÊF℄~ê� [Li
fx
, Li

fu
] = [45.42, 20.8],� C1 = 50, C2 = 40, Li

λ = 1, Li
ρ = 3. ��5�;¼ê λi(xxx) = |xxx|, ρi(xxx) = 3|xxx − xxxs

i |,

q1 = 100, q2 = 100, q3 = 80, q4 = 30, r = 80.

γ(δ|xxx − xxxs
i |) � e−δ|xxx−xxxs

i | /ª. (½þ. δ̄ε =

2406. i + 1 �ªe, Ó�I�?U5U�I�y (xxx∗
i+1, u

∗
i+1) �­½5, αi+1(xxx, u) ǑÓ�/ª,

du CA0, T0 CzØKǑ Jacobi Ý
, þ©¤�|ÊF℄~ê|Ó�÷v#�ªó���e�|ÊF℄^�. � C1 = 100, C2 = 80, Li
λ = 2,

Li
ρ = 7. λi(xxx) = 2|xxx|, ρi(xxx) = 7|xxx − xxxs

i |, �
q1 = 120, q2 = 100, q3 = 100, q4 = 80, r = 80, Ón� δ̄ε = 9280. ã 2 L«�5U�I©OǑ li =

αi(xxx, u) (MPC), li = l̃ie(xxx, u, 2 400) (EMPC) �,XÚ¢��)¯K PN ([x̃xx, ũuu], li, fff i, Z
i(xxxs

i ),xxx0,xxx
s
i )����AÔ A ßÝÚ§Ý T ;,. X²L5U�I��e, XÚØUòG�.�¥m­�:. 9Ï5U�I li = l̃ie(xxx, u, 2 400) ��e�XÚk�ú�Âñ�Ý, ��u MPC, LyÑ���²L5, ��u EMPC K��. XÚ$1 3 ���¢S�²L5U (z��Ǒ\\) éAǑ −510.909, −510.9276, −511.0018. Ó�, Xã 3, PN([x̃xx, ũuu], li+1

e , fff i+1, Z
i+1(xxxs

i+1),xxx0,xxx
s
i+1)��e, XÚ38I: (xxx∗

i+1, u
∗
i+1) NC��ÅÄ, ØU�y­½, Ǒ, δ̄ε = 9280, ¯¢þ, � δ = 430�®²é�/%C²L5U. ��5U�I©OǑ li+1 = αi+1(xxx, u) (MPC), li+1 = l̃i+1

e (xxx, u, 430),

li+1 = li+1
e (xxx, u) (EMPC) �, 3 ���S¢S²L5UéAǑ −456.0674, −456.2517, −456.2519.

ã 2 (xxxs
i , u

s
i ) 3ØÓ��ìe�­½5

Fig. 2 Stability of (xxxs
i , u

s
i ) under different controller

ã 3 (xxx∗

i+1, u
∗

i+1) 3ØÓ��ìe�­½5
Fig. 3 Stability of (xxx∗

i+1, u
∗

i+1) under different controller
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ã 4 æ^ NMPC 9¤JüÑ��e���;,
Fig. 4 Comparing between proposed method and NMPCæ^�©1 2.2 !���üÑ¢y��, Xã 4¤«, t = 75 �XÚ������, ���mÉ�,

t = 130 �XÚ?\ª (25) �LÞL§, t = 150�XÚu)��, ¿òG�.�#­�:. XÚ
3 ���S¢S²L5U (z��Ǒ\\): MPC:

Eco = −483.5873, ¤J�{: Eco = −484.9821.Ïd, ª (7) ¤½Â���XÚ6�L§²LǑ
JS

MPC = −3.2307, JS

l̃(x,u,δ)
= −4.6255, ¤J�{���5MPC Jp
 43.17%.

5 (��©�Ä
XÚ�Û`z$1�¤�9��ªmØä��éu²L5�I�, �éØÓ�ªk���e���{�1��7�3�8�XÚ, ÄuÑÑ5^��O
�«�y�1­�:ìC­½�
EMPC 9éA��üÑ. T�{ÏL`z�)�1¥m­�:, ¿�O�X� EMPC ÛÜ��ì, 3�y
¥m:�­½5�Ä:þ�XÚ3�ªm²­��, 6�5U��U%C� EMPC 5U, �ö�5r. �ý(J`²
�{�k�5.
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