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Abstract

:

The accurate air-fuel ratio (AFR) control is crucial for the exhaust emission reduction based on the three-way catalytic converter in the spark ignition (SI) engine. The difficulties in transient cylinder air mass flow measurement, the existing fuel mass wall-wetting phenomenon, and the unfixed AFR path dynamic variations make the design of the AFR controller a challenging task. In this paper, an adaptive AFR regulation controller is designed using the feedforward and feedback control scheme based on the dynamical modelling of the AFR path. The generalized predictive control method is proposed to solve the problems of inherent nonlinearities, time delays, parameter variations, and uncertainties in the AFR closed loop. The simulation analysis is investigated for the effectiveness of noise suppression, online prediction, and self-correction on the SI engine system. Moreover, the experimental verification shows an acceptable performance of the designed controller and the potential usage of the generalized predictive control in AFR regulation application.
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1. Introduction


The port-injected spark ignition (SI) engine is widely used in automotive production vehicles, which is equipped with a three-way catalytic converter (TWC) to reduce the exhaust emissions. The combination of the TWC and electronic fuel injection control have been developed for SI engines to meet the strict emission requirements. Using the TWC can reduce nitrogen oxides to nitrogen and oxygen, oxidize carbon monoxide to carbon dioxide, and oxidize hydrocarbons to carbon dioxide and water. However, the TWC conversion efficiency depends on the exhaust air–fuel ratio (AFR) significantly. To guarantee the maximum converter efficiency and fuel economy, the AFR is required to regulate at a very narrow band around the stoichiometric value. For the most widely used port-injected SI engine in the in-use vehicles, the emission performance could be improved using the advanced AFR control method.



For accurate AFR control, correct estimation of the intake air mass in the cylinder, the right amount of fuel injection, and the closed-loop AFR regulation based on the exhaust gas oxygen (EGO) sensor are three main practical aspects [1]. However, it is hard to measure the transient cylinder air mass by sensors due to the intake manifold dynamic variations. The injected fuel mass before the intake valve is not equal to the fuel mass in the cylinder as the wall-wetting phenomenon [2]. Otherwise, the inherent nonlinearities, time delays, parameter variations, existed uncertainties, the complex engine operating conditions, and tremendous measurement noise make the design of the AFR controller a challenging task and has captured enormous attention recently.



Practically, the AFR controller consists of feed-forward look-up tables and the feedback proportional–integral–derivative (PID) controller. The look-up tables are calibrated at different engine operating conditions for open loop control, and the PID controller compensates the output error based on the EGO sensor measurement. Although this traditional control scheme is stable, the calibration of look-up tables and gain parameters of the PID controller are time-consuming and may not guarantee the control performance due to the engine aging and parameters varying. The dramatic variations of the exhaust equivalence ratio can be a challenging problem for traditional PID controllers as they are not robust to nonlinearity and uncertainties [3]. Many approaches have been proposed in the literature regarding the AFR control using advanced methods [4]. Model-based AFR controllers were implemented in Reference [5,6] using the mean-value engine model by event-based discrete sampling method. A backstepping controller [7] was designed for the AFR regulation to solve the problem of unknown input time delay and unknown parameters in the plant. Linear parameter-varying control [8,9], sliding mode control [10,11], and a Smith predictor [12] were introduced to improve the AFR regulation performance. As it is hard to describe the exact AFR path dynamic with certain models and parameters, using adaptive control [1,12,13] for the AFR regulation aroused interest regarding the control issue. A new method of AFR calculation was carried out in Reference [14] using fast response CO and CO2 sensors. However, the existing works have less consideration on the actual AFR dynamic variations.



In this paper, the AFR dynamical modelling and the specific problem of stoichiometric AFR regulation are investigated for the port-injected SI engine. The control strategy is designed based on the feedforward and feedback fueling controller via the mean-value engine model. An adaptive feedback controller is implemented using the generalized predictive control method to handle the AFR regulation difficulties. Using the simulation analysis and experimental validation, we investigate the effectiveness of the proposed method.




2. Modelling of Dynamic AFR of the SI Engine


2.1. System Description


AFR means the ratio of the air (m˙ap) and fuel (m˙fcyl) mass flow rate in the engine cylinder, and it is commonly given by the variable of λ which is the ratio of AFR and the stoichiometric ratio (AFRs, approximately 14.7 for gasoline). The fuel/air equivalence ratio (ϕ) is a more informative parameter for defining the mixture composition and can be measured using the exhaust gas oxygen sensor (EGO). AFR parameters are determined using:


{AFR=m˙apm˙fcylλ=AFRAFRs=1ϕ



(1)







AFR control is a fundamental issue in the internal combustion engine and has a strong impact on the combustion, efficiency, and emission performances. A brief structure of the AFR control system in the port injected SI engine is shown in Figure 1. The intake air and the injected fuel mix in the intake manifold is before the intake valves; then, the gas mixture enters the engine cylinder and is ignited by the spark plug to release the chemical energy. The combustion process in the expansion stroke produces the engine output torque. The SI engine is controlled by the throttle position angle (α), which affects the relative air mass supply. The electronic control unit (ECU) controls the amount of fuel injection (m˙fcmd) based on the intake air mass and AFR regulation strategy. However, the in-cylinder AFR could not be measured directly by sensors in commercial engine systems. The typical method uses the EGO sensor before the TWC to measure the oxygen content in the exhaust gas mixture (ϕexh) to represent the AFR during the combustion process.



Based on the definition, the intake air mass in each cylinder, the appropriate fuel injection amount, and the close-loop control are the main contents of the AFR regulation. It should be noted that the fuel mass in the cylinder should adapt the intake air mass based on the AFR definition. However, due to the immeasurability of the intake air mass in the cylinder and the fuel wall-wetting phenomenon, the challenge in the AFR control exists regarding how to handle the air charge mass, fuel dynamic characteristic, and AFR transmission process, especially during the transient operation mode. Moreover, the parameters of the air intake path and the fuel path are usually difficult to determine with certainty.




2.2. The Dynamic AFR in the SI Engine


The SI engine is a highly nonlinear and multi-variable system that is difficult to derive the precise model for the control purpose. Typically, the computational fluid dynamics (CFD) model can provide the information of engine combustion performance and is too complex for the control application. The mean value engine model (MVEM) is suitable for real-time simulation and has acceptable accuracy for representing engine dynamics for the control application [15,16]. The MVEM describes the physical engine dynamics on the time scale of several engine events without the cycle-to-cycle characteristics. It consists of three dynamic mathematical subsystem models including the air path, fuel path, and crankshaft. As the AFR control parameters depend on engine operating conditions, the dynamic AFR is specifically analyzed in this section based on MVEM.



2.2.1. The Air Path Dynamic Model


The intake air dynamic model expresses the manifold filling with air mass through the throttle plate (m˙at), while at the same time air mass is drawn into the engine (m˙ap). Based on the ideal gas law, the manifold pressure state equation in the form [17,18]:


p˙man=RTmanVman(m˙at−m˙ap)



(2)




where Vman is the volume of the intake manifold (L); R is the gas constant of fresh air (287 J/(kg∙K)); Tman is the manifold air temperature (K); and pman is the manifold air pressure (kPa), which can be measured using the manifold absolute pressure (MAP) sensor. The air mass flow across the throttle can be physically modelled as two separated parallel isentropic flows [19]:


m˙at=m˙at1pambTambβ1αβ2prpr=pmanpinβ1α=1−a1cosα+a2cos2αβ2pr=1pn(prp1−prp2),ifpr≥pc1,ifpr<pcpc=p1p21p2−p1pn=pcp1−pcp2



(3)




where pr is the ratio of air pressure before and after the throttle plate; m˙at1 is a fitting constant; α is the throttle opening angle (degree); β1(α),β2(pr) are the empirical equations; pamb and Tamb are the ambient air pressure and temperature; and a1,a2,p1,p2,pn,pc are constant parameters that have been found in Reference [19]. As the pressure and temperature in the engine cylinders cannot be measured in practice, it is difficult to use the ideal gas law to calculate the real air mass in the cylinder. Therefore, volumetric efficiency (ev) is introduced to observe the amount of air in each cylinder using the pressure and temperature measured in the manifold. Using the speed density formula:


m˙ap=Vd120RTman(ev⋅pman)n=Vd120RTman(si⋅pman−yi)n



(4)




where Vd is the engine displacement (L); n is the engine velocity (RPM); and si,yi are speed-dependent fitting parameters and should not change much over the engine operating range.




2.2.2. The Fuel Path Dynamic Model


As the wall-wetting phenomenon in port fuel injection engines discussed by Hendricks [20] occurs, a portion of the injected fuel out of the injector may form a fuel film on the intake manifold wall and the other may be as a vapor flow. Consequently, the total fuel, together with the air mass into the engine’s cylinder, is unequal to the injected fuel at each engine event. It consists of the fuel vapor flow from both the direct injection and the fuel film on the manifold wall. The fuel vapor and film dynamic variation can be described as:


{m¨ff(t)=1τf(X⋅m˙fcmd(t)−m˙ff(t))m˙fv(t)=(1−X)m˙fcmd(t)m˙fcyl(t)=m˙fv(t)+m˙ff(t)



(5)




where the fraction of the fuel flow become film is defined as X (0<X<1), τf is the fuel film evaporation time constant, m˙fcyl is the fuel mass flow entering the cylinder, m˙fcmd denotes the injected fuel mass flow following the control command, and m˙fv and m˙ff represent the fuel mass flow from the injection directly and the wall film evaporation, respectively. This model is a convenient approximation to the true physical dynamic of the fuel in the engine, and Equation (5) can be rewritten as a single transfer function for the controller design:


Gww(s)=m˙fcyl(s)m˙fcmd(s)=ϕcyl(s)ϕcmd(s)=1+(1−X)τfs1+τfs



(6)








2.2.3. The Crankshaft Dynamic


As the energy conservation law, the change of the rotational kinetic energy causes by the available acceleration power on the crankshaft. The model can be described as:


{ω˙=(Ti−Tf−Tload)/I=[Hum˙fcyl(t)ηi(t−τd)/ω−Tf−Tload]/Iηi(θi,λ,n,pman)=ηi(θi)ηi(λ)ηi(n)ηi(pman)



(7)




where ω is the engine velocity (rad/s); I is the associate moment of inertia both of the engine and load(kg∙m2); Ti ,Tf ,Tload are the torque of indicated, friction, and load, respectively; Hu is the fuel heating value(J/kg); τd is the delay between the change of speed and fuel flow step; ηi is the indicated efficiency, which is affected by the spark advance angle (θi), λ, crankshaft speed (n), and manifold air pressure.




2.2.4. AFR Path Dynamic Model


For the control purpose, the AFR path dynamic coves the process from the fuel injection to the measured exhaust equivalence ratio as shown in Figure 2. In this section, all the model parameters are analyzed based on a four-cylinder engine. Combustion delay (Tc) indicates the time delay between the inlet and exhaust valve opening, Tc=34×120n=90n for the four-stroke engine. The transmission delay represents the time of the exhaust gas reaching the sensor after combustion, and it varies depending on the air velocity. In this work, it is modeled as: Texh=lvexh≈Tc=90n. The exhaust gas from each cylinder mixes in the tailpipe and can be modelled as a first-order plant [21], where the time constant is τm and is approximately equal to three times the time slot between each different cylinder intake valve opening. Meanwhile, the EGO sensor can be modelled as a first-order plant [2], and the time constant τo can be approximately 20 ms for a conventional sensor.



Based on the above description, the air mixture from the cylinder to the EGO sensor can be denoted as the series connection of several pure delay and first-order plants. As τmτo⟨⟨τm+τo, the transfer function can be rewritten as follow:


{ϕexh(s)=e−(Tc+Texh)sϕcyl(s)(τos+1)(τms+1)≈e−(Tc+Texh)sϕcyl(s)(τo+τm)s+1=e−τdsϕcyl(s)τexhs+1τd=Tc+Texh,  τexh=τo+τm



(8)







Combining with Equations (4) and (6), the AFR dynamic can be approximately modeled as:


ϕexh(s)≈1m˙ap(e−τdsτexhs+1⋅1+(1−X)τfs1+τfs)m˙fcmd(s)



(9)










3. Adaptive AFR Regulation Controller Design


3.1. Problem Formulation of AFR Regulation


The engine speed and load can define the engine working conditions. The AFR control aims to regulate the air fuel mixture at a proper value under different operating conditions. At some power, preferred conditions, such as the transient accelerating or WOT (wide opening throttle), the air fuel mixture may be set to a rich condition for the immediate torque output and the AFR control may be set to the open-loop based on the control parameter value from the calibrated look-up table. Nevertheless, under most cases, such as the idle speed and steady operating conditions, the AFR control is closed-loop for the accuracy objective. As the controlling strategy is complicated and mostly based on the empirical experience, it will not be explained in detail in this paper. Only the closed-loop AFR controller design is focused in this work based on the exhaust equivalence ratio measured by a UEGO (universal exhaust gas oxygen) sensor. The design objective is to track a reference air-fuel ratio (ϕref) and reject disturbances at different conditions. ϕref is other than the stoichiometric value for calibration requirements in practice.



Although the SI engine can be modeled using an MVEM and the AFR dynamic is analyzed above, it is still challenging work to handle the control problems of parameter variations and uncertainties, the time-delay and nonlinearities, the large modeling uncertainties and unknown dynamics, and the wide operating range and complex working conditions. The typical analysis method for a SISO (single input single output) control system is not suitable for such a complex dynamic process. A proper AFR controller should control the engine to the reference air-fuel ratio as quickly as possible under flexible operating conditions and guarantee the static and transient performance. It also should have robustness against uncertain parameters and the disturbance rejection ability [1].



To overcome the problems mentioned above, an adaptive AFR controller design is introduced in this paper based on generalized predictive control method (GPC). GPC was first reported by Clarke [22] on the basis of self-tuning and adaptive control theories. It is capable of stable control of processes with variable parameters and effective with a nonminimum-phase and open-loop unstable plants. This control method suits the AFR regulation, which is a high-performance application of a complex system.



The designed scheme of the adaptive controller is shown in Figure 3, where the feedforward controller compensates the fuel wall-wetting dynamic characteristic and the feedback controller improves the quality of regulation of the feedforward control algorithm. An intake air observer is designed for the in-cylinder air mass estimation that is crucial for the fuel injection calculation. Some necessary corrections, such as the battery voltage of the injector, the environment parameters, and the operating conditions, are also presented, which are reserved for the accurate calibration in practical ECU design.




3.2. Observer-Based Intake Air Estimation


During the transient operation, the air mass flow passing through the throttle valve is not equivalent to the air mass into the cylinder because of the variation of the manifold pressure. However, the instantaneous air mass flow through the intake valve is difficult to measure directly. Practically, there are two kinds of methods to predict the intake air mass: one is the mass air flow (MAF) sensor method regarding direct measurement of the mass flow entering the intake system, the other is the manifold air pressure (MAP) sensor method based on the speed–density approach. Compared to the MAF sensor, the MAP sensor, which is widely used on existing engine control systems, costs less and has a faster response time. There are already many research works on the air charge estimation to improve the accuracy at both transient and steady state [23]. In this work, the intake air observer is developed based on the MAP sensor using the speed–density formula, and one MAF sensor is used to calibrate the parameter at steady state.




3.3. Wall-Wetting Feedforward Controller Design


By taking the wall-wetting effect discussed above into consideration, a fuel feedforward controller is developed to compensate for the in-cylinder fuel mass to the calculated amount based on the intake air and equivalence ratio as m˙fcyl(t)=m˙fcal(t). Therefore, the ideal transfer function of the controller is as below based on Equation (6):


Gffc(s)=m˙ffc(s)m˙fcal(s)=1+τfs1+(1−X)τfs



(10)







As X and τ are unable to be measured directly, the estimated controller dynamics takes the form:


Gffc(s)=1+τ^fs1+(1−X^)τ^fs=1+X^τ^fs1+(1−X^)τ^fs=1+Gffc1(s)



(11)







Gffc1(s) can be reconstructed to the discrete-time domain using the zero-order sampled at T=120/n:


{Gffc1(z)=Z[(1−e−Tss)(X^τ^fs1+(1−X^)τ^fs)]=(1−z−1)Z[X^τ^f1+(1−X^)τ^fs]=a−az−11−bz−1a=X^1−X^; b=e−T(1−X^)τ^f



(12)







The discrete controller can be rewritten as:


{m˙ffc1(k+1)=a(m˙fcal(k+1)−m˙fcal(k))+bm˙ffc1(k)m˙ffc(k+1)=m˙ffc1(k+1)+m˙fcal(k+1)



(13)







It should be noted that the Z transform could not be used to handle the time-varying system. However, for the engine control application, the speed of the inner parameter varying is much less than the event-based sampling rate. Therefore, the system can be treated as a time-invariant system around each operating point. X^ and τ^f were obtained via the parameter identification using the square wave perturbation experiment method [24] on the engine test bench as shown in Figure 4.




3.4. Adaptive Feedback Controller Design


The adaptive feedback controller uses the GPC method to regulate the AFR variation. The feedback control scheme is shown in Figure 5, where the feedforward control output can be treated as the disturbance. The effect of unknown dynamics, the noise, parameter varying, parameter unknown, and model error can be treated as the disturbance at the output. Consequently, the feedback control problem is simplified to the reference λ adaptive tracking problem under a different operation point.



In order to establish the controlled auto-regressive integrated moving average (CARIMA) model for the GPC controller design, the AFR dynamic should be described in the discrete-time domain as the natural engine operating process. Using zero-order hold to discretize Equation (8) at sampling time T, without regard to the pure delay section:


G(z)=Z[(1−e−Tss)(1τexhs+1)]=(1−z−1)Z[1s(τexhs+1)]=(1−z−1)(11−z−1−zz−e−Tτexh)=(1−e−Tτexh)z−11−e−Tτexhz−1



(14)







Assuming the pure delay, τd is the integer multiples of the sampling time, combined with the description of delay in Section 2.2.4, we have:


{τd≈cTϕcyl(k−c)=(1−e−Tτexh)−1(ϕexh(k+1)−e−Tτexhϕexh(k))



(15)







By considering the one-event between the sampling of exhaust gas and the fuel injection, and also that Equation (6) can be discretized by the zero-order hold, the difference equation can be written:


m˙fcyl(k)−e−Tτfm˙fcyl(k−1)=(1−X)m˙fcmd(k)+(X−e−Tτf)m˙fcmd(k−1)



(16)







Assuming the air intake mass under steady state near the operating point follows:


(1−e−Tτfz−1)ϕcyl(k)=1m˙ap((1−X)+(X−e−Tτf)z−1)m˙fcmd(k)



(17)




then, combining Equations (15) and (17) gives:


(1−e−Tτexh)−1(1−e−Tτexhz−1)ϕexh(k)=1m˙ap(1−e−Tτfz−1)−1((1−X)+(X−e−Tτf)z−1)m˙fcmd(k−c−1)



(18)







Compared with the CARIMA model, A(z−1)y(k)=B(z−1)u(k−1)+C(z−1)ξ(k)/(1−z−1), the model parameters can be as follows:


{A(z−1)=1+a1z−1+⋯+anaz−na=1−(e−Tτexh+e−Tτf)z−1+e−(Tτexh+Tτf)z−2;B(z−1) =(b0+b1z−1+⋯+bnbz−nb)=z−c(1−Xm˙ap+X−e−Tτfm˙apz−1);C(z−1) =1+c1z−1+⋯+cncz−nc=1;



(19)







It can be found that the A(z−1) and B(z−1) are variable, and the parameters could be obtained using online identifications.



First, we consider a cost-function of the form:


J=E{∑j=N0N[y(k+j)−w(k+j)]2+∑j=1Nuγj[Δu(k+j−1)]2}



(20)




where w(k+j) is the future set-point sequence,N0 is the minimum costing horizon,N is the maximum costing horizon, Nu is the control horizon, and γj is a control-weighting sequence. In order to avoid the system output signal from strongly fluctuating, we define the set-point sequence as:


w(k+j)=αy(k)+(1−α)yr



(21)




where yr is the referenced equivalence ratio, and 0<α<1 is the smoothing coefficient. This provides a smoothed approach from the current output to the desired reference output. The AFR regulation problem can be simplified to the control objective of obtaining the optimal Δu(k),Δu(k+1),⋯,Δu(k+Nu−1) to minimize the cost function, such that the system output can track the referenced exhaust equivalence ratio and limit the fuel mass injection fluctuating.



Second, the predictive control law is developed. A Diophantine equation is carried out here:


C(z−1)=(1−z−1)A(z−1)Ej(z−1)+z−jGj(z−1)=A¯(z−1)Ej(z−1)+z−jGj(z−1)



(22)




combined with the CARIMA model description:


A¯(z−1)y(k)=B(z−1)Δu(k−1)+C(z−1)ξ(k)



(23)






y(k+j)=B(z−1)A¯(z−1)Δu(k+j−1)+Ej(z−1)ξ(k+j)+Gj(z−1)A¯(z−1)ξ(k)



(24)




to define:


Fj(z−1)=B(z−1)Ej(z−1)=Lj(z−1)C(z−1)+z−jHj(z−1)



(25)




such that the following equations can be obtained:


y(k+j)=Fj(z−1)C(z−1)Δu(k+j−1)+Ej(z−1)ξ(k+j)+Gj(z−1)C(z−1)y(k)



(26)






y(k+j)=Lj(z−1)Δu(k+j−1)+Hj(z−1)C(z−1)Δu(k−1)+Gj(z−1)C(z−1)y(k)+Ej(z−1)ξ(k+j)



(27)







Assuming C(z−1) =1, the equations above can be written in the vector form:


Y(k+j)=LΔU(k)+GY(k)+HΔU(k−j)+Eξ(k+j)



(28)




where the vectors are all N×1:


Y (k+j)=[y(k+1),y(k+2)⋯y(k+N)]TΔU(k) =[Δu(k),Δu(k+1)⋯Δu(k+Nu−1)]TΔU(k−j) =[Δu(k−1),Δu(k−2)⋯Δu(k−nb)]TY (k)=[y(k),y(k−1)⋯y(k−na)]T








where ξ(k+j)=[ξ(k+1),ξ(k+2)⋯ξ(k+N)]T is the noise vector; and L, G, H, E are from Equations (22) and (25). The cost-function in Equation (20) can be rewritten as:


J=E{[Y(k+j)−W]T[Y(k+j)−W]+λΔU (k)TΔU (k)}



(29)







Assuming ∂J/∂ΔU=0, we have:


ΔU (k)=(LTL+λI)−1LT[W−HΔU(k−j)−GY(k)]



(30)




such that the current control u(k) is given by:


u(k)=u(k−1)+pT[W−HΔU(k−j)−GY(k)]



(31)




where pT=[p1,⋯pN] is the first row of (LTL+λI)−1LT.



However, the AFR dynamic is a parameter varying plant based on the analysis in Equation (19), where the system parameter is not constant. The adaptive control law is provided in Equation (31) which should rely on the CARIMA model. In order to use the estimations of A^(z−1) ,B^(z−1) to implement the control law, it can be obtained using the online identification by forgetting factor recursive least squares. From CARIMA model definition, we have:


Δy(k)=−a1Δy(k−1)−⋯−anaΔy(k−na)+b0Δu(k−1)+⋯+bnbΔu(k−nb−1)+ξ(k)



(32)







Assuming:


{ϕT(k−1)=[−Δy(k−1),⋯,−Δy(k−na),Δu(k−1),⋯,Δu(k−nb−1)]θ=[a1,a2,⋯,ana,b0,b1,⋯,bnb]TΔy(k)=y(k)−y(k−1)



(33)







Equation (32) can be rewritten as:


Δy(t)=ϕT(k−1)θ+w(t)



(34)







Using the forgetting factor ρ between 0.95 and 0.99, we have:


{θ^(k)=θ^(k−1)+P(k−1)ϕ(k−1)ρ+ϕ(k−1)TP(k−1)ϕ(k−1)[Δy(k)−ϕT(k−1)θ^(k−1)]P(k)=1ρ[P(k−1)−P(k−1)ϕ(k−1)ϕT(k−1)P(k−1)ρ+ϕT(k−1)P(k−1)ϕ(k−1)]



(35)




where A^(z−1) ,B^(z−1) can be obtained using θ^  adaptively.



For the GPC controller implementation, choosing the control horizons defined by N,Nu is crucial. In this application, the control horizon parameter is determined based on the simulation results. In general, N is chosen to encompass all the responses, which is significantly affected by the current control; it is reasonable that it should at least be greater than the degree of B(z−1) for the consideration of the control stability and response speed [22]. In this work, we choose N=6. Nu is equivalent to placing effectively infinite weights on control changes after some future time, Nu<N. However, increasing Nu makes the control and the corresponding output more active and better tracking performance with a more complex calculation. In this work, we choose Nu=2. For simplicity in the derivation, the control-weighting γ is set to the constant.



In the application of AFR regulation, the control input of fuel injection should be positive and have the boundary of injector characteristics. The total amount of fuel injection from the feedback (u(k)) and feedforward controller (uffc(k)) should meet umin≤u(k)+uffc(k)≤umax. Therefore, the adaptive feedback controller output is as below:


u(k)={umin−uffc(k), when u(k)≤−uff(k)umax−uffc(k) , when u(k)≥umax−uff(k)u(k), others



(36)









4. Simulation Validation


The system simulation validation was implemented in MATLAB Simulink based on the system structure in Figure 5. The AFR dynamic was used by the discrete time description in Equation (19) and k as the discrete iterations. To illustrate the effectiveness of the designed controller, the simulation was verified both at under steady and transient states.



Case 1: Steady state verification. The engine speed was held at 1200 RPM under the steady state, and the intake air mass was 15 g/s, and the relative parameters were τexh=0.15s,τf=2s, and X=0.7. The sampling was once per working cycle. The controller was set at N=6,Nu=2,γ=0.02,α=0.7, and the control object was taking the equivalence ratio output of ϕexh=1. The zero-mean, Gaussian white noise with a variance of 0.02 was added at the system output for the measurement noise. The simulation result is shown in Figure 6.



It could be found that the controlled input fuel injection was large at the beginning to accelerate the tracking of the referenced equivalence ratio objective. On the other hand, the variation of the controlled input indicated the effectiveness of the online parameter identification and the adaptive update control law.



Case 2: Transient state verification. In order to test the adaptive controller effectiveness, a simulation test with the parameter varying at different operation points was carried out. The engine speed and air mass parameters were obtained from the enDYNA engine simulation platform presented in our previous work [18]. The engine model parameters—X,τf,τexh—were defined as the continuous variables in Figure 7 to simulate the uncertainty and sensor aging. The objected output was set as ϕexh=1. It should be noted here that based on the event-based sampling, the sampling time was changed by the engine speed. The total integration of the sampling time during this process was around 28 s.



The system output is shown in Figure 8. For the first part of the test process, the system output significantly varied because the online identification result dynamically approximated the actual value. Under the effect of system noise and parameter varying, the control output could be regulated near 1. It also could be found that at the 200th event, the engine load was increased and the gas mixture should become leaner as the fuel film evaporated, and at the 350th event, the engine load was decreased and the gas mixture became richer. The correlative output trends also can be found in Figure 8, and the adaptive controller regulated the system output back to the objective.



Based on the parameter settings, the relative model variables could be calculated using Equation (19). Online identification results of Equation (32) are shown in Figure 9. It could be concluded that the adaptive parameter identification had major fluctuations at the beginning because of the imprecise estimation, and the convergence with the parameter variation could be found. Using the GPC method, one could solve the control problem in the application of AFR regulation such as the unknown parameter and the uncertainty, time-delay, and time-varying. Consequently, the designed adaptive AFR controller displayed a noise suppression capability, as well as adaptive online prediction and self-correction on the SI engine system.




5. Experimental Implementation


The experimental validation of the controller design was conducted on an engine test bench installed with an OEM SGMW B15 engine. The geometry dimensions of the engine are listed in Table 1. Figure 10 shows the control system scheme of the engine test bench. The engine was connected with the MEBT-II dynamometer system. A BOSCH HFM5 MAF sensor was installed before the throttle plate. Before the TWC, an LC-2 UEGO sensor (Innovate Motorsports, Sycamore, IL, USA) was installed near the original HEGO sensor. The other necessary sensors and actuators for the engine control application, such as the MAP, temperature, position encoders, etc., were installed using the original OEM ones for the engine system. The engine ECU was implemented on a Freescale MC9S12XDP512 based controller, which was designed for the signal acquisition and control of the four-cylinder SI engine. The embedded software was generated by the model-based design method [25] in MATLAB Simulink. An ATI Vision-based calibration system was established for the control parameter online updating and internal data logging.



Three independent tests were designed for the proposed adaptive AFR controller verification. The engine was fueled with commercial gasoline and all the tests were conducted after the engine fully warmed-up with the coolant temperature around 70 °C.



Test 1: To validate the AFR control performance under load disturbance. The engine speed was restricted to 1500 rpm, and the throttle position was stepped, varying between 7% and 11% to simulate the transient load increase and decrease. The referenced equivalence ratio was one. The results of direct calculation of the fuel injection based on Equation (1) and the adaptive controller described in Figure 3 were compared to illustrate the effectiveness of the adaptive control.



In this test, the engine speed was constant and only the intake air mass changed to minimize the effort of the internal parameter varying. Figure 11 shows the results. It can be found that the fuel injection amount has the same trend with the intake air pressure in the direct calculation test. As the wall-wetting phenomenon existed, the exhaust equivalence ratio output overshoots when the throttle position was changed. The time-delay of the AFR dynamic variation can also be clearly seen. Comparably, the proposed adaptive AFR control method had the control compensation at the transient state to regulate the system output with the effect of the feedforward and feedback control. In the steady state, it also displayed a noise suppression capability.



Test 2: To compare the AFR regulation performance between the OEM ECU and the proposed controller in this work, the test condition was the same with Test 1. However, the internal parameter of the OEM ECU could not be directly acquired by the calibration system, therefore the exhaust AFR results were obtained by the installed UEGO sensor.



The comparable result is shown in Figure 12. On the OEM engine control system, the ECU controlled the exhaust equivalence ratio based on the HEGO sensor, which only had the switching signal representing the gas mixture lean or rich. The exhaust AFR obviously overshot when the throttle position changing. On the other hand, the proposed adaptive controller had the ability to overcome the time-delay in the system and had an advanced output. In addition, the noise could be suppressed to a reasonable level.



Test 3: To verify the response performance of the controller under the transient state, the dynamometer was set at 2000 rpm and the intake air pressure was adjusted to 70 kPa. Using the calibration system to switch the referenced AFR between 13.2 and 16.2, as well as a ±10% step change, the direct calculation method mentioned above and the proposed adaptive control scheme were compared.



Figure 13 shows the test results. Under these operation conditions, the engine was kept at the steady state to eliminate the effect of intake air mass observation and engine speed varying. Only the fuel injection calculation algorithm effected the test result. From the direct calculation method, the time-delay and AFR path dynamic characteristic could be clearly observed and the overshoot occurred at the referenced AFR objective stepping. It also clearly showed the modelling of the AFR path dynamics described in Section 2. Using the adaptive AFR regulation method based on the feedforward and feedback control, the transient overshoot and delay performance could be clearly improved compared with the direct calculation method. However, due to the parameter uncertainties, un-modelling error, measurement noise, and the error from the dynamometer system, the exhaust AFR also fluctuated at the fixed output reference.




6. Conclusions


An adaptive AFR controller design for the port-injected SI engine is presented in this work. To regulate the exhaust gas AFR at the reference value, the AFR path and SI engine dynamic modelling was implemented based on MVEM. The controller consisted of the fuel wall-wetting feedforward compensating controller and the adaptive feedback controller. All the control laws were conducted in the discrete domain using event-based sampling, and the parameters were obtained for an experimental engine system. A detailed analysis of the adaptive feedback controller design based on the generalized predictive control algorithms was introduced for the AFR regulation application to overcome the control problems such as the parameter varying and uncertainties, time-delay and nonlinearities, unknown dynamics and modelling error under complex working conditions. The simulation verification under steady and transient states was presented to demonstrate the effectiveness of the adaptive control law. Three comparative experiments were conducted on an engine test bench to validate the performance of the proposed AFR regulation controller design.



The simulation results showed that the proposed adaptive AFR control method was effective regarding noise suppression, online prediction, and self-correction on the SI engine system. The control algorithms could adaptively adjust the system input under different working conditions based on the iteration calculations to achieve a reasonable performance. Moreover, the experimental verification shows the effectiveness of the adaptive method for the AFR control application on the SI engine system. An acceptable performance compared with the OEM ECU results shows the potential usage of the generalized predictive control method to improve the feedback AFR control effect. Future work will involve studying the optimum control at different operating conditions and the combination of torque control based on the electronic throttle controlling.
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Nomenclature




	Symbol: Description
	Unit



	α: throttle position angle
	°



	a1,a2,p1,p2,pn,pc: constant fitting parameters
	-



	AFRs: stoichiometric air fuel ratio
	-



	AFR: actual air fuel ratio
	-



	ev: volumetric efficiency
	-



	Hu: fuel heating value
	J/kg



	I: inertia of the engine and load
	kg∙m2



	m˙ap: air mass in the engine cylinder
	kg/s



	m˙at: air mass through the throttle plate
	kg/s



	m˙at1: fitting constant
	-



	m˙fcmd: injected fuel mass flow followed the control command
	kg/s



	m˙fcyl: fuel mass flow entering the cylinder
	kg/s



	m˙ff: fuel mass flow of the wall film evaporation
	kg/s



	m˙fv: fuel mass flow of the directly evaporation
	kg/s



	m˙fcal: calculated fuel mass amount
	kg/s



	m˙ffc: fuel feedforward controller output
	kg/s



	X, X^: the fraction and its estimation value of the fuel flow into film
	-



	τf, τ^f: the fuel film evaporation time constant and its estimation value
	s



	τm: time constant of the gas mixing
	s



	τo: time constant of the oxygen sensor
	s



	τd: AFR transmission delay
	s



	τexh: time constant of the gas exhausting
	s



	tinj: time of the injector opening
	ms



	Ti,Tf,Tload: torque of indicated, friction and load
	N∙m



	Tc,Texh: time delay of the combustion and gas exhausting
	s



	T: sampling time
	s



	Tman,Tamb: temperature of the intake manifold and ambient
	K



	n: engine speed
	r/min



	pman: intake air pressure
	kPa



	pamb: ambient air pressure
	kPa



	pc: pressure constant parameter
	kPa



	pr: ratio of air pressure before and after the throttle
	-



	ηi: indicated efficiency
	-



	R: gas constant
	J/(kg∙K)



	ω: engine velocity
	rad/s



	θi: spark advance angle
	°



	Vman: volume of the intake manifold
	L



	λ: lambda, ratio of AFR and the stoichiometric ratio
	-



	λref: referenced lambda
	-



	ϕ: fuel/air equivalence ratio
	-



	ϕcyl, ϕexh: fuel/air equivalence ratio in the cylinder and exhaust pipe
	-



	N,Nu: the maximum costing horizon and control horizon of GPC
	-



	γ: control weighting in GPC
	-



	c: delay step in GPC
	-



	na, nb: the order of the CARIMA model
	-
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Figure 1. The structure of the AFR control system. 
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Figure 2. The schematic diagram of the dynamic AFR path. 
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Figure 3. The scheme of the adaptive controller. 
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Figure 4. The parameter identification result of X^ and τ^f. 
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Figure 5. The feedback control scheme. 
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Figure 6. The simulation result of Case 1 (u as the fuel injection calculated by the controller, y as the engine equivalence ratio output). 
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Figure 7. Simulation parameters of Case 2. (Up) the measured engine parameters; (Down) the engine model parameters. 
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Figure 8. The simulation result of system output in Case 2 (yr as the referenced equivalence ratio, y as the engine equivalence ratio output). 
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Figure 9. The online identification result of the controller parameters (a1, a2, b1, and b2 as the parameters in Equation (32)). 
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Figure 10. The control system scheme of the engine test bench. 
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Figure 11. Experimental results of the control performance under load disturbance. 
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Figure 12. Comparison experimental results of the ECU controllers. 
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Figure 13. Experimental results of different control methods. 






Figure 13. Experimental results of different control methods.



[image: Energies 12 00173 g013]







[image: Table]





Table 1. SGMW B15 Engine Specifications.






Table 1. SGMW B15 Engine Specifications.





	Parameter Type
	Value





	Engine Type
	SI,4 cylinders, In-line



	Displacement (liters)
	1.485 L



	Compression Ratio
	10.2:1



	Bore (mm)
	74.7



	Stroke (mm)
	84.7



	Maximum torque
	146 N∙m/3600–4000 rpm



	Maximum power
	82 kW/5800 rpm
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