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プレゼンター
プレゼンテーションのノート
In order to realize the fault detection & diagnosis, there are mainly six challenges as listed here.

Operating condition drift during engine operation.
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In order to realize the fault detection & diagnosis, there are mainly six challenges as listed here.

Operating condition drift during engine operation.
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3. Aim of Proposed Data-Driven Methodology
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3. Identification of Sensor/System Failure

~—

O Using bivariate time-series analysis, relationships between two sensors are
visualized in a Sensor-state Estimation Matrix (SEM).

O Sensor failure — Fault signal appears in a band-like elements.

O System failure — Fault signal appears in distributed elements.

O Sensor/system failure can be identified from the appearance of fault signal

in SEM.
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A A
O normal
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Zodeme 1N CASE Of sensor B failure In case of a system failure
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I will talk about our idea to distinguish sensor and system failure.
We call this matrix as Sensor-state Estimation Matrix (SEM). Using bivariate time-series analysis, state of the sensor relationships are visualized in the SEM.

For example, B&A corresponds to the state of the sensor relationship between A&B. Here, A&C, A&D, and so on. Note that the upper triangular elements are grayed out because the SEM is symmetric. In this case, abnormal state is represented by a cross, and normal state by circle.

It is considered that if the sensor B fails, those elements related to sensor B shows failure state, so fault signal will appear in a band-like elements.
While, in the case of the system failure, some of the sensor relationship may be broken. Therefore, fault signal will appear in distributed elements.

So, if we see the appearance of the fault signal in the SEM, we can distinguish sensor and system failure.
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From here, I will talk about our bivariate time-series analysis.
The idea is simple. If we have time-series data taken from sensor si and sj, By applying PCA separately, Principal component score of mth mode is obtained. 

Then, these principal component score are plotted on the horizontal and vertical axes, respectively, and a two-dimensional phase plane trajectory is obtained. 

------------------------------------
We have time-series data D taken by sensor Si. D is standardized firstly, and apply sliding window to obtain matrix of the D. In this study, width of the windows is fixed to 5 based on our previous investigation. Then, we apply PCA, and Principal component score of mth mode represented by Ysi(m) is obtained.

The same procedure is also applied to the data taken by the sensor Sj, and obtained Ysj(m).

Then, the principal component score of mth mode Ysi(m) and mth mde of Ysj(m) are plotted on the horizontal and vertical axes, respectively, and a two-dimensional phase plane trajectory with time 𝑡 as a parameter O is obtained.

Thanks to PCA, denoise filter is not necessary in this method. The sensor data can be used as it is.



3. Degree of Dissimilarity
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O Challenges in liquid-propellant rocket engines

3. Dynamic change of engine operating conditions.

4. Individual differences, drift of operating conditions.
O DTW is expected to evaluate the degree of dissimilarity with robustness.
O Anomaly detection is conducted using Hotelling T2 theory.
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This assumes to be a phase plane trajectory in the normal condition. While, the relationship between si and sj is broken due to failure, and the phase plane trajectory becomes like this.

In order to evaluate degree of dissimilarity between these two phase plane trajectories, dynamic time warping is employed in this study.
We have considered several options, but DTW is robust in these two challenges in liquid rocket engine.

Set of DTW distance is obtained from the training data. And applying simple Hotelling T2 theory for DTW distance, anomaly detection is conducted. 

---------------------------------------------------
DTW is used for the recognition of speech and handwriting, because DTW is robust even for different waveforms by people. As described previously, two of the challenges for fault detection and diagnosis in rocket engines are again listed here. The timing of the engine operational sequence varies between flights or static-firing tests due to control input. Individual differences of the engine and drift of the operating conditions in the same engine also induce variation of this timing. Even in these data, DTW is expected to evaluate the degree of dissimilarity between firing tests with robustness, even in those situations.
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This shows time history of combustion pressure. 
The engine was ignited at T=0 sec, and about 20 seconds later, shutdown the engine once. After that, the engine cooling and reignition were repeated four times. 

19 tests were conducted in this operational sequence. They are named as Run001 to Run019.
And 59 sensors are used for the data-driven fault detection.

---------------------------------------------------------
Computational time of the data-driven fault detection takes about 30 min. by using 108 core of Intel PC cluster.


AA 3. Results of Senor-state Estimation Matrix (SEM)
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The SEM in the left is generated based on the phase plane trajectory of PCA mode1. The SEM in the right is generated based on the PCA mode2.

The row and column in each SEM show the name of the 59 sensors. Each element represents the state of the sensor relationship. White color means there is no anomaly. Each color shown in color bar represents the number of cases where the anomaly is detected. 

PCA mode 1 corresponds to the dominant change of the time-series data. Higher modes corresponds to additional high frequency fluctuation.

Focusing on the SEM of PCA mode2, it is found that the band-like elements related these two sensors shows anomaly at Run008 and Run015 respectively. So, the sensor failure is considered to occur in this sensor in these two cases.

Focusing on the SEM of PCA mode1, distributed elements shows anomaly at Run 005 and Run019. Run005 is also appears in the SEM of Mode2. 
So, system failure is considered to occur in Rung005 and Run019.
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From this slide, I will discuss what’s going on in these test cases.

First, I will discuss about the result of Run008. 
The failure appears in the sensor named TT1F. The combination between TT1F and TT2F is picked up for detail discussion. 

The figures in the right compares phase plane trajectory of TT1F and TT2F. Horizontal axis is the 2nd mode of TT1F, and vertical axis is the 2nd mode of TT2F.
19 test cases from Run001 to Run019 are compared. if you see these figures, it is clear that the shape of Run008 is different from the others.


3. (Run008) TT1F Sensor Failure

— Run008(Anomaly), TT1F
—— Run008(Anomaly), TT2F

— Run009(Normal), TTI1F
—— Run009(Normal), TT2F
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O A sheathed thermocouple installed at the inlet of the fuel turbine (TT1F)
was partially broken. — High freq. vibration

O Sensor failure is successfully detected at PCA mode 2, even in the
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This figure compares time-series data taken by TT1F and TT2F sensors at Run008 and Run009. 

TT1F is a sheathed thermocouple installed at the inlet of the fuel turbine, and TT2F at the outlet of the fuel turbine.

In the normal case (Run009), both sensors shows peak during engine operation. (1st ignition, shutdown, 2nd ignition, 3rd, 4th, 5th)
But in the case of Run008, TT2F is similar to Run009, although there is a deviation of operational sequence. The TT1F of Run008 shows fluctuation during engine is working, it was found after Run008 that the TT1F was partially broken, so the sheathe was vibrated during the engine operation.

So, it is demonstrated that the present method can detect the sensor failure.



3. (Run005) System Failure
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— There is a clear indication of system failure at Run005.
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In the next, I will discuss about the anomaly detected at Run005.
Because multiple relationships related to these four sensors are broken, there is a strong suspicion of system failure.


3. (Run005) System Failure at Valve Operation
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In the flight, hot H2 gas after driving the turbines was exhausted outside. But in the static firing test, turbine driving H2 gas was burned for safety.

There was an exhaust line and valve to bring turbine driving gas to the burner. There was a failure of the valve operation in Run005, and failure data appeared in the pressure sensors around this line. Therefore, the SEM successfully indicate the system failure at Run005.
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プレゼンテーションのノート
True positive rate 正解を正解という．
False positive rate オオカミ少年(間違いを正解という)
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プレゼンター
プレゼンテーションのノート
In order to realize the fault detection & diagnosis, there are mainly six challenges as listed here.

Operating condition drift during engine operation.
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