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Abstract. Diesel oxidation catalyst outlet temperature control is crucial 
for heat management to realize diesel particulate filter active regenerative 
control. In order to control the temperature of the active regeneration 
process in the filter, the temperature response process of the semi-physical 
oxidation catalyst model structure is proposed as a multi-stage inertia plus 
delay, and the equivalent inlet temperature step of the fuel oxidation 
reaction of the exhaust pipe. Combined with the test test, the control 
oriented oxidation catalyst model is established.A control-oriented 
oxidation catalyst model was constructed. By analysed the oxidation 
catalyst working process, the main chemical reactions, heat and mass 
transfer processes occurring inside the carrier were analyzed. 
Three-dimensional CFD model and one-dimensional chemical reaction 
kinetics model were established respectively. The radial and axial 
temperature distribution of the carrier was analyzed by model simulation. 
Based on the analysis of the system characteristics, the multi-step inertia 
plus delay semi-physical model structure was proposed. Combined with 
the test, the control oriented oxidation catalyst model is established. Select 
the appropriate working conditions to identify and verify the model 
parameters. The results show that the third order model can well indicate 
the temperature response characteristics of the oxidation catalyst outlet 
temperature. Considering the complexity of the system, the first-order and 
third-order model are selected as the basis of the control system design. 

1 Introduction 
Because of the high thermal efficiency and strong power, diesel engines are widely used 

in heavy machineries and commercial vehicles. However, significant PM (particulate 
matter) and NOx from the diesel engine exhaust seriously damages environment. With the 
corresponding emission regulations increasingly tightening, the aftertreatment systems used 
to reduce PM and/or NOx is becoming an indispensable component in diesel engine 
systems, and numerous studies have been made in this field[1]. 
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DPF (diesel particulate filter) is a typical aftertreatment component in diesel engine 
system, which captures up to 90\% of the PM in the exhaust[2]. However, the pressure drop 
of DPF will rise with the captured PM increasing, which may result the rise of exhaust back 
pressure. Hence, the captured PM needs to be regenerated and oxidized [3]. The PM 
regeneration includes passive regeneration and active regeneration. Passive regeneration 
oxidizes PM by NO2 in the exhaust; however, passive regeneration is slow, and is not able 
to fully satisfy the PM reduction requirement of most DPF[4]. Active regeneration quickly 
oxidizes PM by controlling the inlet temperature of DPF to a required range, generally 
550-600℃ [5]. DOC (diesel oxidation catalysts) equipped upstream of DPF is always used 
to control the exhaust temperature to trigger the active regeneration of DPF [6]. The 
temperature rise is controlled by additional HC (Hydrocarbon) injection upstream of DOC. 
The injected HC oxidized in the DOC, and the released combustion heat rises the exhaust 
temperature. Because insufficient temperature rise cannot trigger the active regeneration, 
but immoderate temperature rise may damage the DPF, accurate temperature control of 
DOC is required[7-9]. 

The modeling of DOC is a fundamental of the design and control of DOC systems. 
Multiple physical phenomena (mass, heat transfer etc.) and chemical reactions take place 
simultaneously in the DOC[10-11]. Because DOC is a distributed parameter system [12], the 
mathematical form of its dynamic processes are all nonlinear partial differential equations, 
hence cannot be analytically solved. Considering the tradeoff between the modeling of axial 
direction characteristics and model simplicity, an improved control oriented DOC model is 
developed in this paper, Based on the 1-D physical model of DOC, a general varying 
parameter multi-order plus delay model is derived. Models of different orders are compared 
and experimental validated. In order to apply the proposed model in all operating 
conditions, simple data-driven models to estimate the varying parameters are also proposed 
and experimentally calibrated. Experimental results show that the proposed model is easy 
to be calibrated, and achieves high estimation accuracy with sufficiently low calculation 
effort for real-time control requirements. 

2 DOC modeling 
By analyzing the physical and chemical process of DOC system, the semi physical model 
structure based on physical characteristics is established, and the model parameters are 
identified with the test data, and the control oriented temperature response model of 
oxidation catalyst outlet is constructed. 

2.1 DOC thermal model 
After the engine exhaust gas passes through the carrier, the partial soluble organic matter 
(SOC, solid organic carbon) of CO, HC and particulate matter will react with oxygen to 
convert into CO2 and H2O, which will emit certain heat. However, due to the limited 
pollutant composition in the exhaust gas, the temperature of the engine exhaust cannot be 
significantly increased. During the active regeneration of the particulate trap, the outlet 
temperature of the oxidation catalyst, i.e. CDPF inlet temperature, can be effectively 
increased by injecting diesel oil after the exhaust pipe to achieve the temperature conditions 
required for the active regeneration. 

The physical and chemical reaction process of the oxidation catalyst is shown in Fig. 1, 
in which various diffusion, adsorption and oxidation-reduction reactions occur for different 
components in the exhaust gas in the channel. Platinum (PT), rhodium (RH), palladium (PD) 
and other precious metal catalysts are coated on the wall of the catalyst support channel, 
which can effectively reduce the reaction temperature of pollutants. 
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Fig. 1. Chemical reaction in DOC. 

The components of pollutants in the exhaust gas will have chemical reactions in Doc, 
and the reactions are all reactions on the activation site of noble metal catalyst, which 
belong to gas-solid multiple catalytic reactions, and the main chemical reactions are[13-14]: 

2 2NO O NO+ → …………………………………………(1.1) 

2 2CO O CO+ → …………………………………………(1.2) 

2 2 2( )
2

 
4x yH C O y COx H Oxy ++ →+ ………………………………(1.3) 

In order to realize the active regeneration of DPF, the control of DOC outlet 
temperature mainly considers the heat release process of the system. However, with the 
chemical reaction of exhaust pollutants and diesel injected after the exhaust pipe in the 
oxidation catalyst, a large amount of heat will be released, and then the physical process of 
heat and mass transfer will occur, including the gas-solid heat transfer between the exhaust 
and the carrier, the heat transfer in the carrier and the heat transfer between the carrier and 
the environment Conduction. In addition, in the heat balance of the solid phase, there will 
be a chemical reaction between the substance in the exhaust gas component and oxygen to 
release heat. Therefore, a control oriented model of DOC outlet temperature is established. 

2.2 Modeling based on physical characteristics 

The response process of the outlet temperature of the oxidation catalyst belongs to the 
combination of delay and inertia. The reason is that the response time is needed for fluid 
transmission, and the heat transfer process of the system is inertia process. However, the 
modeling of the system needs to combine these two processes [15], as shown in Figure 2. 
According to the characteristics of the system model, it is proposed that the temperature 
response process of the system is a multi order inertia plus delay model structure. The HC 
reaction heat release is equivalent to the step characteristic of the inlet temperature, because 
after the fuel enters the exhaust pipe, the reaction heat release is carried out in the oxidation 
catalyst, as shown in the HC reaction area in Figure 2. After passing through the reaction 
area, the inside of the carrier is completely a heat transfer process until the outlet of the 
carrier, and the process is equivalent to the process of transferring to the outlet of the carrier 
after the exhaust temperature at the front of the carrier rises. After equivalence, the model 
can keep the characteristics of multi order inertia plus delay. Then the temperature response 
process model of the system only has the time constant of inertia link and the time constant 
of delay link. But according to the different exhaust state of the engine, the response 
process of the system will be different. Therefore, each exhaust state can identify different 
parameters. 
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Fig. 2. Thermal Response Process In DOC. 

If the carrier is uniformly divided into n elements, the thermal response model structure 
of the carrier is equation (1.4) 

( )
( ) ( )

( ),
exp

0, 1 n

T z s k s
T s s

δ
τ

≈ −
+ ……………………

(1.4) 

Among them, is the response gain of the system, and the multi-order inertia response 
time constant and time delay of the system are variables related to the exhaust flow rate. 
Equation 1.4 is the transfer function of the proposed semi physical model. The model 
structure is determined, but the model order and parameter value cannot be determined. 
Combined with the experimental data, the nonlinear parameter identification method is 
used to obtain the numerical value of the model parameters, and the control oriented model 
of the oxidation catalyst is established. Because the time constant and time delay vary with 
the exhaust flow rate, it is necessary to analyze the nonlinear characteristics of the time 
constant and time delay in order to realize the adaptive parameters of the model. 

3 Model parameters identification 

3.1 Model parameter identification and analysis 

Through the exhaust pipe fuel injection, the fuel injection quantity and the carrier inlet and 
outlet temperature data are measured respectively. As the basis of the oxidation catalyst 
model identification, combined with the equivalent inlet temperature step characteristics of 
fuel injection, the semi physical model parameters of the oxidation catalyst system are 
identified. Considering the time constant and time delay parameters of the system to be 
identified, it is necessary to select the operating conditions of different exhaust flow ranges 
to test the temperature response characteristics of DOC, and the selection of test conditions 
is shown in Figure 3. A total of 8 test condition points are selected, which can cover the 
exhaust flow range of the engine. At the same time, the change of the exhaust state of the 
model is carried out Feature verification: select the fast fluctuation between the high 
exhaust flow rate of 1127kg / h and the low exhaust flow rate of 444kg / h to judge the 
influence of the change process of exhaust state on the adaptability of the model. 

The exhaust flow at the test condition point is shown in Figure 3. The minimum exhaust 
flow selected under the condition is 320kg / h and the maximum exhaust flow is 1384kg / h, 
which can basically cover the engine exhaust flow range. 
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Fig. 3. Stationary operating points for identification. 

Considering that there are obvious differences in the upstream temperature of DOC 
under different working conditions, and the value range of HC injection in the test is very 
large, it is difficult to directly compare the test data under different working conditions, so 
the test data measured under working conditions are normalized, and the normalization 
formula is set as follows: 

( )
( ) ( )max

us
norm

ds us

T T t
T

T T t
−

=
−

…………………………(2.1) 

The results of formula (2.1) can convert all the exhaust temperature data into 0-1, i.e. 
the upstream exhaust temperature is 0, and the downstream exhaust temperature is 1. If it is 
a heating process, the temperature response shows a response characteristic of 0-1. 
Otherwise, the response of the temperature drop process is 0-1. In this case, the semi 
physical model parameter k = 1, which is converted into the pole form as follows: 

( )
( )exp

n

resp n
pT s
s p

δ≈ −
+

………   …………(2.2)  

The model parameters are identified by the test data of 8 operating points. In the actual 
temperature response process, there is a change of temperature rise and fall. At each 
operating point, the process parameters of exhaust pipe fuel injection temperature rise and 
fuel shutdown temperature drop are identified respectively. At the same time, the 
temperature response process is normalized, so there is no k parameter in the output, and 
the system identification parameters are pole and delay parameters. 

The comparison between model identification curve and test results of each operating 
point is shown in figure 4-11. The abscissa of rising process curve is 0 s to start the step 
injection of exhaust pipe fuel, and the abscissa of falling process curve is 0 s to start the 
stop injection of exhaust pipe fuel. It can be seen from the results that the model parameters 
are different under each working condition, including the delay time and model poles are 
not the same. 

For the model parameter identification of each working condition, there is a certain 
error between the model identification results of different orders and the test results, and the 
magnitude of the error will reflect the accuracy of the model. In this paper, the model 
standard deviation is selected to evaluate the model parameter identification effect, and the 
calculation method of the standard deviation is equation 2.3: 

( )2

1

1=
N

i i
i
x u

N
σ

=

−∑ ………………………………(2.3) 
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The results show that with the increase of order, the standard deviation of fitting 
decreases gradually, and the accuracy of the model improves continuously. Considering the 
standard deviation of model identification and the complexity of the model, the first-order 
model and the third-order model are selected as the basic models of the control strategy 
design. The simplification of the model can provide convenient conditions for the design of 
the controller, and also simplify the design of the controller. The delay parameters of the 
first-order model vary from 13.427 seconds to 51.335 seconds, and the third-order model 
varies from 5.004 seconds to 34.570 seconds. The response delay of the system is large. 
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Fig. 4. Exhaust flow=320kg/h. 
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Fig. 5. Exhaust flow=444kg/h. 
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Fig. 6. Exhaust flow=495kg/h. 
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Fig. 7. Exhaust flow=540kg/h. 
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Fig. 8. Exhaust flow=660kg/h. 
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Fig. 9. Exhaust flow=950kg/h. 
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Fig. 10. Exhaust flow=1100kg/h. 
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Fig. 11. Exhaust flow=1384kg/h. 

3.2 Feature extraction of model parameters 

Through the identification of model parameters, it is found that a group of parameters can 
be obtained under each working condition, which is caused by the nonlinearity of the 
system. In this paper, the law of nonlinear change of the model is studied, and the 
parameter characteristics under different working conditions are modeled, which is 
transformed into the model parameters related to exhaust flow. 

The fitting equations of the model poles and time delay parameters are equation 2.4/2.6 
and equation 2.5/2.7, in which pole P and exhaust flow show a linear relationship and the 
time delay parameters and exhaust flow show a hyperbolic function relationship. By using 
this fitting method, the efficiency and universality of the algorithm are further improved, 
that is to say, the variation law between parameters and exhaust flow is obtained. 

Using the same method, the fitting results of parameter characteristics of the third-order 
plus delay model under different working conditions are obtained. The regular parameter 
equation of the third-order pole position and exhaust flow in the process of temperature 
rise: 

( ) 57.061 10 0.05697p u u−= × × + …………………………(2.4) 

In the process of temperature rise, the law between the third-order delay parameter and 
exhaust flow is 
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Fig. 11. Exhaust flow=1384kg/h. 

3.2 Feature extraction of model parameters 

Through the identification of model parameters, it is found that a group of parameters can 
be obtained under each working condition, which is caused by the nonlinearity of the 
system. In this paper, the law of nonlinear change of the model is studied, and the 
parameter characteristics under different working conditions are modeled, which is 
transformed into the model parameters related to exhaust flow. 

The fitting equations of the model poles and time delay parameters are equation 2.4/2.6 
and equation 2.5/2.7, in which pole P and exhaust flow show a linear relationship and the 
time delay parameters and exhaust flow show a hyperbolic function relationship. By using 
this fitting method, the efficiency and universality of the algorithm are further improved, 
that is to say, the variation law between parameters and exhaust flow is obtained. 

Using the same method, the fitting results of parameter characteristics of the third-order 
plus delay model under different working conditions are obtained. The regular parameter 
equation of the third-order pole position and exhaust flow in the process of temperature 
rise: 

( ) 57.061 10 0.05697p u u−= × × + …………………………(2.4) 

In the process of temperature rise, the law between the third-order delay parameter and 
exhaust flow is 

( )
41.245 10 -4.916dT u

u
×

= ……………………………(2.5) 

The regular parameter equation of the third-order pole position and exhaust flow in the 
process of temperature drop: 

( ) 57.018 10 0.0474p u u−= × × + ………………………(2.6) 

The law between the third-order delay parameter and exhaust flow rate is 

( )
41.116 10 -5.412dT u

u
×

= …………………………(2.7) 

3.3 Verification of exhaust state change model 

Because the model of temperature response at the outlet of oxidation catalyst is developed 
on the basis of the semi physical model established by analyzing the response 
characteristics of physical system. The model is based on the temperature from the inlet to 
the outlet and the fuel injection relationship. However, the exhaust state of the engine is in a 
changing process in the actual operation process, and the model has not considered the 
change of exhaust state, that is, the state switching process, so it is necessary to further 
verify the adaptability of the model to the change of exhaust state. The exhaust state with 
continuous change, including a process of exhaust flow decreasing and rising, is selected to 
study the difference between the calculated value of the model and the actual value. The 
selected continuously changing exhaust state is shown in Figure 12, with the maximum 
exhaust flow of 1127kg / h and the minimum exhaust flow of 444kg / h. 
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Fig. 12. Exhaust flow variation process.               Fig. 13. Temp variation process. 

In the process of engine exhaust flow changing greatly, the results of model calculation 
can effectively characterize the temperature response law of the oxidation catalyst outlet. 
The fluctuation range of the third-order model is about ± 10 ℃ in Figure 13, so the 
high-order model also better reflects the temperature response characteristics of the 
oxidation catalyst. 

In conclusion, the model based on physical characteristics can characterize the 
temperature change process of oxidation catalyst, and the model is simple, which can be 
used for control strategy development to ensure the real-time performance of the system. 
And through the analysis of the model parameters, the adaptive model of exhaust state 
change is constructed effectively. Through the comparative analysis of numerical 
simulation and experimental data, the accuracy of different order doc model is compared, 
and the rationality and complexity of parameters are analyzed. The third order inertial plus 
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delay carrier temperature model is selected as the basic model of control strategy 
development. 

4 Conclusion 
The adaptive control algorithm based on the third-order model is verified by the transient 
process. In the transient mode, the outlet temperature of the oxidation catalyst can still be 
effectively controlled within ± 10 ℃ of the target temperature. 
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