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Abstract: This paper presents a monitoring approach for Gasoline Particulate Filter (GPF) systems. Initially, two 
correlation coefficients are computed: one is between the differential pressure across the GPF and the exhaust gas 
volume flow rate, and the other is between the differential pressure across the muffler and the exhaust gas volume 
flow rate. Subsequently, the failure mode of the GPF system is identified by analyzing the distribution of these 
two correlation coefficients in a two-dimensional coordinate plane, where the former coefficient serves as the 
horizontal axis and the latter as the vertical axis. The proposed strategy was implemented in an automotive-grade 
controller, and on-vehicle validation tests were conducted under both the Worldwide Harmonized Light-Duty 
Vehicle Test Cycle (WLTC) and real-road driving conditions. The test results demonstrate that this method can 
accurately detect multiple failure modes, including GPF catastrophic failure, and interchange or disconnection of 
the GPF differential pressure sensor, thereby satisfying the requirements of worldwide OBD standards which 
mainly include EOBD (European On-Board Diagnostics), OBDII (On-Board Diagnostics II) and COBD (Chinese 
On-Board Diagnostics). Furthermore, this approach obviates the need for vehicle-level calibration of the GPF 
differential pressure-volume flow rate characteristic model and the muffler differential pressure-volume flow rate 
characteristic model. This not only reduces the consumption of resources such as prototype vehicles and chassis 
dynamometers but also shortens the overall development cycle time. 
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1. Introduction 

Gasoline Particulate Filters (GPFs) effectively reduce particulate matter (PM) and particle number (PN) in 
vehicle exhaust. Equipping light-duty vehicles with GPFs is a critical measure to comply with increasingly 
stringent worldwide emission standards [1–5]. 

On-Board Diagnostic (OBD) system must be capable of detecting a malfunction when there is GPF 
catastrophic failure, or implausible signal failures in GPF-associated sensors [6–8]. For the detection of GPF 
catastrophic failure, two primary approaches are currently dominant: one based on the temperature differential 
between the upstream and downstream of the GPF, and the other based on the pressure differential across the GPF. 
Owing to cost constraints, the pressure differential-based approach is more widely adopted in engineering 
practices. Liu et al. [9] proposes a diagnostic strategy that constructs a neural network dataset using the upstream-
downstream pressure differential of the GPF under steady-state operating conditions, with validation performed 
on an engine test bench [9], however, this method poses challenges for implementation in embedded controllers. 
Wang et al. [10] presents a diagnostic strategy that calculates the GPF carrier characteristic factor using the 
deviation between measured and model-predicted pressure differentials under dynamic operating conditions, with 
verification conducted via on-vehicle tests [10], this method, nonetheless, requires the establishment of a GPF 
upstream-downstream pressure differential model. While, in current production applications, the detection of GPF 
catastrophic failure is typically accomplished by comparing the measured upstream-downstream pressure 
differential of the GPF with the model-estimated pressure differential. That said, the development of such a GPF 
upstream-downstream pressure differential model necessitates an extensive volume of vehicle test data, resulting 
in a substantial development workload. 
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2. Basic Knowledge of GPF Monitoring Technology 

2.1. Differential Pressure-Flow Characteristics of GPF and Muffler 

The structure of the Gasoline Particulate Filter (GPF) system is illustrated in Figure 1. Among its components, 
the GPF differential pressure sensor is a dual-diaphragm sensor. Based on this sensor, three parameters can be 
measured: the exhaust gas pressure upstream of the GPF, the exhaust gas pressure downstream of the GPF, and 
the exhaust gas pressure difference between the upstream and downstream of the GPF (hereafter referred to as 
“GPF differential pressure”). The exhaust gas pressure difference between the upstream and downstream of the 
muffler is the difference between the exhaust gas pressure downstream of the GPF and ambient pressure (hereafter 
referred to as “muffler differential pressure”). And the ambient pressure can be measured based on the sensor 
integrated on engine control module as shown in Figure 1. 

In accordance with OBD standards, it is required to monitor two types of failures: GPF catastrophic failure 
and implausible signal failures of the GPF differential pressure sensor. In engineering practices, the monitoring of 
GPF catastrophic failure relies on the GPF differential pressure. Meanwhile, the main causes of implausible output 
signals from the GPF differential pressure sensor include the disconnection of the upstream pressure hoseline, the 
disconnection of the downstream pressure hoseline, or the interchange of the upstream and downstream pressure 
hoseline. To meet regulatory requirements and provide support for after-sales maintenance, these failure modes 
need to be monitored. In addition, OBD standards require the diagnosis of circuit continuity failures in differential 
pressure sensors. Mature technical solutions for these (failures) already exist, but they are not covered in this paper. 

 

Figure 1. Schematic Diagram of GPF Monitoring Strategy. 

When exhaust gas flows through the GPF carrier, a pressure difference (i.e., GPF differential pressure) exists 
between the upstream and downstream of the carrier, resulting from the frictional loss (including permeation loss) 
and compression/expansion loss of the gas flow, as illustrated in Figure 2. Specifically, the frictional loss is 
proportional to the exhaust gas volume flow rate, while the compression/expansion loss is proportional to the 
square of the exhaust gas volume flow rate [11]. 

 

Figure 2. Schematic diagram of GPF Pressure Drop through GPF Carrier. 

The relationship between GPF differential pressure (ΔPGPF) and exhaust gas volume flow rate (Q) can be 
described as [12]: 

ΔPGPF = AQ + BQ2 (1)
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In the formula, ΔPGPF denotes the GPF differential pressure, Q denotes the exhaust gas volume flow rate, A 
denotes the frictional loss coefficient, B denotes the compression/expansion loss coefficient. Coefficients A and B 
are related to the intrinsic characteristics of the GPF carrier and the gas state inside the GPF, and their values need 
to be determined through experiments. 

Figure 3 illustrates the GPF differential pressure (ΔPGPF)-volume flow rate (Q) characteristics under various 
failure modes from real-vehicle tests. Among the data presented, the differential pressure values are the measured 
values from the sensor, while the exhaust gas volume flow rate (Q) is estimated using Equation (2). 

Q = M * R * T/P/Mair (2)

In the equation, M represents the exhaust gas mass flow rate, T represents the internal temperature of the 
GPF, P represents the internal pressure of the GPF, R represents the ideal gas constant, Mair represents the 
molecular weight of air, which is 28.9. 

 

Figure 3. Differential Pressure-Flow Characteristics of GPF in each Failure Mode. 

The ΔPGPF-Q datasets of “Normal GPF” mode can be clearly distinguished from that of “Catastrophic GPF” 
mode, “Upstream Hoseline Drop Off” mode, “Hoseline Interchange” mode, “Catastrophic GPF & Upstream 
Hoseline Drop Off” mode and “Catastrophic GPF & Hoseline Interchange” mode. But it can neither be clearly 
distinguished from that of “Downstream Hoseline Drop Off” mode nor “Catastrophic GPF & Downstream 
Hoseline Drop Off” mode as shown in Figure 3. So, the OBD system can’t detect a malfunction when downstream 
hoseline drop off, even if a GPF catastrophic failure exists. This could be used to evade OBD monitoring. It’s not 
allowed by the OBD standards. 

Similarly, the relationship between the muffler differential pressure (ΔPmuffler) and the exhaust gas volume 
flow rate (Q) can be described as:  

ΔPmuffler = CQ + DQ2 (3)

In the formula, ΔPmuffler denotes the muffler differential pressure, C denotes the frictional loss coefficient, D 
denotes the compression/expansion loss coefficient. Coefficients C and D are associated with the characteristics 
of the exhaust pipe downstream of the GPF carrier and the gas state of the exhaust gas. Their specific values need 
to be determined through experimental testing. 

Figure 4 illustrates the muffler differential pressure (ΔPmuffler)-volume flow rate (Q) characteristics under 
various failure modes from real-vehicle tests. Fortunately, the ΔPmuffle-Q datasets of “Normal GPF” mode can be 
clearly distinguished from that of “Downstream Hoseline Drop Off” mode and “Catastrophic GPF & Downstream 
Hoseline Drop Off” mode. When both the ΔPGPF-Q datasets and the ΔPmuffler-Q datasets are used, it has no chance 
that the OBD system detects no malfunction when a GPF catastrophic failure exists. 
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Figure 4. Differential Pressure-Flow Characteristics of Muffler in each Failure Mode. 

Measured data indicate that there is no deterministic relationship between differential pressure (ΔPGPF/ΔPmuffler) 
and exhaust flow rate (Q). This is attributed to multiple error factors in the system, primarily including: 
(1) Inherent measurement errors of the GPF differential pressure (ΔPGPF) sensor itself; 
(2) Errors in the exhaust gas mass flow rate(M) calculated by the charging model (approximately ±5% in 

engineering practice); 
(3) The temperature (T) at different locations inside the GPF carrier is not a fixed value and cannot be accurately 

obtained; 
(4) The pressure (P) at different locations inside the GPF is not a fixed value and cannot be accurately obtained; 
(5) The chemical composition of the exhaust gas is not fixed and can only be estimated approximately. 

If diagnosis is to be performed based on the modeled differential pressure and actual differential pressure, it 
is necessary to ensure the differential pressure model has sufficient accuracy. This requires establishing a relatively 
complex model and determining the influence of various factors through extensive real-vehicle tests, which results 
in significant consumption of test resources and heavy development workload. It needs almost two days calibration 
work on chassis dynamometers and few weeks real road test. Therefore, there is a need to explore a new diagnosis 
method that does not rely on a differential pressure model. Based on this, this paper presents a GPF monitoring 
strategy based on correlation coefficients, details of which are as follows.  

2.2. GPF Monitoring Strategy Based on Correlation Coefficients 

As evidenced by the aforementioned real-vehicle test data, while no deterministic relationship exists between 
the measured values of GPF differential pressure/muffler differential pressure and exhaust flow rate, both exhibit 
a correlational relationship with exhaust flow rate. On this basis, it is feasible to explore the diagnosis of GPF 
catastrophic failure and implausible differential pressure sensor signal failures using correlation coefficients. 

Commonly employed correlation coefficients in engineering practice include the Pearson product-moment 
correlation coefficient, Spearman’s rank correlation coefficient, and Kendall’s rank correlation coefficient. Their 
respective application scenarios are as follows: 
(1) The Pearson product-moment correlation coefficient is primarily utilized to quantify the degree of linear 

correlation between two continuous variables that conform to a normal distribution; 
(2) Kendall’s rank correlation coefficient is typically applied to assess the ordinal association between two 

ordinal categorical variables or continuous variables transformed into ordinal ranks; 
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(3) Spearman’s rank correlation coefficient conducts linear correlation analysis based on the rank order of two 
variables, and it imposes no constraints on the distribution characteristics of the original variables-rendering 
it robust to non-normal data and outliers. 
As indicated in Equation (1), a quadratic relationship exists between differential pressure and volume flow 

rate. Consequently, compared with the other two correlation coefficients, Spearman’s rank correlation coefficient 
enables a more rational evaluation of the correlational relationship between differential pressure and volume flow 
rate. Its mathematical expression is provided below: 𝜌 ൌ 1 − 6𝛴 𝑑௜ଶ𝑛ሺ𝑛ଶ − 1ሻ (4)

In the formula, di represents the difference between the ranks of each pair of samples from the two variables, 
n denotes the sample size [13]. 

Based on the test data presented in Figures 3 and 4, the correlation coefficients ρGPF (for the ΔPGPF-Q pair) 
and ρmuffler (for the ΔPmuffler-Q pair) were calculated for each mode. The calculation results are provided in Table 1 
and Figure 5. 

Table 1. Spearman Rank Correlation Coefficients in Each Failure Mode. 

Failure Mode ρGPF ρmuffler Range Sample Size 
Normal GPF 0.9952 0.9421 Range1 19,298 
Catastrophic GPF −0.3630 0.6987 Range3 41,850 
Upstream Hoseline Drop Off −0.9751 0.9750 Range4 150,599 
Downstream Hoseline Drop Off 0.9937 0.0166 Range2 215,875 
Hoseline Interchange −0.9971 0.9958 Range4 124,984 
Catastrophic GPF & Upstream Hoseline Drop Off −0.9481 0.9492 Range4 108,335 
Catastrophic GPF & Downstream Hoseline Drop Off 0.9604 −0.2799 Range2 45,040 
Catastrophic GPF & Hoseline Interchange −0.2488 0.9878 Range3 59,711 

 

Figure 5. Distribution of ρmuffler-ρGPF in each Failure Mode. 

It is evident from the analysis that a distinct distinguishability exists between the normal and failures of the 
GPF system. Specifically, both the presence of a failure in the GPF system and the specific failure mode can be 
identified by analyzing the distribution of ρmuffler-ρGPF coordinate points within the two-dimensional plane. A 
comprehensive summary of the diagnostic criteria and corresponding failure mode is presented in Table 2. 
  



IJAMM 2026 https://doi.org/10.53941/ijamm.2026.100009 

6 of 12 

Table 2. ρmuffler-ρGPF Distribution Ranges and Corresponding Failure Modes. 

Range  Distribution of ρmuffler Distribution of ρGPF Failure Modes 
Range1 ρmuffler∈(0.75, 1] ρGPF∈(0.7, 1] GPF Normal 
Range2 ρmuffler∈[−1, 0.75] Not care GPF Downstream Hoseline Drop Off 
Range3 ρmuffler∈(0.75, 1] ρGPF∈(−0.7, 0.7] Catastrophic GPF 

Range4 ρmuffler∈(0.75, 1] ρGPF∈[−1, −0.7] GPF Upstream Hoseline Drop Off / Hoseline 
Interchange 

3. GPF Monitoring Strategy Development in Vehicle 

While diagnosis based on the ρGPF-ρmuffler distribution is feasible, calculating ρGPF and ρmuffler requires 
collecting a large number of data points for ΔPGPF, ΔPmuffler, and Q. Due to the performance limitations of 
automotive-grade MCU (Micro-controller Unit), it is not possible to cache all ΔPGPF, ΔPmuffler, and Q data 
generated during vehicle operation. Therefore, it is necessary to design the specific implementation method of the 
diagnosis based on automotive-grade MCU. Figure 6 illustrates the diagnostic strategy proposed in this paper. 

 

Figure 6. Monitoring Strategy Diagram. 

First, as observed in Figures 3 and 4, the relative errors of the measured ΔPGPF and ΔPmuffler are relatively 
large under operating conditions where the exhaust flow rate (Q) is small. However, the exhaust flow rate has an 
upper limit under the WLTC cycle. Therefore, the diagnostic function can be executed when the exhaust flow rate 
falls within a specific range [Qmin, Qmax). The specific range is [150 m3/h,1150 m3/h) in this pater. 

Second, the range [Qmin, Qmax) is evenly divided into several sub-intervals (It has 50 sub-intervals in this 
paper). In the controller, the flow rate at the center of each sub-interval Qᵢ, the estimated GPF differential pressure 
corresponding to the central flow rate ∆𝑃 ௉ி௜ , and the estimated muffler differential pressure ∆𝑃௠௨௙௙௟௘௥௜  are 
stored separately. 

When the exhaust flow rate falls within the corresponding sub-interval i, the currently measured differential 
pressures ΔPGPF and ΔPmuffler are weighted and accumulated into the estimated differential pressure values at the 
center of this sub-interval in accordance with Equation (5). ቊ ∆𝑃 ௉ி௜ሺ𝑛ሻ = ൫1 −𝑊ሺ𝑟ሻ൯∆𝑃 ௉ி௜ሺ𝑛 − 1ሻ + 𝑊(𝑟)∆𝑃 ௉ி∆𝑃௠௨௙௙௟௘௥௜(𝑛) = ൫1 −𝑊(𝑟)൯∆𝑃௠௨௙௙௟௘௥௜(𝑛 − 1) + 𝑊(𝑟)∆𝑃௠௨௙௙௟௘௥ (5)

In the equation, ∆𝑃 ௉ி௜(𝑛) denotes the estimated GPF differential pressure at the current moment for sub-
interval i,∆𝑃 ௉ி௜(𝑛 − 1) denotes the estimated GPF differential pressure at the previous moment for sub-interval 
i ,∆𝑃௠௨௙௙௟௘௥௜(𝑛)  denotes the estimated muffler differential pressure at the current moment for sub-interval 
i,∆𝑃௠௨௙௙௟௘௥௜(𝑛 − 1) denotes the estimated muffler differential pressure at the previous moment for sub-interval 
i. w(r) represents the weight function within the sub-interval, a commonly used Gaussian function is selected here, 
as shown in the Figure 7 below. r is the normalized distance between the current exhaust flow rate Q and the 
central flow rate Qᵢ of its corresponding sub-interval. 

 

 Moving Weighted Filter
 Count the Number of Data 

Points in each Interval
 et al

GPF Differential Pressure ΔPGPF

Muffler Differential Pressure ΔPmuffler

Exhaust Volume Flow Rate Q

Monitoring Conditions are Enabled Q∈[Qmin,Qmax)
 Engine Work 

Conditions are meeted
 et al

 Calculate ρGPF、ρmuffler
 Get Monitoring Results Based on the Distribution of ρGPF-ρmuffler
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Engine Speed、Engine Load et al
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Figure 7. Gaussian Function. 

When the number of updates for the estimated differential pressure values in the most of sub-intervals exceeds 
the set threshold (It is 20 in this paper), the Spearman’s rank correlation coefficients ρGPF and ρmuffler can be 
calculated based on the latest estimated GPF differential pressure values ∆𝑃 ௉ி௜(𝑛), latest estimated muffler 
differential pressure values ∆𝑃௠௨௙௙௟௘௥௜(𝑛), and exhaust flow rates 𝑄௜ at the sub-interval centers for each sub-
interval. Subsequently, the presence of failures is determined according to the coordinate distribution range of 
ρGPF-ρmuffler. 

This method calculates the correlation coefficients only using the weighted average differential pressure 
values of each sub-interval and the exhaust flow rates at the sub-interval centers, thereby reducing the amount of 
data that needs to be stored during the diagnostic process. And also, it is applicable not only to conventional 
vehicles but also to hybrid vehicles, because it doesn’t matter whether the engine operating condition is steady-
state (hybrid vehicles) or dynamic (conventional vehicles). It’s a statistical approach and is insensitive to data 
errors which is mentioned in Section 2.1 and this argument has been validated through the test results shown in 
next section. 

4. Test Results with a PHEV (Plug-in Hybrid Electric Vehicle ) Prototype-Vehicle 

The aforementioned strategy was modeled and converted into code using MATLAB/SIMULINK, which was 
then integrated into an automotive-grade MCU. Subsequent WLTC cycle tests and real-road tests were conducted 
on a PHEV Vehicle, with the results presented in Figures 8–15. The key observations are as follows: 

Within a single WLTC cycle test, 2 to 3 diagnostic procedures can be completed, and the scatter of the 
calculated ρGPF and ρmuffler values is small for each diagnostic run. 

Under the GPF Normal Mode, the ρGPF-ρmuffler coordinates distribute in Range1, with no diagnostic trouble 
codes (DTCs) triggered. 

Under the catastrophic GPF Mode, the ρGPF-ρmuffler coordinates distribute in Range3, and the diagnostic 
trouble code P226E00 (corresponding to the failure “Catastrophic GPF”) can be triggered successfully. 

During the real-road tests, tests for other failure modes were also conducted, and the diagnostic strategy was 
able to accurately identify the corresponding failure modes in all cases. 
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Figure 8. Normal GPF Test Results in WLTC. 

 

Figure 9. Catastrophic GPF Test Results in WLTC (P226E00). 
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Figure 10. Upstream Hoseline Drop Off (P11AD00). 

 

Figure 11. Downstream Hoseline Drop Off (P105D07). 
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Figure 12. Hoseline Interchange (P11AD00). 

 

Figure 13. Catastrophic GPF & Upstream Hoseline Drop Off (P11AD00). 
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Figure 14. Catastrophic GPF & Downstream Hoseline Drop Off (P105D07). 

 

Figure 15. Catastrophic GPF & Hoseline Interchange (P226E00). 

5. Conclusions 

It is feasible to diagnose failure s such as GPF catastrophic failure and implausible GPF differential pressure 
signals by calculating the Spearman’s rank correlation coefficient between GPF differential pressure and volume 
flow rate, as well as the Spearman’s rank correlation coefficient between muffler differential pressure and exhaust 
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volume flow rate, and then utilizing the numerical distribution of these two correlation coefficients. This approach 
can meet the requirements of both product applications and OBD standards. 

Through the simplified design of the diagnostic algorithm, this solution can be implemented on the actual 
vehicle ECU. Compared with the GPF diagnosis method based on differential pressure models, the diagnostic 
scheme proposed in this paper eliminates the need for calibration of the GPF differential pressure model, thereby 
reducing the workload of vehicle tests. 
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