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Hierarchical control approach for industrial process operation based on
multivariable decoupling control

ZHOU Ping, CHAI Tian-you
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Shenyang Liaoning 110004, China)

Abstract: A hierarchical control approach for industrial process operation is proposed to achieve the desired technical

indices (TIs) by using the extended multivariable decoupling control technique. The lower-level loop control system de-

signed by the multi-loop PI/PID control technique is responsible for forcing the key process variables that closely relate to

the TIs to track the given setpoints. By using the extended decoupling control method within a unity feedback structure, we

develop a higher-level setting controller for the generalized plant consisting of the controlled process and the lower-level

control system. To achieve the desired TIs, this setting controller automatically adjusts the setpoints for the lower-level

controllers in response to process uncertainties and disturbances with good decoupling performance. An application to the

grinding process is presented to demonstrate the proposed control approach.

Key words: multivariable decoupling control; loop setting controller; process operation; technical indices (TIs); range

constrained control
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Fig. 1 Hierarchical control structure for process operation
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2 (Control system design)
2.1 (Control strategy)
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Fig. 2 Proposed hierarchical control strategy for process operation

2.2 (Design of loop setting

controller)
, 2 G

:

G(s) =

⎡
⎢⎢⎣

g11(s) · · · g1m(s)
...

...

gm1(s) · · · gmm(s)

⎤
⎥⎥⎦ , (1)

: gij(s) = gij0(s)e−τijs, gij0(s)
, τij � 0 .

KC SISO PID ,

GY =

diag{ny,11(s)e−τc,11s

dy,11(s)
, · · · ,

ny,mm(s)e−τc,mms

dy,mm(s)
},

(2)

: τc,ii � 0 , ny,ii(s) dy,ii(s)
s , .

SISO PID KY

KY = diag{ky,11(s), · · · , ky,mm(s)},
KC

KC = diag{kc,11(s), · · · , kc,mm(s)} =

GYKY(I + GYKY)−1. (3)
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, kc,ii(s) :

kc,ii(s) =
ky,ii(s)ny,ii(s)e−τc,iis

dy,ii(s) + ky,ii(s)ny,ii(s)e−τc,iis
,

kc,ii τ(kc,ii) = τc,ii, τ(ϕ)
ϕ , .

KS(s) =

⎡
⎢⎢⎣

ks,11(s) · · · ks,1m(s)
...

...

ks,m1(s) · · · ks,mm(s)

⎤
⎥⎥⎦ . (4)

DI DY, DR

, 2

H = [I + GKCKS]−1GKCKS.

KS = K−1
C G−1(H−1 − I)−1, (5)

ks,ij =
1

kc,ii

Gji

|G|
hjj

1 − hjj
, i, j = 1, · · · ,m, (6)

Gji G(s) gji(s) .

Ξ1,ij � 1
kc,ii

Gji

|G|hjj , Ξ2,ij � 1
1 − hjj

,

(6)

ks,ij = Ξ1,ijΞ2,ij . (7)

Ξ2,ij , 1 hjj

; Ξ1,ij , ks,ij

, Ξ1,ij

, .

, ks,ij , τ(Ξ1,ij) � 0,

ks,ij ,

τ(Gji) + τ(hjj) − τ(kc,ii) − τ(|G|) � 0,

τ(hii) � max
j∈m

τ(kc,jj) + τ(|G|) − min
j∈m

τ(Gij). (8)

(8) H(s)
.

KS . ηz(ϕ)

lim
s→z

ϕ(s)/(s − z)v

v, C
+ .

Z+
ϕ ϕ(s) . z ∈

Z+
kc,ii|G|, KS , ηz(ks,ij) �

0, ηz(Ξ1,ij) � 0,

ηz(Gji) + ηz(hjj) − ηz(kc,ii) − ηz(|G|) � 0,

ηz(hii) � max
j∈m

ηz(kc,jj) + ηz(|G|) −
min
j∈m

ηz(Gij). (9)

,

KS,

H:

H = diag{h11(s), · · · , hmm(s)}, (10)

hii :

hii(s) =
e−τ(hii)s

(αiis + 1)N(hii)

∏
z∈Z+

kc,ii|G|

(
z − s

z̄ + s
)ηz(hii),

(11)

: 1/(αiis + 1)N(hii) , :

N(hii) KS

; αii

,

.

H(s) , (6)(7)(11),

ks,ij

ks,ij =
1

kc,ii

Gji

|G|
e−τ(hjj)s

(αjjs + 1)N(hjj)

(
∏

z∈Z
+
kc,jj |G|

(
z − s

z̄ + s
)ηz(hjj))Ξ2,ij , (12)

: τ(hjj), ηz(hjj) (8)(9) ,

N(hjj) KS

.

2.3 (Model reduction)

, |G| Gji :

ξ∑
j=1

((
mj∑
i=0

b̃j,is
ie−τjs)/(

nj∑
i=0

ãj,is
i)),

KS

. , [16] RLS

,

[16].

2.4 (Switcher design)
,

QS , [11]:

Y ∗ =

{
z−1Y ∗(z), P (R) = 1,

Y ∗(z), P (R) = 0.
(13)
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: P (·) , Y ∗(z)
, P (R) = 0 R /∈ (R∗ − ΔR, R∗ + ΔR),

, P (R) = 1 R ∈ (R∗ − ΔR, R∗ + ΔR).

3 (Stability analysis)
[17] ,

DI, R
∗ R, Y ∗

[
(I+GKCKS)−1G (I+GKCKS)−1GKCKS

−(G−1K−1
S +KC)−1 (K−1

S +GKC)−1

]

. ,

, 2

. ,

2

(I + GKCKS)−1 .

,

.

[14,17,18]. 2 ,

ΠA = {GA(s)|GA(s) = G(s) + ΔA} G

; ΠO =
{GO(s)|GO(s) = (I + ΔO)G(s)} R

; ΠI = {GI(s)|GI(s) =
G(s)(I + ΔI)} KC . ΔA,

ΔI, ΔO .

M−Δ [14,17,18], ΔA,ΔI,

ΔO Ω. ,
[14,18], 2

,

ρ(ΩΔ) < 1, ∀ω ∈ [0,∞), (14)

ρ(·) .

ΔA ΔI ΔO ,

Ω

.

4 (Example)
4.1 (Process de-

scription and operation control system design)
,

. 3

, (15)

:[
r1

r2

]
=

⎡
⎢⎢⎣
−0.55e−5.8s

5.8s+1
0.025(74s+1)e−1.6s

(2.3s+1)(5.5s+1)
2e−4.5s

6s+1
2.6e−1.1s

5.3s+1

⎤
⎥⎥⎦

[
y1

y2

]
,

(15)

: r1, r2

(%, −200 mu) (t/h); y1 y2

r1, r2 (t/h)

(t/h).

3

Fig. 3 Schematic diagram of grinding process system

u1(Hz) u2(%) y1, y2

. ,

2 ,

v2(Hz) γ2 ,

γ1(t/h)

,

v1(%). y1, y2 :

y1/u1 = e−0.2s/(2s + 1), y2/u2 = 1/(s + 1).

PI :

ky,11 = (10s + 5)/6s, ky,22 = (2s + 2)/s.

KC = diag{5e−0.2s/(6s + 5e−0.2s), 2/(s + 2)}.
,

KS

KS =

⎡
⎢⎢⎢⎣
−0.52Θ(6s + 5e−0.2s)
(5.3s + 1)(α11s + 1)

0.005Θ(74s + 1)(6s + 5e−0.2s)
(2.3s + 1)(5.5s + 1)(α22s + 1)

(s + 2)Θe−3.6s

(6s + 1)(α11s + 1)
0.275Θ(s + 2)e−4.4s

(5.8s + 1)(α22s + 1)

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎣

1
1 − e5.47/(α11s + 1)

1
1 − e4.97/(α22s + 1)

⎤
⎥⎥⎦

T

,
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Θ = (18.9295s2 + 9.2147s + 1)/(0.0055s2 +
0.0356s + 1.48).

4.2 (Simulation)
:

ΔI = diag{s + 0.3
s + 1

,
s + 0.3
s + 1

}, (16)

ΔO = diag{−s − 0.3
2s + 1

,
−s − 0.3
2s + 1

}. (17)

(14),

, 4 .

1,

.

4

Fig. 4 Amplitude-frequency curves of spectral radius for the

perturbed grinding systems

(16)(17) ΔI, ΔO

. ,

, α11 = α22 = 5 α11 = α22 = 15.

t = 20 min t = 310 min 2 5

, t=150 min t=
430 min 5 t/h −5 t/h

,

. , r1, r2 y1, y2

0.01, 0.1, 0.01, 0.01

,

. 2

5 . :

, r∗1, r∗2 ,

r1, r2 , .

, r1, r2 ,

KS y∗1, y∗2 , r1, r2 r∗1, r∗2,

. ,

, y∗1, y∗2 ,

, .

α11 =α22 =15 , , y∗1, y∗2
, ,

.

5

Fig. 5 Control performance of perturbed grinding system

operation according to the two groups of filter

parameters

,

. ,

KS 2 min

, 2 min

. KS 10 min

, 10 min,

,

. ,

0.1 min .

. ,

(16)(17) .

t=50 min t=700 min 2 10
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, t=400 min t=
1100 min 3 t/h −3 t/h

,

. , r1, r2 y1, y2

2 min, 2 min, 0.1 min, 0.1 min,

0.01, 0.1, 0.01, 0.01

, r1, r2 y1, y2

. α11 =α22 =10,

6 . , r∗1, r∗2 ,

r1, r2

, , .

, r1, r2 ,

y∗1, y∗2 , r1, r2

,

. ,

KS

.

6

Fig. 6 Operation control performance of perturbed grinding

system due to setpoint tracking control

6 ,

, r1, r2

, y∗1, y∗2 ,

. ,

, .

, S

: ΔR =[0.5, 2],
r1, r2 [r∗1 − 0.5, r∗1 + 0.5] (%,

−200 mu) (r∗2 − 2, r∗2 +2) t/h; y∗1, y∗2
10 t/h. ,

, y∗1, y∗2
45∼75 t/h 35∼65 t/h .

,

7 . ,

, r1, r2 ,

, y∗1, y∗2
, r1, r2 6

.

,

, .

, r1, r2

, y∗1, y∗2
, r1, r2

.

,

,

.
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7

Fig. 7 Operation control performance of perturbed grinding

system due to range constrained control

5 (Conclusion)

.

:

, .

MPC ,

,

.
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