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Abstract: In this paper, we propose to use variable inlet guide vane as a means of active surge control to solve above problems.

There is some advantage. For example, since the inlet guide vanes are already present in POSCO, no additional actuation device

is required. We can collect all data easily which is related to the test and can simulate new model using our compressors. We

can obtain the result that blow-off valve is opened less 5% and can operate air compressor automatically and more efficiently.

Through a simulation example, the effectiveness of the proposed schemes is illustrated.
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1. Introduction
Recently centrifugal type compressors are widely used for

several kinds of applications such as turbo-charging of inter-

nal combustion engines, air compression in gas turbines of

oxygen or power plants and so on. As we know while cen-

trifugal type compressors have several kinds of advantages

themselves without other type compressors, there are some

disadvantages such as surge and so on. Surge can cause se-

vere damage to the compressor because it is an unstable op-

eration mode which occurs when the operation point of the

compressor is to the left of the surge line, which is the stabil-

ity limit in the compressor map. And surge is highly unde-

sired because the compressor is very expensive and takes a

long time to repair or replace. POSCO in Korea which is one

of the largest steel making companies in the world also has

over 20 air turbo compressors of centrifugal type to produce

pure oxygen and pure nitrogen gases for steel making. We

also have some problems for stable operation of each com-

pressor but the major one is as follows. We used anti-surge

line to give about 10% margin against surge line in compres-

sor map to avoid surge in each compressor but blow-off valve

which is for active surge control to stabilize the compressor

was usually opened about 10 15%. When blow-off valve is

opened, we have to close blow-off valve fully for increasing

the air compression efficiency and economizing utilities like

the electric power. In that case inlet guide vane which is

located in the compressor inlet can control the flow rate of

suction air of compressor inlet. But sometimes the result was

worse and worse. Because any actions like more open or more

close of inlet guide vane caused the fluctuation of the pres-

sure and the flow rate of suction air (differential pressure) at

the compressor outlet, operating point that is made newly

was also unstable position. Therefore we did not operate the

compressor more efficiently and couldn’t control automati-

cally these two control loops, anti-surge and inlet guide vane,

simultaneously. As the above result, we need stronger con-

troller than existing controller for anti-surge and inlet guide

vane control and new model for operating the compressor

automatically and efficiently.

Wiener models are particularly useful in representing the

nonlinearities of a process without introducing the compli-
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cations associated with general nonlinear operators. Wiener

models consist of a linear dynamic element followed in series

by a static nonlinear element, while Hammerstein models

contain the same elements in the reverse order. These models

correspond to process with linear dynamics but a nonlinear

gain, and can adequately represent many of the nonlinear-

ities commonly encountered in industrial processes such as

distillation columns, a heat exchanger and pH neutralization

processes, [Norquay 1999A.B, Zhu 1999, Bloemen 2001].

There are several methods to relax the computational de-

mand of the nonlinear optimization problem for Wiener mod-

els. Norquay et al. use the specific structure of Wiener

models to relax the computational demand. This is done by

inverting the static nonlinearity, thus essentially removing

it from the control problem, which enables the use of lin-

ear MPC techniques for the remaining linear block. Thus

the Wiener model is represented as a linear model with un-

certainty, which enables the use of robust linear MPC tech-

niques to control this kind of system. The optimization prob-

lem is given by minimization of a linear cost function subject

to linear matrix inequalities (LMIs)[Boyd 1994]. By the way,

every suggested Wiener model predictive control (WMPC)

algorithms are considered on regulation and state feedback

or state observer based form.

In this paper,we propose to use variable inlet guide vane as

a means of active surge control to solve above problems. We

can obtain the result that blow-off valve is opened less 5%

and can operate air compressor automatically and more effi-

ciently. The control scheme is based on the minimization of

a finite horizon cost function with finite terminal weighting

matrices and can easily be implemented using linear matrix

inequalities optimization. We developed wiener model for air

separation plant using subspace identification and applied

to proposed control scheme. Through a simulation example,

the effectiveness of the proposed schemes is illustrated.

2. Problem statement
2.1. Anti-surge

2.1.1 Surge

Surge is an axisymmtrical oscillation of the ow through the

compressor, and is characterized by a limit cycle in the com-

pressor characteristic. An example of such a characteristic
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is shown as the S-shaped curve in Figure 1.1. The dotted

segment of the curve indicates that this section usually is

an approximation of the physical system, as it is difficult to

measure experimentally. Surge oscillations are in most ap-

plications unwanted, and can in extreme cases even damage

the compressor.

The first of these types is a phenomenon with oscillations in

both pressure and flow in the compressor system, while in

the second type, the oscillations in mass flow have such a

large amplitude, that ow reversal occurs in the compression

system. A drawing of a typical deep surge cycle is shown

in Fig.1. The cycle starts at (1) where the ow becomes un-

stable. It then jumps to the reversed ow characteristic (2)

and follows this branch of the characteristic until approxi-

mately zero ow (3), and then jumps to (4) where it follows

the characteristic to (1), and the cycle repeats.

Pressure

Mass flow

(1)

(2)

(3)

(4)

Fig. 1. Surge cycle

2.1.2 Anti-surge control loop

Figure 2 is the block diagram of the Anti-surge control loop.
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Fig. 2. Anti-surge control loop

2.2. Surge model

The wiener model consists of a linear dynamic block fol-

lowed by a static nonlinear block. This model is useful in

modelling several nonlinear processes in industry, for exam-

ple distillation columns. Subspace identification method is

recently developed in system identification, which has effec-

tiveness in identifying dynamic state space systems. In this

case, blow-off valve are selected as output variables. And

input variables are shown in Table 1. The resulting sub-

PT-110 Pressure

PDT-110 Throttle flow

FY-170 Inlet guide vane control valve

FIC-110 Anti-surge control valve

Table 1. Control valve

space wiener model is described by a 4th-order deterministic

system, as:

A =

⎡
⎢⎢⎣

0.9987 −0.2072 −0.0591 0.1726

0.0002 0.9909 0.3778 −0.0789

−0.0000 −0.0200 1.0078 −0.4573

0.0002 −0.0009 0.2011 0.8557

⎤
⎥⎥⎦

B =

⎡
⎢⎢⎣

0.0586 1.5536 0.0212

0.0252 −9.8954 0.0369

−0.0993 −6.6561 0.0335

−0.0105 −6.6456 0.0259

⎤
⎥⎥⎦

C =
[

−0.2522 −0.3988 0.3140 0.2329
]

Static output nonlinearity is represent following polynomial.

p = [−2.021 0.0914 12.1841 − 5.0069]

Using the experimental data, we obtain the state space lin-

ear model and polynomial type static nonlinearity. Firstly,

we obtain the linear model by subspace model identification

algorithm and then the polynomial function is obtained by

nonlinear function approximation algorithm.

3. Controller Design
Consider following Wiener model

x(k + 1) = Ax(k) + Bu(k)

y(k) = Cx(k)

z(k) = hp(y(k))

= H(k)y(k)

H(k) =

(
∂h(y)

∂y

∣∣∣∣
y=h−1(zr(k))

)
(1)

and a output feedback controller

u(k) = F (k)z(k) (2)

In which A, B, C are the system matrices of the linear dy-

namic block, x(k) ∈ Rnx is the states of the plant, u(k) ∈
Rnuis the control input, y(k) ∈ Rny is the output of the

linear block respectively, hp is the nonlinear mapping from

y(k) to z(k) and is the output of the nonlinear block. The

numbers of linear block output y(k) and nonlinear output

z(k) equal to p, and i = 0, 1, · · · , N −1. The static nonlinear

function h(·) is assumed to be known and invertible.
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A performance index to be minimized is given by the follow-

ing cost

J(k, k + N, x(k)) =

N−1∑
i=0

[x(k + i|k)T Qx(k + i|k) (3)

+u(k + i|k)T Ru(k + i|k)] + x(k + N |k)T Qfx(k + N |k)

Now we change system and performance index. The system

(1)is changed into:

x(k + 1) = Acl(k)x(k) (4)

where Acl(k) = A + BF (k)H(k)C.

The performance index (3) is changed into:

J(k, k + N, x(k)) =

N−1∑
i=0

[x(k)T Q̄(k)x(k)]

+x(k + N)T Qf (k)x(k + N) (5)

where

Q̄(k) = Q + F̄ T (k)RF̄ (k), F̄ (k) = F (k)H(k)C

The closed loop stability of the MPC is proven using mono-

tonicity of the optimal cost under the terminal inequality

conditions.

Lemma Assume that Qf in (5) satisfies the following in-

equality

Qf ≥ Q + F T RF + (A − BF )T Qf (A − BF ) (6)

The optimal cost J∗(k, k +N, x(k)) then satisfies the follow-

ing relation

J∗(k, +kN + 1, x(k)) ≤ J∗(k, k + N, x(k)), k ≥ N (7)

By the Lemma, we can obtain the following inequality if we

choose proper Qf

∆J(k, k + N, x(k))

=

N−1∑
i=k

[x1(i)T (i)Q̄x1(i)] + J∗(k, k + N, x1(k))

−
N−1∑
i=k

[x2(i)T Q̄x2(i)] − x2(N)T Qfx2(N)

≤ J(N, N + 1, x2(N)) − x2(N)T Qfx2(N)

= x2(N)T [Q̄ + AT
clQfAcl − Qf ]x2(N) ≤ 0 (8)

(8) is equivalent to the LMI[
Q̄ − Qf ∗

Acl −Q−1
f

]
≤ 0 (9)

We define the augmented variables X(i), U(i) and Xi(0).

X(i) = [xT (i)xT (i + 1), ..., xT (i + N − 1)],

U(i) = [uT (i)uT (i + 1), ..., uT (i + N − 1)],

X0(i) = [xT (i), 0, ..., 0]T .

Then we have

X(i) = ÂX(i) + B̂U(i) + X0(i)

= W̄ (i)U(i) + V̄0(i) (10)

X(i) of (3) is represented as

J(i, i + N) = [XT (i)Q̂X(i) + UT (i)R̂U(i)]

+[Φi+N,i(A)x(i) + B̄U(i)]T Qf [Φi+N,i(A)x(i) + B̄U(i)]

= [UT (i)W (i)U(i) + W0(i)U(i) + V0(i)]

+[Φi+N,i(A)x(i) + B̄U(i)]T Qf [Φi+N,i(A)x(i) + B̄U(i)]

≤ γ (11)

where

Â =

⎡
⎢⎢⎢⎢⎣

0 . . . . . . 0

A
. . .

. . .
...

...
. . .

. . .
...

0 . . . A 0

⎤
⎥⎥⎥⎥⎦, B̂ =

⎡
⎢⎢⎢⎢⎣

0 . . . . . . 0

B
. . .

. . .
...

...
. . .

. . .
...

0 . . . B 0

⎤
⎥⎥⎥⎥⎦

W0(i) = 2V̄ T
0 (i)Q̂W̄ (i), V0(i) = W̄ T

0 (i)Q̂V̄ (i)

W (i) = W̄ T (i)Q̂(i)W̄ T (i) + R̂(i), W̄ (i) = [I − Â(i)]−1B̄,

V̄0(i) = [I − Â(i)]−1X0(i)

B̄ = [Φi+N,i+1(A)B, Φi+N,i+2(A)B, . . . , B]

Φi+N,i(A) = A(N − 1)A(N − 2) . . . A(i)

min
u(k+i|k),i≥0

J(k, k + N, x(k)) (12)

where

J(k, k + N, x(k)) ≤ V (x(k)) ≤ γ

Considering the constraints given in (12), the optimization

problem for constrained case is given by

min
U(i),S,Y (i),γ

γ (13)

subject to⎡
⎣ γ − W0(i)U(i) − V0(i) ∗ ∗

W
1
2 (i)U(i) I ∗

Φi+N,i(A)x(i) + B̄U(i) 0 S

⎤
⎦ (14)

and ⎡
⎢⎢⎣

−S ∗ ∗ ∗
AS + BY (i) −S ∗ ∗

Q
1
2 S 0 I ∗

R
1
2 Y (i) 0 0 I

⎤
⎥⎥⎦ ≥ 0 (15)

where S = P−1
f , Y (i) = F (i)H(i)CS.

Once a solution to (13) is obtained, the controller is given

by F = Y [H(i)CS]−1.

4. Simulation
Using the experimental data, we obtain the state space lin-

ear model and polynomial type static nonlinearity. Firstly,

we obtain the linear model by subspace model identification

algorithm and then the polynomial function is obtained by

nonlinear function approximation algorithm.

The control gain is obtained for the model (1) with the per-

formance index (13) using LMI toolbox. Fig. 3, 4 shows the

simulation results.
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Fig. 3. Input control valve
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Fig. 4. Anti-surge control(blow-off valve)

5. Conclusion
In this paper, we propose to use variable inlet guide vane as

a means of active surge control to solve above problems. we

propose output feedback model predictive control for wiener

models and adopt the Wiener model predictive control al-

gorithms for static output nonlinearity of the wiener model.

The control scheme is based on the minimization of a finite

horizon cost function with finite terminal weighting matrices

and can easily be implemented using linear matrix inequali-

ties optimization. we developed wiener model for anti surge

control loop using subspace identification methods and ap-

plied to proposed control scheme.
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