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Fig. 1.2: Block diagram of block diagram

Fig. 1.3: Basic idea of study
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Fig. 1.4: Hydraulic excavator
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[32]

PID

(GMVC:Generalized Minimum Variance Control)

[33] [34]

PQ PID
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Fig. 2.1: Typical hydraulic circuit for excavator

2.2

T (t)

Qin(t)

Fig.2.1
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Fig. 2.2: Schematic of a hydraulic system for a swing motion

2.2.1

(1)

0

Fig.2.2

TI(t) ω(t)

TI(t) = I
Δω(t)

Ts
(2.1)
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Δ Δ = 1− z−1 TI(t) I

Ts ω(t)

I TI(t) Δω(t)

TI(t)

TI(t) T (t)

2.2.2

T (t) Q(t)

P(t) N η

T (t) = η
P(t)Q(t)

2πN
(2.2)

T (t) = CPQP(t)Q(t) (2.3)

CPQ Q(t) Qin(t)

AQ(z−1)Q(t) = z−(k+1)BQ(z−1)Qin(t) + ξ(t) (2.4)
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⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
AQ(z−1) := 1 + a1Qz−1

BQ(z−1) := b0Q + b1Qz−1 + · · · + bmQz−m

(2.5)

k z−1 m BQ(z) ξ(t) 0

σ2 aiQ biQ

2.2.3

Pr

Pr

P(t) = Pr (2.6)

(2.6) (2.3)

T (t) = CPQ · Pr · Q(t) (2.7)

(2.4) (2.7)

T (t) = CPQ · Pr
z−(k+1)BQ(z−1)Qin(t) + ξ(t)

AQ(z−1)
(2.8)
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T (t) Qin(t)

AT (z−1)T (t) = z−(k+1)BT (z−1)Qin(t) + ξ(t) (2.9)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
AT (z−1) := 1 + a1T z−1

BT (z−1) := b0T + b1T z−1 + · · · + bmT z−m

(2.10)

aiT biT

2.2.4

Q(t) P(t) Q(t)

P(t)

Q(t) P(t)

ω(t) Qm(t)

Qm(t) =
qm

2π
ω(t) (2.11)

qm P(t)
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TI(t)

TI(t) =
qm

2π
P(t) (2.12)

Q(t)

Q(t) Qm(t)

P(t) =
Ts

Δ
κ(Q(t) − Qm(t)) (2.13)

κ P(t)

Q(t) (2.1) (2.11) (2.12)

Qm(t) =
1

Δ

(qm

2π

)2 Ts

I
P(t) (2.14)

(2.14) (2.13)

P(t) =
1

Δ
TsκQ(t) − 1

Δ2
κ
(qm

2π

)2 T 2
s

I
P(t)) (2.15)

P(t) Q(t)

(K1 + Δ
2)P(t) = K2ΔQ(t) (2.16)

K1 = κ
(qm

2π

)2 Ts
2

I
(2.17)

K2 = κTs (2.18)
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Q(t) P(t)

P(t) =
K2

K1 + Δ2
ΔQ(t) (2.19)

2.2.5

P(t) Pr

(2.19) P(t) Q(t)

(2.19) (2.4)

P(t) =
K2

K1 + Δ2
Δ

(
z−(k+1)BQ(z−1)

AQ(z−1)
Qin(t) +

ξ(t)
AQ(z−1)

)
(2.20)

(2.3) (2.4)

T (t) = CPQP(t)
(
z−(k+1)BQ(z−1)

AQ(z−1)
Qin(t) +

ξ(t)
AQ(z−1)

)
(2.21)

(2.21) (2.20)

AT (z−1)T (t) = Δ
(
z−(k+1)BT (z−1)Qin(t) + ξ(t)

)2
(2.22)

AT (z−1) = A2
Q(z−1)(K1 + Δ

2) (2.23)

BT (z−1) = (CPQK2)
1
2 BQ(z−1) (2.24)

Qin(t) Qin ΔQin(t)

17



AT (z−1)T (t) = Δz−(k+1)BT (z−1)ΔQin(t) + ξ(t) (2.25)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
AT (z−1) := 1 + a′1T z−1 + · · · + a′nT z−n

BT (z−1) := b′0T + b′1T z−1 + · · · + b′mT z−m

(2.26)

n AT (z) a′iT b′iT

Qmax

Qmax

T (t)

ΔQ(t) = ΔQin(t) = 0 (2.27)

P(t)

0 (2.6) (2.19)
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Fig. 2.3: Block diagram of an event-driven controller

2.3

[30]

(2.9) (2.25)

[32]

Fig.2.3

PID
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x(t)

P(t) u(t) Qin(t)

y(t) T (t)

2.3.1

(2.9)

PID

Δu(t) = KI(t)e(t) − KP(t)Δy(t) − KD(t)Δ2y(t) (2.28)

e(t) := r(t) − y(t) (2.29)

e(t) r(t)

(2.25)

PID
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PID

Δ2u(t) = KI(t)Δe(t) + KII(t)e(t) − KP(t)Δ2y(t) − KD(t)Δ3y(t) (2.30)

KP(t),KI(t),KII(t),KD(t)

(2.27)

Δu(t) = 0 (2.31)

(2.30)

u(t)

(2.31)
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2.3.2

ET

P(t)

ET1

ET2 P(t) 100% P1

ET3 P(t) 100% P2

ET4 P(t) 100% P3

P1 P2

(2.25) P3

P1

P(t) 100%

2.3.3

ET

PID ET P(t)

22



KP(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

KP1
(if ET1 ∼ ET2)

KP2
− KP1

P2 − P1

(P(t) − P1) + KP1
(if ET2 ∼ ET3)

KP2
(if ET3 ∼ ET4)

0 (otherwise)

(2.32)

KI(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

KI1
(if ET1 ∼ ET2)

KI2
− KI1

P2 − P1

(P(t) − P1) + KI1
(if ET2 ∼ ET3)

KI2
(if ET3 ∼ ET4)

0 (otherwise)

(2.33)

KII(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

KII2

P2 − P1

(P(t) − P1) (if ET2 ∼ ET3)

KII2
(if ET3 ∼ ET4)

0 (otherwise)

(2.34)

KD(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

KD1
(if ET1 ∼ ET2)

KD2
− KD1

P2 − P1

(P(t) − P1) + KD1
(if ET2 ∼ ET3)

KD2
(if ET3 ∼ ET4)

0 (otherwise)

(2.35)

KP1
,KI1
,KD1

KP2
,KI2
,KII2
,KD2
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2.3.4

KP1
KI1

KD1
KP2

KI2
KII2

KD2

KP1
KI1

KD1
KP2

KI2
KII2

KD2

GMVC

PID [34]

GMVC PID

GMVC PID

A(z−1)y(t) = Δid z−(k+1)B(z−1)u(t) +
ξ(t)
Δ

(2.36)

A(z−1) := 1 + a1z−1 + a2z−2

B(z−1) := b0 + b1z−1 + · · · + bmz−m

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.37)

(2.37) ai bi id 0 1

id = 0 id = 1

J

J := E[φ2(t + k + 1)] (2.38)
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φ2(t + k + 1)

φ(t + k + 1) := P(z−1)y(t + k + 1) + λΔ(id+1)u(t) − P(1)r(t) (2.39)

λ

Diophantine

P(z−1) = Δ(id+1)E(z−1)A(z−1) + z−(k+1)F(z−1) (2.40)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
E(z−1) := 1 + e1z−1 + · · · + ekz−k

F(z−1) := f0 + f1z−1 + f2z2 + f3z3 · id

(2.41)

E(z−1) F(z−1) Δ(id+1)A(z−1) P(z−1)

P(z−1)

[36]

Pl(z−1) = 1 + p1z−1 + p2z−2 (2.42)

p1 = −2 exp
(
− ρ

2μ

)
cos

( √
4μ−1

2μ
ρ

)

p2 = exp
(
ρ

μ

)

ρ = Ts
σ

μ = 0.25(1 − δ) + 0.51δ

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2.43)

σ δ

σ 60

δ 0 ≤ δ ≤ 2.0
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δ = 0 Binomial δ = 1.0 Butterworth

(2.36) (2.39) (2.40) t k + 1

φ(t + k + 1|t) := F(z−1)y(t) +
(
E(z−1)B(z−1) + λ

)
Δ(id+1)u(t) − P(1)r(t) + E(z−1)ξ(t + k + 1) (2.44)

t

φ̂(t + k + 1|t) := F(z−1)y(t) +
(
G(z−1) + λ

)
Δ(id+1)u(t) − P(1)r(t) (2.45)

G(z−1)

G(z−1) := E(z−1)B(z−1) (2.46)

= g0 + g1z−1 + + · · · + gngz
−ng (2.47)

(ng = m + k)

ng G(z−1) (2.44) (2.45)

φ(t + k + 1|t) = φ̂(t + k + 1|t) + E(z−1)ξ(t + k + 1) (2.48)

φ̂(t + k + 1|t) = 0 (2.49)

(2.38)
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(2.45) (2.49) GMVC

Δ(id+1)u(t) =
Pl(1)

G(z−1) + λ
r(t) − F(z−1)

G(z−1) + λ
y(t) (2.50)

u(t) y(t) (2.50)

fi gi

(2.50) id = 0 (2.28)

KP1
= − f1 + 2 f2

G(1) + λ
(2.51)

KI1
=

f0 + f1 + f2

G(1) + λ
(2.52)

KD1
=

f2

G(1) + λ
(2.53)

(2.50) id = 1 (2.30)

KP2
=

f2 + 3 f3

G(1) + λ
(2.54)

KI2
= − f1 + 2 f2 + 3 f3

G(1) + λ
(2.55)

KII2
=

f0 + f1 + f2 + f3

G(1) + λ
(2.56)

KD2
= − f3

G(1) + λ
(2.57)
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2.4

2.4.1 PQ

100%

PQ Fig.2.4 Fig.2.5

2.4.2 PID

PID Fig.2.6

PID

KP = 3.00 × 10−6, KI = 1.10 × 10−7, KD = 1.00 × 10−7 (2.58)

PID
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Fig. 2.4: Control result of PQ controller with ordinary
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Fig. 2.5: Control result of PQ controller with cold condition

30



0 2 4 6 8 10
0

50

100

150

T(
t) 

[%
] T(t)

r(t)

0 2 4 6 8 10
0

50

100

Q
(t)

 [%
]

0 2 4 6 8 10
0

50

100

P(
t) 

[%
]

Fig. 2.6: Control result of PID controller with cold condition

31



Table 2.1: PID gains for event-driven controller

Gain RV ON RV OFF

KP 1.97 × 10−6 1.95 × 10−6

KI 3.68 × 10−7 1.10 × 10−7

KII 0 3.89 × 10−10

KD 1.61 × 10−6 2.93 × 10−7

2.4.3

PID GMVC PID

(2.6) (2.9)

–(2.10) PID

2.2[s] 3.8[s]

0.1[s]

PID

Table 2.1

(2.19) ΔQ(t)

P(t) (2.25) –(2.26) 3.9[s] 4.3[s]
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Table 2.2: PID gains included in the event-driven controller

Gain RV ON RV OFF

KP 5.10 × 10−2 0

KI 2.40 × 10−3 1.90 × 10−3

KII 0 2.00 × 10−6

KD 1.60 × 10−2 3.00 × 10−3

Table 2.2 KP2

Pr 100%

Fig.2.10 P1 P2 P3 83% 60% 40%

Fig.2.11 , Fig.2.12 Fig.2.11

ET

Qmax PID

0.5s
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Fig. 3.1: Scheme of operability evaluation
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Fig. 3.2: View of Bucket Motion from Cabin

Fig. 3.3: Block diagram of evaluation for motion of hydraulic excavator
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Fig. 3.4: Simulator of bucket motion

Fig. 3.5: Block diagram of evaluation for simulation
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Fig. 3.6: Flow chart of GA
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Fig. 3.7: Block diagram of system parameter estimation by GA
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Table 3.1: Evaluation results of the simulation

No. L T L + T responsiveness

Criterion 0.2 0.25 0.45 3.0

1 0.2 2.0 2.2 2.0

2 0.2 0.1 0.3 4.1

3 0.4 0.5 0.9 2.6

4 0.1 0.5 0.6 3.1

5 0.4 2.0 2.4 1.4

6 0.4 0.2 0.6 3.1

7 0.1 0.125 0.225 4.6

8 0.3 0.15 0.45 3.4

9 0.1 1.0 1.1 2.1

10 0.3 1.5 1.8 1.8
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Fig. 3.9: Simulation result of the responsiveness evaluation on the L-T map
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Table 3.2: Evaluation results of the excavator operation

No. Estimated Parameters responsiveness

L T L + T

1 0.13 0.14 0.27 4.6

2 0.03 2.60 2.63 1.6

3 0.17 0.58 0.75 2.4

4 0.20 0.27 0.47 3.8

5 0.21 0.18 0.39 4.0

6 0.69 0.27 0.96 1.4

7 0.23 0.32 0.55 3.2

8 0.21 0.27 0.48 3.4

9 0.17 0.21 0.38 4.0

10 0.15 0.17 0.32 4.2
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Fig. 3.10: Excavator result of the responsiveness evaluation on the L-T map
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Table 3.3: Correlation coefficients and P-values of evaluations

Simulation Excavator

r P[%] r P[%]

L 0.39 24.0 0.006 98.5

T -0.93 2.9 × 10−3 -0.72 0.80

L + T -0.97 9.1 × 10−5 -0.88 0.02
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4.2 CMAC-PID

CMAC-PID
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Fig. 4.2: Example of 2 dimensional CMAC model
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Fig. 4.3: Block diagram of skill based CMAC-PID controller
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PID

Δu(t) = KI(t)e(t) − KP(t)Δy∗(t) − KD(t)Δ2y∗(t) (4.4)
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Fig. 4.4: Human skill leaning by CMAC-PID
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Fig. 4.5: Experimental method
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Table 4.1: Behavior of each action of PID controller
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PID
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Table 4.2
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Table 4.2: Standard deviation of ΔKP, ΔKI & ΔKD

Operator Professional 1 Professional 2 Novice 1 Novice 2

ΔKP 0.017 0.019 0.032 0.041

ΔKI 0.051 0.060 0.063 0.075

ΔKD 0.003 0.006 0.009 0.009
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