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Introduction: What is RCCI? c" Ps POWERTRAIN -/ Vaasan yliopisto

SOLUTIONS UNIVERSITY OF VAASA

* Reactivity-Controlled Compression Ignition (RCCI) is an advanced
combustion concept characterized by:

*  Premixed combustion 6

* Low temperature combustion (LTC) ‘\‘
* Dual fuel reactivity gradient control 5 ‘\‘
)
* RCCI avoids locally fuel-rich and high-temperature combustion L1 2 5
regions, thereby: : 4| S E
* Mitigating the conventional soot-NOy trade-off ® sh =
* Reducing heat losses — higher thermal efficiency TJ 3 % .5')
S | ke
I e, |
O High thermal efficiency 0 Combustion instability at low
O Lower soot and NOXx and high loads 0 -
emissions O High pressure-rise rates 600 1000 1400 1800 2200 2600 3000
O Fuel flexibility Q0 High CO and UHC at low loads Temperature [K]
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Introduction: RCCI Control Problem C s PowERTRAIN Vaasan yliopisto
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* The minimum set of control inputs, outputs, and disturbances considered for RCCI control is shown below
* Track combustion phasing (CA50) and load (IMEP) while satisfying actuator and operating constraints
. RCCI Combustion and Main Control Variables .

EGR mass flow
(disturbance)

¢ Direct Injector (DI)
Light Fuel Oil EGR Cooler
[ % (HRF) — T ]

Port Fuel Injection (PFI)
DISTURBANCES Natural Gas

(LRF)
19 Intake Manifold
Temperature, Ty \
Tint

(Intake Manifold
Temperature)

1 [} [=n

Exhaust
. (Out)

| CONTROL OUTPUTS |
Combustion Phasing (CA50)
Controls combustion stability and
helps maintain emissions and
\?

[ CONTROL INPUTS |

Efyer = mppLHV g + myppLHV yrp o Total Energy, Erper |

Premixedl RCCI
Combustion Zone

efficiency within permissible limits.

_ M e Blend Ratio, BR |

BR
Efyer ra?iz o :-thP Z:(Iie:idRF. Load (IMEP) }
) ) Represents load and is
. ’ used for load control.
. -4 ( Rccl Engine - Single Cylinder ) J
[ :.:‘ o. Natural Gas (LRF) — Low Reactivity Fuel //‘ Light Fuel Oil (HRF) — High Reactivity Fuel === EGR - Exhaust Gas Recirculation }
Key challenge: Ef,.; and BR affect both CA50 and IMEP, and their effects vary with the RCCI o =—or Flexible Clean
. . . . 3 IFAC 2026 Propulsion
operating point. Therefore, the control system is strongly coupled and operating-point dependent BUSAN Technologies
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Introduction: Why adaptive MPC? C il rowerTrANN Vaasan yliopisto

RCCI is nonlinear and highly sensitive to operating conditions

@ Transient control requires simultaneous regulation of CA50 and IMEP

@ MPC is well suited to this problem due to handling MIMO systems, coupled dynamics, and constraints
Fixed linear MPC: low complexity, but limited accuracy over a wide operating range

@ Nonlinear MPC: higher accuracy, but high computational burden

Adaptive MPC: updates the linear prediction model with the operating point — accuracy + computational
efficiency

Proposed approach: Update a linear prediction model online with the operating point to maintain accuracy
across the RCCI range

. N - L i
| Promise Barrier Need
|
é‘/;\’_ . Highefficiency | msp S Nonlinear 5 /,/ . | Adaptive
ﬁ - Low emissions Transient-sensitive ;75@ predictive control G 4 Flexible Clean
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Methodology: Overall Structure ‘Er S5 POWERTRAIN Vaasan yliopisto
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End-to-end model-based RCCI control workflow:

High-fidelity plant (UVATZ) + real-time prediction model + adaptive MPC
7

easurement r
',
* Phase 1-2: calibrated the high-fidelity UVATZ using 2 -
engine data [1] Phasel
] . . . MiL Simulation Calibration 'h Engine Data
* Phase 3: identified and updated a fast linear real-time v
model (RTM) [2] rtrsce |+ { ot oo~ e
- Phase 4: Proposed an adaptive MPC and evaluated its U_AMPC >¥U==> | =
performance with a decentralized PI controller oo, —
(Contribution) K ;
RTM Predictive Model C?:;;::B "dencci;: 3aa D-stu,[':ances
- _ I CcHR =
Adaptive MPC XYu | R L g ! /
5 aBcD | O m - N 121 ]
Phase SBR -
Phase 4
- \// Flexible Clean
[1] Vasudev, A., Cafari, A., Axelsson, M., Mikulski, M. and Hyvonen, J., 2022, August. Towards next generation control-oriented thermo-kinetic model for reactivity Propulsion
controlled compression ignition marine engines. In SAE Powertrains, Fuels & Lubricants Conference & Exhibition 328512. IFAC 2026 Technologies
[2] Storm, X., Vasudev, A., Shamekhi, A.M., Modabberian, A., Zenger, K., Hyvénen, J. and Mikulski, M., 2023. Real-time predictive model for reactivity controlled BUSAN

compression ignition marine engines. Control Engineering Practice, 141, p.105724.



Methodology: High-Fidelity Nonlinear Plant (UVATZ) & 2 & Fowerteam " Veasanyliopisto

UNIVERSITY OF VAASA
SOLUTIONS )

* Developed by Vasudev et al. at the University of Vaasa [1]

N : 42 A,
* 12-zone thermo-kinetic combustion model R %‘:ﬂf{ ‘@/ 7
e : 7
 Captures fuel stratification, thermal gradients, and heat/mass aK /
transfer - /
7
* Detailed chemistry enables realistic RCCI auto-ignition behavior ?
* Used as the nonlinear plant in MiL simulations > | - /
B IR T = é
T 7
T o— %
/
7
/
/

.\\\\\\\:kwl
>

Wartsila W31DF

Per simulated engine platform
combustion cycle
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[1] Vasudev, A., Cafari, A., Axelsson, M., Mikulski, M. and Hyvonen, J., 2022, August. Towards next generation control-oriented thermo-kinetic model for reactivity BUSAN
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Methodology: Fast LPV Prediction Model (RTM)

* RTM was developed by Storm et al. at the University of Vaasa [1]
- A physics-based locally linear cycle-to-cycle state space model

* Inputs: total injected energy change (AE fuel) and blend ratio change
(ABR)

* Outputs: IMEP and CA50, with prediction of CHR, cylinder pressure,
pressure-rise rate, and maximum pressure

* Covers both steady-state and transient operation

* Provides adaptive MPC with a fast, updated linear representation of RCCI

dynamics
[ JCHR J0CHR 7
0E 0BR
CHRy 41 CHR; aguell oP,., Dicur,  Dachry
Pcyl,k+1 _ Pcyl,k n aECy aBCIJ% AEfuiel Dl,Pcyl,k DZ,Pcyl,k Tint
IMEPy 4 IME Py, 611\];115113 SIMEP ABR Dyimep,  D2,imep, |IMEGR
CA50p41 CAS50; T BR Dycaso,  Dacasoy
fuel
a B
<5ms <1.5 CAD 0.8 bar
simulation time CA50 transient RMS IMEP absolute error

per combustion cycle against UVATZ/validation transient validation
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4 Methodology demo
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Methodology: Control Architectures

Decentralized Pl benchmark
IMEP loop - Total Injected Energy Change (AEfuel)
CA50 loop > Blend Ratio Chagne (ABR)
Simple and transparent

Does not explicitly handle coupling and constraints

Adaptive MPC

Predicts and optimizes future multivariable control moves
Updates the LPV-RTM model every cycle
Accounts for IMEP-CA50 coupling

Explicitly handles input-rate and output constraints
: ~\T ~ T
minJ(AU) = (Yrer = ¥) Q(Yrer —¥) + AUTRAU

s.t. AU < AUk +1) < AUy, i=1, ..
Ymin S Y(k + l) S Ymaxr ]

o~
p—
-
.
.
-
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>

Disturbances

Tinz: meg-r

/ IMEP PI Controller
(Cycle-Based RCCI Combustion Control)

IMEPg. ference e(t) = r(t) - ylt) UVATZ High-Fidelity RCCI
2 > Plant Model

A

Nonlinear RCCI dynamics with
CAS0 PI Controller -\ multi-zone thermokinetic coupling
(Cycle-Based RCCI Combustion Control)

IMEP, CA50, in-cylinder pressure,
heat-release dynamics
(cycle-resolved data)

CAS0 Re ference e(t) = r(t) — p(t)

CA50 teasured

IMEPyeasured

Disturbances

Tz’nh megr

/ Adaptive MPC with LPV-RTM Observer\

UVATZ High-Fidelity RCCI
Plant Model

Constraints
Cost Function AU™® < AT (k+4) < AU™=, i=1,...,N,

J(aU) Y™ <P+ Y™, i=1..,N,

IMEPRejerence
CA50 e ference Nonlinear RCCI dynamics with
multi-zone thermokinetic coupling
Predictions.
A,B,C,D.Y, X

IMEP, CAS50, in-cylinder pressure,
heat-release dynamics
(cycle-resolved data)

Prediction Model
(LPV-RTM Observer)

4

Measured Outputs(IMEP, CA50)
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Evaluation Plan (T A TR S gt Ay
* Cases designed from ideal conditions to real challenges
* All cases start from the same Mid-load operating point
* Each test contains sequential and simultaneous setpoint changes
. RTM as plant Ideal controller validation CA50 -1, IMEP +1
‘ Mid-load Model-plant mismatch CA50 -1, IMEP +1
' Mid > high load Aggressive +7 bar load transition CA50 -1, IMEP +7
Mid - high + Disturbances Tin: and mggg disturbance rejection CA50 -1, IMEP +7
a Mid 2 high + Actuator constraints Input-rate constraint handling CA50 -1, IMEP +7

IFAC 2026 Propulsion
BUSAN Technologies
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Results: Load Transients (Test 3)

* Adaptive MPC tracks IMEP faster

* PI generally settles CA50 faster, while Adaptive MPC
provides a smoother response

* PI CA50 tracking depends on simultaneous or sequential
setpoint changes

* Adaptive MPC achieves lower fuel consumption

Adaptive MPC prioritizes fast load tracking with lower
fuel-energy demand.
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Metric Pl Adaptive MPC
IMEP settling in Sim. change 6 cycles 2 cycles
IMEP settling in Seq. change 6 cycles 2 cycles
CAbL0 settling in Seq. change 9 cycles 22 cycles
CA50 settling in Sim. change 18 cycles 21 cycles
Final cumulative AEf,¢; 80% 77-79%
18 366 f
=197 = AA-
g 14l < 364} v
E 12 § 362 V
T 10t ©
8 360 ]
0 20 40 60 80 0 20 40 60 80

3
o

-
o
o

80+
60 -
40+
20+

o

Cumulative AEfuel [%)]

o

20 40 60 80
Cycle

Cumulative ABR [%]

“o 20

o =

IFAC 2026
BUSAN

40 60 80
Cycle

Flexible Clean
Propulsion
Technologies



Results: Disturbance Rejection and Actuator Constraint
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(Tests 4-5)
* Adaptive MPC gives Disturbance Metric PI Adaptive MPC
« Faster IMEP response but with higher steady-state error . .
. Lower CA50 tracking error IMEP settling time 11 cycles 6 cycles
- Keep actuator rate constraint within limits while preserving CA50 settling time 20 cycles 20 cycles
stable tracking
_ ] IMEP steady-state error  0.04 0.32
* The constrained response is slower, but smoother and
more realistic for engine implementation CAS0 steady-state error  0.74 0.45
Final cumulative AEr,;  80.9% 77.8%

Adaptive MPC improves disturbance recovery while explicitly enforcing actuator-rate constraints and consumed

less fuel than PI controller |, | | | | 370
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» Adaptive MPC:
* Faster IMEP response time
* Lower fuel consumption (2.7% less that PI on average)
* Lower CA50 steady-state error

* Better disturbance rejection
« Explicit constraint handling enables smoother actuator behavior
*  Low computational burden thanks to linear implementation

Conclusions
* Comparable overall tracking with less tuning effort than PI

/ * Improve prediction model accuracy
. l * Consider emissions and efficiency objectives
* Include other inputs such as HRF start of injection (SOI)

Future Work  Validate experimentally with EiL tests

IFAC 2026 PIOPUISIOH
BUSAN Technologies
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Thank You!

Questions? © ®

For more information, please refer to our paper published in Control Engineering Practice journal.
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   𝑬  𝒇 𝒖 𝒆 𝒍 =  𝒎  𝑳 𝑹 𝑭 𝑳 𝑯  𝑽  𝑳 𝑹 𝑭 +  𝒎  𝑯 𝑹 𝑭 𝑳 𝑯  𝑽  𝑯 𝑹 𝑭


     𝑩 𝑹  =    𝒎  𝑳 𝑹 𝑭 𝑳 𝑯  𝑽  𝑳 𝑹 𝑭   𝑬  𝒇 𝒖 𝒆 𝒍


   [    C H  R  k + 1    P  c y l ,   k + 1   I M E  P  k + 1   C A  50  k + 1 ] =  [    C H  R k    P  c y l ,   k   I M E  P k   C A  50 k ] +  [      𝜕 C H R  𝜕  E  f u e l    𝜕 C H R  𝜕 B R     𝜕  P  c y l  𝜕  E  f u e l    𝜕  P  c y l  𝜕 B R     𝜕 I M E P  𝜕  E  f u e l    𝜕 I M E P  𝜕 B R   𝛼  𝛽 ]  [    ∆  E  f u i e l   ∆ B R ] +  [     D  1 ,   C H  R k   D  2 ,   C H  R k    D  1 ,    P  c y l ,   k   D  2 ,  P  c y l ,   k    D  1 ,     I M E P k   D  2 ,     I M E P k    D  1 ,     C A 50 k   D  2 ,     C A 50 k ]  [     T  i n t    m  E G R ]


     min  ∆ U ⁡  J  ( ∆ U ) =    (  Y  r e f −  Y ^ ) T Q  (  Y  r e f −  Y ^ ) + ∆  U T R ∆ U


  s . t .       ∆  U  m i n ≤ ∆ U  ( k + i ) ≤ ∆  U  m a x ,       i = 1 , … ,  N c


                     Y  m i n ≤ Y  ( k + i ) ≤  Y  m a x ,                             i = 1 , … ,  N p
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