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Outline of the talk

Model based control
* Honeywell Prague laboratory activities
» Role of APC/MPC in control system hierarchy

Development of MPC and RTO technology
* Inspired by applications
« Concepts, not technicalities

Embedded applications
* Diesel engine control
» Vapor-liguid cycle control and optimization

Final remarks
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Honeywell Prague Lab History

HPL Founded in 1995

* Process Control & Optimization group
— APC/ RTO methods and applications

— First-principles model based Background
e Data centric group Math / Comp. science

— Empirical models, analytics Mechanical Eng.

- “Big Data” Chemical Eng.

Control Eng.

PCO group activities in APC/RTO area o 2 4 5
« Applications in refining/chemical industry

— 1000+ running MPC applications / Profit Suite

— Typical sampling period order of minutes Capabilities

— 50-100 MVs/DVs/CVs « Domain knowledge (automotive, energy
e Advanced Energy Solution — from 2000 efficiency, combustion, thermodynamics)

* Advanced Multivariable Control and Real-Time
Optimization methods and solutions
» Estimation and filtering, virtual sensing

— Sampling periods order of seconds
— 10+ MVs/DVs/CVs

— Integration with RTO (ELA, TLC ...) « Embedded algorithm and engineering design
 Embedded applications — from 2010 tools |
— Sampling periods order of 10 ms, similar size * Production code maintenance

e Compliance to automotive standards

— Automotive (Diesel engine air path, after . Customer support

treatment, heat management)
— Heat pumps, Li-ion battery / power train
— Lightweight cyber security
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Model based control

* Model-based Predictive Control (MPC)
— First advanced control concept widely

accepted by industry L e e ” conat

) ) highlimit_ _ _ _|_ _ (rateoptimal) _~  _ _ _ _ _ _ _ _ _1 YEEe
— Multivariable controller S Jf IR R L
low limit o= _| B

¢ Interactions between MVs and DVs
* Future reference and disturbance “preview” !
(predictive vs. reactive control action) |
— Reflects multi objective process control nature e
(controller design vs. control strategy design)
* Set point tracking
* Ratio control
* Constraints handling
* Optimization o
— Developed by industry, interest from cv,
academia came later
* From simple 1/0O models to state-space DV, DV, DV,
* More efficient algorithms (fast QP, IP)
 Stability analysis
* Explicit MPC concept

Set CV Ranges, CV ratios
. (SPs)

— M,

MIMO 1 T MV,
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APC/MPC In process control hierarchy

« Advanced process control Business planning

— Coordination of individual SISO loops
(set points to basic control)

Planning / scheduling

— Ad-hoc feedback, feedforward, override Real Time Optimization
and cascade strategies
— Difficult to develop / tune / maintain Advanced Process Control

— Today mostly implemented by MPC
(systematic design methods and
engineering support tools)

« Real Time Optimization

— Performance / operation economy based Plant / technology
models Integrated process
management

Basic Process Control

Measurement / Instrumentation

— Provides targets to MPC
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Outline of the talk

Model based control
Development of MPC and RTO technology
Embedded applications

Final remarks
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Extensions of MPC technology

 MPC problem formulation
« Range control
 Ratio control

e Model building
* Model management
* Closed-loop ID / Active control strategy
« Stochastic part of the model

« State estimation
« State-dependent I/O models
* Unknown input observer
 Disturbance prediction
« Estimation under uncertainty

Process Control 2015, Strbské pleso
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Range Control Concept

« Output prediction Y= Su+§

e Set point y=r
- Setrange Yo <Y<Yy
Benefits

* Robustness

— Minimum effort control (calm control)

* Impact of model uncertainty

V(O =) g(0)ut=1)= Y hr)Au(t-7)
h(t) = N (ﬁ(t),ahz (t))

— Minimized output uncertainty excitation (“in average”)
3 2
var{y(t)} = >_oy(7) Aut-1)
=0

* Additional degrees of freedom for optimization

— MPC criterion not affected by output changes within the
funnel

=argminfau+ y€T, ol - \/

=argmin]Su+9 (), +[aul,

yLO =Zs yHI i

If feasible

=arg min]aul:
YoSYSVYy

control —N
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Ratio control

» Ratio control problem formulation

omimalr?\ir/fue!
* _ ) 5 _ 2 2 t ratio
u* =argmin|Su+ - Z|_ +[|Aul |
u,z MIMO ROC
YoSZ=sYy oressure
Pss controller
— Input/rate hard constraints et poit :
coordinator
up (k) <u(k) <up (k) /
Aup (K) < Au(k) < Auy (k)
— Predefined ratio of given CVs (hard constraints on ratio) cobon
Optimal
yi (k) _ . 2 Efficiency NOx limit 300
=5 =Gj(k) - min} (y (k) -gj(K)y;(k) oA ¢ .
yj(k) §('  (00) >( ﬁZ ’
— Translated into criterion (soft constraints on ratio) Tcoi“m” i Efiteney o

variation of CO - 15 AFratio
conc ion %

1 —C] P’“Sl“} .

Yo +Sou ‘ i
Q Feasible air-fuel ratio :
2

y1+Su 7+ yl?
= 7 =y + Su . . .
y +S-U Q -QC QC Low NOx/optimal efficiency burning
2 2 T T Reduced excess air (02 in flue gas)
-C'Q C'QC Reduced A/F variation

. . . - Ratio control
— Required by many applications, still inear MPC problem Air/fuel “burner nozzle flow” coordination

— V. Havlena and J. Findejs, Application of model predictive « Calm control — improved coordination performance
control to advanced combustion control. IFAC CEP, 2005
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Model building & management

Engineering tools for MPC application
e Chemical / refining

* Black box ID
— Step testing + FIR/TF matrix estimation

» Seed models + closed loop ID
— Long open-loop step testing not feasible

First-principle based tools introduced
* Power gen, industrial energy

e Grey-box ID
— Structure from first principles — robustness e
— Calibration by experimental & historical data
— Trnka and Havlena: Subspace like identification incorporating ?*****.
prior information. Automatica, 2009. g Pt (] eader

Still not scalable 4% 41 |
« Different dynamic response of the process for different unit

b-e m =] ediuin Pressure (MP) Header 1
Demand

commitment (e.g. parallel units)
» Switching between fixed models obtained by step testing
— Explosive number of combinations ...
— All configurations not available for testing

Two Stage
Condensation Turbines
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Model building & management

Component-based system model

 Combine component models of active components
— Order reduced with respect to closed-loop performance

» Structure-preserving order reduction (LMI)

— Automatic just-in time update of MPC model

— Trnka et al., Structured Model Order Reduction of
Parallel Models in Feedback, IEEE CST, 2013

Plant Topology Reference Model
* Engineering tool

— Configure topology
— Set up “unit on” logic
— Stream properties (RT pricing) svemess g |

« Run-time engine -
— Real time responsiveness to process changes [|<’;:
— OPC UA support (time triggered data — events) | Basi Pracess control | = [ Comonaton e

| Measurement / Instrumentation | :

- Honeywell.com

» Consistency of individual layers |

Plant / Technology | = [ 5t 3, ol

— Dynamic/steady state models

11 Process Control 2015,
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Other model enhancements

Active model update

e Sustained benefits from APC/RTO
— Loss of performance / model mismatch

* Model update in closed loop (MPC running) 60
* * . - 2 2
Jioc(U) = mulnHSu +y=r| +[ou],

— Perturbation éu of baseline MPC solution u*

(multiple step solution)
— Information matrix maximization

. . —
mininmm eigenvalue of P

o

maxP,* ¢, +T)

ou
such that
* ~ 2 * 2 * *
HS(U + Ju) t+y- I’H + HA(U + JU)H < (l+ a)‘JMPC (U ) Minimum eigenvalue of information matrix ~ P-1(t+5)
Q R as a function of éu(t+1) and &u(t+2) perturbation

— GACR project “Feasible approximation of dual control
strategies”

— Rathousky et al., MPC-based approximate dual controller
by information matrix maximization. IJACSP 2013.

12
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Other model enhancements

Stochastic part of the process model
Y(2)=G(2U(2)+H(2E(2

e Simplest case: H defined by noise covariance

Xes1 = A%+ BU, W cov w [l _|QO
Y, =Cx, +Du, +6 &)/ [OR

G(z2)=C(zd -A)*B+D
H(2Z H (z1)=C(2 -A7"Q(z'1-ATC"+R

* Q/R knowledge critical for Kalman filter tuning
— KF performance monitoring
(sequential prediction error testing — white noise)
— Detection of performance degradation

— Bayesian update of Q/R matrices and Cramer-Rao
bound for Q/R estimates developed

— Matisko et. al, Noise covariance estimation for Kalman
filter tuning using Bayesian approach and Monte Carlo.
IJACSP, 2013

Example of the Kalman gain adaptation

160 180 200 220 ; . . . . - =
‘Sampes k] 0 100 200 300 400 sog 600 700 800 900 1000 1100
ime

Sequential testing of KF performance and Kalman gain
adaptation results (difference from optimal value)

20

T
CR bound

1 1 1
18l -—--- i it ittt oo ==&== Bayes method ]
1 1 | 1 ALS method
el L_ o L ____La______1_____So-—————-T—————
| |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

77777777777777777777777777777777777777777777777

_______________________________________

Comparison of C-R bound for Q matrix estimation

Odelson et al., A new autocovariance least-squares me  thod
for estimating noise covariances. Automatica, 2005

13
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Non-measurable disturbances

DV noise DV.pred
DV models used I +
. DV Process s
e KF as unknown input observer Gen noise Measurement
noise DV.pred
* Typical model — random walk v ADV,L DV l J\ oy
— Predicted future value = current value M\\}" | Process o,

(constant)

— Offset-free tracking achieved by integral
action in the controller

— Overcompensation
(e.g. pulse disturbances from PRVSs)

* More realistic model - separate
current and steady state value

— Full predicted trajectory used
— Significant improvement of control

performance in Iarge multi header PPPPPPPPPPPP ~ From: 30.1.2010 14:00:00 To: 30.1,2010 16:00:00 Current; anmznmn:sam 'EJLJ@J
systems (SASOL 9 x 550 t/h boilers)
— Another DoF for controller tuning Ty / DV model
wuni
— Calm control o b
\\ ,fez
o LQ / MPC
s "-..0 / weights tuning
T (o]
MV
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Kalman filter for models with uncertain parameters

Inferential sensing robustness

Heating Value Estimation — Parameter Uncertainty ignored

H L e [ [ [ [
Inferred values depend strongly on model quality 225~ Step change on steam demand |- .
« Mismatch in model dynamics results in fake 23 N I R
“artifacts” during the transients P25 ] | A
Kalman filter for uncertain systems 2 2 |
2215 ‘
x(k +1) = A@)x(K)+ B@)u(k S | | |
(D= AOXR+BOWE) o o Fa M B
y(k)=C(0)x(k) + D(O)u(k) 8 205 ‘ | | | | |
» Equivalent noise concept S [ B | | | | _
(k) (k)T T . 195 -4 L L N ;,—eit|mated<
OA  OB||X(K)|X OA 0B 1 1 1 1 1 1 =
Q" K :0"2' an an A an Q(k) = Q (k) 190 10 20 30 40 50 60 70 80
=036 ag Jutgluto] [0, 0 2% Time i
)
Heating Value Estimatign — Parameter Uncertainty inc_orporated
Qutput y - Uncertain Time Constant Fictive I-:rocess Q~ 2
3 - ; Noise Cov. ‘ 2351 -
: —™| __ Generator 23
o R as
2 22 ’
S s | i
45 5 % 5 0 B W B Y £ = | i
P © | | |
U —s—> Kalman > X £ 205 | | | | | |
Y, > Filter > ¥, 20 ---- it - ! ! | ‘
195F — - b P R R {| —estimated |
« Trnka, Havlena: Biomass co-firing with inferential sensor. 19 1 | | | | 1 o
IFAC Symposium Power Plant and Power System Control, 0 20 3 4 50 60 70 8

Time [min]

2012
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Outline of the talk

Honeywell Prague laboratory
Model based control
Development of MPC and RTO technology

Embedded applications
* Diesel engine air-path control

Final remarks

- Honeywell.com
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Automotive Control Design

Trends driving applications of advanced control 0| s

* Engine / aftertreatment complexity 20

- Tighter environmental requirements . ——/
« Demand outpacing supply 51

Benefits of MPC

* Multivariable interactions taken into account
» Reduced calibration requirements

« Actuator and engine state constraints

* Robustness to model uncertainty

Advanced Control Remains Elusive
« Difficult to implement the run-time component in ECU
« Designing & calibrating advanced control still complex

« OnRamp Design Suite
— Solve both of these problems

10

2 4 6 8
NO, [g/kWh]

2 4 @8_8 7
NO, [g/kWh]

Europe u.s.
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OnRAMP design suite
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Software Tool for Automatic Generation of Models and Optimal Control Algorithms

Model Structure

-

Systematic procedure for advanced control design
Complexity hidden from end user, math remains behind the scene
Need for robust ID and optimization algorithms

Control Design

' "‘|<|  |

=

RP System or ECU

- N

Optimal Multivariable
Controller

18
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Model structure

¢ Simulink component library

Engine Air Path Model

* Engine topology translates to Simulink diagram directly
* Flow lines transmit all variables (p, T,...)

Component + experimental data
¢ Component model fit

* Global level fit

* Slack variables for interconnections and internal component

constraints (regularization)
* Appx. 450 equilibrium points

* Robust method for automated solution

-uwm;um.y_—m.w |

NEEa bk 4an® ¢ 08 80
Compressor flow

D O Gk S oot Db Gt

ey
Lede £ A&0S & DE|wD

Component vs. global calibration

Average
LP turbocharger speed (rpm)

HP turbocharger speed (rpm)

LP turbine outlet temperature (K)

HP turbine outlet temperature (K)

LP turbine Inlet temperature (K)

LP compressor outlet temperature (K)
HP compressor outlet temperature (K)
LP turbine outlet pressure (bar)

HP turbine outlet pressure (bar)

HP turbine inlet pressure (bar)

Boost pressure (bar)

LP compressor outlet pressure (bar)

HP compress or outlet pressure (bar)

Air flow (kg/h)

30

8% 60 ©65 70 75 80 85 90
Fitquality R (%)

95

- Honeywell.com

I component
I global

02 03 0.4 05 03 07
W [¢gig]
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Control design and deployment

Tuning 1: conservative, balanced control Tuning 2: aggressive, balanced control Tuning 3: aggressive boost pressure control,,... ..,
Tuning weights |  Medium weights on all variables: boost pressure, Tuning weights | < High weight on boost pressure and lambda Tuning weights | - High weight on boost pressure
. lambda, wastegate, and EGR valve nigh : Lower weights wastegate and EGR valve [( Een « Lower weights on lambda, wasteg;t:ﬂi?:gst valve
o boost pressure _ o ['< _ boost pressure . _ BP - 3
weight g ~_LI’ r ,_}I\ lr" L WLIL* 5 weight g ‘—Jr . 1 ,I{ iy weight g __._.' ]' r ‘ll__._ é
o % =" | Nl o N e ~jjj J - g IV |
= % e B I | e el | m o - s
WEIgm o 80 100 120 140 we 160 180 200 220 | ; é welght k o 80 100 120 140 e 160 180 200 220 L gé wmght [C o 80 100 120 140 . 160 180 200 220 ’_5 g §§
we % £ o o g E we g \\ i T s % L we 1 g ) ot sectssme e E g g
R 100 120 140 160 180 200 220 g TR “Br 100 120 140 160 180 200 220 g welght 0. 100 120 40 160 180 200 220 52%
fow time [sec] _ me [sec] _ = ow ! time [sec] _
Control tuning
* 2 degrees of freedom, translated to frequency domain
* Performance (bandwidth)
* Robustness (non-parametric uncertainty models) s 100,
* Uniform performance setting across multiple operating points =
- - =
* Grid of speed-fuel points =
3 90
o
Deployment :
* Unified C-code (MISRA compliant) =
» Set of models for MPC 2 9% S0 100
* Set of Kalman filters running in parallel engine speed [%]

Other benefits

* Flexible change of control strategy (selection of CVs / MVs/ DVs)
* Use of measured vs. inferred variables

* Evaluation on standard drive cycles
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Impact on Production Control Development

Baseline:
OnRAMP:

Model-based On Board Diagnostic still unresolved problem

Steady-State

) ) () (—) (=)

~2 months ~3 months

~2 months ~1 months

1‘. -
Production I' E:

Release

Certification

Control

Calibration

Calibration
Control
Functional
Development ECU
Software
Development

~6 months

0 months

~4 months ~3 months

~2 months ~3 months

Total
Development
Time

~18 months

~8 months
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Outline of the talk

Honeywell Prague laboratory
Model based control
Development of MPC and RTO technology

Embedded applications
* Thermodynamic vapor-liquid cycle optimization

Final remarks
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Heat pump trends & control objective

Trends
* Modulating components
(compressors, electronic valves, fans, pumps)
* Complex cycle design
(vapor injection, internal heat exchangers, multi-stage)
* Available HP control solutions do not follow hardware
development to fully use its potential

Obijectives

* Multi-variable controller achieving maximum year-
round performance (seasonal COP)

* Virtual sensor for estimation of evaporator fouling by
frost formation

* Optimized defrosting control strategy

* Engineering design suite for rapid controller design

* Applications with pilot customers

Project funded by TA CR (Alfa program)
e Collaboration with CTU and test bed in HTS Brno
« HP with extended instrumentation
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Coordinated Dynamic Control by MPC

e Systems based on thermodynamic vapor cycles have critical constraints:
e Compressors and turbines must be supplied with superheated vapor (minimum stable superheat)
e Pumps must be supplied with sub-cooled liquid
e Safety margins go against efficiency
e Cycle components have strong dynamic interactions
e Independent (component by component) control loops have poor performance

e Multivariable predictive control
e Tight control respecting component interactions and constraints (safety margins minimization)

e Quick optimum recovery after disturbances

Expansion Valve 1 | | Expansion Valve 2
Controller Controller Electronic
H H Expansion Valve
v X Internal Heat
xpansion Valve i Refrigerant A Exchanger Electronic
3 Receiver Tank j 7y 7 Expansion valve
Tank xpansion Valve E Fiter Dryer N4 % 4
qx L : |
Check Valves Position Position '/T_ Check Valves
.} ™~
: I speea [ .

. Multivariable Controller [ | ... ] £

~5% overall efficiency - o] 3nd Optimizer @ )

. & ..--Speed Condenser Modulating o

improvement for heat > WaterPume %

\. I

) Speed —
umps Evaporator with ~ L
p p Modulating Fan ction e
4-way
Valve

Modulating Compressor with Enhanced Vapor Injection (EVI)

Modulating Compressor with Enhanced Vapor Injection (EVI)

Independent control loops Coordinated multivariable control
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Embedded Set Point Optimization

e Systems based on thermodynamic vapor cycles that have sufficient number of actuators have a
potential for optimization — requirements can be achieved by different combinations of actuators

Expansion Valve Expansion Valve
1 ] Heat Buff
. . eat Buffer
Heat pump with . a I - Heat pump with g 3 5
3 Modulating g : @ 4 Modulating g g s
Com ponents i Compressor g —@—{ § Com ponentS i Compressor 8 E
I g I Pump
1DoF for optimization 2 DoF for optimization
Modulating component speed and position combinations fulfilling demands under given conditions
i v o [Feq 34
AP {Gompetilcr x= 0723, COP =305
60 — Compressor: 60. 31ps, Fan 69 'V EXV:58.7 %Lpump',ES%
ALFA: x= 0417, COP = 3.49 5
Compressor: 61.1 rps, Fan: 34.8 %, Valve: 58.5 %, Pump: 35 %
58 -
=
= 43
E 56 -
& 3 | Possible actuator combinations
£ - delivering required heat under 128 &
= given air/water temperatures
[ a
B 52 e have different overall
] efficiency (depicted by color) e
w

50
24
43
= 100
\\_\\ = %0
80
70
w 22

50
40
Hx 0 30

Compressor Speed [rps]
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ALFA COP Improvement — A2/W35, 8.4kW, SH 15K, Twin3 0T

- Honeywell.com

e COP improvement in the range from 5 to 15 % against industry standard for HP with 3

modulating

components

e Experimental validation confirmed component-based approach

e Standard controller without RTO cannot be tuned for changing conditions

Mogiylating Component Speeds and Positions

1M

80 -

70+

50

40 -

30

20+

Compressor Speed [rps]
= Fan Speed [%])

Valve Opening [%]
Pump Speed [%)]
e Al A

= = Competitor

1
0 0.2 0.4

I [ I
0.6 0.8

DOF variable x

COP []

351

251

— COF model
@ COP measured
- - = Al FA

= = Competitor

@ ALFA operating point {COP=3.492)

' Competitor operating point (COP=3.118)

1 1
0.2 0.4 0.6
DOF variable x

I
0.8

Power Consumption [kW]

4
Il
Il
Il
35 i
I
I I
i I I
N i > |
N\ I ra
I
\ I /
25 -\(")_/ :
¥ I
g‘ I
s I
5 2t I
% I
o I
I
15 !
I
I
I
1k Il
Compressor
Fan
—T0tal (model)
05k == A FA
= = = Competitor
@ ALFA operating point {P=2.405 kW)
' Competitor operating point {P=2.694 kW)
0 | i 1 1 I
0 0.2 0.4 0.6 0.8 1

DOF variable x
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Engineering tools for optimization/control design

e Engineering tools follow
OnRAMP philosophy and
workflow

e Application areas
e Heat pump/AC
e Waste heat recovery

(Rankine cycle)

Main VCC Components

@ I X< =

Compressor

{Z}@l{l

F‘lmlhve

Auxiliary blocks

wﬂpﬂfy
r410a.mix Stream Pr Fix 3k

Auto connect blocks

Commessor Compessar Scope Poirt
Powsr consumgtion [W] Compressar sp e=d [rps]

Design for Heat pumps:

R410A Pressure Enthalpy (ph) Diagram
T T T T

@

350 400 450 500
Specific Enthalpy [kJ/kg]

Design for Rankine cycle :

S

kg

@
Evaporaior g

R245FA Pressure Enthalpy (ph) Diagram

m\\\\\

250

350 400 450 550
Specific Enthalpy [kJ/kg]
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Outline of the talk

Honeywell Prague laboratory

Model based control

Development of MPC and RTO technology
Embedded applications

Final remarks
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Final remarks

20+ year experience with application and development of advanced
control methods, under both academic and industrial research hat

Gap between theory and reality
» Successful applications of model-based control to nontrivial
problems requires good understanding of underlying first principles

— Weak point of current curricula
» Going the whole way to customer pilot projects inspires further
development of rigorous theory
— Matlab-based prototype covers 20-30% effort
 Industry is short/mid term focused

* Longer term problems for PhD students / governmental funding
— No formal process, personal contacts
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