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Abstract
A Model Predictive Control (MPC) strategy for Homogeneous 
Charge Compression Ignition (HCCI) combustion timing and output 
work control that takes into account actuator constraints is designed. 
The MPC is based on the linearized version of a nonlinear Control 
Oriented Model (COM). The COM for the HCCI engine has 
combustion timing and engine load as outputs and valve timing and 
fueling rate as the inputs. The COM model is developed and validated 
and found to be accurate enough for control purposes and can be 
implemented in real-time. A Detailed Physical Model (DPM) is used 
to test the controller using the valve timing and fueling rate as 
constrained actuators. Constraints on combustion timing and output 
work are also considered to prevent ringing or misfire. The simulation 
results show that the developed controller works over a range of load 
conditions and can maintain HCCI combustion timing and load to 
their desired values.

Introduction
Homogenous Charge Compression Ignition (HCCI) is a promising 
engine concept that has potential for low emissions while keeping 
fuel efficiency high [1, 2, 3]. In HCCI engines, a homogeneous air 
fuel mixture is compressed to the point that combustion starts. 
Because of the low temperature combustion in HCCI engines, the 
NOX level is low, however unburnt HydroCarbons (HC) and CO 
levels are high [1]. HCCI has an operating range limited by misfire at 
low loads and ringing at high loads. In addition, HCCI combustion 
timing is difficult to control compared to other conventional engines 
such as SI and Diesel, since there is no direct initiator of combustion 
in HCCI engines [1]. Combustion timing in HCCI engines is 
influenced by trapped mixture temperature, pressure and composition 
at Intake Valve Closing (IVC) and in-cylinder mixture homogeneity 
[4]. The combustion timing in HCCI engines can be controlled by a 
variety of method such as: adjusting the intake charge temperature [5, 
6]; retaining or reinducting hot residual gas from the previous cycle 
with Variable Valve Timing (VVT) [7, 8, 9, 10, 11, 12, 13]; external 
Exhaust Gas Recirculation (EGR) [14, 15]; varying the auto-ignition 
properties of the fuel using dual-fuels [16, 17, 18, 19]; changing the 

compression ratio [20, 21]; pilot injection [22, 23] and water injection 
[24, 25]. Intake air heating is not practical because energy is required 
to heat the air and the heater response time is slow compared to an 
engine cycle. Exhaust Gas Recirculation (EGR) is usually not fast 
enough for cycle-by-cycle combustion timing control. Controlling the 
combustion timing by varying the auto-ignition properties of the fuel 
using dual-fuels is also effective but at least two fuels are needed. A 
variable compression ratio engine can also be used to control the 
combustion timing but requires a complex mechanism. Pilot injection 
is another interesting technique for combustion timing control, 
however this technique increases CO and HC emissions and 
decreases fuel efficiency [26]. Water injection slows down the 
combustion rate and retards the combustion timing, however, it 
increases the unburnt HC and CO emissions [24]. With VVT, fast 
cycle-by-cycle control response can be achieved by changing the 
amount of trapped residual gas and the effective compression ratio 
cycle by cycle. Variable valve timing with symmetric Negative Valve 
Overlap (NVO) strategy is used for cycle-by-cycle combustion 
timing control in this work. In this strategy, the Exhaust Valves Close 
(EVC) timing is set before piston reaching the Top Dead Center 
(TDC) in the exhaust stroke and the Intake Valves Open (IVO) timing 
is set to the same amount, or symmetric, after TDC (see Figure 1). 
With symmetric changes of EVC and IVO timing around TDC, the 
recompression work can be regained as expansion work and the 
pumping work is minimized with this strategy. The effects of 
symmetric NVO on HCCI combustion have been investigated in [27, 
28, 29, 30, 31]. A typical pressure time history of HCCI engine with 
symmetric NVO is shown in Figure 2.

Since the ability to control HCCI combustion timing is essential for 
this type of combustion to be practical in a real engine, a variety of 
controllers with various complexities have been developed. Some of 
the controllers are based on models obtained from system 
identification [10, 33] and many are based on physical models [19, 
23, 31, 34].
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Figure 1. Symmetric negative valve overlap strategy

Figure 2. HCCI engine pressure trace with 160 CA Deg NVO duration - 
obtained from DPM [32]

A short summary of some HCCI combustion timing control is given 
next to provide context for the control developed in this work. In 
[35], closed-loop control of the combustion timing and load is 
performed in an HCCI engine using a gain-scheduled 
experimentally tuned PID controller with fueling rate and fuel 
Octane Number (ON) as actuators. A PID controller is developed to 
vary the ratio of hot to cold intake air entering a variable 
compression ratio engine in [36] for combustion timing control 
while fueling rate is used for load control. Compression ratio is 
varied to control combustion timing and load with a PID controller 
in [20] and it is tested on a single cylinder research engine. A 
feedforward controller is developed in [37] based on a physical 
mean value model to control combustion duration. Combustion 
duration is controlled by changing the mixing ratios of the cold and 
hot fresh charge in the intake manifold [37]. In [38], a mean value 
model is developed using re-breathing technique for combustion 
timing control in an HCCI engine equipped with variable valve 
timing. The model has five continuous states which are: intake and 
exhaust manifold mass and mixture composition and exhaust 
manifold pressure. The discontinuous states of the model are 
in-cylinder temperature and pressure at IVC, in-cylinder mixture 
composition and combustion timing. A LQG controller is described 
and implemented on a multi-cylinder engine for combustion timing 
control based on system identification model [39] with fuel ON as 
main actuator. In [40], a two-input two-output H2 controller is 

designed based on a two-state model for combustion timing and 
peak in-cylinder pressure control. The actuators are EVC and IVC 
timings and the controller is implemented on a single cylinder 
research engine. A PID controller is developed and implemented in 
[12] for combustion timing control where the actuators are EVC 
and IVO timings. Cylinder to cylinder cross talk in a multi cylinder 
HCCI engine is modeled in [41] and a LQG controller is used to 
control combustion timing for each cylinder. In [9], a layered closed 
loop control for an HCCI engine equipped with variable valve 
timing is implemented by combining classical PID and a feed 
forward control strategy to realize effective control of load and 
combustion timing. A feedforward-feedback controller is developed 
in [42] for combustion timing and load control. The controller is 
based on a four-state linear model with oxygen and fuel 
concentration, temperature and in-cylinder volume at IVC as the 
states. In [31], a feedforward-feedback controller is developed and 
implemented in a single cylinder research engine. θ50 is used as 
feedback to the controller and EVC and IVO timings are modulated 
for combustion timing control. In [43], closed loop control for 
HCCI combustion timing and load control is developed using 
adaptative neural network and the actuators are split fuel injection 
and EVC timing. A PID control strategy for combustion timing 
control in a single cylinder research engine is described in [44]. 
Combustion timing is used as feedback to the controller and a 
hybrid hardware-software system is used for combustion timing 
measurement. NVO duration and IVC timing are used as two 
different actuators for combustion timing control [44]. In [19], a 
Discrete Sliding Mode Controller (DSMC) coupled with a Kalman 
filter is designed to control combustion timing by adjusting the ratio 
of two Primary Reference Fuels (PRFs) while a feed-forward 
controller is used for load control [45]. The controller is designed 
based on a five-state model. The model states are θ50, temperature 
and pressure at start of combustion and residual gas mass fraction 
and temperature. The model developed in [45] is used for 
combustion timing and load control in [46] with fuel ON and fuel 
equivalence ratio as actuators. The desired combustion timing 
trajectory is calculated from experimental desired load trajectory 
and an integral state feedback controller is used for combustion 
timing control while a feedforward controller is used for load 
control. The control oriented model used in [19, 45, 46] is 
developed based on extensive experimental data and is not easy to 
apply for engines with different configuration and fuels. MPC is 
designed in [23] based on a five-state model for combustion timing 
and output work control with valve timing and split fuel injection as 
main actuators. The physical model used in [23] is the model 
developed in [42] with split injection combustion threshold as new 
state. In [47], MPC is designed based on the model developed in 
[23] for combustion timing and load control while maintaining the 
equivalence ratio within an acceptable range. The controller is 
tested on a multi-cylinder HCCI engine with the same actuators 
used in [23]. In [48], MPC is developed based on a model obtained 
from system identification. The model inputs are IVC timing, intake 
manifold temperature, engine speed and injected fuel energy. 
Considering constraints on rate of pressure rise; θ50 and IMEP are 
controlled using IVC timing and fueling rate as main actuators. In 
[49], MPC is detailed and tested in simulation for maximum 
in-cylinder pressure and combustion timing control with EVC and 
IVC timings as main actuators. The controller is based on a 
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four-state physical model with in-cylinder IVC and SOC volumes, 
residual mole fraction and maximum in-cylinder pressure are the 
states.

Figure 3. Control Oriented Model development steps

In this study, a 2-step strategy for HCCI combustion model based 
control is described. First, a nonlinear control oriented model for 
cycle by cycle combustion timing and output work control is 
developed. The developed control oriented model is based on model 
reduction from the detailed physical model developed in [32]. Since 
the DPM is based on physics and has a Chemical Kinetic Model of 
the fuel this will allow different fuels and engine configurations to be 
easily examined if the appropriate fuel chemical kinetics are known. 
In previous studies [11, 19, 23, 34, 40, 42, 45, 48, 50], either knock 
integral [51, 52] or Arrhenius type models [40, 53] are used for 
combustion timing prediction. Such models rely on extensive 
experimental data for parametrization and they are only valid for 
limited engine operating ranges. For the case studied here with 
primary reference fuels, the reaction mechanism is available in [54, 
55]. The nonlinear model is then linearized around one operating 
point and engine experimental validation results show that it has 
sufficient accuracy for combustion timing and output work 
prediction. Then symmetric negative valve overlap with variable 
valve timing is used for HCCI combustion timing control while the 
fueling rate is used for output work control. The crank angle of fifty 
percent fuel mass fraction burned, θ50, is used as the cycle by cycle 
measurement of combustion timing. In simulation, the DPM, 
presented in [32], provides θ50 while in the experiment, cylinder 
pressure is needed. A schematic of the steps needed to obtain the 
control oriented model are shown in Figure 3. MPC with Laguerre 
function are used as the ability to incorporate constraints on inputs 

and outputs explicitly. This approach is very useful in this highly 
constrained problem. The Laguerre function is mainly used for the 
cases when the discrete-time impulse response of a dynamic system 
is available by a Laguerre model [56]. This approach simplifies the 
traditional MPC algorithm used in [10, 23, 49, 47] and reduces the 
computation time [56]. In the next sections, the controller 
performance is tested with noisy measurement considering 
constraints on inputs and outputs in simulation. Finally, the controller 
ability in rejecting engine load and speed disturbances are examined.

Control Oriented Model
A discrete nonlinear control oriented model is developed based on the 
DPM in [32] and the methods described in [19, 23, 57, 58, 59] for 
model order reduction. DPM is a crank angle based filling and 
emptying model. The engine cylinder is modeled as a time variant 
volume and the cylinder contents are divided into fourteen continuous 
zones. Conservation of mass is used to obtain set of differential 
equations for the change in species concentration and energy 
conservation is used to obtain a differential equation for the 
temperature change in each zone. Mass transfer between zones is 
neglected, however, heat transfer is considered. For combustion 
simulation, a reduced order reaction mechanism for n-heptane [55] is 
used. The reaction mechanism consists of 29 species and 52 
reactions. The in-cylinder pressure is calculated by applying ideal gas 
law to the cylinder contents. The DPM has 483 states with 7 inputs 
and 4 outputs. The model inputs are the intake manifold temperature 
and pressure, fueling rate, IVC, IVO, EVO and EVC timings. The 
model outputs are combustion timing, maximum rate of pressure rise, 
maximum in-cylinder pressure and output work. The DPM is detailed 
in [32].

For the control oriented HCCI engine model, compression, 
combustion and expansion are modeled as a sequence of continuous 
processes. The four states of the nonlinear control oriented model 
are: residual gas mole fraction (α), fuel equivalence ratio (ϕ), 
in-cylinder temperature at IVC (TIV C) and crank angle of fifty 
percent fuel mass fraction burned (θ50). These states are found to be 
important variables affecting HCCI combustion [30, 60]. The 
control oriented model can be easily modified for other fuels by a 
model parametrization using the DPM with the appropriate fuel 
chemical kinetics. Mixture temperature and composition at the 
beginning of compression are determined first by assuming that the 
fresh intake charge and residual gas from previous cycle mix 
instantaneously in the cylinder at IVC. Mixture composition at the 
beginning of compression is assumed to be:

(1)

where ϕ and k represent the fuel equivalence ratio and cycle number 
respectively. Mixture composition in Equation 1 is determined by 
assuming that the exhaust gas fuel equivalence ratio is the same as 
mixture fuel equivalence ratio before combustion [61]. The residual 
gas mole fraction, α, is calculated as:
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(2)

Mixture temperature at IVC is determined by using the intake charge 
composition and applying the first law of thermodynamics to the 
system. In-cylinder gas temperature at IVC, TIV C, is calculated as:

(3)

The specific heat values are assumed to be constant. The in-cylinder 
pressure at IVC is assumed to be equal to the intake manifold 
pressure. Temperature and pressure at the crank angle of fifty percent 
fuel mass fraction burned with the assumption of isentropic 
compression can then be calculated as

(4)

(5)

where ϓ is specific heat ratio. Mixture temperature, pressure and 
composition at IVC are important factors that influencing HCCI 
combustion timing [1, 30, 60]. To obtain a model that is more suitable 
for realtime combustion timing control, the DPM is reduced to a 
fitted algebraic equations for predicting fuel equivalence ratio, start of 
combustion, combustion duration and crank angle of fifty percent fuel 
mass fraction burned. The model is:

(6)

(7)

(8)

(9)

Constants in equations 6, 7, 8 and 9 are parameterized using the 
detailed physical model without considering external EGR. 
Temperature after combustion, TAC, is calculated by applying first law 
of thermodynamics to the trapped in-cylinder mixture as [34, 49, 58]

(10)

where C5 = QLHV ϕk β and β is the percentage of system energy lost by 
heat transfer during combustion (β=0.12). By applying the ideal gas 
law to the system, the in-cylinder pressure after combustion, PAC for 
cycle k is calculated as [34, 49, 58]

(11)

The expansion process is assumed to be isentropic so the in-cylinder 
gas temperature and pressure at EVO is calculated as

(12)

(13)

At EVO, blowdown to the exhaust manifold pressure is occurred 
assuming that the in-cylinder mixture isentropically expands to the 
exhaust manifold pressure. Residual gas temperature after blowdown, 
TRES, is calculated as [59]

(14)

Finally, engine output work is calculated from a correlation obtained 
from the DPM:

(15)

To write the model in state space form where the states can be written 
as a function of the inputs and state variables of the previous cycle 
the model equations are rearranged.

The first state equation is residual mole fraction which is given in 
equation 2. Equations 3, 4, 5, 10, 11, 12, 13 and 14 can then be 
sequentially substituted into equation 2 to obtain the state equation 
for the residual mole fraction which is:

(16)
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where

The second state equation is the temperature at IVC. Substituting 
equations 4, 5, 10, 11, 12, 13, 14 and 16 into equation 3 yields the 
second of these state update equations.

(17)

where

The third state equation is fuel equivalence ratio. Similar to the 
second state update equation, equations 4, 5, 10, 11, 12, 13, 14 and 16 
are substituted into equation 6 resulting in:

(18)

where

The fourth state equation is crank angle of fifty percent fuel mass 
fraction burned, θ50. Equations 17, 18, 7 and 8 are substituted into 
equation 9, and the result is:

(19)
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where

Equations 16, 17, 18, 19 are now in a form suitable for nonlinear 
state-space control development. This nonlinear discrete COM can 
capture the dynamics of trapped residual gas in the HCCI engine 
cycle by cycle in this form. Figure 4 shows the response of the 
nonlinear COM to a step change in NVO duration and fueling rate 
compared with the response of the detailed physical model. A good 
dynamic match between the nonlinear COM and DPM is observed. 
Then, the nonlinear COM is linearized around one operating point 
and the linearized model behavior is compared to both nonlinear 
COM and detailed physical model in Figure 4. The operating point is 
selected based on the experimental data in [30] to ensure that the 
selected point is far away from misfire and ringing regions.

The linear state space model is given by:

(20)

where A, B, C and D depend on the operating condition that the 
model is linearized around. The operating condition that the nonlinear 
COM was linearized around is listed in Table 1. The model states, 
inputs and outputs are: x = [Tivc α ϕ mfQLHV θ50]

T, u = [mfQLHV θEV C]T 

and y = [θ50 IMEP]T respectively. mfQLHV is added as a new state for 
the linearized model to make matrix D in equation 20 zero. The A, B 
and C matrixes of equation 20 are then:

(21)

As seen in equation 21, the fourth state has no dynamics.

Table 1. Operating point for linearization of COM

Model Validation
Experimental data from the single cylinder engine [30] is compared 
with the COM and the DPM when NVO duration and fueling rate are 
varied. In all cases, the charge is lean. First, NVO duration is kept 
constant and fueling rate is varied. As shown in Figure 5, combustion 
timing is advanced when fueling rate is increased. The reason is the 
reactivity of the fuel tends to increase from very lean to richer 
conditions. Both models show earlier combustion timing as the 
mixture gets reacher. This is consistent with the literature [30, 60]. 
Next, the fueling rate is kept constant and NVO duration is changed. 
Figure 6 shows the effects of NVO duration on combustion timing. 
When NVO duration increases, the amount of trapped residual gas as 
well as the in-cylinder gas temperature at IVC increases. Combustion 
timing is advanced when the in-cylinder gas temperature at IVC 
increases with larger amounts of internal EGR. This is consistent with 
the studies [30, 62]. These results confirm that both COM and DPM 
seem to capture the fueling rate and the trapped residual gas effects 
on combustion timing. In Figure 7, both COM and DPM models are 
validated more against 44 engine steady state operating conditions 
listed in Table 2. These results show that the DPM and COM capture 
combustion timing with average errors of 1.1 CAD and 1.7 CAD 
respectively. COM is sufficient for real time requiring 6.4 msec to 
simulate an HCCI cycle on a 2.66 GHz Intel PC. The DPM requires 
22.8 sec for an HCCI cycle which is also relatively fast for this type 
of simulation.
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Figure 8 shows the performance of the DPM, COM and the linearized 
COM in predicting θ50 during transient valve timing experiments. The 
linear model is compared to the DPM in Figure 9. As shown in this 
figure, the linear model states track the DPM well. The linear model 
captures the system dynamics behavior and the maximum error in 
combustion timing prediction is 1.2 CA Deg compared to the DPM.

Figure 4. Comparison of the DPM, COM and the linear model for a step 
change in NVO and then fueling rate

Table 2. Steady state engine operating conditions

The linearized COM is used for MPC [56] design considering 
constraints on inputs and outputs. θ50 and engine output work are 
used as controller inputs and the outputs are NVO duration and 
fueling rate. Constraints on θ50 and output work are sufficient for safe 
engine operation mode. Constraints on NVO duration and fueling rate 
are determined based on the experimental limits. The valve timing 
response is slowed down to have smooth transient combustion timing 
response when the engine operating mode changes. The fueling rate 

response is kept fast in order to reach the desired load quickly. Details 
of the input and output constraints are explained in controller 
structure section. The main objective of the controller is the tracking 
of the desired output work and combustion timing. The desired 
combustion timing and output work trajectories are considered as 
step functions to check the response to a fast system transient.

Figure 5. Steady state model validation - NVO=60 Deg CA, ω=817 RPM, 
Pint= 88.3 kPa, Tint=80°C and fueling rate is varied at constant airflow rate

Figure 6. Steady state model validation - Injected Fuel Energy = 0.42 KJ, 
ω=817 RPM, Pint=88.343 kPa, Tint=80°C and NVO duration is varied

Figure 7. Steady state validation of COM and DPM
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Figure 8. Transient model validation

Controller Structure
The controller is designed based on [56]. The standard state space 
model, Equation 20, is augmented with an integrator. The augmented 
model is

(22)

where ,  and .

Matrix 0n has as many columns as matrix A in Equation 20. The 

augmented model states in Equation 22 are  where 
Δx(k) = x(k) - x(k - 1) and x(k) are model states from Equation 20.

The control signal and input matrix in Equation 22 are partitioned as:

(23)

The controller signal is written based on Laguerre function 
parameters [56] as:

(24)

where ηi and Li(k) are the Laguerre function description of the ith 
control input and Li(k) is written as

(25)

and Ni is a scaling factor [56] (here Ni=5). Within this framework, the 
control horizon concept used in previous studies [10, 23, 47, 49] is 
eliminated. Ni is used to describe the complexity of the input signal 
trajectory in conjunction with the Laguerre function pole locations. 
Larger values for pole locations can be selected to achieve a longer 
control horizon with a smaller number of Ni in the optimization 
procedure. The Laguerre function is used to speed up calculations for 
realtime implementation. For this two input-two output system each 
input signal is designated to have a Laguerre pole location at 0:5. The 
prediction of the future states based on the partitioned input matrix is:

(26)

with the prediction horizon, m, is chosen to be 10, and η and ϕ are:

(27)

(28)

Figure 9. Linear model versus DPM [ω=825 RPM, Pint=95 kPa and Tint=80°C]
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Figure 10. Controller performance (unconstrained): (a) & (b) controller 
outputs (c) & (d) system outputs (e) fuel equivalence ratio [ω=825 RPM, 
Pint=95 kPa and Tint=80°C]

With this approach, predictions of state variables are expressed in 
terms of the coefficient vector η of the Laguerre function. The cost 
function is a minimization of the error between the set-point signal 
and the output signal [56] and is:

(29)

where Ω and ψ are:

(30)

(31)

with the weighting matrices Q and RL.

Figure 11. Controller performance (constrained inputs): (a) & (b) controller 
outputs (c) & (d) system outputs (e) fuel equivalence ratio [ω=825 RPM, 
Pint=95 kPa and Tint=80°C] NVO saturation

The optimal solution of cost function without considering constraints 
is [56]:

(32)

and the control law is:

(33)

where 0i
T represents a zero block row vector with identical dimension 

to Li(0)T. The control variable Δu(k) is written in the form of linear 
state feedback control as:

(34)

with a controller gain of:

(35)

Downloaded from SAE International by Charles Koch, Saturday, April 18, 2015



The closed loop feedback control is:

(36)

To consider constraints on the inputs, outputs and rate of change of 
input signals the cost function must consider them [56, 63]. The 
constraints on rate of change of the input signal are:

(37)

where Δumin and Δumax are the minimum and maximum rate of change 
of plant input signal respectively. The constraints on the input signals 
are:

(38)

where umin and umax are the minimum and maximum values of the 
plant input signal respectively. Finally the output constraints are:

(39)

where ymin and ymax are the minimum and maximum values of the 
plant output. The minimum and maximum values of the plant input 
and output signals used are listed in Table 3. The input constraints are 
hard constraints due to actuator limits while the output constraints are 
soften by slack variables. Other constraints can be considered by 
rearranging the COM. For example constraints on the rate of pressure 
rise or air-fuel ratio have been investigated in [23, 48].

Controller Performance
The controller is tested in simulation using the DPM as the virtual 
engine. The MPC is tested with constant engine speed, intake manifold 
pressure and temperature first and then effects of load and speed 
disturbances are examined. Controller performance, without 
considering constraints on inputs and outputs, is shown in Figure 10 
and both θ50 and IMEP closely track the setpoint. Examining the figure 
closely, at cycle 200 when the desired IMEP is reduced, EVC timing is 
advanced and NVO duration is increased to trap more residual gas 
which maintains the combustion timing at 4 Deg CA aTDC.

Table 3. Minimum and maximum values of the input and output signals

Figure 12. Controller performance (constrained combustion timing): (a) & (b) 
controller outputs (c) & (d) system outputs (e) fuel equivalence ratio [ω=825 
RPM, Pint=95 kPa and Tint=80°C]

Controller performance considering input constraints is shown in 
Figure 11. In this case, the desired IMEP is held constant while the 
desired combustion timing is advanced. To advance the combustion 
timing, NVO duration is increased by controller to increase the 
trapped residual gas. At cycle 204, the NVO duration reaches the 
maximum constraint of 180 Deg CA so the NVO duration saturates at 
180 Deg CA. The value of θ50 does not track the desired trajectory. 
This is attributed to NVO saturation after cycle 204 where the 
controller keeps fueling rate constant to maintain IMEP (load).

The controller performance with an output constraint is shown in 
Figure 12. The combustion timing lower limit is set to 0 CA Deg after 
TDC to avoid engine ringing. After cycle 300, the controller does not 
track the desired combustion trajectory since the desired trajectory is 
set at 2 CA Deg bTDC. To check the controller performance to a 
constraint on output work, a maximum limit for IMEP of 2.5 bar 
based on experiments [30] is set. This limit is based on the engine 
ringing limit. Thus in Figure 13, when the desired IMEP is increased 
to 2.8 bar after cycle 300 the controller, maintains the maximum limit 
of 2.5 bar. In this case, the controller maintains the engine output at 
the maximum load limit while trying to maintain the combustion 
timing at 3 CA Deg aTDC. However, the NVO duration reaches the 
lower limit of 0 CA Deg so the desired combustion timing is not 
obtained after cycle 300 due to the constraint. The constraints on θ50 
and output work are sufficient for safe engine operation. The upper 
and lower bounds are determined from experimental ringing and 
misfire limits [30].
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Figure 13. Controller performance (constrained load): (a) & (b) controller 
outputs (c) & (d) system outputs (e) fuel equivalence ratio [ω=825 RPM, 
Pint=95 kPa and Tint=80°C]

The controller performance is tested when both desired combustion 
timing and load are varied and the results are shown in Figure 14. 
The controller is able to track both desired combustion timing and 
load accurately when they are changed simultaneously. Figure 15 
shows the controller performance considering the sensor noise 
effects. The effect of measurement noise on tracking performance 
of the MPC is studied by adding a Gaussian disturbed noise with 
standard deviation of 0.7 CAD to the measurement of θ50. The noise 
level is determined based on observations in [30]. The controller 
maintains tracking despite the measurement noise in the feedback 
signal. The controller is also tested with the disturbances of engine 
load and speed. Figures 16 and 17 show the disturbance rejection 
properties of the controller for positive and negative disturbance 
step changes in fuel equivalence ratio and engine speed. The results 
show that the controller has reasonable disturbance rejection for 
these cases.

For implementation on the engine an observer is required. When the 
controller is run in simulation, states like temperature at IVC, θ50, 
fuel equivalence ratio and residual mole fraction are calculated by 
DPM and are available to the controller. However, for real time 
implementation, there is no sensor on the engine to measure those 
states so an observer is required to predict them. Further constraints, 
like constraints on the air-fuel ratio and rate of pressure rise can be 
considered by augmenting the linearized COM model.

Figure 14. Controller performance (both desired IMEP and θ50 are changed at 
the same time): (a) & (b) controller outputs (c) & (d) system outputs (e) fuel 
equivalence ratio [ω=825 RPM, Pint=95 kPa and Tint=80°C]

Figure 15. Controller performance considering measurement noise: (a) & (b) 
controller outputs (c) & (d) system outputs (e) fuel equivalence ratio [ω=825 
RPM, Pint=95 kPa and Tint=80°C]
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Conclusions
A 4-state nonlinear control oriented model is developed for cycle by 
cycle combustion timing and load control. The model is validated 
against a detailed physical model and experimental data. The 
nonlinear model shows acceptable accuracy in predicting HCCI 
combustion timing and load. The model is then linearized around one 
operating point and the 5-state linearized model is used to design a 
discrete MPC using Laguerre functions. The MPC shows good 
performance for combustion timing and load control in HCCI engine 
using a detailed physical model for the engine. The controller 
performs well in maintaining a desirable engine operation during load 
and engine speed disturbances. NVO duration and fueling rate are 
used as main actuators for combustion timing and load control. 
Simulation results show that the MPC controller satisfies all the 
desired objectives, and can track the desired load and combustion 
timing trajectories while considering actuator restrictions and output 
constraints. Both the nonlinear control oriented model and controller 
have a simple structure and that is amenable to being parameterized 
for other fuels like bio-fuels since the DPM is physical based.

Figure 16. Disturbance rejection: Engine load (a) θ50 (b) Controller Input and 
(c) Disturbance [ω=825 RPM, Pint=95 kPa and Tint=80°C]

Figure 17. Disturbance rejection: Engine speed (a) θ50 (b) Controller Input and 
(c) Disturbance [IMEP=1.9 Bar, Pint=95 kPa and Tint=80°C]

Definitions/Abbreviations
DPM - Detailed Physical Model

COM - Control Oriented Model

SI - Spark Ignition

CO - Carbon Monoxide

HC - Hydrocarbons

NOX - Nitric Oxide

IVC - Intake Valve Closing

IVO - Intake Valve Opening

EVC - Exhaust Valve Closing

EVO - Exhaust Valve Opening

HCCI - Homogeneous Charge Compression Ignition

NVO - Negative Valve Overlap

TDC - Top Dead Center

VVT - Variable Valve Timing

CA Deg - Crank Angle Degree

ON - Octane Number

PID - Proportional Integral-Derivative

LQG - Linear Quadratic Gaussian

θ50 - Crank angle of fifty percent fuel mass fraction burned

MPC - Model Predictive Control

DSMC - Discrete Sliding Mode Controller

PRF - Primary Reference Fuel

SOC - Start Of Combustion

LHV - Lower Heating Value

T - Temperature

P - Pressure

RES - Residual

exh - exhaust

N2 - Nitrogen

O2 - Oxygen

H2O - Water

C7H16 - n-heptane

CO2 - Carbon Dioxide

Cp - Specific heat at constant pressure

BC - Before Combustion

AC - After Combustion

V - in-cylinder Volume

ϕ - fuel equivalence ratio

α - residual mole fraction

mfuel - mass of injected fuel

Δθ - combustion duration

IMEP - Indicated Mean Effective Pressure

k - cycle number

ω - Engine speed
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int - intake

EGR - Exhaust Gas Recirculation

aTDC - after Top Dead Center

bTDC - before Top Dead Center

RPM - Revolutions Per Minute

kJ - kilojoules
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