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Abstract:



In order to estimate the diesel particulate filter (DPF) soot load and improve the accuracy of regeneration timing, a novel method based on an equivalent circuit model is proposed based on the electric-fluid analogy. This proposed method can reduce the impact of the engine transient operation on the soot load, accurately calculate the flow resistance, and improve the estimation accuracy of the soot load. Firstly, the least square method is used to identify the flow resistance based on the World Harmonized Transient Cycle (WHTC) test data, and the relationship between flow resistance, exhaust temperature and soot load is established. Secondly, the online estimation of the soot load is achieved by using the dual extended Kalman filter (DEKF). The results show that this method has good convergence and robustness with the maximal absolute error of 0.2 g/L at regeneration timing, which can meet engineering requirements. Additionally, this method can estimate the soot load under engine transient operating conditions and avoids a large number of experimental tests, extensive calibration and the analysis of complex chemical reactions required in traditional methods.
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1. Introduction


Particulate matter (PM) is the main emission pollutant of diesel engines and it is harmful to human health [1]. As emission regulations become more stringent, diesel engines must be equipped with aftertreatment systems to meet emission requirements [2,3]. The diesel particulate filter (DPF) is the most effective technique to reduce PM emissions [4]; it can capture more than 90% of PM [5,6,7] with many parallel channels inserted at both ends to force the exhaust gases through the porous ceramic walls [8]. However, with the gradual accumulation of PM in the DPF, the exhaust manifold back pressure of the engine gradually increases, which leads to the decline of engine efficiency, and increases fuel consumption [9]. As a result, it is necessary to periodically or continuously remove PM, which is called DPF regeneration [10]. There are basically two approaches for DPF regeneration: passive regeneration and active regeneration. Triggering a DPF regeneration at the right timing is a challenging task that requires an accurate estimation of the soot load. If the regeneration frequency is too high, the fuel economy of the engine will be worsened [11] and the life-span of the DPF will be reduced. If the regeneration frequency is too low, there will be too much soot particle accumulation in the DPF, which will result in poor engine performance. In particular, a large amount of soot accumulation in the DPF can easily elevate a higher temperature gradient leading to DPF body cracks [12]. In a catalytic DPF, the accurate estimation of soot load plays a critical role in determining the optimal conditions of soot–catalyst contact [13,14]. Therefore, it is important to improve the accuracy of soot load estimation and accurately judge the regeneration timing [15,16]. Some research has been conducted examining the indirect method of soot load estimation. In [17,18], the method of estimating the soot load based on the soot load model is studied to address the relatively poor accuracy of soot estimation at a lower exhaust volumetric flow. The authors [19] establish a mathematical model to calculate the soot load, which is based on steady-state loading characterization experiments. The relationship between the pressure drop in the DPF and the soot load has been studied [20,21], where the DPF soot load was obtained from the pressure drop under different flow resistances. However, engine exhaust gas is a pulsating airflow in nature, which is intensified under diesel transient operating conditions. As a result, the measured values of the pressure sensor are quite noisy, which leads to a significant deviation to determining the soot load if simply using the measurement signals of the DPF differential pressure sensor.



In this paper, a novel method for estimation of the DPF soot load based on a DPF equivalent circuit model is proposed, where the resistance affected by soot load can be estimated online with measurement parameters (exhaust flow, exhaust temperature and DPF pressure drop) in dual extended Kalman filter (DEKF). Additionally, the relationship between exhaust temperature, resistance and soot load is established with the least square method and fitting method, so that the soot load can be estimated. The equivalent circuit model is also validated by the diesel engine transient tests based on the World Harmonized Transient Cycle (WHTC) test cycle in the Euro VI emission standard. The results show that the proposed method overcomes the difficulty of accurately estimating the soot load online under diesel engine transient operating conditions and improves the estimation accuracy of the soot load, while avoiding the shortcoming of a large number of experimental tests and analyses of complex chemical reactions required in traditional methods.




2. Test System


To verify this method, the test system is built. The diesel engine used is an electronically controlled high pressure common rail diesel engine with a high pressure common rail electric fuel injection system of Bosch. The technical parameters are shown in Table 1. The speed and torque of the engine are measured with a CW440 hydraulic dynamometer, the pressure drop of the DPF is measured with a HX-L61 differential pressure sensor, and the soot in the DPF is weighed with a HJ-33KSE weigh scale. The test is based on the WHTC. The pressure drop of the DPF, exhaust volume flow and exhaust temperature are recorded during the test, and the soot load is weighed when the test is completed.



Table 1. Parameters of the engine.







	
Parameter

	
Unit

	
Value






	
Intake type

	
/

	
Pressuring intercool




	
Cylinder number

	
/

	
6




	
Cylinder diameter × piston travel

	
mm

	
108 × 130




	
Displacement

	
L

	
7.14




	
Rated power

	
kW

	
176




	
Rated speed

	
rpm

	
2300




	
Maximum torque

	
N·m

	
1000




	
Speed at maximum torque

	
rpm

	
1700




	
Idle speed

	
rpm

	
600 ± 50










The DPF is made of cordierite; the characteristic parameters are shown in Table 2.



Table 2. Parameters of the diesel particulate filter (DPF).







	
Parameter

	
Unit

	
Value






	
Material

	
/

	
Cordierite




	
Size (diameter × length)

	
mm

	
229 × 275




	
Cell density

	
Cell/inch2

	
200




	
Volume

	
L

	
11.34




	
Wall thickness

	
mm

	
0.305




	
Thermal conductivity

	
W/(m·K)

	
1.8




	
Specific heat capacity

	
J/(kg·K)

	
1120











3. Equivalent Circuit Model


In the electric-fluid analogy, flow response in the DPF is modeled by an electric circuit [22] based on the transient equations between flow and the electric circuit, as shown in Figure 1. The theoretical basis for the establishment of the model is as follows.


Figure 1. Diesel particulate filter equivalent circuit model.
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The following relationship reads [23],


[image: ]



(1)







[image: ]—flow,



[image: ]—pressure drop,



[image: ]—flow resistance of the unit area.



Equation (1) indicates that the exhaust gas flow passing through the DPF will be affected by the flow resistance of the DPF which leads to a pressure drop across the DPF. This can be analogous to the electric current passing through the circuit that is affected by the electric resistance which leads to a voltage drop across the circuit. Due to the fact that the exhaust gas can be viewed as compressible gas in the DPF, the capacitance in the electric circuit that represents the electric charge storage can be analogized by the compressibility of the gas flow. As a result, the following analogy relationship between the gas flow in the DPF and the equivalent electric circuit can be built:

	
Pressure drop [image: ] of DPF is equivalent to [image: ], the voltage across the circuit.



	
Exhaust volume flow [image: ] is equivalent to the circuit current [image: ].



	
The gas flow resistance is equivalent to circuit resistance [image: ] and [image: ].



	
The coefficient of compressibility of the gas flow in the DPF is equivalent to the circuit capacitance [image: ].








There will be two kinds of pressure drop when the exhaust gas passes through the DPF: the inertial pressure drop and the porous media and friction pressure drop. According to the above relationship, it can be assumed that the inertial pressure drop caused by the inlet and outlet of the DPF is equivalent to the circuit resistance [image: ] shown in Figure 1. Taking the impact of temperature [image: ] on the flow resistance into account [24], [image: ] can be described as


[image: ]



(2)




in which, [image: ], [image: ] and [image: ] are constant parameters.



Likewise, the exhaust gas flow resistance caused by the porous media and friction pressure drop, including the influence of soot load in the DPF [25], is equivalent to the circuit resistance [image: ]. Taking into account the impact of temperature and soot load on the flow resistance [image: ], [image: ] can be described as


[image: ]



(3)




where [image: ], [image: ] and [image: ] are constant parameters, and b varies with m, which is affected by filtration and passive regeneration, so b can be described as


[image: ]



(4)







The capacitor [image: ] is connected in parallel across the resistance [image: ]. The compressibility of the exhaust gas in the DPF is related to the nature of the exhaust gas, as well as the structure and the volume of the DPF, so [image: ] will change with the soot loads [26]. Meanwhile, the capacitance [image: ] operates as a filter to the transient operation effects of the exhaust gas flow that leads to the accurate estimation of the flow resistance [image: ] related to the soot load accumulated within the DPF.



Referring to Figure 1, the mathematical model of the equivalent circuit model can be described as


[image: ]



(5)






[image: ]



(6)






[image: ]



(7)







According to Equations (5)–(7), the following relationship can be obtained,


[image: ]



(8)







The discretization form of Equation (8) can be expressed as


[image: ]



(9)




where [image: ] is the sampling time, and [image: ], [image: ] and [image: ] are parameters to be determined. The measured data of the pressure drop across the DPF [image: ], the volume flow [image: ] and the temperature [image: ] of the exhaust gas can be utilized for parameter identification.




4. Identification of Model Parameters


4.1. Parameter Identification Based on the Least Squares Method


Here, the least square method [27] is chosen for parameter identification. The input and output characteristics of the system are considered.



A typical difference equation can be described as


[image: ]



(10)




where [image: ] is the parameter vector to be estimated,


[image: ]



(11)




[image: ] is the observed value at time [image: ], [image: ] is white noise with zero mean, whose variance is greater than zero and [image: ] is the vector of the form,


[image: ]



(12)




where [image: ] is the observed value at the previous time [image: ]. Then, [image: ] can be estimated by a recursive process,


[image: ]



(13)




where


[image: ]



(14)






[image: ]



(15)




where, [image: ] is the parameter vector to be identified, [image: ], [image: ], [image: ] is the gain matrix, the observation matrix, and the covariance matrix, respectively.




4.2. Results of Parameter Identification


The equivalent circuit model of the DPF is established in the MATALB/Simulink simulation environment. Parameter identification is conducted with test data collected from the WHTC cycle of the DPF. The WHTC cycle is a globally consistent engine transient test cycle with a 1800 s test period. After 20 cycles, the soot load is weighed as 4 g/L, and the soot loads at the end of the 1st, 4th and 15th cycle are weighed as 0.2 g/L, 0.8 g/L and 3 g /L respectively. As the operation conditions of all the cycles are the same, it can be concluded that the accumulated soot load per cycle is 0.2 g/L. As a result, the soot loads at the beginning of the 1st, 4th, 15th and 20th cycle are weighed as 0 g/L, 0.6 g/L, 2.8 g/L and 3.8 g/L, which are chosen for parameter identification.



The volume flow and temperature of the exhaust gas are taken as the input while the pressure drop is taken as the output. It is assumed that [image: ] stays the same for 30 s, because the soot load changes little within 30 s. The least squares algorithm is used to identify parameters; this follows two steps,



Step 1: A set of parameters [image: ], [image: ] and [image: ] of [image: ], [image: ], [image: ] and [image: ] of [image: ] and [image: ] are identified with the test data of the first cycle.



Step 2: With the parameters [image: ], [image: ] and [image: ] of [image: ] and [image: ], [image: ] and [image: ] of [image: ] obtained in Step 1, a set of parameters b and [image: ] are identified with the test data of different soot loads of the 4th, 15th, and 20th cycles.



Identification results are shown in Table 3 and Table 4.



Table 3. Parameter identification results.







	
Soot Load

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]






	
0 g/L

	
5.0274

	
−0.033922

	
9.6847 × 10−5

	
−2.268

	
0.01423

	
−2.071 × 10−5










Table 4. Parameter identification results of [image: ] and [image: ].







	
Soot Load

	
0 g/L

	
0.2 g/L

	
0.6 g/L

	
0.8 g/L

	
2.8 g/L

	
3 g/L

	
3.8 g/L

	
4 g/L






	
[image: ]

	
16.02

	
16.36

	
22.55

	
23.00

	
30.64

	
31.88

	
32.66

	
32.88




	
[image: ]

	
0.088

	
0.085

	
0.078

	
0.076

	
0.055

	
0.054

	
0.051

	
0.050










With the results in Table 4, the relationship between [image: ] and [image: ] is obtained with the fitting method, which is shown in Figure 2 and Equation (16), and the standard deviation of which is only 0.61. To verify the [image: ] relationship, the values of [image: ] are identified every 30 s, so that the simulation values of the output are obtained, which can be compared with the test values, shown in Figure 3.


[image: ]



(16)






Figure 2. The relationship between b and m.
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Figure 3. Comparison between simulation and test values of the pressure drop: (a) Pressure drop under the 1st cycle; (b) Pressure drop under the 4th cycle; (c) Pressure drop under the 15th cycle; (d) Pressure drop under the 20th cycle.
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As shown in Figure 3, the standard deviations of the output pressure drops under different soot loads of the 1st, 4th, 15th, and 20th cycles are only 783 Pa, 568 Pa, 617 Pa and 633 Pa respectively, which verify the accuracy of the model. An [image: ] map is shown in Figure 3 according to the results in Table 3 and Table 4. It can be seen that the flow resistance [image: ] increases with the increase of soot load. The fast increasing curves of [image: ] from 0.0 g/L to 0.8 g/L and 3 g/L matches well with the characteristics of the deep bed trapping stage in the DPF, and the slow increasing curves of [image: ] from 3 g/L and 4 g/L are in line with the cake capture characteristics.





5. Online Estimation of Soot Load


5.1. Dual Extended Kalman Filter


During the actual vehicle driving, it is of great importance to estimate the soot load online. In this paper, the dual extended Kalman filter is used to carry out the online estimation of the soot load, where state and parameter can be estimated at the same time with the input and output observation data of the system.



Calculation with the dual extended Kalman filter [28]:



	(1)

	
The equations of the system are as follows,









[image: ]



(17)






[image: ]



(18)






[image: ]



(19)




where [image: ] is the system state, [image: ] is the system input, [image: ] is the process noise, [image: ] is the system parameter, [image: ] is the process noise, [image: ] is the system output, and [image: ] is the measurement noise.



	(2)

	
The calculation process is as follows:







Initialization, for [image: ],


[image: ]



(20)






[image: ]



(21)







For [image: ],



Step 1: time-update equations for parameter


[image: ]



(22)






[image: ]



(23)







Step 2: time-update equations for state


[image: ]



(24)






[image: ]



(25)







Step 3: measurement-update equations for state


[image: ]



(26)






[image: ]



(27)






[image: ]



(28)







Step 4: measurement-update equations for parameter


[image: ]



(29)






[image: ]



(30)






[image: ]



(31)







Applying the above algorithm to the model of this paper, the state equations are as follows,


[image: ]



(32)






[image: ]



(33)






[image: ]



(34)




where [image: ], [image: ], [image: ], [image: ].



In this model, [image: ] is the input, [image: ] is the output, [image: ] is the state and [image: ] is the parameter. With the input and output data, the optical estimations of [image: ] and [image: ] can be obtained in every sampling step with the iterative calculation process above.



In addition, the value of [image: ] is determined according to Table 3 and [image: ] is determined by interpolation of the values of [image: ] under different soot loads in Table 4. The initial value of [image: ] is equal to the last estimated value. Online estimation of the [image: ] value is carried out with the DEKF method using the test data obtained under vehicle transient operating conditions. Eventually, according to [image: ] and exhaust temperature [image: ], the soot load is obtained according to the [image: ] curve. The estimation process is shown in Figure 4.


Figure 4. Online estimation process of the soot load.
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5.2. Verification and Discussion


The dual extended Kalman filter approach is implemented in MATALB/Simulink, and the simulation results are compared with the results verified in Section 4.2. The estimation results of soot load are shown in Figure 5 compared with the test values. After calculation, the error is shown in Table 5.


Figure 5. The results of the soot load: (a) Soot load of the 1st cycle; (b) Soot load of the 4th cycle; (c) Soot load of the 15th cycle; (d) Soot load of the 20th cycle.
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Table 5. Error of the results.







	
Cycle

	
Maximum Relative Error

	
Maximum Absolute Error






	
1

	
20%

	
0.04 g/L




	
4

	
12.5%

	
0.10 g/L




	
15

	
8%

	
0.24 g/L




	
20

	
5%

	
0.20 g/L










In addition, when the soot load is not accumulated from 0 g/L, or when the initial value is wrong, the anti-interference ability of the method should be verified. When the wrong initial value is set, which is very different from the real value, the method must be verified, as shown in Figure 6.


Figure 6. The results of the soot load with an incorrect initial value: (a) Soot load of the 4th cycle; (b) Soot load of the 15th cycle; (c) Soot load of the 20th cycle.
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Analysis of the simulation results is as follows,



In the traditional method, the effect of engine transient operation on the test signals cannot be effectively dealt with, which leads to the inaccuracy of the results. In this paper, the DEKF method is used to filter the test signals to make the results more accurate.



In the case of correct initial values, the error of [image: ] is small. The maximum absolute error of 0.2 g/L at the regeneration timing can meet the requirements of the project. In the process of soot load accumulation, the simulation also works well.



In the case of very inaccurate initial values, the soot load [image: ] can converge quickly, showing good convergence and robustness, which makes sense for practical application.





6. Conclusions


In this paper, an online soot estimation method based on an equivalent circuit model is creatively proposed. The method mainly aims to estimate the soot load of the DPF online under transient operating conditions, and can eliminate the interference caused by engine transient operation effects, showing good convergence and robustness. Its maximum absolute error is 0.2 g/L at regeneration timing, which can meet the engineering requirements, and optimize the regeneration of catalytic DPFs by maximizing the soot–catalyst contact in the filters [29,30]. The proposed method avoids the shortcoming of a large number of experiments and avoids the analysis of complex chemical reactions required in traditional methods.
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exhaust volume flow, [image: ]
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pressure drop of diesel particulate filter, Pa
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flow resistance of the unit area, [image: ]
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voltage across the circuit
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temperature of the exhaust gas, °C




	
[image: ]

	
resistance equivalent to the local flow resistance
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parameters in [image: ]
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gain matrix
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covariance matrix
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system state
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system input




	
[image: ]

	
process noise
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process noise




	
[image: ]

	
system output
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measurement noise
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Kalman gain




	
Subscripts, superscripts
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time step index
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estimation value
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DEKF

	
dual extended Kalman filter




	
DPF

	
diesel particulate filter




	
PM

	
particulate matter
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World Harmonized Transient Cycle
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