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Petrochemical Industry 
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1. Pillar industry in the world 
 The first major pillar industry in the world 

 $14.9 trillion gross output in the world (2013) 

 China as number one 

 

2. Big energy producer, Big energy user 
 15% of total energy consumption 

 15%~20% above the average energy consumption level  

MPC: Enabling Technology of Saving Energy 
and Increasing Profit   



Outline 
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1. Why CPA 

2. CPA of PID Loop 

3. Economic PA of Industrial MPC 

4. On-line EPI of Industrial MPC 

5. MPM Detection of MPC with Mutual 
Information 

MPC: Model Predictive Control 



 
Control System: Big Investment 
  

1. Typical Control Loop Investment: $25,000 
(ABB Company) 
 Hardware: Including valve, sensor, controller etc. 

 Software: Control algorithm, SCADA system etc. 

 

2. Typical Petrochemical Process: 
     102~103 Loops 
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Improperly Working 
Control System 



 
However:  

1. Fewer and fewer adequately educated control 
engineer 
 

2. Average control engineer responsible > 100 loops 

 
 
 
 
 

 
Control Performance Reality: Not Good  
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Short of  Maintenance  



Outline 

6 

1. Why CPA 

2. CPA of PID Loop 

3. Economic PA of Industrial MPC 

4. On-line Economic Performance Improvement of 
Industrial MPC 

5. Model-Plant Mismatch Detection of MPC using 
Mutual Information 

MPC: Model Predictive Control 



 
PID Loop: Basis of MPC 

PID: Execute MPC command 
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Local equipments

economic optimization

PID basic control 

loop (Second)

Double-layer MPC

(Minute)

Regulatory performance of PID: 

How accurate can PID follow 
MPC command? 

Good PID prerequisite for 
Good MPC 

Ruowei Fu, Lei Xie, Zhihuan Song, Yong Cheng. PID control performance assessment using iterative convex 
programming. Journal of Process Control, 2012, 22: 1793-1799. 



PID Regulatory Performance 
Measured by Loop Output Variance 

8 Process Step Response 

Disturbance Impulse 
Response 

 Nonparameter-Model Based 
 Applied to any order process 

 

Good or Bad?  



CPA of PID 
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Good or Bad?  

Find the benchmark: 
Minumum Output Variance 

Nonconvex! 



CPA of PID 
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Good or Bad?  

Nonconvex! 

Nonconvex Constraints 

Schur 
Complement  



CPA of PID 
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Good or Bad?  

Nonconvex! 

Lagrange method 
& Fixed-point Alg.  

Nonconvex Constraints 

Schur 
Complement  



CPA of PID 
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Good or Bad?  

Nonconvex! 

Lagrange method 
& Fixed-point Alg.  

Nonconvex Constraints 

Schur 
Complement  



CPA of PID 
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Good or Bad?  

Nonconvex! 

Lagrange method 
& Fixed-point Alg.  

Nonconvex Constraints 

Schur 
Complement  

Succesive Convex 
Problem  



CPA of PID 

Succesive Convex 
Problem 

Readily Solved! 

CPA: Compare current loop output 
variance with the benchmark 



CPA of PID 
 Test on 100 typical single-loop    
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. 

. 

. 

. 

Can obtain the benchmark 
accurately & quickly 
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1. Why CPA 

2. CPA of PID Loop 

3. Economic PA of Industrial MPC 

4. On-line Economic Performance Improvement of 
Industrial MPC 

5. Model-Plant Mismatch Detection of MPC using 
Mutual Information 

MPC: Model Predictive Control 



 
MPC Performance Assessment (PA) 

 More Important & Challenging!  
 

1. Widely applied petrochemical industry 
 > 50 new projects/year in China  
 > 400 in service in China  

 
 

2. Control objective of MPC is highly related to 
economic profit of plant 
 

3. Performance may degrade quickly 
 Typical 6 months good-performance-period after 

commissioning  
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Industrial MPC 

Zhao, C., Y. Zhao, H. Su and B. Huang (2009). "Economic performance assessment of advanced process control 
with LQG benchmarking." Journal of Process Control 19(4): 557-569. 
Liu, Z., Y. Gu and L. Xie (2012). "An improved LQG benchmark for MPC economic performance assessment and 
optimisation in process industry." Canadian Journal of Chemical Engineering 90(6): 1434-1441. 

Double-Layer Structure of Industrial MPC 

Local equipments

economic optimization

PID basic control loop

Double-layer MPC

Local 

optimization

（hour）

Basic loop 

dynamic control

 （second）

Steady State Optimization

（minute）

Dynamic optimal control

  （minute）

SSO 

DOC 
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DOC PA based on LQG 
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Economic PA of  
Double-Layer Industrial MPC 

Zhao, C., Y. Zhao, H. Su and B. Huang (2009). "Economic performance assessment of advanced process control 
with LQG benchmarking." Journal of Process Control 19(4): 557-569. 
Liu, Z., Y. Gu and L. Xie (2012). "An improved LQG benchmark for MPC economic performance assessment and 
optimisation in process industry." Canadian Journal of Chemical Engineering 90(6): 1434-1441. 

Double-Layer Structure of Industrial MPC 

Local equipments

economic optimization

PID basic control loop

Double-layer MPC

Local 

optimization

（hour）

Basic loop 

dynamic control

 （second）

Steady State Optimization

（minute）

Dynamic optimal control

  （minute）

What is the best 
coordination of 
the two layers? 

Economic 
Performance 
Assessment 
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Economic PA of  
Double-Layer Industrial MPC 
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Economic PA of  
Double-Layer Industrial MPC 
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Economic PA of  
Double-Layer Industrial MPC 
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𝛥𝐽𝐸: Obtained 
economic performance  
 
𝛥𝐽𝐼: Ideal economic 
performance 



Economic PA of  
Double-Layer Industrial MPC 
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Application on Delayed Coking Furnace Control：  
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Economic PA of  
Double-Layer Industrial MPC 
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Delayed Coking Furnace Control 
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LQG discrete points

LQG regression curve

LQG Benchmark Curve 



Economic PA of  
Double-Layer Industrial MPC 
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Delayed Coking Furnace Control 
 

 

 

Furnace Output O2:      4.6% → 3.5% 
Thermal Efficiency:      86.5% → 87.1% 
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1. Why CPA 

2. CPA of PID Loop 

3. Economic PA of Industrial MPC 

4. On-line Economic Performance Improvement of 
Industrial MPC 

5. Model-Plant Mismatch Detection of MPC using 
Mutual Information 

MPC: Model Predictive Control 
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On-line Performance Improvement  
of Double-Layer Industrial MPC 

X. Cai, P. Sun, J. Chen, L. Xie, ILC strategy for progress improvement of economic performance in industrial model 
predictive control systems, Journal of Process Control, 24 (2014) 107-118. 

LQG Benchmark  
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accurate process 
model 

2. Computationally 
demanding 

Off-line Performance 
Assessment 
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On-line Performance Improvement  
of Double-Layer Industrial MPC 

X. Cai, P. Sun, J. Chen, L. Xie, ILC strategy for progress improvement of economic performance in industrial 
model predictive control systems, Journal of Process Control, 24 (2014) 107-118. 
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On-line Performance Improvement  
of Double-Layer Industrial MPC 





m

i

s

i

i

u

p

j

s

j

j

y
uy

uCyCJ

iujy

s
i

s
j 1

)(

1

)(

,,,

max
ss

s.t.Dy j
s = kijDui

s

i=1

m

å
0s

i

s

i

s

i uuu 
0s

j

s

j

s

j yyy 

,min ,m x /2a/2j jj j

s

j jy yj
z zY y Y s s  

,min ,m x /2a/2i ii i

s

i iu ui
z zU u U s s  

( )
Y U

fs s

0
Y

s

0
U

s

SSO 

C P



tyr

Economic 

Performance 

Assessment

Input 

Historical 

Data

tu

D
ta



Output 

Historical 

Data




s
y s

y
σs

u s
u
σ

The Upper Level

The Lower Level

I/O variance from 
the operation data 

Find Active Constraints 



31 

On-line Performance Improvement  
of Double-Layer Industrial MPC 
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On-line Performance Improvement  
of Double-Layer Industrial MPC 
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On-line Performance Improvement  
of Double-Layer Industrial MPC 
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1. Why CPA 

2. CPA of PID Loop 

3. Economic PA of Industrial MPC 

4. On-line Economic Performance Improvement of 
Industrial MPC 

5. Model-Plant Mismatch Detection of MPC using 
Mutual Information 

MPC: Model Predictive Control 
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MPM Detection for MPC Using 
MI 

 

1. Model is the core 
of MPC  
 MPC heavily relies on 

an accurate model to 
predict the process 
behavior 

2. Model Plant 
Mismatch (MPM) 
is the No.1 root 
cause of poor 
MPC control 
performance 
 

 G. Chen, L. Xie, J. Zeng, J. Chu, Y. Gu, Detecting Model–Plant Mismatch of Nonlinear Multivariate Systems Using 
Mutual Information, Ind Eng Chem Res, 52 (2013) 1927-1938. 



Mutual Information: 𝑰(𝑿; 𝒀) 
 Given two random variables 𝑿, 𝒀  

MI quantify the information shared by 
𝑿 and 𝒀 

𝑰 𝑿; 𝒀 = 𝟎 iff 𝑿 and 𝒀 are independent 



MPM detection using MI 
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𝒖𝒅 

𝒆 

No MPM: 𝒆 = 𝐯 independent of 𝒖𝒅 
𝑰 𝒆; 𝒖𝒅 = 𝟎  

MPM:  𝑰 𝒆; 𝒖𝒅 ≠ 𝟎 



MI Estimation 
 MI Estimation  
 K-nearest neighbor approach 

 
 
 
 

 MI Statistic Confidence Limit 
 Surrogate data approach  
      iAAFT: iterative amplitude adjusted Fourier Transform   

 



MPM Localization using MI 
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MIMO System 

If 𝑰 𝒆𝒊; 𝒖𝒅𝒋 ≠ 𝟎, then 
the 𝒋𝒕𝒉 column of 
𝚫𝑮 : , 𝒋 ≠ 𝟎,  



Industrial Application: 
Polypropylene Process 
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 Polypropylene: General Purpose Plastic 
 

  

Double-loop liquid propylene polymerization plant of SINOPEC Co. Ltd. (Zhenghai) 



MPC for R201, R202 
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MPC Performance 
Slurry density: Important quality Index 
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Control results of MPC at early 
commissioning stage 



MPC Performance 
Slurry density: Important quality Index 
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Control results of MPC after 
commissioning for 7 months 



MPM Detection of R201 
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MPM exist in the channels of  
𝐌𝐕𝟏 → 𝒆𝟏 and 𝐌𝐕𝟐 → 𝒆𝟏 



MPC Performance after 
Maintenance 
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Control results of MPC after  
model re-identification 



Thank You! 
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