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
 ∗  
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



:













































 Åström





























∗: mathmhb@bit.edu.cn61473038











2 

2050

















 MIT 



1954



















...1955 Benner

 Drenick 



1958

Whitaker 

 1960, Li Van Der Velde





 Petror1963





 2060

 Butchart  Parks  Lyapunov 

 Landau Popov











1967

MH-96 X15-3 











2070



20

8090





3 

30









PID



 

L1


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 



  



 1: 























1

  

 

(Model Reference Adaptive Con-

trol MRAC)(Self-Tuning Con-

trolSTC)

1

Åström











4 









20

















4.1 





NASA Gupta Pra-

mond  







NASA

 









4.2 



 1: STCMRAC




STC MRAC

  

 – 

  

  

  

  



















4.3 













CPU



PWM



















5 





















3(a)



4












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 



  



 1: 























1

  

 

(Model Reference Adaptive Con-

trol MRAC)(Self-Tuning Con-

trolSTC)

1

Åström











4 









20

















4.1 





NASA Gupta Pra-

mond  







NASA

 









4.2 



 1: STCMRAC




STC MRAC

  

 – 

  

  

  

  



















4.3 













CPU



PWM



















5 





















3(a)



4












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(a)   (b) 

 2: 

(a)  (b) 

 3: 

 4: 







2050MIT

























PID













































5.1 





4



ml2θ̈ = mgl sin θ − bθ̇ + u (5.1)

θbu



sin θ = θx1 = θ, x2 = θ̇,

ẋ =


0 1
g
l −

b
ml2


x+


0
1

ml2


u (5.2)

θ y = x1

5.2 
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(a)   (b) 

 2: 

(a)  (b) 

 3: 

 4: 







2050MIT

























PID













































5.1 





4



ml2θ̈ = mgl sin θ − bθ̇ + u (5.1)

θbu



sin θ = θx1 = θ, x2 = θ̇,

ẋ =


0 1
g
l −

b
ml2


x+


0
1

ml2


u (5.2)
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1.Φ(t) = eAt = L−1[sI −A]−1;

2.G(T ) = Φ(T );

3.H(T ) =
 T

0
eAtdtB;

4.x[(k+1)T ] = G(T )x(kT )+H(T )u(kT ).

 xk = x(kT ) =
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a1 a2
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
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yk = x1,k (5.4)

ai, i = 1, 2, 3, 4; bj , j = 1, 2













yk, uk

A

Yk = Φk−1θ + εk (5.5)



θ̂k = (ΦT
k−1Φk−1)

−1ΦT
k−1Yk (5.6)

A

(5.7)



θ̂k = θ̂k−1 + P (k − 1)φ(k − 1)

(y(k), y(k))− φT (k − 1)θ̂k−1

 (5.7)



φ(k − 1) =

yk, yk−1, uk


(5.8)

P (0)



θ̂k =


θ̂1k, θ̂2k, θ̂3k

θ̂4k, θ̂5k, θ̂6k

T

(5.9)

 

 

ukY ∗
k+1 = Φkθ̂k 

Y ∗
k+1Yk+1yk+1y∗k+1

            

   m, l, b        

              

 a1, a2, a3, a4, b1, b2

â1, â2, â3, â4, b̂1, b̂2m, l, b

36

 6

C3
6 = 20? 







mm

l, b



(5.5)



5.3 









ẋp = Apxp +Bpu (5.10)

(5.2)



Ap =


0 1
g
l a1


(5.11)

Bp =


0

b1


(5.12)

a1, b1

lmb



ẋm = Amxm +Bmyr (5.13)



Am =


0 1

− g
l −2


g
l


(5.14)

Bm =


0

1


(5.15)

 5: 

F

K

u = Kyr + Fxp (5.16)

K

F1×2.



xp

θ

θ̇



x2x̂2

Bxpx2

x̂2

 Parks

Narendra  Goodwin  Lyapunov



FK



 (5.16) (5.10)

ẋp = (Ap +BpF )xp +BpKyr (5.17)

FKxpxm



Am = Ap +BpF
∗ (5.18)

Bm = BpK
∗ (5.19)

 F ∗K∗FK



Am

FK



FK



e = xm − xp (5.20)



ė = ẋm − ẋp (5.21)

(5.22)

ė=Ame+(Am−Ap−BpF )xp+(Bm−BpK)yr

=Ame+
Bm

K∗(F
∗ − F )xp +

Bm

K∗ (K
∗ −K)yr

(5.22)



F = F ∗ − F, K = K∗ −K (5.23)



ė = Ame+
Bm

K∗
Fxp +

Bm

K∗
Kyr (5.24)

 Lyapunov

V =
1

2


eTPe+

tr( FT F )

R1
+

K2

R2


(5.25)
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yk = x1,k (5.4)

ai, i = 1, 2, 3, 4; bj , j = 1, 2













yk, uk

A

Yk = Φk−1θ + εk (5.5)



θ̂k = (ΦT
k−1Φk−1)

−1ΦT
k−1Yk (5.6)

A

(5.7)



θ̂k = θ̂k−1 + P (k − 1)φ(k − 1)

(y(k), y(k))− φT (k − 1)θ̂k−1

 (5.7)



φ(k − 1) =

yk, yk−1, uk


(5.8)

P (0)



θ̂k =


θ̂1k, θ̂2k, θ̂3k

θ̂4k, θ̂5k, θ̂6k

T

(5.9)

 

 

ukY ∗
k+1 = Φkθ̂k 

Y ∗
k+1Yk+1yk+1y∗k+1

            

   m, l, b        

              

 a1, a2, a3, a4, b1, b2

â1, â2, â3, â4, b̂1, b̂2m, l, b

36

 6

C3
6 = 20? 







mm

l, b



(5.5)



5.3 









ẋp = Apxp +Bpu (5.10)

(5.2)



Ap =


0 1
g
l a1


(5.11)

Bp =


0

b1


(5.12)

a1, b1

lmb



ẋm = Amxm +Bmyr (5.13)



Am =


0 1

− g
l −2


g
l


(5.14)

Bm =


0

1


(5.15)

 5: 

F

K

u = Kyr + Fxp (5.16)

K

F1×2.



xp

θ

θ̇



x2x̂2

Bxpx2

x̂2

 Parks

Narendra  Goodwin  Lyapunov



FK



 (5.16) (5.10)

ẋp = (Ap +BpF )xp +BpKyr (5.17)

FKxpxm



Am = Ap +BpF
∗ (5.18)

Bm = BpK
∗ (5.19)

 F ∗K∗FK



Am

FK



FK



e = xm − xp (5.20)



ė = ẋm − ẋp (5.21)

(5.22)

ė=Ame+(Am−Ap−BpF )xp+(Bm−BpK)yr

=Ame+
Bm

K∗(F
∗ − F )xp +

Bm

K∗ (K
∗ −K)yr

(5.22)



F = F ∗ − F, K = K∗ −K (5.23)



ė = Ame+
Bm

K∗
Fxp +

Bm

K∗
Kyr (5.24)

 Lyapunov

V =
1

2


eTPe+

tr( FT F )

R1
+

K2

R2


(5.25)
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 P2×2 R1R2

tr(trace)

 Lyapunov  

V̇ ≤ 0

lim
t→∞

e(t) = 0 (5.26)

r(t)

lim
t→∞

F (t) = 0 (5.27)

lim
t→∞

K(t) = 0 (5.28)





C

Ḟ = − ̇F =
R1

K∗B
T
mPexT

p

K̇ = − ̇K =
R2

K∗B
T
mPeyr

(5.29)

P

AT
mP + PAm = −Q (5.30)

Q

V̇ ≤ 0,



(C.6)xp







x̃2x2

























6 





——





 (5.1) θsin θ = θ



(s2 + a1s+ a0)y = b0u (6.1)

 s y

u a1 = b
ml2 , a0 = − g

l , b0 =
1

ml2(5.2)

m = 1kg, l = 0.3m, g =

9.81m / s2, b = 1N ·m · s / rad


6.1 

MATLABc2d(6.1)



yk+1 = −a1yk − a0yk−1 + b1uk + b0uk−1 (6.2)

a1, a

0, b


1, b


0m, l, b, T



yk+1 = θTφ (6.3)



θT =

−a1,−a0, b


1, b


0



φT =

yk, yk−1, uk, uk−1



y∗ = 0

uk =
1

b

1


a1, a


0,−b0

 
yk, yk−1, uk−1

T
(6.4)
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

(b) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.05

0

0.05

0.1

0.15

0.2

0.25

(c) 

 6: T=0.02

2N ·m 
T = 0.026(a)-6(c)



6(a)a0, a1, b1

b0



0.60.0456(b)

1

6(c)0.5

0



6.2 

 (5.13)– (5.15)



Q = I2,R1 = 1000, R2 = 100, r = 0.01 sin 2πt

(6.5)

7(a)

7(b)

7(c)



















7 













PIDσ-

 









L1












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 P2×2 R1R2

tr(trace)

 Lyapunov  

V̇ ≤ 0

lim
t→∞

e(t) = 0 (5.26)

r(t)

lim
t→∞

F (t) = 0 (5.27)

lim
t→∞

K(t) = 0 (5.28)





C

Ḟ = − ̇F =
R1

K∗B
T
mPexT

p

K̇ = − ̇K =
R2

K∗B
T
mPeyr

(5.29)

P

AT
mP + PAm = −Q (5.30)

Q

V̇ ≤ 0,



(C.6)xp







x̃2x2

























6 





——





 (5.1) θsin θ = θ



(s2 + a1s+ a0)y = b0u (6.1)

 s y

u a1 = b
ml2 , a0 = − g

l , b0 =
1

ml2(5.2)

m = 1kg, l = 0.3m, g =

9.81m / s2, b = 1N ·m · s / rad


6.1 

MATLABc2d(6.1)



yk+1 = −a1yk − a0yk−1 + b1uk + b0uk−1 (6.2)

a1, a

0, b


1, b


0m, l, b, T



yk+1 = θTφ (6.3)



θT =

−a1,−a0, b


1, b


0



φT =

yk, yk−1, uk, uk−1



y∗ = 0

uk =
1

b

1


a1, a


0,−b0

 
yk, yk−1, uk−1

T
(6.4)
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(a) 
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(b) 
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(c) 

 6: T=0.02

2N ·m 
T = 0.026(a)-6(c)



6(a)a0, a1, b1

b0



0.60.0456(b)

1

6(c)0.5

0



6.2 

 (5.13)– (5.15)



Q = I2,R1 = 1000, R2 = 100, r = 0.01 sin 2πt

(6.5)

7(a)

7(b)

7(c)



















7 













PIDσ-

 









L1












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(a) 
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(c) 

 7: T=0.02

















PID







































































































4.0















A 

 (5.2)x2x1x1x2

x2((k + 1)T ) ≈ 1

T
[x1((k + 1)T )− x1(kT )],

(A.1)(A.2)


x1,k+1

x1,k+1 − x1,k


=


a1

1
T a2

Ta3 a4


x1,k

x1,k − x1,k−1


+


b1

Tb2


uk +


1,k+1

T2,k+1


(A.1)

yk = x1,k (A.2)

a1, a2, a3, a4, b1, b2m, l, b, T

 (A.2) (A.1)



yk+1 =

a1 +

a2
T


yk − a2

T
yk−1 + b1uk + 1,k+1

yk+1 = (Ta3 + a4 + 1)yk − a4yk−1 + Tb2uk + T2,k+1

(A.3)
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(c) 

 7: T=0.02

















PID







































































































4.0















A 

 (5.2)x2x1x1x2

x2((k + 1)T ) ≈ 1

T
[x1((k + 1)T )− x1(kT )],

(A.1)(A.2)


x1,k+1

x1,k+1 − x1,k


=


a1

1
T a2

Ta3 a4


x1,k

x1,k − x1,k−1


+


b1

Tb2


uk +


1,k+1

T2,k+1


(A.1)

yk = x1,k (A.2)

a1, a2, a3, a4, b1, b2m, l, b, T

 (A.2) (A.1)



yk+1 =

a1 +

a2
T


yk − a2

T
yk−1 + b1uk + 1,k+1

yk+1 = (Ta3 + a4 + 1)yk − a4yk−1 + Tb2uk + T2,k+1

(A.3)
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k ≥ 0,

Yk+1 =


y2, y3, · · · , yk+1

y2, y3, · · · , yk+1

T

(A.4)

= [Y T
k , (y(k), y(k))T ]T (A.5)

φ(k − 1) =

yk, yk−1, uk

T
(A.6)

Φk =




y1 y0 u1

y2 y1 u2

· · ·
yk yk−1 uk



=[ΦT

k−1, φ(k−1)]T (A.7)

θ =


a1 +

a2

T , −a1, b1

Ta3 + a4 + 1,−a4, T b2

T

(A.8)

εk =


1,2, 1,3, · · · , 1,k+1

T2,2, T 2,3, · · · , T 2,k+1

T

(A.9)

(5.7)

P (k − 1) = (ΦT
k−1Φk−1)

−1ΦT
k−1 (A.10)

Φk−1

P (k − 1) = [ΦT
k−2Φk−2 + φ(k − 1)φT (k − 1)]−1

= [P−1(k − 2) + φ(k − 1)φT (k − 1)]−1
(A.11)

AC

(A+BCD)−1 = A−1 −A−1B(C−1 +DA−1B)−1DA−1 (A.12)

P (k)

P (k − 1) =


I − P (k − 2)φ(k − 1)φT (k − 1)

1 + φT (k − 1)P (k − 2φ(k − 1))


P (k − 2) (A.13)

(5.6),

P−1(k − 1)θ̂k = ΦT
k−1Yk (A.14)

(A.12),(5.7)

B 

ẋ =


0 1
g
l −

b
ml2


x+


0
1

ml2


u (B.1)

y =

1 0


x (B.2)

x2





ẋ2 = − b

ml2
x2 +


g

l
x1 +

1

ml2
u



ẋ1 = x2

(B.3)



˙̂x2 = (− b
ml2 − L)x̂2 +

g
l x1 +

1
ml2 u+ Lẋ1 (B.4)



x2 − Ly = x2 − Lx1 = w

x̂2 − Ly = x̂2 − Lx1 = ŵ

− b
ml2 − L = Â, ÂL+ g

l = B̂, F̂ = 1
ml2

(B.5)





˙̂w =


− b

ml2
− L


ŵ +


− b

ml2
− L


L+

g

l


y +

1

ml2
u

x̂2 = ŵ + Ly

(B.6)

x

x̂ = −


x1

x̂2


=


y

x̂2


=


y

ŵ + Ly


=


0

1


ŵ +


1

L


y (B.7)

C 

 (5.25)t

V̇ =
1

2


(ėTPe+ eTP ė) +

2 tr( ̇F
T F )

R1
+

2 ̇K K
R2




=
1

2
[ėT (ATmP + PAm)e] +

eTPBm
Fxp

K∗ +
eTPBm

Kyr
K∗ +

tr( ̇F
T F )

R1
+

̇K K
R2

(C.1)
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k ≥ 0,

Yk+1 =


y2, y3, · · · , yk+1

y2, y3, · · · , yk+1

T

(A.4)

= [Y T
k , (y(k), y(k))T ]T (A.5)

φ(k − 1) =

yk, yk−1, uk

T
(A.6)

Φk =




y1 y0 u1

y2 y1 u2

· · ·
yk yk−1 uk



=[ΦT

k−1, φ(k−1)]T (A.7)

θ =


a1 +

a2

T , −a1, b1

Ta3 + a4 + 1,−a4, T b2

T

(A.8)

εk =


1,2, 1,3, · · · , 1,k+1

T2,2, T 2,3, · · · , T 2,k+1

T

(A.9)

(5.7)

P (k − 1) = (ΦT
k−1Φk−1)

−1ΦT
k−1 (A.10)

Φk−1

P (k − 1) = [ΦT
k−2Φk−2 + φ(k − 1)φT (k − 1)]−1

= [P−1(k − 2) + φ(k − 1)φT (k − 1)]−1
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
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