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Abstract. In order to further improve the accuracy of voltage estima-
tion of PH meter calibrator, this paper introduce the scheme for the
voltage estimation of PH meter calibrator using integration of Kalman
filter (KF)/finite impulse response (FIR) filter and Rauch-Tung-Striebel
(R-T-S) smoothing method. Firstly, the state-space for the voltage esti-
mation is designed. Secondly, the integrated method of KF/FIR and
R-T-S smoothing method is investigated. The proposed method employs
the Kalman filter as the forward filter, as for the backward smooth-
ing, the proposed R-T-S smoothing method is adopted. Then, the final
estimation of the voltage is computed the average of the output of the
KF/R-T-S smoothing-integrated method. By taking practical tests, the
performance of the proposed integration of KF/FIR filter and R-T-S
smoothing method is verified.
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1 Introduction

The voltage estimation is essential for PH meter calibration, and its accuracy
directly affects the accuracy of the PH meter calibrator. In terms of data fusion
filters, Kalman filter is one of the most well-known examples [2], which has bee
widely used in the field of the navigation [1]. However, it’s supposed to point
out that the Kalman filter (KF)’s performance depends on the accurate of the
noise statistics [6], which is hard to obtain. Therefore, researchers proposed the
finite impulse response (FIR) filter to overcome this shortcoming [5]. And this
method has been used in the field of navigation [3,4].

In this work, the voltage estimation of PH meter calibrator using integra-
tion of Kalman filter (KF')/finite impulse response (FIR) filter and Rauch-Tung-
Striebel (R-T-S) smoothing method will be proposed. In this work, contributions
can be reflected in following aspects:
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(1) For the voltage estimation, the state-space has been designed.

(2) The voltage estimation of PH meter calibrator using integration of KF/FIR
filter and R-T-S smoothing method has been proposed.

(3) The performance of the proposed integration of KF/FIR filter and R-T-S
smoothing method is verified by taking a practical test.

2 State Space for the Voltage Estimation

In this section, the state-space for the voltage estimation will be designed. The
Eq. (1) is the state equation of the KF/FIR filter used for the voltage estimation.

Volk:‘k71 = AV01k71 + Wi, (1)

where k is the time index, Vol represents the state vector when the time index
is k, in this work, the Vol, only includes the voltage value at the time index
k, and we set A = 1, which represents the state transition matrix, and the
wy ~ (0, Qy) represents the system noise.

The Eq. (2) is the measurement equation of the KF/FIR filter used for the
voltage estimation.

z,, = HVoly,_, + vy, (2)

where z; represents the observation vector when the time index is k, in this
work, the z; is the voltage value measured by the PH meter calibrator at the
time index k, the measurement conversion matrix is represented by H and the
wy ~ (0, Ry) represents the measurement noise.

3 KF/FIR Filter for the Voltage Estimation

From the model (1) and (2), we can see that the data fusion model is linear,
therefore, the KF/FIR filter is used as data fusion filter, which will be introduced
in this section. With the model (1) and (2) of the KF/FIR filter used for the
voltage estimation, in the Algorithm 1, the pseudo code has been shown. The
state prediction and state update of the Kalman filter are shown in the algorithm,
at lines 3-4 and lines 5-7 respectively.

4 The R-T-S Smoothing Method

The R-T-S smoothing method will be investigated in this section, which is based
on the (1) and (2). The R-T-S smoothing method is one of the most famous
smoothing method, it requires the outputs of the forward filter, and we adopt
the KF as the forward filter in this work, which is listed in Algorithm 1, and
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Algorithm 1: The KF/FIR filter based on the model (1) and (2)

Data: Zi, V0107 PD: Qa R7qE
Result: Vol,, Py

1 begin

2 for k=1: N do

3 if k < ¢F then

4 Volk‘k_l = Avolk71;

5 pk|k71 = AP, AT +Q;

. . -1

6 K, = Pklkleg (HkPk‘k,1H£+R) ;

7 Vol = Vol 1 + K (2 — HVoly 1 );

8 Py = (I - KeHy) Py

else
10 m=k—q¢®+1, t=m+ MF —1;
11 Volt = Volt;
12 f)t = f)t;
13 forb=m+ MF : k do
14 Vol 1 = AVol,_3;
15 f)b\bfl = Alsb—lAT + Q;
_q-1

16 G, = [HTH—F (AbelAT) 1} ;
17 K, = GbHT;
18 Vol, = V01b|b_1 + Ky (zb - H\~701b|b_1));
19 Py = (I-K,H)P, (I - K,H)" + KyRK,";
20 end for
21 \7011€ = Volb;
22 Pi = Py;
23 end if
24 end for
25 end

26 T N is the last time index
27 1 ¢ is the dimension of Vol

the R-T-S smoothing method uses the KF’s outputs Vol and Py, k € [1, N].
With the model (1) and (2)of the R-T-S smoothing method used for the voltage
estimation, in Algorithm 2, the pseudo code has been shown. It can be seen from
the algorithm that the R-T-S smoothing is a reverse smoothing.
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Algorithm 2: R-T-S smoothing algorithm for the model (1) and (2)

Data: z;, Q, R, Voly, Py, k € [1,N]
Result: Voli7 f’f

1 begin

2 Voli = VolN;

3 P =Py

4 for k=N :2do

5 pk\k—l :APk_lAT+Q;

6 Ki = ﬁk*IATﬁ;\}cfl;

7 \A/'Oli,l =Vol_1 +Ki_; (Volf - AVolk_l);
8 Py, =P 1 +Kj (f’f - Pk|k—1) (Kg_1)T§
9 end for

10 end

11 t Superior S denotes smoothness

5 The Integration of KF/FIR Filter and R-T-S
Smoothing Method

In this section, the integration of Kalman and R-T-S smoothing algorithm for the
voltage estimation will be investigated. With the Algorithm 1 and Algorithm 2,
and in Algorithm 3, the integration of Kalman and R-T-S smoothing algorithm
with the model (1) and (2) can be shown. The structure of the integration of
Kalman and R-T-S smoothing method for the voltage estimation is shown in
Fig. 1. From the algorithm and the figure, one can infer easily that the proposed
integration of Kalman and R-T-S smoothing method includes three steps:

(1) The forward filter (lines 2-8).
(2) The backward smoothing (lines 9-16).
(3) The Vol is the mean of the Voly, k € [1, N].

Vol,, P,k €[1,N]

Voltage —3 KF/FIR RS mean > Voltage

smoothing

Vol! ,PS,k e[1,N]

Fig. 1. The structure of the integration of Kalman and R-T-S smoothing method for
the voltage estimation.
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Algorithm 3: The integration of KF/FIR filter and R-T-S smoothing
method for the model (1) and (2)

Data: Zp, V0107 P07 Q7 quE
Result: Vol

1 begin
2 for k=1:N do
3 if k < ¢ then
4 Volk‘k,1 = Av01k71;
5 P = AP, AT +Q;
R N —1
6 Ky, = Py HE (HePrp HE +R)
7 Vol = v01k|k—1 + K (z;C — HVolk|k,1);
8 Pr=(1—-KiHi) Prjp_y;
else
10 m=k—q¢®+1, t=m+ MF —1;
11 Volt = Volt;
12 P, =Py
13 for b=m+ M¥” : k do
14 V01b|b71 = AVO]b_l;
15 f)b\bfl = APb—1AT +Q;
71
16 Gy = [H"H+ (AG,AT) ']
17 K, = GbHT;
18 \7011, = \701},“,_1 + K, (Zb — HVolb”,_l));
19 P,=(I-KHP,(I-KH" +K,RK, ;
20 end for
21 Volk = Volb;
22 Pi = Py;
23 end if
24 end for
25 Voli = Voly;
26 P =Py,
27 for k=N :2do
28 Pijr—1 = AP, AT + Q;
29 K§—1 = ﬁk*lATﬁ;‘}Cil;
30 Vol, , = Vol,_; + K5_, (Volf - AVolk_l);
31 Py, =P 1 +Kj, (Pf - Pk\k—l) (K£_1)T§
32 end for
. N ~
33 Vol = & > Voly;
k=1

34 end




Voltage Estimation of PH Meter Calibrator Using Integration 391

6 Experimental Results

In this test, we will conduct a real experiment to proving the effectiveness of
the KF/FIR filter and R-T-S smoothing integrated method with the model (1)
and (2), which is proposed in this work. Firstly, the details of the experiment
will be introduced, secondly, the differences of test results between the KF/FIR,
filter and the integration of KF/FIR filter and R-T-S smoothing method will be
investigated. In the test, the sample times are set as 20, and the reference voltage
value is 100.05 mV. Figure 2 displays the errors estimated by the measurement,
KF/FIR filter, and the integration of KF/FIR 4+ R-T-S smoothing. Here, the
error estimated by the measurement means the errors of the measurement. From
the figure, one can infer that both the KF/FIR filter and KF/FIR + R-T-S
smoothing are able to estimate the voltage value, and to further illustrate the
effectiveness of the proposed algorithm, the cumulative distribution functions
(CDFs) of the measurement, KF/FIR filter, and KF/FIR + R-T-S smoothing
are shown in Fig. 3. The root mean square errors (RMSEs) of the measurement,
KF/FIR filter, and KF/FIR + R-T-S smoothing are listed in Table 1. When the
reference value is 100.0096, Table 2 shows the final outputs of KF/FIR filter and
KF/FIR + R-T-S smoothing. It has been clearly shown in the figure that the
KF/FIR + R-T-S smoothing proposed has the smallest error compared with
the KF/FIR, which verify the effectiveness of the KF/FIR + R-T-S smoothing
integrated method.

Table 1. The RMSEs of KF/FIR filter and KF/FIR + R-T-S smoothing.

Methods RMSE (mV)
KF/FIR 0.20233
KF/FIR + R-T-S smoothing | 0.18532

Table 2. The final outputs of KF/FIR filter and KF/FIR + R-T-S smoothing when
the reference value is 100.0096.

Methods Value (mV)
KF/FIR 100.0356
KF/FIR 4 R-T-S smoothing | 100.0302
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Fig. 2. The errors estimated by the measurement, KF/FIR filter, and the integration
of KF/FIR filter and R-T-S smoothing method (KF + R-T-S smoothing).
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Fig. 3. The CDFs of the measurement, KF/FIR filter, and KF/FIR + R-T-S smooth-
ing.
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7 Conclusion

In this work, the voltage estimation of PH meter calibrator using integration of
KF/FIR filter and R-T-S smoothing method has been proposed. The contribu-
tion of this work is reflected in the following aspects:

(1) The state-space for the voltage estimation has be designed.

(2) The voltage estimation of PH meter calibrator using integration of KF/FIR
filter and R-T-S smoothing method has been proposed.

(3) The performance of the proposed integration of KF/FIR filter and R-T-S
smoothing method is verified by taking a practical test.
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