
I lllll llllllll Ill lllll lllll lllll lllll lllll 111111111111111111111111111111111 

c12) United States Patent 
Henry et al. 

(54) DRIVE TECHNIQUES FORA DIGITAL 
FLOWMETER 

(71) Applicant: Invensys Systems, Inc., Foxboro, MA 
(US) 

(72) Inventors: Manus P. Henry, Oxford (GB); Mayela 
E. Zamora, Oxford (GB) 

(73) Assignee: Invensys Systems, Inc., Foxboro, MA 
(US) 

( *) Notice: Subject to any disclaimer, the term ofthis 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 0 days. 

(21) Appl. No.: 13/900,104 

(22) Filed: May22, 2013 

(65) 

(63) 

(51) 

(52) 

(58) 

Prior Publication Data 

US 2013/0333484 Al Dec. 19, 2013 

Related U.S. Application Data 

Continuation of application No. 12/852,008, filed on 
Aug. 6, 2010, now Pat. No. 8,467,986, which is a 
continuation-in-part of application No. 12/367,203, 
filed on Feb. 6, 2009, now Pat. No. 7,904,256, which is 

Int. Cl. 
GOlF 1184 

U.S. Cl. 

(Continued) 

(2006.01) 

CPC .............. GOlF 118481 (2013.01); GOlF 11849 
(2013.01); GOlF 118436 (2013.01); GOlF 
118486 (2013.01); GOlF 118431 (2013.01) 

Field of Classification Search 
CPC ... GOlF 1/8431; G01F 1/8436; GOlF 1/8486; 

GOlF 1/84; G01F 1/8404; GOlF 1/8481; 
G01F 1/849; G01F 25/0007; GOIN 2009/006 

Digital 
Controller 

Temp. 
Sensor 

US009014997B2 

(IO) Patent No.: 
(45) Date of Patent: 

US 9,014,997 B2 
Apr. 21, 2015 

USPC ......... 702/45-57, 100, 104-106; 73/861.355, 
73/861.356, 861.357; 600/528 

See application file for complete search history. 

(56) References Cited 

EP 
JP 

U.S. PATENT DOCUMENTS 

2,865,201 A 
3,251,226 A 

12/1958 Roth 
511966 Cushing 

(Continued) 

FOREIGN PATENT DOCUMENTS 

0702212 A2 3/1996 
07-286880 A 10/1995 

(Continued) 

OTHER PUBLICATIONS 

Declaration of Dr. Michael D. Sidman from IPR 2014-00170, related 
to U.S. Patent No. 6,311,136, dated Nov. 18, 2013, 101 pgs. 

(Continued) 

Primary Examiner - John H Le 
(74) Attorney, Agent, or Firm - Thomas J. Roth, Esq. 

(57) ABSTRACT 

Drive techniques for a digital flowmeter are described. The 
drive techniques account for delays caused during digital 
signal processing of sensor signals that correspond to a 
motion of a flowtube, as well as drive signals that impart 
motion to the flowtube. Such delays may be caused by a 
variety of factors, including delays associated with analog/ 
digital conversion of the signals and/or filtering of the signals. 
The techniques include open-loop techniques and closed­
loop techniques, which can be used separately or together 
during the start-up and operation of the digital flowmeter. 

20 Claims, 91 Drawing Sheets 

Mass11ow 
Measurement 100 

105 

Fl(JW "liJbe 

• 120 



US 9,014,997 B2 
Page 2 

Related U.S. Application Data 5,052,231 A 10/1991 Christ et al. 
5,054,313 A 10/1991 Fitzgerald et al. 

a continuation of application No. 11/458,251, filed on 5,054,326 A 10/1991 Mattar 
Jul. 18, 2006, now Pat. No. 7,505,854, which is a 5,068,116 A 1111991 Gibney et al. 

5,143,257 A 9/1992 Austin et al. continuation of application No. 11/168,568, filed on 5,146,945 A 9/1992 La Rosa et al. 
Jun. 29, 2005, now Pat. No. 7,146,280, which is a 5,148,945 A 9/1992 Geatz 
continuation of application No. 10/402,131, filed on 5,218,869 A 6/1993 Pummer 

Mar. 31, 2003, now Pat. No. 6,950,760, which is a 5,224,372 A 7/1993 Kolpak 
5,224,387 A 7/1993 Lindenbaum et al. 

continuation-in-part of application No. 10/400,922, 5,228,327 A 7/1993 Bruck 
filed on Mar. 28, 2003, now abandoned, said applica- 5,231,884 A 8/1993 Zolock 
tion No. 12/852,008 is a continuation-in-part of appli- 5,259,250 A 1111993 Kolpak 

5,271,281 A 12/1993 Mattar et al. cation No. 11/930,936, filed on Oct. 31, 2007, now Pat. 
5,295,084 A 3/1994 Arunachalam et al. 

No. 8,000,906, which is a continuation of application 5,301,557 A 4/1994 Cage et al. 
No. 11/555,033, filed on Oct. 31, 2006, now Pat. No. 5,317,928 A 6/1994 Young 
7,571,062, which is a continuation of application No. 5,321,991 A 6/1994 Kalotay 

5,343,764 A 9/1994 Mattar et al. 11/130,233, filed on May 17, 2005, now Pat. No. 
5,347,874 A 9/1994 Kalotay et al. 

7,136,761, which is a continuation of application No. 5,365,592 A 1111994 Horner et al. 
10/637,620, filed on Aug. 11, 2003, now Pat. No. 5,373,745 A 12/1994 Cage 
6,917,887, which is a continuation of application No. 5,379,649 A 111995 Kalotay 
09/931,057, filed on Aug. 17, 2001, now Pat. No. 5,400,653 A 3/1995 Kalotay 

5,429,002 A 7/1995 Colman 6,754,594, which is a continuation of application No. 
5,469,748 A 1111995 Kalotay 

09/111,739, filed on Jul. 8, 1998, now Pat. No. 6,311, 5,479,933 A 111996 Atari us et al. 
136. 5,497,665 A 3/1996 Cage et al. 

5,497,666 A 3/1996 Patten et al. 
(60) Provisional application No. 60/368,153, filed on Mar. 5,535,632 A 7/1996 Kolpak 

29, 2002, provisional application No. 60/066,554, 5,540,106 A 7/1996 Lew et al. 
filed on Nov. 26, 1997. 5,555,190 A 9/1996 Derby et al. 

5,570,093 A 10/1996 Aker et al. 

References Cited 5,570,300 A 10/1996 Henry et al. (56) 
5,570,729 A 1111996 Mutter 
5,578,764 A 1111996 Yokoi et al. U.S. PATENT DOCUMENTS 5,594,180 A 111997 Carpenter et al. 
5,646,960 A 7/1997 Sonohara et al. 

3,956,682 A 5/1976 Van Dyck 5,648,616 A 7/1997 Keel 
RE29,383 E 9/1977 Gallatin et al. 5,654,502 A 8/1997 Dutton 
4,187,721 A 2/1980 Smith 5,676,461 A 10/1997 Edwards 
4,358,822 A 1111982 Sanchez 5,687,100 A 1111997 Buttler et al. 
RE31,450 E 1111983 Smith 5,732,193 A 3/1998 Aberson 
4,419,898 A 12/1983 Zanker et al. 5,734,112 A 3/1998 Bose et al. 
4,422,338 A 12/1983 Smith 5,767,665 A 6/1998 Morita et al. 
4,470,294 A 9/1984 Hamel 5,774,378 A 6/1998 Yang 
4,491,025 A 111985 Smith et al. 5,804,741 A 9/1998 Freeman 
4,524,610 A 6/1985 Fitzgerald et al. 5,857,893 A 111999 Olsen et al. 
4,536,809 A 8/1985 Sidman 5,877,954 A 3/1999 Klimasauskas et al. 
4,655,089 A 4/1987 Kappelt et al. 5,905,206 A 5/1999 Herwig eta!. 
4,679,947 A 7/1987 Miller et al. 5,926,096 A 7/1999 Mattar et al. 
4,688,418 A 8/1987 Cheung et al. 5,969,264 A 10/1999 Rivkin 
4,727,746 A 3/1988 Mikasa et al. 6,023,620 A 212000 Hansson 
4,733,569 A 3/1988 Kelsey et al. 6,073,495 A 612000 Stadler 
4,738,144 A 4/1988 Cage 6,092,429 A 712000 Cunningham et al. 
4,757,390 A 7/1988 Mehrgardt et al. 6,185,470 Bl 2/2001 Pado et al. 
4,773,257 A 9/1988 Aslesen et al. 6,199,022 Bl 3/2001 Cunningham 
4,782,711 A 1111988 Pratt 6,301,973 Bl 10/2001 Smith 
4,799,385 A 111989 Hulsing et al. 6,309,342 Bl 10/2001 Blazey et al. 
4,801,897 A 111989 Fleck en 6,311,136 Bl 10/2001 Henry et al. 
4,817,448 A 4/1989 Hargarten et al. 6,318,156 Bl 1112001 Dutton et al. 
4,823,614 A 4/1989 Dahlin 6,318,186 Bl 1112001 Smith et al. 
4,852,395 A 8/1989 Kolpak 6,327,914 Bl 12/2001 Dutton 
4,852,409 A 8/1989 Herzi 6,360,175 Bl* 3/2002 Cunningham et al. .......... 702/56 
4,852,410 A 8/1989 Corwon et al. 6,378,354 Bl 412002 Sharp 
4,872,351 A 10/1989 Ruesch 6,505,131 Bl 112003 Henrot 
4,872,352 A 10/1989 Alden et al. 6,505,135 B2 112003 Maginnis 
4,879,911 A 1111989 Zolock 6,505,519 B2 112003 Henry et al. 
4,891,991 A 111990 Mattar et al. 6,507,791 B2 112003 Henry et al. 
4,895,030 A 111990 Bergamini et al. 6,513,392 Bl * 212003 Barger et al. ............ 73/861.356 
4,911,006 A 3/1990 Hargarten et al. 

6,551,251 B2 4/2003 Zuckerwar et al. 4,911,020 A 3/1990 Thompson 
6,564,619 B2 5/2003 Dutton et al. 4,934,195 A 6/1990 Hussain 
6,618,747 Bl 9/2003 Flynn et al. 4,934,196 A 6/1990 Romano 
6,698,966 B2 3/2004 Hilton et al. 4,996,871 A 3/1991 Romano 
6,754,594 B2 6/2004 Henry et al. 5,009,109 A 4/1991 Kalotay et al. 
6,758,102 B2 7/2004 Henry et al. 5,027,662 A 7/1991 Titlow et al. 

5,029,482 A 7/1991 Liu et al. 6,917,887 B2 712005 Henry et al. 
5,050,239 A 9/1991 Albouy et al. 6,950,760 B2 912005 Henry et al. 
5,050,439 A 9/1991 Thompson 6,981,424 B2 112006 Henry et al. 



US 9,014,997 B2 
Page 3 

(56) References Cited 

U.S. PATENT DOCUMENTS 

7,010,360 B2 
7,032,432 B2 
7,096,719 B2 
7,116,997 B2 
7,124,646 B2 
7,134,320 B2 
7,136,761 B2 
7,152,460 B2 
7,165,464 B2 
7,299,705 B2 
7,302,356 B2 
7,327,694 B2 
7,328,624 B2 
7,337,075 B2 
7,343,818 B2 
7,367,240 B2 
7,380,438 B2 
7,380,439 B2 
7,389,687 B2 
7,392,460 B2 
7,404,336 B2 
7,505,854 B2 
7,509,219 B2 
7,571,062 B2 
7,634,939 B2 
7,647,841 B2 
7,784,360 B2 
7,904,256 B2 
8,000,906 B2 
8,201,459 B2 
8,442,781 B2 
8,695,438 B2 

3/2006 Atkin et al. 
412006 Gysling et al. 
8/2006 Gysling 

10/2006 Byers et al. 
10/2006 Henry et al. 
1112006 Gysling et al. 
1112006 Henry et al. 
12/2006 Gysling et al. 

112007 Gysling et al. 
1112007 Gysling 
1112007 Logue et al. 
2/2008 Joshi et al. 
2/2008 Gysling et al. 
2/2008 Gysling et al. 
3/2008 Gysling et al. 
5/2008 Gysling et al. 
6/2008 Gysling et al. 
6/2008 Gysling et al. 
6/2008 Gysling et al. 
6/2008 Kim et al. 
7 /2008 Henry et al. 
3/2009 Henry et al. 
3/2009 Henry et al. 
8/2009 Henry et al. 

2004/0066935 Al 
2007/0281766 Al 
2008/0010349 Al 
2008/0096538 Al 

12/2009 Drahm et al. 
112010 Kolahi et al. 
8/2010 Henry et al. 
3/2011 Henry et al. 
8/2011 Henry et al. 
612012 Henry et al. 
512013 Shimada 
412014 Hays et al. 
412004 Marino 

12/2007 Mullen 
112008 Cai et al. 
4/2008 Kim et al. 

WO 
WO 
WO 
WO 
WO 
WO 

FOREIGN PATENT DOCUMENTS 

93/22629 Al 
00/04345 Al 
0010059 Al 

01106918 Al 
01169185 A2 

2006/058971 Al 

1111993 
1/2000 
212000 
2/2001 
9/2001 
612006 

OTHER PUBLICATIONS 

Declaration of Dr. Michael D. Sidman fromIPR2014-00179, related 
to U.S. Patent No. 7,124,646, dated Nov. 19, 2013, 104 pgs. 
Declaration of Dr. Michael D. Sidman from IPR 2014-00178, related 
to U.S. Patent No. 7,136,761 dated Nov. 19, 2013, 101 pgs. 
Declaration of Dr. Michael D. Sidman fromIPR2014-00167, related 
to U.S. Patent No. 7,505,854 dated Nov. 18, 2013, 108 pgs. 
Declaration of Dr. Michael D. Sidman from IPR 2014-00390, related 
to U.S. Patent No. 6,754,594 dated Jan. 30, 2014, 128 pgs. 
Declaration of Dr. Michael D. Sidman from IPR 2014-00393, related 
to U.S. Patent No. 7,571,062 Jan. 31, 2014, 125 pgs. 
"How the Micro Motion Mass Flow and Density Sensor Works," filed 
in IPR 2014-00170, relating to U.S. Patent No. 6,311,136. Micro 
Motion, Inc., 1990, 2 pgs. 
"Product Profiles Micro Motion, Inc. advances in Coriolis technol­
ogy," filed in IPR 2014-00170, relating to U.S. Patent No. 6,311,136, 
date unknown, 1 pg. 
"Physical Characteristics," filed in IPR 2014-00170, relating to U.S. 
Patent No. 6,311,136, Micro Motion, Inc., Boulder, Colorado, 1990, 
1 pg. 
"Sensor Pressure Drop Charts," filed in IPR 2014-00170, relating to 
U.S. Patent No. 6,311,136, date unknown, 1 pg. 
"Specifications," filed in IPR2014-00170, relating to U.S. Patent No. 
6,311,136, date unknown, 1 pg. 
Petition for Inter Partes Review Under 35 U.S.C. §§ 311-319 and 37 
C.F.R. § 42.100 et. seq., dated Nov. 19, 2013, filed in Case IPR 
2014-00170, relating to U.S. Patent No. 6,311,136, 65 pgs. 

Petition for Inter Partes Review Under 35 U.S.C. §§ 311-319 and 37 
C.F.R. § 42.100 et. seq., dated Nov. 19, 2013, filed in Case IPR 
2014-00179, relating to U.S. Patent No. 7,124,646, 66 pgs. 
Petition for Inter Partes Review Under 35 U.S.C. §§ 311-319 and 37 
C.F.R. § 42.100 et. seq., dated Nov. 19, 2013, filed in Case IPR 
2014-00178, relating to U.S. Patent No. 7136,761, 64 pgs. 
Petition for Inter Partes Review Under 35 U.S.C. §§ 311-319 and 37 
C.F.R. § 42.100 et. seq., dated Nov. 19, 2013, filed in Case IPR 
2014-00167, relating to U.S. Patent No. 7,505,854, 65 pgs. 
Petition for Inter Partes Review Under 35 U.S.C. §§ 311-319 and 37 
C.F.R. § 42.100 et. seq., dated Jan. 29, 2014, filed in Case IPR 
2014-00392, relating to U.S. Patent No. 8,000,906, 67 pgs. 
Corrected Petition for Inter Partes Review Under 35 U.S.C. §§ 311-
319 and 37 C.F.R. § 42.100 et. seq., dated Jan. 30, 2014, filed in Case 
IPR 2014-00390, relating to U.S. Patent No. 6,754,594, 67 pgs. 
Corrected Petition for Inter Partes Review Under 35 U.S.C. §§ 311-
319 and 37 C.F.R. § 42.100 et. seq., dated Jan. 31, 2014, filed in Case 
IPR 2014-00393, relating to U.S. Patent No. 7,571,062, 67 pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. § 
42.107", dated Mar. 5, 2014, filed in Case IPR 2014-00170, relating 
to U.S. Patent No. 6,311,136, 55 pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. § 
42.107", dated Mar. 5, 2014, filed in Case IPR 2014-00179, relating 
to U.S. Patent No. 7, 124,646, 60 pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. § 
42.107", dated Mar. 5, 2014, filed in Case IPR 2014-00178, relating 
to U.S. Patent No. 7,136,761, 60 pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. § 
42.107", dated Mar. 5, 2014, filed in Case IPR 2014-00167, relating 
to U.S. Patent No. 7,505,854, 55 pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. § 
42.107", dated May 6, 2014, filed in Case IPR 2014-00392, relating 
to U.S. Patent No. 8,000,906, 68 pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. § 
42.107", dated May 6, 2014, filed in Case IPR 2014-00390, relating 
to U.S. Patent No. 6,754,594, 53 pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. § 
42.107", dated May 6, 2014, filed in Case IPR 2014-00393, relating 
to U.S. Patent No. 7,571,062, 62 pgs. 
"Plaintiff's Original Complaint", filed Oct. 22, 2012, Case No. 6: 12-
00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 7, 124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, pp. 1-200 (Part 1 of 
2). 
"Plaintiff's Original Complaint", filed Oct. 22, 2012, Case No. 6: 12-
00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 7, 124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, pp. 201-386 (Part 2 
of2). 
"Emerson Electric Co.' s Answer and Affirmative Defenses to Plain­
tiffs Original Complaint", filed Jan. 10, 2013, Case No. 6: 12-00799, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 9 pgs. 
"Micro Motion, Inc. 's Answer, Affirmative Defenses, and Counter­
claims to Plaintiff's Original Complaint", filed Jan. 10, 2013, Case 
No. 6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 12 pgs. 
"Plaintiff and Counterclaim Defendant Invensys Systems, Inc.' s 
Answer to Defendant Micro Motion Inc., USA's Counterclaims", 
filed Jan. 31, 2013, Case No. 6: 12-00799, related to U.S. Patent Nos. 
6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 
and 8,000,906, 4 pgs. 
"Plaintiff's First Amended Complaint", filed Jan. 31, 2013, Case No. 
6: 12-00799, related to U.S. Patent Nos. 6,311, 136; 6,754,594; 
7,124,646; 7, 136,761; 7,505,854; 7,571,062 and 8,000,906, 200 pgs. 
(Part 1 of 4). 
"Plaintiff's First Amended Complaint", filed Jan. 31, 2013, Case No. 
6: 12-00799, related to U.S. Patent Nos. 6,311, 136; 6,754,594; 
7,124,646; 7, 136,761; 7,505,854; 7,571,062 and 8,000,906, 200 pgs. 
(Part 2 of 4). 
"Plaintiff's First Amended Complaint", filed Jan. 31, 2013, Case No. 
6: 12-00799, related to U.S. Patent Nos. 6,311, 136; 6,754,594; 
7,124,646; 7, 136,761; 7,505,854; 7,571,062 and 8,000,906, 200 pgs. 
(Part 3 of 4). 



US 9,014,997 B2 
Page 4 

(56) References Cited 

OTHER PUBLICATIONS 

"Plaintiff's First Amended Complaint", filed Jan. 31, 2013, Case No. 
6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7, 136,761; 7,505,854; 7,571,062 and 8,000,906, 100 pgs. 
(Part 4 of 4). 
"Micro Motion, Inc.'s Answer, Affirmative Defenses, and Counter­
claims to Plaintiff's First Amended Complaint", filed Feb. 19, 2013, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 20 pgs. 
"Emerson Electric Co.' s Corrected Answer and Affirmative Defenses 
to Plaintiff's First Amended Complaint", filed Feb. 19, 2013, Case 
No. 6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 16 pgs. 
"Plaintiff and Counterclaim Defendant Invensys Systems, Inc.' s 
Reply to Defendant Micro Motion Inc.' s Counterclaims to Plaintiff's 
FirstAmendedComplaint", filed Mar. 8, 2013, Case No. 6:12-00799, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 4 pgs. 
"Micro Motion, Inc.' s Answer, Affirmative Defenses, and Amended 
Counterclaims", filed Jul. 15, 2013, Case No. 6: 12-00799, related to 
U.S. Patent Nos. 6,311, 136; 6,754,594; 7, 124,646; 7, 136,761; 
7,505,854; 7,571,062 and 8,000,906, 91 pgs. 
"Plaintiff and Counterclaim-Defendant Invensys Systems, Inc.'s 
Answer and Counterclaims to Defendant and Counterclaim-Plaintiff 
Micro Motion Inc.'s Amended Counterclaims", filed Aug. 9, 2013, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 10 pgs. 
"Micro Motion, Inc.' s Amended Answer, Affirmative Defenses, and 
Second Amended Counterclaims", filed Sep. 13, 2013, Case No. 
6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 96 pgs. 
"Invensys Systems, Inc.'s Motion to Dismiss and Strike Micro 
Motion, Inc.'s Counterclaim and Affirmative Defense oflnequitable 
Conduct", filed Oct. 8, 2013, Case No. 6: 12-00799, related to U.S. 
Patent Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 
7,571,062 and 8,000,906, 86 pgs. 
"Plaintiff and Counterclaim-Defendant Invensys Systems, Inc.'s 
Answer to Defendant and Counterclaim-Plaintiff Micro Motion, Inc. 
's Second Amended Counterclaims", filed Oct. 8, 2013, Case No. 
6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 8 pgs. 
"Micro Motion, Inc.'s Opposition to Invensys Systems, Inc.'s 
Motion to Dismiss and Strike Micro Motion's Counterclaim and 
Affirmative Defense of Inequitable Conduct", filed Oct. 25, 2013, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 200 pgs. (Part 1 of 2). 
"Micro Motion, Inc.'s Opposition to Invensys Systems, Inc.'s 
Motion to Dismiss and Strike Micro Motion's Counterclaim and 
Affirmative Defense of Inequitable Conduct", filed Oct. 25, 2013, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 185 pgs. (Part 2 of 2). 
"Invensys Systems, Inc.' s Reply Brief In Support of its Motion to 
Dismiss and Strike Micro Motion, Inc.' s Counterclaim and Affirma­
tive Defense of Inequitable Conduct", filed Nov. 4, 2013, Case No. 
6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 13 pgs. 
"Micro Motion, Inc.'s Sur-Reply to Invensys Systems, Inc.'s Motion 
to Dismiss and Strike Micro Motion's Counterclaim and Affirmative 
Defense of Inequitable Conduct", filed Nov. 15, 2013, Case No. 
6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 8 pgs. 
"Joint Claim Construction and Prehearing Statement", filed Jan. 31, 
2014, Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 51 pgs. 

"Reply Brief of Emerson Electric Co. in Support of its Motion for 
Summary Judgment of Non-Infringement", filed Jan. 31, 2014, Case 
No. 6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 29 pgs. 
Plaintiff's Surreplyto Defendant Emerson Electric Co.'s Motion For 
Summary Judgment of Non-Infringement, filed Feb. 10, 2014, Case 
No. 6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 11 pgs. 
"Plaintiff's Opening Claim Construction Brief', filed Mar. 7, 2014, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 65 pgs. 
"Responsive Claim Construction Brief of Micro Motion, Inc. and 
Emerson Electric Co. Regarding Invensys Patents", filed Apr. 7, 
2014, Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 72 pgs. 
"Plaintiff's Response to Opening Claim Construction Brief of Micro 
Motion, Inc.", filed Apr. 7, 2014, Case No. 6:12-00799, related to 
U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 
7,505,854; 7,571,062 and 8,000,906, 67 pgs. 
"Micro Motion, Inc.'s and Emerson Electric Co.'s Motion for Sum­
mary Judgment of Indefiniteness", filed Apr. 11, 2014, Case No. 
6: 12-00799, related to U.S. Patent Nos. 6,311, 136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 68 pgs. 
"Plaintiff's Reply Claim Construction Brief', filed Apr. 18, 2014, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 14 pgs. 
"Plaintiff's Response to Defendant's Motion for Summary Judgment 
oflndefiniteness", filed Apr. 18, 2014, Case No. 6: 12-00799, related 
to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 
7,505,854; 7,571,062 and 8,000,906, 37 pgs. 
"Micro Motion, Inc.'s and Emerson Electric Co.'s Reply Brief in 
Support of Their Motion for Sununary Judgment oflndefiniteness", 
filed Apr. 24, 2014, Case No. 6:12-00799, related to U.S. Patent Nos. 
6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 
and 8,000,906, 109 pgs. 
"Joint Claim Construction Charts", filed Apr. 24, 2014, Case No. 
6: 12-00799, related to U.S. Patent Nos. 6,311, 136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 45 pgs. 
"Amended Joint Claim Construction Charts", filed Apr. 29, 2014, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 15 pgs. 
"Additional Document to Amended Joint Claim Construction 
Charts", filed Apr. 29, 2014, Case No. 6:12-00799, related to U.S. 
Patent Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 
7,571,062 and 8,000,906, 34 pgs. 
Declaration ofRichardB. Hall fromIPR2014-00392, relating to U.S. 
Patent No. 8,000,906, filed Jan. 29, 2014, 3 pgs. 
Declaration of Dr. Michael D. Sidman from IPR 2014-00392, relat­
ing to U.S. Patent No. 8,000,906, dated Jan. 29, 2014, 122 pgs. 
"Decision-Institution oflnter Partes Review" Pursuant to 37 C.F.R. 
§ 42.108, dated Jun. 2, 2014, filed in Case IPR 2014-00170, relating 
to U.S. Patent No. 6,311,136, 18 pgs. 
"Decision-Institution oflnter Partes Review" Pursuant to 37 C.F.R. 
§ 42.108, dated Jun. 2, 2014, filed in Case IPR 2014-00179, relating 
to U.S. Patent No. 7, 124,646, 23 pgs. 
"Decision-Institution oflnter Partes Review" Pursuant to 37 C.F.R. 
§ 42.108, dated Jun. 2, 2014, filed in Case IPR 2014-00178, relating 
to U.S. Patent No. 7,136,761, 24 pgs. 
"Decision-Institution oflnter Partes Review" Pursuant to 37 C.F.R. 
§ 42.108, dated Jun. 2, 2014, filed in Case IPR 2014-00167, relating 
to U.S. Patent No. 7,505,854, 17 pgs. 
DeCarlo, Joseph, "True Mass-Flow Measurement"; Fundamentals of 
Flow Measurement, Unit 11-2; pp. 208-220; 1984. 
Grumski, J.T., et al., "Performance of a Coriolis-type Mass Flow 
Meter in the Measurement of Two-phase (air-liquid) Mixtures", 
ASME Fluid Engineering Division Publication FED, vol. 17, pp. 
75-84, 1984. 
Henry, M.P., ""Intelligent" Behaviour For Self-Validating Sensors", 
Advances In Measurement, pp. 1-7, date unknown. 



US 9,014,997 B2 
Page 5 

(56) References Cited 

OTHER PUBLICATIONS 

Henry, M.P., "Self-Validation Improves Coriolis Meter", Control 
Engineering, 42 (6), pp. 81-86 (1995). 
Henry, M.P., "Sensor Validation and Fieldbus", IEEE Computing and 
Control Engineering Journal, 6 (6), pp. 263-269. 
Henry, M.P., et al., "A New Approach to Sensor Validation", 
Improved Analyser Performance, IMC, Mar. 17, 1992. 
Henry, M.P., et al., "A Self-Validating Digital Coriolis Mass-flow 
Meter: An Overview", Control Engineering Practice 8 (2000), 487-
506. 
Henry, M.P., et al., "A Standard Interface For Self-Validating Sen­
sors", Report No. QUEL 1884/91, University of Oxford, Department 
of Engineering Science, Sep. 1991. 
Henry, M.P., et al., "Signal Processing, Data Handling and Commu­
nications: The Case for Measurement Validation", Mar. 1992. 
Henry, M.P., et al., "The Implications of Digital Communications on 
Sensor Validation", Report No. QUEL 1912/92, University of 
Oxford, Department of Engineering Science, Apr. 1992. 
Henry, M.P., et al., "The Self-Validating Sensor: Rationale Defini­
tions and Examples", Control Engineering Practice, 1 (4), pp. 585-
610, 1993. 
J. Hemp et al.; "On the Theory and Performance of Coriolis Mass 
Flowmeters"; Proceedings of the International Conference on Mass 
Flow Measurement Direct and Indirect; IBC Technical Services; 40 
pages; London, Feb. 1989. 
Liu, R.P., et al., "A Neural Network to Correct Mass Flow Errors 
Caused by Two Phase Flow in a Digital Coriolis Mass Flow Meter". 
Engineering Science Department, Oxford University. 
Luntta, E., et al., "Neural Network Approach to Ultrasonic Flow 
Measurements", Flow Measurement and Instrumentation, vol. 10, 
pp. 35-43, 1999. 
Merriam-Webster's Collegiate Dictionary, Tenth Edition, 1998, p. 
747. 
Reimann, J., "Developments in Tow-Phase Mass Flow Rate Instru­
mentation", pp. 339-402. 
Skea, A.F., "Effects of Gas Leaks in Oil Flow on Single-Phase 
Flowmeters", Flow Measurement and Instrumentation, vol. 10, pp. 
146-150 (1999). 
Sptizer, David A., "Mass Flowmeters", Industries Flow Measure­
ment, Chapter 12, pp. 197-210, 1990. 
Wood et al., "A Phase-Locked Loop for Driving Vibrating Tube 
Densimeters," Rev. Sci. Instrum., vol. 60, No. 3, Mar. 1989, pp. 
493-494. 
Office Action for corresponding Chinese Application No. 
200780040273.7, mailed Nov. 22, 2010, with English-language 
translation, 14 pages. 
Response to Office Action dated Aug. 2, 2012 for corresponding U.S. 
Appl. No. 12/852,008, filed Nov. 30, 2012, 4 pgs. 
Final Office Action dated Dec. 14, 2012 for corresponding U.S. Appl. 
No. 12/852,008, 10 pgs. 
Office Action issued Aug. 2, 2012 in related U.S. Appl. No. 
12/852,008, 13 pages. 
Analog Devices Data-Acquisition Databook, vol. II Modules-Sub­
systems, Analog Devices, Inc., 1984, 9 pgs. 
Astrom et al., "Computer Controlled Systems-Theory and Design," 
Prentice-Hall, Inc., 1984, 12 pgs. 
Berg, "Convert all your synchro channels to digital with a single 
µP-based system," Micro Networks, Electronic Design 25, Dec. 6, 
1976, pp. 78-82. 
Bracewell, The Fourier Transform and its Applications, McGraw­
Hill, Second Edition, 1978, 5 pgs. 
Canfield, "Electromechanical Control Systems and Devices," 
Kreiger Publishing Company, Original Edition 1965, Reprint 1977, 3 
pgs. 
"Capitalizing on Gold Chemistry", Chemical Engineering, Mar. 
2003, 8 pgs. 
"Cash in on flowmeter innovation: there is an abundance of new 
technology, not only for sophisticated uses, but also for fundamental 
ones," ProQuest Dialog, Mar. 2003, 7 pgs. 

De Silva, "Control Sensors and Actuators," De Silva, Prentice Hall, 
1989, 12 pgs. 
"Emerson Announces Next Generation Enhancements to Micro 
Motion Coriolis Flowmeters," Micro Motion Press Release, Jun. 29, 
2006, 3 pgs. 
Excerpt from Merriam-Webster's Collegiate Dictionary, Tenth Edi­
tion, 1996, 4 pgs. 
"Explaining how two-phase flow affects mass flowmeters," Micro 
Motion White Paper, 2004, 4 pgs. 
"FlowScale™ System," Instruction Manual, Micro Motion, Inc., 
Dec. 1992, 79 pgs. 
Franklin et al., "Digital Control of Dynamic Systems," Addison­
Wesley Publishing Company, Second Edition, 1990, 10 pgs. 
Graeme et al., "Operational Amplifiers Design and Applications," 
McGraw-Hill, 1971, 5 pgs. 
Invalidity Contentions of Emerson Electric Co. and Micro Motion, 
Inc., dated Sep. 13, 2013, Case No. 6: 12-00799, related to U.S. Patent 
Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 
7,571,062 and 8,000,906, 206 pgs. (Part 1of2). 
Invalidity Contentions of Emerson Electric Co. and Micro Motion, 
Inc., dated Sep. 13, 2013, Case No. 6: 12-00799, related to U.S. Patent 
Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 
7,571,062 and 8,000,906, 291 pgs. (Part 2 of2). 
"Invensys Digital Coriolis mass flowmeter receives Control Engi­
neering Editors' Choice Award," Invensys Press Information, Jan. 30, 
2003, 4 pgs. 
Kovacevic et al., "Local Cosine Bases in Two Dimensions," IEEE, 
Trans. on Image Proc., vol. 6, No. 11, Nov. 1997, pp. 1580-1583. 
Kuo, "Automatic Control Systems," Third Edition, Prentice-Hall, 
Inc., 1975, 3 pgs. 
Kutin, Jose et al., "Phase Locking Control of the Coriolis Meter's 
Resonance Frequency Based on Virtual Instrumentation," Sensors 
and Actuators A 104 (2003), pp. 86-93. 
"Micro Motion Model D Mass Flow Meters," Instruction Manual, 
Jun. 1985, 97 pgs. 
Millman et al., "Integrated Electronics: Analog and Digital Circuits 
and Systems," McGraw-Hill, 1972, 5 pgs. 
"Model D Meter Supplement, Slug Flow and Loading/Unloading," 
Instruction Manual, Micro Motion, Inc., Sep. 1987, 8 pgs. 
"Model RFT9739 Rack-Mount Transmitter," Micro Motion Instruc­
tion Manual, Version 3 Transmitters, Feb. 2000, 130 pgs. 
Naylor, Excerpt from Dictionary of Mechanical Engineering, Fourth 
Edition, Butterworth-Heinemann, 1996, 3 pgs. 
Ogata, "Modern Control Engineering," Chapter 5 Basic Control 
Actions and Industrial Automatic Controls, Prentice-Hall, Inc., 1970, 
8 pgs. 
Oppenheim et al., "Digital Signal Processing," Prentice-Hall, Inc., 
Jan. 1975, 6 pgs. 
Pan, "A Tutorial on MPEG/Audio Compression," IEEE, 1996, 12 
pgs. 
Patten, "The Micro Motion Elite Promise," Micro Motion White 
Paper, 2005, 4 pgs. 
Proakis et al., "Digital Signal Processing," Macmillian Publishing 
Company, Second Edition, 1992, pp. 1-23. 
Saucedo et al., "Introduction to Continuous and Digital Control Sys­
tems," Macmillan, 1968, 7 pgs. 
"Setting the Standard for Automation," ISA, Show Products, Dec. 1, 
2002, 3 pgs. 
Welch, "The Use of Fast Fourier Transform for the Estimation of 
Power Spectra: A Method Based on Time 17 Averaging Over Short, 
Modified Periodograms," IEEE Trans. Audio and Electroacoust., vol. 
AU-15, Jun. 1967, pp. 70-73. 
Wiley and Sons, "Programs for Digital Signal Processing," IEEE 
Acoustics, Speech, and Signal Processing Society, 1979, 4 pgs. 
Combined Search and Examination Report under Sections 17 and 
18(3) for Patent Application No. GB0512421.9, dated Jul. 20, 2005, 
5 pgs. 
European Search Report for EP 04 02 1672 dated Jul. 10, 2007, 3 pgs. 
U.S. Appl. No. 111458,251, filed Jul. 18, 2006, 75 pgs. 
BriefonAppeal in U.S. Appl. No. 111458,251, filedMar.17, 2008, 12 
pgs. 
OfficeActionissuedMay 11, 2004, U.S. Appl. No.10/637,620, 8pgs. 



US 9,014,997 B2 
Page 6 

(56) References Cited 

OTHER PUBLICATIONS 

Response filed Oct. 8, 2004 to Office Action issued May 11, 2004, 
U.S. Appl. No. 10/637,620, 17 pgs. 
Final Office Action issued Nov. 17, 2004, U.S. Appl. No. 10/637,620, 
9 pgs. 
Response filed Jan. 25, 2005 to Final Office Action issued Nov. 17, 
2004, U.S. Appl. No. 10/637,620, 14 pgs. 
OfficeActionissuedApr.13, 2007, U.S. Appl. No. 111552,133, 5 pgs. 
Office Action issued Nov. 29, 2007, U.S. Appl. No. 111552,133, 6 
pgs. 
Response filed Feb. 12, 2013 to Final Office Action issued Dec. 14, 
2012, U.S. Appl. No. 12/852,008, 5 pgs. 
International Search Report regarding corresponding PCT/US03/ 
09703, mailed Dec. 17, 2003, 2 pgs. 
Office Action issued Jun. 26, 2012, U.S. Appl. No. 13/198,313, 7 pgs. 
Response filed Nov. 19, 2012 to Office Action issued Jun. 26, 2012, 
U.S. Appl. No. 13/198,313, 6 pgs. 
Office Action issued Oct. 1, 2013, U.S. Appl. No. 13/853,793, 7 pgs. 
Response filed Jan. 2, 2014 to Office Action issued Oct. 1, 2013, U.S. 
Appl. No. 13/853,793, 4 pgs. 
"Micro Motion Inc.'s and Emerson Electric Co.'s Motion for Leave 
to Supplement Invalidity Contentions", filed Jun. 10, 2014, Case No. 
6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7, 136,761; 7,505,854; 7,571,062 and 8,000,906, 167 pgs. 
"Order Denying Invensys Systems, Inc.'s Motion to Dismiss and 
Strike Micro Motion Inc. USA's Counterclaim and Affirmative 
Defenses oflnequitable Conduct", filed Jul. 9, 2014, Case No. 6: 12-
00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 7, 124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 5 pgs. 
"Micro Motion, Inc. 'sand Emerson Electric Co.'s Reply in Support 
of Their Motion for Leave to Supplement Invalidity Contentions", 
filed Jul. 10, 2014, Case No. 6: 12-00799, related to U.S. Patent Nos. 
6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 
and 8,000,906, 16 pgs. 
"Plaintiff and Counterclaim-Defendant Invensys Systems, Inc.'s 
Answer to Defendant and Counterclaim-Plaintiff Micro Motion, 
Inc.'s Second Amended Counterclaims", filed Jul. 23, 2014, Case 
No. 6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 10 pgs. 
"Order Denying Emerson Electric Co. and Micro Motion, Inc., 
USA's Motion to Stay Pending Inter Partes Review," filed Jul. 25, 
2014, Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 7 pgs. 
"Memorandum Opinion and Order", filed Aug. 6, 2014, Case No. 
6:12-00799, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 33 pgs. 
"Decision for Institution of Inter Partes Review Under 37 C.F.R. § 
42.108", dated Aug. 4, 2014, filed in Case IPR 2014-00392, relating 
to U.S. Patent No. 8,000,906, 27 pgs. 
"Decision for Institution of Inter Partes Review Under 37 C.F.R. § 
42.108", dated Aug. 4, 2014, filed in Case IPR 2014-00390, relating 
to U.S. Patent No. 6,754,594, 33 pgs. 
"Decision for Institution of Inter Partes Review Under 37 C.F.R. § 
42.108", dated Aug. 4, 2014, filed in Case IPR 2014-00393, relating 
to U.S. Patent No. 7,571,062, 23 pgs. 
"Patent Owner Response Pursuant to 3 7 C.F.R. § 42 .120", dated Aug. 
18, 2014, filed in Case IPR 2014-00170, relating to U.S. Patent No. 
6,311,136, 36 pgs. 
"Patent Owner Response Pursuant to 3 7 C.F.R. § 42 .120", dated Aug. 
18, 2014, filed in Case IPR 2014-00179, relating to U.S. Patent No. 
7,124,646, 38 pgs. 
"Patent Owner Response Pursuant to 3 7 C.F.R. § 42 .120", dated Aug. 
18, 2014, filed in Case IPR 2014-00178, relating to U.S. Patent No. 
7,136,761, 64 pgs. 
"Patent Owner Response Pursuant to 3 7 C.F.R. § 42 .120", dated Aug. 
18, 2014, filed in Case IPR 2014-00167, relating to U.S. Patent No. 
7,505,854, 51 pgs. 

"Patent Owner's Motion for Amendment Pursuant to 37 C.F.R. § 
42.121", dated Aug. 18, 2014, filed in Case IPR2014-00170, relating 
to U.S. Patent No. 6,311,136, 3 pgs. 
"Patent Owner's Motion for Conditional Amendment Under 37 C.F. 
R. § 42.121", dated Aug. 18, 2014, filed in Case IPR 2014-00179, 
relating to U.S. Patent No. 7, 124,646, 16 pgs. 
"Patent Owner's Motion for Conditional Amendment Under 37 C.F. 
R. § 42.121", dated Aug. 18, 2014, filed in Case IPR 2014-00178, 
relating to U.S. Patent No. 7,136,761, 14 pgs. 
"Patent Owner's Motion for Conditional Amendment Under 37 C.F. 
R. § 42.121", dated Aug. 18, 2014, filed in Case IPR 2014-00167, 
relating to U.S. Patent No. 7,505,854, 22 pgs. 
"Declaration of Dr. Jeffrey S. Vipperman in Support of Patent Own­
er's Response Under 35 USC§§ 316(a)(8) and Motion for Condi­
tional Amendment Under 37 CFR § 42.121", dated Aug. 18, 2014, 
filed in Case IPR 2014-00170, relating to U.S. Patent No. 6,311,136, 
77 pgs. 
"Declaration of Dr. Jeffrey S. Vipperman in Support of Patent Own­
er's Response Under 35 USC§§ 316(a)(8) and Motion for Condi­
tional Amendment Under 37 CFR § 42.121", dated Aug. 18, 2014, 
filed in Case IPR 2014-00179, relating to U.S. Patent No. 7, 124,646, 
54 pgs. 
"Declaration of Dr. Jeffrey S. Vipperman in Support of Patent Own­
er's Response Under 35 USC§§ 316(a)(8) and Motion for Condi­
tional Amendment Under 37 CFR § 42.121", dated Aug. 18, 2014, 
filed in Case IPR 2014-00178, relating to U.S. Patent No. 7, 136,761, 
98 pgs. 
"Declaration of Dr. Jeffrey S. Vipperman in Support of Patent Own­
er's Response Under 35 USC§§ 316(a)(8) and Motion for Condi­
tional Amendment Under 37 CFR § 42.121", dated Aug. 18, 2014, 
filed in Case IPR 2014-00167, relating to U.S. Patent No. 7,505,854, 
102 pgs. 
Michael D. Sidman, Ph.D. Deposition Transcript (Part 1), Aug. 6, 
2014, 219 pgs. 
Michael D. Sidman, Ph.D. Deposition Transcript (Part 2), Aug. 7, 
2014, 131 pgs. 
Philips Data Sheet, RF Communications Products, Nov. 7, 1997, 14 
pgs. 
Maxim Data Sheet, Improved, SPST/SPDT Analog Switches, 1996, 
12 pgs. 
McGraw-Hill Dictionary of Scientific and Technical Terms, Fifth 
Edition, 1994, 3 pgs. 
Excerpts from Harris' Shock and Vibaration Handbook, Fifth Edi­
tion, McGraw-Hill, 2002, 7 pgs. 
Figliola et al., Excerpts from Theory and Design for Mechanical 
Measurements, Fifth Edition, John Wiley & Sons, Inc., 2011, 6 pgs. 
Horowitz et al., Excerpts from The art of electronics, Foundations, 
Chapter 1, 2nd Edition, Cambridge University Press, 1989, 3 pgs. 
Patten, T., "Keep Metering Problems from Bubbling Up", Chemical 
Processing, Reprinted Nov. 2005, 2 pgs. 
"Patent Owner's Reply to Petitioner's Opposition to Motion to 
Amend Under 37 C.F.R. §§ 42.121 and42.23", dated Nov. 21, 2014, 
filed in Case IPR 2014-00179, relating to U.S. Patent No. 7, 124,646, 
12 pgs. 
"Patent Owner's Reply to Petitioner's Opposition to Motion to 
Amend Under 37 C.F.R. §§ 42.121 and42.23", dated Nov. 21, 2014, 
filed in Case IPR 2014-00178, relating to U.S. Patent No. 7, 136,761, 
11 pgs. 
"Patent Owner's Reply to Petitioner's Opposition to Motion to 
Amend Under 37 C.F.R. §§ 42.121 and42.23", dated Nov. 21, 2014, 
filed in Case IPR 2014-00167, relating to U.S. Patent No. 7,505,854, 
12 pgs. 
CS4218 and CS421 Codec Datasheets, Crystal Semiconductor Cor­
poration, Sep. 1996, 61 pgs. 
"Micro Motion Enhanced ELITE Meters Eliminate System Faults 
Caused by Entrained Air", Micro Motion, Inc., 2008, 2 pgs. 
Sidman, Michael D., "MATLAB/SIMULINK/Toolbox Training 
Course Materials", course handout at Micro Motion, Inc. internal 
seminar on Mar. 31-Apr. 2, 1998, 7 pgs. 
Excerpt of File History of U.S. Patent No. 5,734, 112 to Bose, dated 
Aug. 14, 1996, 52 pgs. 
Excerpt of File History of U.S. Patent No. 5,555,190 to Derby, dated 
Jul. 12, 1995, 110 pgs. 



US 9,014,997 B2 
Page 7 

(56) References Cited 

OTHER PUBLICATIONS 

Excerpt of File History of U.S. Patent No. 6,754,594, dated Feb. 11, 
2003, 3 pgs. 
"Declaration of Dr. Michael D. Sidman Regarding the Invalidity of 
Claims 1, 12, 23, 24, 25, 29, 36, and43 ofU.S. Patent No. 7,571,062", 
dated Sep. 4, 2014, filed in Case IPR 2014-01409, relating to U.S. 
Patent No. 7,571,062, 107 pgs. 
"Petition for Inter Partes Review Under 35 U.S.C. §§ 311-319 and 37 
C.F.R. § 42.100 et. seq.", dated Sep. 4, 2014, filed in Case IPR 
2014-01409, relating to U.S. Patent No. 7,571,062, 59 pgs. 
"Petitioner's Motion for Joinder", dated Sep. 4, 2014, filed in Case 
IPR2014-01409, relating to U.S. Patent No. 7,571,062, 16 pgs. 
Proposed "Amended Invalidity Contentions of Emerson Electric Co. 
and Micro Motion, Inc.", dated Sep. 24, 2014, Case No. 6: 12-00799, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 128 pgs. 
Michael D. Sidman, Ph.D. Deposition Transcript, Sep. 30, 2014, 153 
pgs. 
Michael D. Sidman, Ph.D. Deposition Transcript, Oct. 1, 2014, 86 
pgs. 
Jeffrey Vipperman, Ph.D., Deposition Transcript, Oct. 6, 2014, 207 
pgs. 
Jeffrey Vipperman, Ph.D., Deposition Transcript, Oct. 7, 2014, 158 
pgs. 
"Opposition to Petitioner's Motion for Joinder", dated Oct. 6, 2014, 
filed in Case IPR 2014-01409, relating to U.S. Patent No. 7,571,062, 
14 pgs. 
"Declaration of Dr. Jeffrey S. Vipperman in Support of Patent Own­
er's Response Under 35 USC§§ 316(a)(8)", dated Oct. 10, 2014, 
filed in Case IPR 2014-00392, relating to U.S. Patent No. 8,000,906, 
95 pgs. 
"Declaration of Dr. Jeffrey S. Vipperman in Support of Patent Own­
er's Response Under 35 USC§§ 316(a)(8)", dated Oct. 10, 2014, 
filed in Case IPR 2014-00390, relating to U.S. Patent No. 6,754,594, 
95 pgs. 
"Declaration of Dr. Jeffrey S. Vipperman in Support of Patent Own­
er's Response Under 35 USC§§ 316(a)(8)", dated Oct. 10, 2014, 
filed in Case IPR 2014-00393, relating to U.S. Patent No. 7,571,062, 
91 pgs. 
"Patent Owner Response Pursuant to 3 7 C.F.R. § 42 .120", dated Oct. 
10 2014, filed in Case IPR 2014-00392, relating to U.S. Patent No. 
8,000,906, 56 pgs. 
"Patent Owner Response Pursuant to 3 7 C.F.R. § 42 .120", dated Oct. 
10 2014, filed in Case IPR 2014-00390, relating to U.S. Patent No. 
6,754,594, 60 pgs. 
"Patent Owner Response Pursuant to 3 7 C.F.R. § 42 .120", dated Oct. 
10 2014, filed in Case IPR 2014-00393, relating to U.S. Patent No. 
7 ,571,062, 31 pgs. 
"Patent Owner's Motion for Amendment Pursuant to 37 C.F.R. § 
42.121", dated Oct. 10, 2014, filed in Case IPR 2014-00393, relating 
to U.S. Patent No. 7,571,062, 3 pgs. 
"Petitioner's Reply to Patent Owner's Opposition to Petitioner's 
Motion for Joinder", dated Oct. 14, 2014, filed in Case IPR 2014-
01409, relating to U.S. Patent No. 7,571,062, 7 pgs. 
"Declaration of Howard V. Derby", dated Oct. 23, 2014, filed in Case 
No. 6:12-00799, related to U.S. Patent Nos. 6,311,136; 7,124,646; 
7,136,761; 7,505,854; 3 pgs. 
Michael D. Sidman, Ph.D. Supplemental Declaration, dated Oct. 27, 
2014, 6 pgs. 
"Petitioner's Reply to Patent Owner's Response to Petition", dated 
Oct. 27, 2014, filed in Case IPR 2014-00170, relating to U.S. Patent 
No. 6,311, 136, 13 pgs. 
"Petitioner's Reply to Patent Owner's Response to Petition", dated 
Oct. 27, 2014, filed in Case IPR 2014-00179, relating to U.S. Patent 
No. 7,124,646, 15 pgs. 
"Petitioner's Reply to Patent Owner's Response to Petition", dated 
Oct. 27, 2014, filed in Case IPR 2014-00178, relating to U.S. Patent 
No. 7,136,761, 18 pgs. 

"Petitioner's Reply to Patent Owner's Response to Petition", dated 
Oct. 27, 2014, filed in Case IPR 2014-00167, relating to U.S. Patent 
No. 7,505,854, 17 pgs. 
"Petitioner's Opposition to Patent Owner's Motion to Amend", dated 
Oct. 27, 2014, filed in Case IPR 2014-00179, relating to U.S. Patent 
No. 7,124,646, 15 pgs. 
"Petitioner's Opposition to Patent Owner's Motion to Amend", dated 
Oct. 27, 2014, filed in Case IPR 2014-00178, relating to U.S. Patent 
No. 7,136,761, 17 pgs. 
"Petitioner's Opposition to Patent Owner's Motion to Amend", dated 
Oct. 27, 2014, filed in Case IPR 2014-00167, relating to U.S. Patent 
No. 7,505,854, 16 pgs. 
"Order Conduct of the Proceeding", dated Nov. 4, 2014, filed in Case 
IPRs 2014-00179 (Patent 7,124,646; 2014-00178 (Patent 7,136,761) 
and 2014-00167 (Patent 7,505,854), 4 pgs. 
"Invensys Systems, Inc. 's Sur-reply to Defendants' Request for 
Leave to File Supplemental Authority in Support of Their Motion for 
Leave to Supplement Invalidity Contentions", filed Sep. 12, 2014, 
Case No. 6: 12-00799, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 3 pgs. 
Patent Owner Motion for Observations, relating to U.S. Patent No. 
6,311,136, Dec. 5, 2014, 8 pgs. 
"Petitioner's Motion to Exclude Evidence", relating to U.S. Patent 
No. 7,124,646, Dec. 5, 2014, 13 pgs. 
"Petitioner's Motion to Exclude Evidence", relating to U.S. Patent 
No. 7,136,761, Dec. 5, 2014, 13 pgs. 
"Petitioner's Motion to Exclude Evidence", relating to U.S. Patent 
No. 7,505,854, Dec. 5, 2014, 13 pgs. 
Jeffrey Vipperman, Ph.D., Deposition Transcript, Dec. 10, 2014, 26 
pgs. 
Jeffrey Vipperman, Ph.D., Deposition Transcript, Dec. 11, 2014, 23 
pgs. 
"Patent Owner Preliminary Response Pursuant to 37 C.F.R. 
§ 42.107", relating to U.S. Patent No. 7,571,062, Dec. 16, 2014, 17 
pgs. 
"Patent Owner's Response to Petitioner's Motion to Exclude Evi­
dence", relating to U.S. Patent No. 7,124,646, Dec. 18, 2014, 11 pgs. 
"Patent Owner's Response to Petitioner's Motion to Exclude Evi­
dence", relating to U.S. Patent No. 7,136,761, Dec. 18, 2014, 12 pgs. 
"Patent Owner's Response to Petitioner's Motion to Exclude Evi­
dence", relating to U.S. Patent No. 7,505,854, Dec. 18, 2014, 11 pgs. 
"Petitioner's Response to Patent Owner's Observations on Cross­
Exarnination of Petitioner's Reply Witness", relating to U.S. Patent 
No. 6,311,136, Dec. 18, 2014, 155 pgs. 
"Petitioner's Reply to Patent Owner's Response to Petition", relating 
to U.S. Patent No. 8,000,906, Dec. 19, 2014, 18 pgs. 
"Petitioner's Reply to Patent Owner's Response to Petition", relating 
to U.S. Patent No. 6,754,594, Dec. 19, 2014, 24 pgs. 
"Petitioner's Reply to Patent Owner's Response to Petition", relating 
to U.S. Patent No. 7,571,062, Dec. 19, 2014, 15 pgs. 
"Petitioner's Reply in Support of Motion to Exclude Evidence", 
relating to U.S. Patent No. 7, 124,646, Dec. 22, 2014, 7 pgs. 
"Petitioner's Reply in Support of Motion to Exclude Evidence", 
relating to U.S. Patent No. 7, 136,761, Dec. 22, 2014, 7 pgs. 
"Petitioner's Reply in Support of Motion to Exclude Evidence", 
relating to U.S. Patent No. 7,505,854, Dec. 22, 2014, 7 pgs. 
Micro Motion's Demonstratives for Oral Hearing, relating to U.S. 
Patent Nos. 6,311,136; 7,124,646; 7,136,761; 7,505,854; Jan. 15, 
2015, 62 pgs. 
"Invensys' Demonstrative Exhibits for Oral Hearing on Jan. 15, 
2015", related to U.S. Patent Nos. 6,311,136; 7, 124,646; 7, 136,761; 
7,505,854; 115 pgs. 
Exhibit A-"Invensys Systems, Inc's letter to the Court requesting 
permission to file a motion to strike and include: 1) the opinion 
testimony of Defendant's survey expert Dr. Blair, and 2) the survey 
itself as irrelevant and unreliable", filed Jan. 26, 2015, Case No. 
6:12-cv-00799-JRG, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 3 pgs. 
Exhibit A-"Invensys Systems, Inc.'s letter to the Court requesting 
permission to file a motion to strike Dr. Bose's report and exclude his 
testimony to the extent he: 1) relies on Defendants' C31 and C32 
prototypes, 2) uses claims constructions that differ from the construe-



US 9,014,997 B2 
Page 8 

(56) References Cited 

OTHER PUBLICATIONS 

tions adopted by the Court, 3) relies on the Astrom reference, and 4) 
relies on Dr. Direen's expert report", filed Jan. 26, 2015, Case No. 
6:12-cv-00799-JRG, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 3 pgs. 
Exhibit A-"Invensys Systems, Inc.'s letter to the Court requesting 
permission to file a motion to strike Dr. Direen' s expert reports dated 
Oct. 4, 2014", filed Jan. 26, 2015, Case No. 6:12-cv-00799-JRG, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 2 pgs. 
Exhibit A-"Invensys Systems, Inc.' s Letter to the Court requesting 
permission to file a motion to strike the Rebuttal Expert Reports of 
Michael D. Sidman, Ph.D.", filed Jan. 26, 2015, Case No. 6:12-cv-
00799-JRG, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 2 pgs. 
Exhibit A-"Invensys Systems, Inc.' s Letter to the Court requesting 
permission to file a summary judgment motion on infringement and 
validity of claim 23 of U.S. Patent No. 7,571,062", filed Jan. 26, 
2015, Case No. 6: 12-cv-00799-JRG, related to U.S. Patent Nos. 
6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 
and 8,000,906, 2 pgs. 
Exhibit A-"Invensys Systems, Inc.' s Letter to the Court requesting 
permission to file a summary judgment motion on Defendants' affir­
mative defenses of: 1) anticipation and obviousness based on Defen­
dants' C3 l and C32 prototypes, 2) lack of enablement, and 3) insuf­
ficient written description", filed Jan. 26, 2015, Case No. 6: 12-cv-
00799-JRG, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 3 pgs. 
Exhibit !-"Letter to Court regarding requested permission to file 
motions for summary judgment 30 days after receipt of the USPTO's 
final decision in remaining IPRs", Case 6: 12-cv-00799-JRG, filed 
Jan. 26, 2015, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 2 pgs. 
Exhibit !-"Defendants' Letter to the Court requesting permission to 
file a Daubert motion to exclude and strike the opinions and testimony 
of Plaintiff Invensys Systems, Inc.'s technical expert, Dr. Jeffrey J. 
Rodriguez", filed Jan. 26, 2015, Case No. 6:12-cv-00799-JRG, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 3 pgs. 
Exhibit !-"Defendants' Letter to the Court requesting permission to 
file a Daubert motion to exclude and strike the opinions and testimony 
of Plaintiff Invensys Systems, Inc. 's technical expert, Dr. Christopher 
D. Rahn", filed Jan. 26, 2015, Case No. 6: 12-cv-00799-JRG, related 
to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 
7,505,854; 7,571,062 and 8,000,906, 3 pgs. 
Exhibit A-"Request to deny Defendant's request for blanket per­
mission to file motions for summary judgment of invalidity", C.A. 
No. 6:12-cv-8799-JRG; Invensys Systems, Inc. v. Emerson Electric 
Co., et al.. filed Feb. 12, 2015, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 2 pgs. 
Exhibit A-"Letter to the Court regarding Defendants' argument for 
striking the expert report of Invensys'sw infringement expert, Dr. 
Jeffrey Rodriquez", case 6: 12-cv-00799-JRG, filed Feb. 12, 2015, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 5 pgs. 
Exhibit A-"Letter to the Court regarding denial of Defendants' 
request for permission to file a Daubed motion seeking to exclude the 
opinions of Invensys' validity expert, Dr. Christpopher D. Rahn, 
Ph.D.", Case 6: 12-cv-00799-JRG, filed Feb. 12, 2015, related to U.S. 
Patent Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 
7,571,062 and 8,000,906, 5 pgs. 

Exhibit A-"Responsive letter brief in opposition to Plaintiff 
Invensys Systems, Inc.'s letter brief requesting permission to file a 
motion to strike and exclude the expert testimony of Dr. Tamai Bose 
on certain subjects", Case 6:12-cv-00799-JRG, filed Feb. 12, 2015, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 5 pgs. 
Exhibit !-"Letter to the Court requesting that Invensys's proposed 
motion to strike the expert reports of Dr. Harry Direen and exclude his 
testimony at trial should be denied", Case 6: 12-cv-00799-JRG, filed 
Feb. 12, 2015, related to U.S. Patent Nos. 6,311,136; 6,754,594; 
7,124,646; 7,136,761; 7,505,854; 7,571,062 and 8,000,906, 5 pgs. 
Exhibit !-"Micro Motion's letter briefrequesting permission to file 
a Daubed motion to exclude and strike the opinions and testimony of 
Dr. Christopher D. Rahn is supported by the law and facts", Case 
6: 12-cv-00799-JRG, filed Feb. 20, 2015, related to U.S. Patent Nos. 
6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 
and 8,000,906, 3 pgs. 
Exhibit !-"Micro Motion's letter briefrequesting permission to file 
a Daubed motion to exclude and strike the opinions and testimony of 
Prof. Jeffrey J. Rodriguez is suported by the law and facts", Case 
6: 12-cv-00799-JRG, filed Feb. 20, 2015, related to U.S. Patent Nos. 
6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 
and 8,000,906, 3 pgs. 
Exhibit A-"Letter to the Court requesting that Dr. Direen' s opinions 
should be stricken", Case 6:12-cv-00799-JRG, filed Feb. 20, 2015, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 4 pgs. 
Exhibit A-"Letter to the Court stating that Invensys should be 
allowed to file a summary judgment motion on infringment because 
Defendant's make no attempt to challenge Invensys' evidence", Case 
6: 12-cv-00799-JRG, filed Feb. 20, 2015, related to U.S. Patent Nos. 
6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 
and 8,000,906, 5 pgs. 
Exhibit A-"Letter to the Court regarding Defendants' response to 
Invensys' s opening letter brief request does not address the inadequa­
cies of Dr. Blair's survey and his testimony should be excluded", 
Case 6: 12-cv-00799-JRG, filed Feb. 20, 2015, related to U.S. Patent 
Nos. 6,311,136; 6,754,594; 7,124,646; 7,136,761; 7,505,854; 
7,571,062 and 8,000,906, 4 pgs. 
Exhibit A-"Letter to the Court regarding Defendants' attempts to 
defend Dr. Bose's opinions are unavailing", Case 6:12-cv-00799-
JRG, filed Feb. 20, 2015, related to U.S. Patent Nos. 6,311,136; 
6,754,594; 7,124,646; 7,136,761; 7,505,854; 7,571,062 and 
8,000,906, 4 pgs. 
Exhibit A-"Letter to the Court stating that Defendants' arguements 
are without merit", Case 6: 12-cv-00799-JRG, filed Feb. 20, 2015, 
related to U.S. Patent Nos. 6,311,136; 6,754,594; 7,124,646; 
7,136,761; 7,505,854; 7,571,062 and 8,000,906, 5 pgs. 
"Patent Owner's Motion to Exclude Evidence", relating to U.S. 
Patent No. 6,754,594, Feb. 2, 2015, 13 pgs. 
"Petitioners Opposition to Patent Owner's Motion to Exclude Evi­
dence", relating to U.S. Patent No. 6,754,594, Feb. 17, 2015, 8 pgs. 
"Patent Owner Motion for Observations", relating to 7,571,062 
(IPR2014-00393), Feb. 2, 2015, 9 pgs. 
"Petitioners Response to Patent Owner's Observations on Cross­
Examination of Petitioner's Reply Witness (IPR2014-00393)", Feb. 
17, 2015, 6 pgs. 
"Decision-Denying Institution oflnter Partes Review, 37 C.F.R. § 
42.108, Denying Petitioner's Motion for Joinder, 37 C.F.R. § 
42.122", entered Feb. 18, 2015, relating to 7,571,062 (IPR2014-
01409), 16 pgs. 
Response to Non-Final Office Action dated Oct. 6, 2014, U.S. Appl. 
No. 14/146,337, filed Feb. 6, 2015, (5) pgs. 
Response to Non-Final Office Action dated Oct. 7, 2014, U.S. Appl. 
No. 14/147,171, filed Feb. 9, 2015, (9) pgs. 

* cited by examiner 



U.S. Patent Apr. 21, 2015 Sheet 1of91 

r--- Massilow 
I Measurernent 

I -105 

US 9,014,997 B2 

100 
,11.;/' 

·---------------""',__i·--D-!g~itai _,/ 
1 Gontrol!er 

---"'"""""---~-----[ 

! 

I 

EJ
J 

.... ,.... ............ _...,., 

\_ 
<,""tl5 

T1-':'if",'n ,;;,,.), !}--,·: 

Sensor 

I 

-1')K 
~it.. ...... } 

\ 

~ 120 



U.S. Patent Apr. 21, 2015 Sheet 2 of 91 US 9,014,997 B2 

< 
N .. 



U.S. Patent Apr. 21, 2015 Sheet 3 of 91 US 9,014,997 B2 

C) 

i ,/~' 
,·,~-·lL 



U.S. Patent Apr. 21, 2015 Sheet 4of91 US 9,014,997 B2 

u 
M 

........... 



U.S. Patent 

(;;) 
(.0 .. ~. 

' 

Apr. 21, 2015 

i.n 
t"l 
'tj- ~\ 

Sheet 5 of 91 US 9,014,997 B2 



U.S. Patent 

t 

<',..J'~ 

i 
t() 
0 
LO 

Apr. 21, 2015 Sheet 6 of 91 US 9,014,997 B2 



U.S. Patent Apr. 21, 2015 Sheet 7of91 

6·1f5 
\ 

Collect 
th1ta 

Detennine 
Frequency 

'- Determ!ne/E!rmln~1tEJ 
OH set 

i 

+ 
Determine 

Phase 

I 
_l -'"""'""''·'··-~' 

US 9,014,997 B2 

600 



U.S. Patent 

Voltage 

Apr. 21, 2015 Sheet 8 of 91 US 9,014,997 B2 

/"~ 
./'~~,,'"' 

/ 
l 

i / 'r~~~~~,----
/ Tirne 

/' 
~,_./ 

,/ 

FIG~ 7A 

FIG~ 78 

Time 



U.S. Patent Apr. 21, 2015 Sheet 9 of 91 US 9,014,997 B2 

0.12 ______ , ·-~---·-------~~---.,,, 

(}1, 

~0$ ' 

t\ /\\\ I ./\ l\· l \ t \ il \ ji · r~u~ l l .\ '! \ 

! J ,~ lf '\ i \ 
I! \ 1 ..• d I ' 

~ ~. ~I \ I 
0:)04 , l I ' fl ' I 
,. / \ I \\ fil \ } . 

(tZt'r.i t \ I ' 
I/ \/ l 

FIG~BB 



U.S. Patent Apr. 21, 2015 

910 
"·,....__ Estimate en,t_po!nt 

930 t 
""" I Sele cl skip Ieng th 

940 
:-..~....,""""'~ 

~-ff,~ 

l.:-J.+0"~---t-· ---·""""" 

950 

' 

Sheet 10 of 91 US 9,014,997 B2 

965 



U.S. Patent Apr. 21, 2015 Sheet 11 of 91 

'1 (\'ff) ····---·~· !w l\ 1- J __ ~ 

'""-~.' Detsrmlno 
f:cm1 ~ f1m2 

1025 

'1030 

\,, Repeat for 
(12, d1m2 

,,.---~*"-----.. 

Generate Avera.gos 
of Amplitude & 

Pt1ase Differences 

FIG~ 10 

US 9,014,997 B2 



STNfflJP FOR 2" l./!/2T EMPTY FLOVVTUBE 'N!THO!JT SQUARE "WAVE i·OCK-BTAHT rn 
t ,;91:>;1;'{io~:.:.W}l~--{l(i((~:1~·G~M!Ji,i1«~~==~5ail(~Sit~~.,,11irwr,.,1~~~J-®tim~~t:~1.-:-L~~:11~~~~"~,.,. "~ 

PRIVE 
SlGHAt l 5··· 

FIG~ 11A OL 
a 

-i:3 ! 

0,5 
j, 

1 
-L.. 
15 

:r;9i~ 

TlME(Sj 
2 

'-"1f~:»mllW$SS:ism:'.9:1"'."'~v• 

.L. 
2)5 3 

5 ·---,,.,,.--~-,.,...,.,.. ~""*"""~j-----~-~i-~,.r------· ..... ,.,.,.,.,., __ T __ 
I -w~·•·• ]. 

DRl\!E 0 i : @ j Iii 

' SlGNAL 2 
~ Ro 

~ 
' " ' " '' ' ' : l 
lwsumnul 1irNt;; ;hJl11.ffl#i1tl!k!m11mMtw mu 1th t m tt, utnml f'1W~1P.1f·Wil!mi'mH ~rtF®; a~~~'.'.~ , ti ::'41 

FtG. 11B »
10 o 

02r····· 

CUI· 
SENSOR , , ~ 
VOLTAGE ·1 {VJ 0 r~rn •t'rn 

-OJ 

0.5 ·1 HJ 2 io:'" &:;, ,;:,,,,,, 
TIME{$) 

~n••• , . ~n--••· _.__,..,._. .. , .. ,... T-·--,..,. . .__,,.,.... 

-~~---.-.--.~-......... --·-·»•'- l 

,, 
<.J 

FfG» 11C -u2 io 
0,5 ·1 1,5 2 2.5 3 

0.2 ·---.... -.~ 

SENSOR 0. ·t 
VOLTAGE 2 (V) I i . . ifl · o rg !-

" ! 

--0.,i 

FIG~ 11D -02' £L5 0 

·-·r 

J.. .... 
i 

TW0E(S) 
·~--y- ·-~·" 1 

~ ~ 
!. 

;} 
' ~;<:;· ~.. ' !,~ "} . -~-~--------

TIM~~ £ ~5 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... .... 
N 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



STARTUP FOR 2" WE.T EMPTY FLOWTUSE W!TH SQUARE. WAYS KlCK-STPHT 
20 

i0·-

0--

-------- --- ; ,_ 

DRiVE 
SJGMAL i 

-iO 

FIG. 12A -20 0 ----,,,- o'.5 .l ,, ________ ..J..,..~-~---·~--'--~ 

i i,5 2 
T!ME(S) 

. __ _,,__,,,_~_,_,m._»,,,,,,__ .~_..,,,..,.,_.. ,,_,,_, ____ ~n>-'>-'".,_ .. , 2D 

DRIVE 10·· 
SIGNAL 2 

0 

-10 

i .. ·-""'-'-~-----~-.:i---~-- ,_.,J.. _____ _ 
i .5 2 i 

FIG. 12B -~·0 0 -,,,-,,~-o.s 
TIME(S) ..,.,,..._,, _____ ,,_____ ----~-~.,....-. 

SENSOH 
(L4 ___ ,_,,,,,,,,,,,,,,_. 

\jf">I TAGE 1 IV\ [\ *'.> , • • ""_,J~ ~ ~ . ~ \ f N'-.t:. 

{} 

--0,2 >· 

FIG. 12C -oA.._ ____ _ _ ______ _,;~---· --· 
0 Ct5 i 2 

Tff.AE\S} 
~ ,...; 

SENSOR CL21· , 
VOLT AGE 2 (V) t · '_•1 ' 

~J ' ~,~~ 
" ~ : , 

-0.2 i~ 

ci_G· 12· O-oAI ; "~ ~ _ .. ,-~ . • , . 0 o ...... 
2 

T!ME(S) 

2.f) 

2.5 

2,5 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... . 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... .... 
(.H 

0 ..... 
"° .... 

d 
r.r;_ 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



STARTUP FOR i" E:f·APTY FLOVVTU8E VV!Th SQUARE V\!AVE·KICK START 
2!~ ! , , , .......... ~r-··-~~,-,---- . ' · -r----,, ! 

,.,R. '"<::':'. 10 ~· ' I ~·~ i h ~I i tr' ~·· ! ,. . ' u lvc · · 'j' i h ' ' ' ! 

s ! G NP,.L i •.0 ~ I; tw1 i J i ~ifi~'. '!J ,"t, tr. r· ' l n lvv\1~.f\11\ {If \Jr\ f 1i~ f H"I ~f ! Ml[\ f!ll f \jf,l n, Mi f1i/\{ \11\ Afl1tij~ !V\f\J1JVvVV\t1JV1/\fVVV1ANl1 Pi!\/ I ~~ rt~:.rJ w
1
:t·· 

1
j'(i ·· ~i-.'l i!Uv.!J',Vv~;Jvuitl'v\!V;~~·.v.t¥ ~ ~ · · ', .. ···''' 

~10 ! ' j ' ' ' '" ". ' ' 

F ~ G l3 A •20 L __ · • i ' ' . • '---···--.····-.··J ... .,,,.. . .,, ............... ., .. .J ....... m.•••••••·•••.•••••···--··L,. .• ,..,.,...,..,..,,, .. ., ..•• .,,,,.,,,J,,., ..• ,,, .. .,.,,., .. ,.,,,,,,.,.,.,.t, .. ,., ..... m,,·,,•••···•·•·•·•····• 

. . . ' - 0 0. i 0.2 0.3 OA fUS 0.6 OJ OJ3 

~'.f'IV~ ~:r i~I ii 1';) ,ru· 1· I hi ,------~~- -· ' -1 
ti!GNAL 

2 
o l~ljfl n"lf!!UJt·1JH:t!l1! . l~uJJr.1i/\AM!f\t11·Vtf\J"\ll(\f'l/\Jl,~~ f1flf\ilf\f\fii{\f\f\A,

1
f11l\AIV\fV\fV\fJl/VVV\fvV\f\JiJVVVVV\ ··, rTP! P't r r~rr <¥!),,\ ,t \.f~\<'Y•Jli',iV\lvni;,;/~P ~ ' ' ' 

Ff G. 13 B ~~~ f . ~-1--~----.... '. .. ~.~-............................... t. .......................... -.J ......... --...... _____ L. ..... -~.---.. ..L-.. ----~·- .. -L .............................. .. 
0 D. i 0.2 0.3 {}A 0.5 OJ1 0.7 0.8 

TiME(S) DAD: 1 · · · ! 

1 

. ,; 
1 ·~~~1ti··:~-~1·11~H~1:·1 1 ~·11~·~· · · · . . · ' · · · , a ~. t; !r~ : .. · Ji , d H ·· 

SENSOR 0.2 ., ' .·. ' . , : i " .. , ' ~ ' . J f, fi L 1 \. ( t l " l , ! 'rl' L ~ I 1 '! ;\ y 'I, 

VOLTAGE 

1 

(V) '0 ' l . . iA,:J~i A~MHV1MuV~J\M11~M.l l.Ju\1\i1MM.1~.il1~M~1~11.~!,. j.' ~ij\1.\'1~.~~1·1' u .. l!\1i.lil~l1.·.l1.~. 1l\11111ll,!~!1•. ·_ 
•02 . ~1;vi 111 ·''"· h1!)1~•ilhHv'H11!10ll1dh11ilhlli !min, F ~(-"1. ·1 3·C-04~- . i ry'A 0' o'.e 01?-·--··o.a 

! ' L · C 2 0 3 ' · · . ,,, 
' ' 0 0.1 I. , TlME(S) ' ' ' ...... ,.. ........ ,, ........... ,, .... ,, .. .,..... ' 

04, ---.. ·-·.-r ............... _.,, ........... -r-................ ,,w ......... r·· .. -... : ........ ,.,,...,, ...... r ............ ,, ..... ~ ...... ; ' ! j ~ i ' I~~··~~' j I:~ U l 
I : '. ' ·. ' I ' ~ ' .· ' . ~ H H ! ~ . u ; 'l I di , d ',)( \ f! l 

SENSOH G.2 .. ' ' " ' ' . , ! , J '! '!., 1d! i l l !l !J J j\ ! j it· ! ! J!1.1 11 , ' .i\I I 

VOLTA.GE 

2 

(V) 'o~. ! ''' ,. 'tltA···A .· .. 1AtJ\A,{\fil\fi1.n11V\f\.iV1.~1.w. 1~11M11~11.:~1.1J~ll11~l~~·~1l~'j, '111llj 1·111 1 11J'l~f 1.1·~11. l~Y1 l~.111l1.ll~1 lll!~Hl 111.~1kl~\J~tl\J .. rnYV,yf,.J11hMii1111 1 11i~·1i!iH, )~ l• · ~111,11111 
1

1. -021- . , ' ' , I , ' ' f ' v ' , .· I ' f f ' ' ' i l ' !. , 
F ~ C, 13 D ; ' ' ,,.,. ......... ~-l..... ·-:1-:- (' ". o. 

1 
------~~ o a ' '" A .,=mm I'\ • f; 5 ,j.I/ ' J, • -ti.'• A • (! 2 (),3 v.'i "·' 

O ,,.,, . T!ME{S) 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... .... 
.i;... 

0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



U.S. Patent Apr. 21, 2015 Sheet 15 of 91 

\""' E:stimate Nominal 
Operatlng Frequency 

,14'10 - .. ,_ J '"' 
~J 8ynthesize 

l r I ' . 1 r'» · 
'~ommar 0rgna1s 

1420 
\ Ellmirrnte 

High r Components 

1425 
"--.,, Combine Signals 

to Produce u[h] 

\,~ Galculato Fmquencv 
............. ' . ~ 

Dt:>liaHon 

14;;'.35 
\_, Add to 

''!440 
\~ 

Nominal Frnousncy 

Determ\ne 
Ampntude 

Deterrnln(l 

US 9,014,997 B2 

FIG~ 14 



U.S. Patent 

1550 
\ 

Apr. 21, 2015 Sheet 16 of 91 

··--·--~ Mass Flnw 
1505,\ I },,•\f:i<1SUf8tij(Hi! 

~-~·"-'--""'""'"''"""""~ .. ,,, ... ..,..."" .. ""·-< ~~~ 

FIG~ 15A 

a(t) 
~~·-·""'""'"l 

...--'--~ 

amp 

'""'"~""" 

' i 

SHnsof 
SigtHlh3 

' \ 
\ 

US 9,014,997 B2 



1610 
\ ........... s·-

1625 
.. , 
"··-.... _i G· . :;.- ... ··d·.) ArY' v·~lt, ... .,.. . ::iene, "'',0 . ,A}HI uau, 

Frequency and Phase 

.; p·· ()/J 10· .. .)1, 
\_, __ 

(J·a:[c>u~ate tv1ass 
F!OW' rate 

Receive 
Sens.or Data 1605 

k:: 
.. ,,,,,.,...,D .,,.,,.,,,_. - ,...,_ . .., ... __ ----~.,,.,. ' ;iii 

11"' 1- ·i ,,,. 
i r·~ ~... ~_....... f v ,,; 

,,, .1601D· ,,.v 
1f).40 

Gennrate Drive Signal 
a.s Dl ne rencs 

Defrnmine Arnp!ltude L/ 
am 

iF'"'.:ih 
~ 
' 

! .. J;,,,_.;-.,._,,.,< j 
$' Y'4r:, -~____:t_..h .. ,, 'D .. .; 

I .. ) '<J flit ;:; A{r ,.. fl 
:./ "· ~· ,,o; ~.. 0 

f1I Ca\cu1aHon 
of Gain 

. (' 
/''' 

'1550 
,,,....-·'( 

'h'"' t ~ l v ._I.< l , ·-~·,..-· 
~-.J 

.. , : .. MWHpiy. Dr_ Ive. Signal 
by Galn 

FIG~ 16 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... .... 
--:i 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



U.S. Patent Apr. 21, 2015 Sheet 18 of 91 US 9,014,997 B2 

t"" 

~Wn 
i. 

K {s\ __,..jk[ _ _..1~----il!~P'l! """""'"""'.- a 1(s) 
' 0 '"" L _____ ~ ___ .. J ':~:._ \::::_~_./ L"------~------... 

FIG~ 17 

FIG~ ·13 



U.S. Patent Apr. 21, 2015 Sheet 19 of 91 US 9,014,997 B2 

'l ')? /',, ................................ L .......... _ .. J 

0 
:1·2~: L ... ~------_.___ _ ___.__ .. _--J, 

\,),...... . ........ , - .... .. 

20 30 40 50 6l1 
AD1879 Tempernture{C} 

FIG.19A 

SV2: -v~ Gain 

3.045 ...... 3,. ••. .- ------------.... ~'""""''"'""""''"~'' --------·--·-···--·-..... 

' 

.:-:.."~··"-"'"-'" '"~ 

. .. .... i ........... _ ...... ,J 
3,0 4 .............. , .. --·--- .................... . 

AD'1879 
Gain 

·'"'> l .. ,J [ , 
,, ' } >-'.) ~ ""'-::,_,::;::: i . . ............ ""'"'" ......... , ....... , __ 

>') -~ ,,.,., /;' .. , ....... i . . ....... 1 .................................. -, ........... . 

0:~::·----T .- __ ..... ____, 
·-·· · 2o 30 40 so so 

AD1879 Tempernture(C) 

FIG. 198 



U.S. Patent Apr. 21, 2015 Sheet 20 of 91 

AD1879 
Gain 3.035, 

ADI 879 
Zero 

Offset 

60 

i 10~ 4 SV 1 : Zero Offset 
···l.4·~--..,.,,,,.,..--.,...---..,...--..,.._..., 

,. 

--· 7. 5 ;:./: ............. ! 
, ,. +---...... J ... 

-7} ........... , .... _ ....................... L 

-···------······· .. ····-l.-... ~ ................ ._."""'""" 
I . \ 

', 

...... , .. :_. .......... __ ., .. __ . ._ .. ······---+ \. 
............... _~··.··.··· ...... ,, .. ~--mu I 

30 40 50 60 
AD1879 Temperatur~(C) 

FIG~ 19D 

US 9,014,997 B2 



U.S. Patent 

~·.,. r~~ .... ~--... 
I"­
~ 
v 
'<t ,,.... 
C"J 
0 
a 
!l 
'tt m 

Apr. 21, 2015 Sheet 21 of 91 US 9,014,997 B2 

''•'lg··.· 
. in 

-- 0 
·O 

. "#' 



-ta ih Hf
3 

. · i · - Pnase zp • . I . ....,. JO dntt wOIJO' ~ 1 - ul nffsel and · 

" I ,- ""' ?13. -·2 i- ~ ' gram correct"" 
g, !JM . J ...,....--u ~ ! . ' ~I ~~~I T"""""-' 

..... -~.zr i l ii 11 WM I ·v. . . 1· 

;;; ' ~ ;r;,! ' ii ., " I 't " l~ ·11 I ~ 1 . I ! . ~ ~ -2 

4 

~· iWI ,,jl ~i)'l'~;li I 'mW1iA:~ -.•,/'~' ' ' ' I ' ' hi ,1h Iii j 1. f 

" ' '\li~v • rlJl f w r I' . ~ l ,,., 'i • 

c: -2.e~ . ' , . 
I " I ""I 

-" I I j •. a~ . , 0 ; 
4 6 __ ,__ J 

fl 

a -.l- I 
. G~ 21A Time {hour:? 12·-··----"·· ,;·A. ___ ;___ i . ., ·~ 1S ~ Hi 

0,0141 ,.. ~ ......... 'l ~ '. I~. 

i o 012~ I i ; J 
2 ' i 
0). i 

~ O.Qi ~ 

j a.ooa L l • . , hi l• I j J 
~ ~ .. M'<<'< l 1 i l ' l JJ J I ). i~ilil if t .. \hJlA ill I J 
~ o.o04fiirl1\!Jf'..,. ~ I . .·. .. Ji·" i 
$ 0,002 I- ~~~~~~ .., ·"'1 

0 oL , , , , 
0 2 4 6 8 1f) 12 14 16 1$ 

FJG,. 218 Time{homsl 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
N 
N 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



U.S. Patent Apr. 21, 2015 Sheet 23 of 91 US 9,014,997 B2 

N 

2230 

2235 

FIG~ 22 

t)f) '°"I] 
4- ,:,,,(,,_. 

l 
Generate .Average _/ 

Va1ues 

'·"'-,. Ca!cU!ato k, 
amp_Jador 



i0-3 
rnean ~ -cuJ00547'421, stct "" 0.00174333 

~ t+.i 
s 
1/3 
(.(} 

a ,_ 
0: 
(.;;: 

ill 
"" 0 {~): , 

:: 
c: "' Ci --;d 
v 
4) 
(/') 
<n 
j,'} 

;x~ 

8 
ff ·-Bl 

0 

Hr3 

._ .. ...,(~'""'"""""----. ---~~~! 
! 
: 

.'•J 

,,,,.,. ____ ,,,,, ____ ,; 
200 400 BOO 800 1000 

FIG. 23A 
mean "' -OD0011803, std"" O,O(H 76418 

~ 6 f"n-"••n.•'"n-"•""-"-""""".'n'""'"""""-""-"•"-"-"""-""f'Nn••n-""-"»~ 

Q 
>­
~.J 

i 
> 
% 
m 

·,;;: 
!£, 
G 0 
g 
'2-2 
0 rn n . 
¢ ~4.f 
m : 
1¥ ~ ~~ ~ 
a. ~e !--~~",..,.,..__~- ~ , ., .... ,,; 

0 200 400 600 800 1000 

FIGQ 23C 

10<3 mean ""0.00031135, std"" OJKJi67905 
Zf1 
gi 
·u; 
9j) 
0 
h, 

u 
e 
(.k) 
N 
$ r o 
c; 
0 

-g -2 mm 
~ ~~pH 
,p 4! m -· r 
~ i 
J:;, l 
il,, -f) '·---~------~-----~ 

0 ~mo 400 BOO 800 iOGO 

fl(J» 23B 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... . 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
N 
.i;... 

0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



X Hf'" Pnasa zero arm with offset and gain correction 
O.Sl r--'"-' 

l . . . .~~·"'' . . . .. (./' ... /'4< "'" ?. ..-.. l) h,,-.../'V'·-,... .f1./'ri'•. f""'f'\fo.,JW• .,, .. 1,,,.,,...,., .. \ ,y· .. .,'\/'<fV~ r-f'''>;t~-r'"'lf-' "-< ~i ,r~h,,,,,.,,,. ·tM·,,,,,_,,,;,""'1, .. ,t\f"'f/" fil rr ' - ·~ "'' ., " . v . . v . ¥ ~·. 

,_ d 
gi-(LSf"J'. 
~ L 
ru -1 1' 

-~ ~ 
0 I! 
~-Loft 

14 !! 
ft. -2~ 

Ii . 
- 250 1 ···2 s 4 5 

Time {hours) FIG. 24A 
a 

O.tH , 7 r i .1 ' 1. 
-~· I 
i!),008 ; i 
jo,DOS .. 

1 

~ ~ 
m ! . I ~ , I' , 
I o.oo• [1 11 U1 

i, ' Ii ,I ~ I lU A 11 ~ u Ii 1 
~ 0002 ,, Jw\J,J.o1J U1J.J lNJ .. JJ'.JlJ 1i1L1w lJ tJU L l 

0 _,__ . - ~- ·--~~~-.i 

(J i 2 3 4 :5 s 
.Time (hows) 

FIG~ 24B 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

~ 
:-: 
N 
.:-' 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
N 
Ul 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



U.S. Patent Apr. 21, 2015 Sheet 26 of 91 US 9,014,997 B2 

Cyde n 
-~----------·---------·---------~-

c~ide n«1 Cyde n+1 
~~1---~~-~---.;~-~--~---~e>, 

211:.lm 

Time(s} 

F!G~25 



U.S. Patent Apr. 21, 2015 Sheet 27 of 91 

2605 
"'-

) ')f''1'.· ,-:..0 L 
,...._ 

'\ 

"'-· 

'•""--

l'\f;;" 
.!. .. ,j 

Produce Frequency 
Estimate 

+ 
Estfrnate Amphtude 

& ~ Phase 

1 ~ 

Caict1!ate FtH1se 
Difference 

' ~ 

Determine lvnpntude 
Rate ot r·h1"1ge \...J" .~ s . ..) 

1 ~ 

\., ·1 

""'' Correct 
Frequencv 

'~:/(l 
'i-..... )"' f 

\""'-- Compensate 
Phase 

FIG~ 26 

US 9,014,997 B2 



u:2J:$575'! ew(}1 s:2,3916k3o•G2 
ft 3 ~i iTTJfir''fr)TfTTiJTTTT''' -,,--~-"'"'" _ . 

o· ... 2s :fl! irnl11~ ~ :J~ .1 !)Hlft ~1 ~ l • ( 'ill f~Mnn1rv---cr1-n-
N . 02e·~11 J'·t 1~ 1 i1.~'' 1• 1·r11 1111 ,,i11~ 11 11·1 lrJi! 
SVi . I ,. fr '· ii "' . 'i j 'i 11' •! 

p,.r.,1purLIDE 024 ~·. · · ~ ~ 11·· ir 11· 1rn I J 1

1

1 1·1 IV' ' I ' 1 ' O i i Y 1 II I i! . 
, " 022 ,~- , lr \l , ·:1 ~ , i,1 · ~ 

02 ,· ~ I 11 l I 
{",A<>! t I ! f ' 
U.iOF' i ! f . ' 

I I ~= 

10 30 '}Q i!Y"{~), .,. rrn .. ic,0 

40 

u:Ri4i05e+01 s:5.73609e-02 

r I ; I' 
fliJ3l:, '.j! ll· 1 j d 

I , ' ,, "~ ~ · 1 1 - !' : r -~ , ' l ' ' ' ,. SV1 . SL; ' . h 1 t1 L . l ' l !~~~~;avENcv ". , IJJJJ~l'~-!'11 ! ~I ,, '"" ' ·. ,,ff~ 
. ~ 11 

. f 

10 20 30 
T!h4E(B) 

40 

, 
50 BO 

FIG. 27/\ 

50 60 

FIG. 27B 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
N 
QO 

0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



u:3.0812~3e-.13 s;5,73600e~02 

j l l ~ 0.2 I! ;i 
$V1 !1 

·, I : 
-~ . . Jd l j !l ii i 8 R.EciiDUMi~ f1 

1 ~' i ,, "l l ' ., >J . !,,« ! ' 1 'I i' l il 

RAW i ~" f! Jl.~ J! l ; ! I i . r-:NC'Y " ' 1 ,. , 
·-·~;.... ' (i : l : ,. 

'µ....... .., ' I ' i ~ I! !lt ., HF i i! ~ 
(z '~J ~ ii~ · >•J '' 

. ' ! ,,, ; "'. [ . ~o. ~ . . . 

I , , .I ... .__,. 
I ! . , 1 

), inH YWY"SHn " ;; > ' f·... ~(j 60 ' I,,,,,,,_,_,,__ ;l . ....,, 
(
, ~) ., ,,,_.,,;_ ... ,,.,_ ... ,, ... ·2 ,.,,. .. ':'i('i 4.,, G 2· 8. A. 7.;..,_-· '""" . .. ~. ·u ,;/.,f fl . 
.. 10 · T!ME(S) 'I • . • • 

I I i I ~ ~ ~ " 
~1 I ~ ~ ~ , 
l• 

1'1 

; 

~ 

u;1.57354eq.04 s:5J1i601e-02 

f' 2.· ~ l ; , ' i. : i ,,;, . . ~ ; ·1. f J ~ . ; j: * ~ )! I · . 9 .· 

... 
0

·,
15 

f I I 11 , I . , ' • j 
MEAS. b"t ~ 1 ' ii i 11 i . ; ii ii ' 'I · i ' i' ~ • 
CORRECTION 0.05 

1 
, 1! 1. ':' . '·. ' ' H . l . ' I , , .i fj . ~ .. l 

l H HHS"' \,,i>X("Ci ' C !. 

(t1Z) ~:~ 1fl 
1 

r I q ,
1
1
1 I . ! I I / II I ~ I 1 11 1 r . 

-o.rnl I · · 
"'" '·""'""''""'' I ,._.,,,.,.,...,,..,.,~,,,,..,,_,,,,.,, __ ,,,, . y;··,, gn 

i () 20 3{l_ 40 ~JU (;IV 

T!ME(S) FIG~ 2BB 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
N 

"° 0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



SV1 RAVV 
FREQUENCY 

8133 ,. lj i, 

s1,6ul 11
1 

.. H \ fr 4 
{ . Z1 L n1\ 

:~'" 

81A4 

FHEQUEMCY Bi A2. 
CORRECTED 
FOR AfAP, VAR, fHA 
fHz). '•, •. 

tJ1,38 

10 

10 

u:a, i4 -105e+01 s:fi?36D9e-<fJ2 

20 30 
T~fv~te;;:; 

40 

u;?t i4i03e+U1 s:i,,2JJ456en02 

.20 an 
TlME{f3) 

40 

5l) BO 

FIG~ 29A 

50 B(J 

FIG% 298 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
(.H 
0 
0 ..... 
"° .... 

d 
rJl 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



u ~8, 14105e+O 1 s:5, 7 086.5e~02 

SiJJ 

AVERAGE 815 
RA'N FREQUENCY' 
(Hz) B1A 1, , q 

i I 1 I l I l J 11 · i ' If 

Iii 111~~1. ' II ':.i j ?. ! . 1,1, 

1~. ~l·;'r·. 1~r· v,-t 1 ~. 
1

:~ ~' 11 I r1 I I ' I i 

I j I. ; ' ' . f 
::~ ~ ,. 
·~ 1 1 
f f ; t . ~ 

r>, :. • ~ 

Bt.3 

' ' I ...,. «-=« :; : ~ <- : . y, ~;,.,,.~~ . .;,..,_,'.--~ 
. iD . . 20 30 40 50 50 

81 .44 

8.HA3.I! 
8'1.42k 

A\ '.r FR::. r-- 1.J ';;}d(;'•'''/ 
> ..• ; • d::J,,h LP~ ' 04 <i1 
~/"-:. . . ""'f"'- . ,,. '";··~ D 1 ~···) . 

CURREC r ED FOR 
l\r."p '/AD (u , 81.4r: .. ~ri?.\ ,;;' \ r-;., ,I iZ) ff"T! 

81 .:1H i 

Ofi <)\'.) 
0 ~ -:"~(} 

T~ME(S} FIG~ 30Pi 
u:8J 4103e+01 s~i. i044De--02 

0.1 <:>:7 L.. j ; ' ' I J ~~ ~"') . ' ll :' >... ...... : ' .. .: 

10 2fJ 30 40 50 6() 
Tgrir:::/~\ 
<f>H~\ <,;} FIG~ 30B 

~ 
00 • 
~ 
~ 
~ 
~ = ~ 

~ 
:-: 
N .... ... 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
(.H .... 
0 ..... 
"° .... 

d 
rJl. 

... '-C 

= 
"'"" ... ~ 
l,,C 
l,,C 
-....l 

= N 



u:8.53993E+Oi s:2.5'rifY1 e~.02 

8SAo! ! j ~ii ! Hl t HI! .·1111 ·1,' I I ·i··· ···,····1··11f1'~1l' 11!~i I 
BSA

4 I i 11 rr ll 1 , ui
1
·11111.1 d il!L .1 i "11. ii 11 · · ·" 

!!5.42 ·j ii I :I J,1 /111 11 • I !11 /1 ~i 
~~~EE;,QR,~~~~:,r;~z) BSA -~.· 'I. f Vi n,11.11~J1 . \ .. !.' !J\~~ If 1~\~' f J 1 f J j[ y r " r , .. ~ ~ Y1'U l ' f w.··r !I'; 
, {">, 13i:;:.<3 · ji · !

1 i,· I• 111> U I ! H ! ! f f f · 
'~-~ v I ! . ' ! . . . I . ' ~·-····-·L--~ •2~35 r . ..· . ' ~; ,_ ........ Ov, . . ', mm 

~"4 · ' · 2n Bb.,j 5 10 15 ·>.(. 25 30 35 4D 45 50 55 
?ff"!\~(':'.;/~~~ 1 lr>Jlq_O/ F~"-- ~1A , f\J~ ~J . . 

u;85~199:Ja+O1 s: 6 A 1500f:HJ3 
85. 4:? f;.-. : ::: ~w.....i ... nH1l1 J).JJ J »l<» J ; .. ,, . :.;...,.. . . ; ~ ~ '''"'" '".·"- ..,.. .... ~. 95?,.1.11. 1 n~~y,:e i ~ ~ ,.~,..~ 

8ti41 
/,;\/, FHEQUENCY 
FOR /\!AP. V/\Ft 85.4 
(Hz} 

85,39 

es.as 
,,. 
t) 10 15 2D ")(:; 30 ~')~ 4() 45 50 5[} ~ .. :"-) ,,;.~ 

THv1E{S) FIG~ 318 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 
'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 

a 
(.H 
N 
0 ..... 
"° .... 

d 
rJl. 
\C = 
"'"" ~ 
\c 
\C 
-....l 

= N 



RAVV AVERAGE 

F< ., ••F. -.. p· • ~-.Jo 

f m' -~--~~-~-----

82JJ5~ 
i 

Q<'~ l.Ji, v.t.. m, 

ro;:ni n:;·io,~c·"'·{ (LI "> r .. r'\-.. :~ ~ ...... i ~* "'-J '"4 .· ~. c~Z.; . 11~ 
B1J35~T i 

CORRECTED 
FREQUENCY 
(}1·~·· 
,_,·1~1 

81J~ ~ 
!)>i 7~ ! ,,;n. o ~,, ____ ,.;.;.._ __ _ 

10 

81.9 

8i,85f::, 

I .. ,,,, 

60 

FIG~ 32;\ 

FIG~ 328 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 
'e 
:-: 
N .... . 
N 
0 .... 
Ul 

1J1 

=­('D 

a 
(.H 
(.H 

0 ..... 
"° .... 

d 
rJl 
\C = 
"'"" ~ 
\c 
\C 
-....l 

= N 



OJJ2 

0A)1 

8\/'1 HAW 
PHASE (DEGREES} 0 

-GXH 

F~G. 33A 

CORRECTION 
FOR AMF VAFt 
(DEGREES} O 

FIG. 33B 

CORRECTED 
PHASE (DSGHEES} 

0.005 

() 

-0.005 

FIG. ''."JC"" • .J.J .. 

i.d}-.52729e-04 s::7, Wi4 7e-D3 

~,L.----~. ~-.--.·.·~ ... ,,.L. 
30 

TffvlE(t')) 
40 frJ so 

u:i .23l65e-05 g:2,85542e-fX3 
'"'-'·7--...,..,.,.,._.,.,.~,. .. n,.,...,,.,,.,,.,.,.,.,.,....,.,.,.r,.,.,....,.,. .. n,.,..,."'""..,.,.n.nnn,.,.,.n.•,..•,.,., .. r,.,.,.:'; 

...J'~ ·-· ----...4-------" 
i() 20 30 40 50 

T!ME{ffl 

w 

u:9.5149ie,,G4 ~~:4A'i86~%HX1 ,, ... ,, .. ,,, .. ,,,,,,,,,,,,,,,,,..T. --1-

1 i,, 
,A&~ 

20 3{) 
T!ME{S) 

I 
______ _.;~H,••,•,.,•,._.-.n•Nl"""""l"j.,.,.~J 

40 :51J 60 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
(.H 
.i;... 

0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



u:4,36399e"01 s:.2,044058'--01 1 t" , i ; ; ~ ; :z: ) l ~) H )5 5(5 5"5S ~"5:' <- 1 k \ 1'Wlo: 1" '.>< Q, Q :,; i 

,.,,, ~ 
9,u;_ 

P .. AV'J PHASE OJ3 
DIFFERENCE 
{D~c-··-~:::.E· ~>:::'" CL4 J i;:: ;ip•, ,'!,.,0} . 

A <··~ V,d. 

0 

Flfj~ 34A 

PHf~.SE D!FF, 
f''Q!'-?!Ri::-:1'<1",,,.D r-oR· \..1-- "\ .i::.:v t t" < 

AJv'!P, VAR O A 
(DEGREES) 

{){.2 

10 20 ~)0 

T!tAE{S} 
40 

u:4,35354e-iYl s: 1351762e-U1 

;;; {~:; 
0<-J 

. I 
60 

{) t l I , ,, i, i, ,,, l lJ 

FIG~ 348 
10 20 30 

TlMEf.S) 
40 50 60 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
(.H 
Ul 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
---l 

= N 



U.S. Patent Apr. 21, 2015 

< 
ti."'! 
;~-, 

~ 

CJ ,.,,_, 
LI-. 

(,:...~ 
;:,c;· 

r >f) --~ :i:.o ·~ 

(_~ 0 0 ::~ c.'i- C'. 0 
~..:..} f:) "t 

';~) () .. ~ ,.,,. ~~ 
q .-::._~ ::.::.'.} 
{") ~~ 0 

c 

Sheet 36 of 91 

~ 
U") 
~') 

• 
lJ -'' """""' 

O:,"'..-.l: ~7) 

~· c:: c.:( 
:6 -;:,> (.~ 

f 

f"'°) 

9 
f:l 
3· 
"<'"' 
M 

·~~t~ 
"n""vs 

~&9 
~·· 
m 
~€ 
t:;'..(-

r;} 
~ 

US 9,014,997 B2 

u 
li~ 
M 

• v 
w.., 

>:;) 
(t.:< 

~; ... ~ ~ .::.:.:.. N 
(,,~ ;; g ~ 
c.~ -':~) 



U.S. Patent Apr. 21, 2015 Sheet 37 of 91 US 9,014,997 B2 

c;; 0 ~'° 
Ui 
M 

I 
i-

• 
lJ 
w,., 

~-;;:r 
~,i:>. 

! 

I 
"· ' :· 

' (\) ' )~ 

I 
© 
~~ 
N .,,. 
'·'< (.\l 
(,"{j 

i.i 

-~· I 
~ 

-:-.... ~ ,., 
G< 
t''\J: 
~(') 

«i 
~-~ 

~--

I 

r 
1 

'-."(/ "-(j ~ ~~ ~ ~~::: 
~::: ~~ "': "';<; C> ~-:-) 

c> c c( .;;.,::: ::-~,~ 

• m ~ • N ~ W ~ • 

~ ~ ~ * ~ : ~ ~ ~ 
O ·O {;;.,~ ~":,1 c~ ¢ :;.-:) 

(1~u,nsp) ·N_,\ 'dwv X•i P<'n~i.10~1 ·mo {>'i.<"il\kJ 



U.S. Patent 

! 

l 
I 

ro 
0 
c 
0 

Apr. 21, 2015 Sheet 38 of 91 

0 

US 9,014,997 B2 

I 
-I <::.> 

l:>i 
' 

I 
. ___ :--------~~i-............................................................. L ....... -----------1-........ -........ -.... J 

)~" ~ 
f.;)· <.;) 
0 G 
ci· r.:=; 

C'~ 
0 
0 
0 

N 
0 
0 

9 
(sa<!.i5~pj e::n.m;~mG eS<:tJd 

""" 0 
~o 
c. 
I 

@ m ... 
c 0 0 
0 0 ;:;; 
ci ci ' ! l 



U.S. Patent 

r 
1 

Apr. 21, 2015 Sheet 39 of 91 US 9,014,997 B2 

1g 

j 
' ' 

0 

"'" 

~~. s l ~~ 
j 
' i 
i 
' f 
' ' 

I 
--t;? 

- I 
,,.. . .1 

=;,_"-~· ........ ._ ... J .... ._ ......... ._ ... J ............. .-.... L ............ .-.... l ... 
q 
<-::> 

~ 

(S~;~itkp) &JUB.!0MJ0 W'e!~d 

t'J o· 
ci 
' 

~} 

0 
6 
l 

"<t· U") 
(:> Q 
6 <::.> 
; ! 

co 
...,0 
M 

lJ -w... 



U.S. Patent 

~-----------------------"-·;-~··.· 

j 
j 
j : .... ~ 

l 

Apr. 21, 2015 

U') 
0 
© 
r,0 
\ 

! ('::::: 

Sheet 40 of 91 US 9,014,997 B2 



U.S. Patent 

Q 
~ 
$ 
0 

'* ~ 
~~ 
~ 

! 

I 
"'~ I 

! 

i 
I 
I 
I 
I 

L 

i 
I 
I ,_ 

Apr. 21, 2015 Sheet 41 of 91 US 9,014,997 B2 

c 
'C"' 
d:} 
t0 
l 

0 
$ 

0 
""° t<"') 

• u 
0 LL 
!>''} 

Q 
"'1' 

§: 
0 ffi 

E C') -:;;-.: 

""" (\l ~· "<!; 
ci c.~ 

(';<&SJ Oep} 5'::.lti-0.!(}jj.K,) <?!>Bl.Id 



U.S. Patent Apr. 21, 2015 

lf) C) (:) 
0 0 ~-­
© (0 (0 
t0 ~-} t<:~ 

l 

Sheet 42 of 91 

···---··- ---------··-·r·----------------,-----r. .. ,,, 
jw· 

i 

l 
i 

tl 
~1 L 

j 

~ '-.'") 
N N 

('<lS"'i61>P) >'!~)lJ$.!SJ.PG 8\$'l~>M 

US 9,014,997 B2 

0 
(:£:) 

Ct 
4~ 

>;;) 
N 

u.J 

'° M 

' 

lJ -w.. 



U.S. Patent Apr. 21, 2015 

tn 0 
0 0 
(0 ,;_..c~( 

('1') (") 

'" J~ 

~~ gt 

ii 
'§ \-

i ! 
~ ','.,~ g 
~ ~.' 
:!'. 

f i : .. " .......................... :. ____ -" ____ "', __ 
~ 4') 

e~ 
~ 

~ 

0 . .,....., 
~ 
M 

) 

Sheet 43 of 91 US 9,014,997 B2 

·,;....,;:.,.,._~~~:~0..S:Z:~x-...~: ..... 

g W­
\0 
(t) 

"'g 

_.;:,~'.::::::::'.'.:J::.::. .. , ________ L .......... ----L----L..J 
w ~ ~ c 

c~ 

(~~~&!ip) >'>O!J$,i<~JllQ i!S~41'--i 



U.S. Patent Apr. 21, 2015 

<.O 0 a o 
(,&:! © 
!;") {'') 

Sheet 44 of 91 

jT----·············;--························r····-·-l:::::-·*--,-··,·., 
~ . . 
l 

~ '>?'% .. 

::..~ c, 
{sa1<.1oop) a;:ll!>\U'°'WO 8$\;!lld 

US 9,014,997 B2 



U.S. Patent Apr. 21, 2015 Sheet 45 of 91 

~ ~ c 0 

(sea~&p) ;;.::iuaJ<i!JK! "''-"'"4d 

N 
ci 

US 9,014,997 B2 

. v 

__ Jo 
I"' 



U.S. Patent Apr. 21, 2015 

I -,-

[ ' '-'::~~~:;,:;~~~~ 

~ 

I 
~ 

! 
t 
j 
r-

1 

Sheet 46 of 91 US 9,014,997 B2 



U.S. Patent Apr. 21, 2015 Sheet 47 of 91 

Sf) 0 
0 0 
tC> (0 
\") ,..., 

r:.-. , ............... ::::;;::_:;_:_:_:t~:::J:.::::::s'-~~ ~-l II 

; { 1 : ............... ___________________________________ ~ ............................................. ... 
:.<-J "1- (:'} <N 

(WWOOf-i) <lOV<lJ:,lW.Q <lW<!d 

US 9,014,997 B2 

! 
l 
I 
l 

---- l .<:> 

l'* 



U.S. Patent Apr. 21, 2015 Sheet 48 of 91 US 9,014,997 B2 

~----- 'T····················;············-···-··-r···-···-<···-·······i"'-----·---·r···-·-·-···"'··-·--;-------1 

I
'".) 

4) 

! 

1~ 

I 
I-

j.AAJ 
' "f 
l 

' ·1·~{ 

·11~?1. ~-·-~ ~ 

~ 

--~ 

-·~ ·~ 



U.S. Patent Apr. 21, 2015 Sheet 49 of 91 US 9,014,997 B2 

-------··1 
j 
i 
' -lg 
~ 
' ' 

-! ey 



U.S. Patent Apr. 21, 2015 Sheet 50 of 91 

DJMr--------------.-------r------~--------~--.-------------···--------, 

' '@·· i 
~ 0 .. 02~ 
~ l· 
~-

0 

US 9,014,997 B2 

FIG~ 37B 
.............................. ,r ....... ,, ....................... { 

j 
! 

·l 
-l 

FIG. 37C 



U.S. Patent Apr. 21, 2015 Sheet 51 of 91 US 9,014,997 B2 

? Qi,-, -.-·······----,------·--·-----.. ,----·----·--. .. ........ --. ~-----------~ ......... ---,~-------··i 

~ w 
~5 

s;; 
~ 0 

:..~ 

w ,..., 
c 

6 , I 
·t!.·j l ........... ~ ............ --· ........ --... < .... --.... _,.,;.,.' __ ... .,,,._.;__, ...... -<--........ ~ 

0 ~ ~ w 00 HJO 12n 
tlrne(sl 

FIG~ 37D 

Fl("" ') ..,.E 
. I 3. ,)/ . 



U.S. Patent Apr. 21, 2015 Sheet 52 of 91 US 9,014,997 B2 

822-; ----"""'"""·~, --~''-'W'''''"'""-'-"-,-""""""'"-'-''-. -""""""°'"""''""•--'"'""°'°""~, _____ .. __ 1 
l 

] 

FIG~ 38A 

FIG. 38B 

FIG~ 38C 



U.S. Patent Apr. 21, 2015 Sheet 53 of 91 US 9,014,997 B2 

Meari vah.m ~ OJJOi 23626., std "' (U1 t '17307 
(/,1 , ______ ,,,,,, .. , .... ,,, ....... ,_ .. _ ............... .-,.. , ............ ~-----···----------,--------,---------········.·---1 

-~ 
~ 

"'~ m 
Qi 

.;kl 
·~ 

0 ;D 
>_>} 

~ a 
~ 
~ 

-{l t L ......... ..-................... L._,, ___ _... __________________________ ,..( _____ ---"""""""""""""·-'------· 

0 @ ~ M 00 100 1W 
t"11e(s) 

380 

i 
~1 

J 
: 

•O,t L_,,,, ......... ,, .... , ........ i ........ ,, .................... ,i ....................... _.,.,_,.~ __ ....,,_ ___ ____.. 

0 20 40 00 

_j 
12.0 

tlffl(t(S} 

FIG~ 38E 

Mean vafo@ ,.,. lJ 14400~, std "' Q, 00420 759 
02[""""""""'"""'""~'"'""'" : "'"'""' ......................... , 

i 
0 .. !1---~ 

0 40 50 

F1G~ 38F 



U.S. Patent Apr. 21, 2015 Sheet 54 of 91 US 9,014,997 B2 

FIG" 38G 

"4'------'---~"-- »•···········""'"'""''""'""'"""""""""·--"--------'~---
"-· 0 w 40 ill} 80 100 120 

time{:.) 

FIG~ 381-'i 



U.S. Patent Apr. 21, 2015 Sheet 55 of 91 US 9,014,997 B2 

82·;~---'t'":-···--..... ----c-------~--··--.................... ..,.~---···.·····--····.----.......... , .. ,, ......... r ...... ,,"" ... "'''"'"'''''''''"'''1 

'tI . ,. i w ,?,• t~~"· :x: ~· !,;;i~, 
"-' 

,lli BH~S l, i 

I I i 
§ a·LS4~,· ··~ 
c : i 

Q ; ' I 
81.92~-<»»•~• »>»w•~"""""""---~----·•""""W"'••----"'--,. . ., ... ., ... .,,.,.,.,.,, 

u ao 40 so so 100 12:0 140 
time(s) 

i 
..................... ~. _, ......... ,---~ .. , 

I 

--~~~1-w ~'~~-·~+---
·1 
' 

1 

time\$) 

FIG~ 39C 



U.S. Patent Apr. 21, 2015 Sheet 56 of 91 US 9,014,997 B2 

FIG~ 39D 

FIG. 39E 

120 

F!Ci. 39F 



U.S. Patent Apr. 21, 2015 Sheet 57 of 91 US 9,014,997 B2 

Mean value"" o.85.J739, std"" o_ooisznrr 
·"" 0..75r-------w---"'"'"""'""r·----~-
W 

fil ' ,_ ' 
~ tni­
::2~ 

~ 
I 1 . I 

lJ 

~ -i ; r · ... -1 
( I : I 

I i ! 

\ I 
\ I 
\ t u 

BO 
tlme(sJ 

80 mo 

FIG~ 39G 

-~-------J 120 

FIG~ 39H 



U.S. Patent Apr. 21, 2015 Sheet 58 of 91 US 9,014,997 B2 

r---......... ~-·········-----· -,--..... ____ ._.r---·--·----..... i""'·----···--·--·······----------iiir 

~ 

1 
i 
~ 

l-" 
I 
i 
l--' 
' 

'"" g 
'I[,< 

re> 
~ ;z 

~ .tl.-
~ I © 
tt 

l 
' I ' ' I 
1····· 
I 

I 
' j 

I 
~ 
~· 

c;;-----~----;_--....... 
.:;;> d 

~~~¢. 
MM!;&;~ 
~ ~ l! ~ 

,,,~ -0:-t..4 lt) 

~~~r 
~~:-.i 
....:,'<.i~vci 
• ll ij t 
1-<(i-A·1g 

' f 



U.S. Patent Apr. 21, 2015 Sheet 59 of 91 US 9,014,997 B2 

l ___ ,, ____ !_:--_,,,.,,,,., ___ ,,,,._.._ .. .__! __ ,,.,,,, ___ " ....... C"""''"---u-..-. ...... ~,----...... ,,.,. ... ...._...._~----"'"''''''"""----"·""·'-ww..f ~ 

~ ~ 

:. .. 
f~ 
\J.l 

:SI 
0 

"" ·~ "' C<;S 

~ 
¢> 

w 
~ 
8 
i$ 

!'.). 

! 
: 

! 

r 
' 

r 
! 
~ 

l 
' l .. 
f 
i 

l 
! 
l 

i 
1 
! 

L 
I 
: 

: 
: 
t~ 

j 

~-' 

gl 
0"-t· 
"'$" :' 

: 
: 
: ®"-'-''-"'-___ "" 

i 

/ 

··~ 

t: 

,. 
~. 

'. / 

l 

i 

m &~ t>l {f,l 

lfwF2' 
t:>~~o 

~~~"~ 
·~ ~ Ji !I 
<_j ~- -0- X· · 

;tt:..%1'-'R~ 
2!#J[.~ 
mo.-.~<'l 

"'""o.l <l>J ~"' 
:11 n ~' n 

. ·+ (';> b. Z1. 

.,,,t"J. m: ffi w. 
~~2.) 
'l.1<:i{~® 
'?"""'I""':--~ 

!1 !j ii 1! 

·X *OD 

------------------------

l 
·--l~ 

~ 
t 

I r 
l 

~ 
.J 
l 

"""------L--------··"---~-------" ...... ~ .............. --'-----···-·---------L ... ______ ! o 
~ 0 ~ § ~ 0 

~ r ~ t lf ?( 
(%J xi.u'3 t,,flnti ssew 

U-

;~ 
><· 
~ g 
Q 



Resf>.Wai µhaoo um:ir at!0r rnmsci!On for bvbbk1 etificl 

{t25'-· 

.,~-~~-. .,. ... .,..,. .. ,...,. . .,..,.,.,..T_,, . .,....,. ... ., .... 0> ..... ,... ................. r···.~··OI~~-~~~-~ --. --·7r-··-··--·-

/" I 

/ TA // 

/

. . p /~ ~ . . / ~,... I ,..,..,.,, ... 1---y· ~ _/ . // 

0.3! 

' i 

,........ 

I l 

~,-. 

ID 
g'' 

I 
t 

021 

fUS·-

'.!:1- .• 
c o.d-
~ . [ 

&· ~ 
S''fl : 

a: ~ 
(" n~ i .; .. ei-

1 
' ' i 
i 

l 

f · / I // 
I . JP"/ / /_../ / ? I ·. . . ITT 

¢

' /"- ? I ,. ,c· . / ~/,/ / I / /;"·. . . / 

• I /' ; fl /· • I 
/' !• / ~· / ,A •. / / / 

I

/ /,!JI ,£./ //./"'" ... ·· ,,..,/"',_,,./_...,.,.-· / / . / ,._._... • I 

I I I fr/ / ,.;;; . .--· 

/ 

. 
' I "I /' - / #• - ./ _,..-" ; ! / ; i .ki'.. . ... . .» .:.,--? __ ,..~ ,/- .. 
•. / ••. / -- /,;--&'/ .,..~ ,.,..... ;; / / /..--': ___ .. '.C-:~1-¥ . / "/ • 

~/ ///. ... /.£ ,/,.;...::.. . . .,l(r,-:.;::;::2:f¥::<"".'. .-~?' ~·. . . .,.///' ,/./,. 

I

I p-~ -- / ;/ .. / 
. . ~- -- _,, _,.,.....,,· . / 

,.· ... ,.. 

·-~~.:~~--~~~~~~::/;'// ,. 
, .. 

'"* x 
. / *" ·,, ,. 

.·_.-.-:,.;; 

* ·' 
.#." 

.~·· . 

/ 

/ 

/ 
. ¥ 

/ 

/ 

x 
/ 

'.:..,, I ··.-· .. ~ .. "_,. . ,_/.' 

.. 0.05 t.. ; Sta!! p~!111 off1iibofrl's l•.l hii)li lkiws, !'ml.~. d011$lJJ ddip » "' 1 .5 H;V.~ 4· "<1.9 hgh o ·~ 3.G kgfs 
1 f aMh:iguo:m:m$mitlsr is set b\I <iwai!ab\e ?.Jr preasurf! * "'1..6 hg!s 4 ,,, .;.rn k¢s t "'3.5 hg/s 
1 i.5 bar), NOT l:iy fkw'llubo s!all. o '" i :1 kgfs t> "' 2, 1 kgts * "' 3JJ kg/$ 
i } · 6 "'" l .8 kgh; <l "'2.5 l<:gls ~· ·"' 4.0 k<J/'il 
~ . •. . . ' ~ 

w(). i L .. ,..~t~, ............ -L,.. ..... ,...~~·--····--···L ........... -----~' ---·~---- . }_ ....... ~ ................ , ... J.. .. , .............................. J ...... . 
n !]. rn 15 to n; so ::is 

rrmp in appan:wit p;;m;ol!y \%) 

FIG. 4C(~ ,.J '""" 

1: 

j 

j 
I 

l 
I 
! 
' 
1 

40 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... . 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
O'I 
0 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



l 4 -
1 
--i --------·-··-- --·r· ... .,. ........................ -i 

' ' 

fl•wldi.;al i:mcenlarie mass lbw errw attar C<:Jfl'W~tivn for bubb!-0 f!ffiict 
..... ............._. __ ....,_._j____. ____ .•••.•. .T ....... ,.r----·-·· ~- ·-

gJ. 
f: 

/. ·'° I 
/

/ )// ! 
·// i 

/ t/··· I 

' ~ 

H)r 
f 

' 

·r 
··i 

i 
i 

;;::· 
. -~ ·::· 6~·-.· 

8 I 
1i; f 

@ i 
~ 4L 
'1'l 
~ 

2--... 

. . . __ ... / . /::>/ Jj ·/··/···· ( .. ~---~ .. ··· / 
""/ / '7 I .. . . .// . 

/
/ : . . ·7«1 . ,,/' /.! (/ 

/ It' ; 4(/j:;:_ ..... /;A/ ·. . >,,.j:1' 
. . £' ; . ·,' / ,/ . 

. ·~ ' ·- . . """/ / . . ..,,,~,~· ' ~-? • 11<'" 47' . ,,,,k : . J . .,,. • ..--7·· 0 ' ' 

/ ~· ,,,.,,.d.,,, ' . .ft! .. ,.J.< ., r ' / / . ' 

~ 
, ,. ,,,..--- //,// // . . ./· --~"'" ./' ~ / ,, .. / 

,r ~- -'k'/ ~" / ' ~ ~--!/ p / ' 
V#.,.,, ~. / "' 
-4 / ,-....~~-· j ' ,,r ·-/ .. ..,,,.,-· ., , ".:'.-~----""·. ,/' w .r-- --~, // / 

,.,.. .. -···if'/ '' / 

/ 

····*'" - x. 
....... 

-4 .... ··- ··* ,,/ . .. ,~· ,, 

··~- , . 
'·,'lo _,.;j{ ..-: .. 

" x· 
x· ,. / · .... ,.· 

>.~ ..... ~/ 

.. ~ 

, 
.> 

.* 
<' 

/ 

/ 

/ 
/ 

/ 
,;,( 

;,,-~ 

/ 

,--~ 

-2 !-- · 1 Sfa!! iXJlhi M Foxoorkl'S. 
1 axiakigueirn:ns:miHw 

At high lfi:tNS, ma~( ifonsit'{dfop x "' i .5 ~zjli '. + ;,; HJkgN; 

I 

i 
.. 4L. .......... J ...................... J... .......................... .. 

0 $ 

ls $!'ll by :avsHsbl!'l aJr prai:Mi.ra * "' Lf:l fag/1!- 0 '" 2JJ kg!$ 
\S bar), NOT ty ffowM:i~ sl1:!1l, ih "' L7 kflfl\ &., "'2. t ~{Ifs 

O '" Hl l'g!s ~;-; "' 2.5 l>gis 
~------~' ------- ___________________ 1, ....... __ ., ______ ~-------'----------·----·-·:....__:r-
lO ~S 20 25 30 

Drop ln ap>,:iarnrit Density /,%) 

~ 
) 
' 

i 
·1 

~ . ....-:· 

;;;; ·.,,;, 3.0 k(l!t; 
*"'$A~ kgfs 
4 '"'a.s kgts 

~ 
~ 

x "' 4.0 !<.git> j 
~·----~---··.,.·······---,-4 
l-5 41) 

FIG~ 400 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... 
~ 

N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
O'I .... 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
---l 

= N 



U.S. Patent Apr. 21, 2015 Sheet 62 of 91 

;-~,.·------"r--'"·"----~-"---------"1--~------·----,-·--·--·---~ 

i 

f 
! 

~'.;: ~ 
O'" ! © 
,ji. 

"' l "-' ' ~ 
.c ;....-. >'.). 

US 9,014,997 B2 

~.w mt~' 

.P~}~ 
CO<.~~© 
,~~.~jtj". 

.it i! ~ f, 

·4·~ *'~~· 

~~~~~~ 
ff!!fJf!Sf 
o;o.,.,.•!O 
,,.;0~il'i 
~ il u ~ 
+~>L\'V 

~g,~'fu 
»(,¥,X.X. 

'<1«11"-:~ 
<:!""'.......,...,....,.~ 

f. >I i! !! 

X¥-OC 

'"~ l·~ 
' 

I 

--~i ~ 

I 



<Ji 
i 
~ 
E 

§ 
UJ 

1-lesido<iJ f'hai;oe .Error atwr Cumw:-tion kit Damping 
11-2 !-. --;-··················-r··········---------·--r---··············--··----·····-;--· r ............. r······--··--.,,----... --- --·~········T····· .. ·············"'"--i 

J 
J 

{)_15>·· 

} 
1 l).l 
' ~ 
' ,..,,,r,L 

S.J·.~,.,..""' 
I 

/' 
. /. ,-'""·"'° . . .·/·,.,o 

,,,...~,../~:/.' .. 
.// ' 

; ' /. ;,,::""'//. . 

' .-·-" . .. " f . -r~ _,., ;··/ · .... ."~ / ~ ' /1 . II ' 
·;,f"···-----£" ·~ _,,.. ....... ~ ' / I I "'- /"" ~ -. . ._. ,,...-'" a .. ~ / J I -~·,.kk < /' /J" 1/ /! I ~ _.,, . ..._, /--Lk. 1 ,./ (/ I .. -~· / /··r .... / / I; * ;j ,. .""' "' . ..., . "' I . -~'*¥:,,..µ.-~-~;.Xl:.;-.. ~ .. --,,,....-· • 
,·,.. ... .,.._ · ."""-.. / ,./· ,,y·-r / I .. .. ' 
' . .._ ~ ~ ~....:::~---- ··~ .&,/ 1>7" ~ y:· "' ' ......_ ,~~"'-~v---~. . " . .-·-~ " " 
' "' ~~ "'"""""' ' /"'r"' " " ' .. •• ~v ~/ r / /' .. 

" ~ ' • ' ~~"::>-,,!;'/ / " & " .. / 

" ' ., _,..../ ~--- J' " ' ' '",-y_ .. / ·' " ' ' ' . " ' " ,/ . 

& 1 

' ~ 

~ 
I 

,..., . . . /· 

<'>! ! 

If: -j) ··I· 
.J 

. A<·-· .. J<.;:; . ,~"' ''•, 
::~:t·~ .. 

* I X""' 

..... '><:., 

"' ... /"' ·}." 

i 
I . 

-o:is i- !. S!ali j;iriinfo1 f.-:}~b<jrc\s At high Hnws, i'rn~i. o~risity drop )'< ;,,,· l .5 ligls + c.: UlklJ'il 4 ~':-HJ ligts 

I
' , anab9uG imnsm!tl~r !s se'! by ~val\able ~\r pri1s%'.urn ¥ ~ \.fl kgls 9 "' 2. 0 kgls -k "' 2 Ji ~gfs 

r /,$ b<tr\ NOT by flowlube stall. n "' f. 7 kgls t> "' 2.1 k9I~ t; "' 3 .·~ kgh> 
o "' ·1 s Y-01" <i ... '> ~ ~J."!;% ;, '" 4 a i.q·rs 1 

... lJ.2 ······· .. --.:-... ,, ..... ............1 .......... L-...... _ ···-··-······-·· .. ,,L ... _,,, .. - ... L .... -----·.··· ...... in-:·n~~--- ,\~, ¢ ~_i _ _::_:___ ....... -.N~•-.·~·~-~-- : j 
fl 5 jQ i5 20 25 so 35 40 

Omp in appareni Oertslty [%) 
FIG~ 40F 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... . 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
O'I 
(.H 

0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



·~ -0.02· 
8 
w 
. "2, i 
g ~ 
~ : 
i"j :. 

11> ' 

5 -f'04f--" ,{, 1 
~ ~ 
S',.) t 

!;; 

E ;,z,: 
m .,, 
0 

"' c:; 
,'k -fl l'.Jfi>-· 
~/ -· -{ 

\ 

\ 
! 

~A ! 
i 1 Sia!! polni of Foxtmto's 
\ 1 anak1''Ue:11ansm!tter 
' I "' . 

CormC\iQn hr Serimor S<~!ance 

A 
;// 

,.,.?,; ,,,.,. ,,,, 
···IY:·µ'·-··--!?;(""' 

·~--.q.::~~<····.::;,~'z.::":.:"~·-·:··········------~~~:~~=:::~~----.~-., .. ~ .. 
'\ ~----¥{' .!: ... '¢-------.+. . . . '--.. , \ 
\. \ ' '·',;t··-·.·-~+:.: ... ..:...:.. .... ~t-~ ... _____ ~ __ ~.,, ·---... .. ,·,;;. \ 

• , \ ' """'·---•. ._ ·,?-·~-~ 
\ \\ >~ ~ \~'--.. .___,, 

\ \ ~/ ···--'-*°""····-0., ~ . 't: 

\\ \ \ ,,,~.._,,, • . > > ·--·~-> 
' . X, ' -'*'~----···---·--·--- ---·-·--+· \ \ l . \,". /" "-' 
\ \ , 'i$>.'-.~/', . Ai' . 
\ l / ....... _y ··<\ ,// .-- '* 
ill.,_ . \ ,.. ~..... --,~..... .,,,;?'·· 

'· .. ,, i ··, .. - // x···.'·--...:\ :f..--"•, . * / ! "* . ""<v . ~.·· ./ / > '· > p 
..... ",..// / \ \ // 
~- . ·\ \ / ! ·,, ' . \ ! 

. --~/ '· \.,'."<'' / // 
r \.. ,/ 

,, / '\ I 
)<( ''\,/ 

~~ 

~ 
' 

-1 

I 
.. , 

I 
---: 

l 
' ~ 
~ 

A! hlgh nows, max. dernii!y drop ~: .,, 1.s f<.'{Jf$ + "" tJJ kgf~ 2~1. "' a.o kg!'.'! 
l:> set !Jyava!!able air pmsi>ma $ "' 1 ,6 kgfi;i (;i "' 2.0 kg!s -t< ,,., S,5 li.gfs , 

--o.1L ........... L .................. J. nn•n•n•••J.".-•.-'•n••r.• 

~s !;Jar), NOT hy flowtube $l~l!, o ... 1. 7 i<gis l? "'2, ·1 kg/s ¢ "' :ts i<g/s ! 
,,.,,,, .,.,m,mJ.mm __ _,,,,,,,_,,,,~~····.,J,,,,,, ....... ,,.,,., &, OS> ! .a J({j/;!! ~~f2 .L,...-,$-{t-j;;"/1J .... ,..,,. .. J 

{l ~ HJ 15 :w 25 . 30 .. 35 .. ,., 40. 
Ornµ in <iµµa.rw1t Dimsil:y (%) 

FIC.i, 40G 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... . 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
O'I 
.i;... 

0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



l.125,...-! ; ............... __..,. -··-·· Fl . ; ; ' ------- --.-.... - Qr;.1dtlal Phss "" 

I 
; i· -----· ·-·- •. e "'rmr after>'. ' ---,-- - .. -""'""""" "'" _ ; · _ __. ·-·d:insnr Sala<K%! "l i -.- - -·--- --· -------~~; ----------~ 

o· , , / - I 
.. sr··· ·.· ,, - , 

. / ~ ' 
I / / 

- ./ . ..«·"' 

, i /;_/,_,-"r 

O.iti : /// • I I 
$ . ra I 
B I //' / 
>ti ; ' ,/ _,,. 
.,, ' ' /£ / 

::-· !' ' ,,,. . 
g o ns - , . _,...,,. , " _, to ~-·->" ~~;< ... p'A,7 -

l/;j
~-- -;r/'">/fi{ / • m __,. r-~-,,;;:- --"! / -- J • • 

d +---- • ---- . - / /' ---/ • • . If' -~--y--- ~ -/ . / . . / / I ----- / ---. _,,___., / ,, ~ .- . 
0 ~~-:--· t--- . / __,w../'/ / / . ~ ----"'~. - - .. --- .. // ~,,,_,.;:',~,,,,/~"' <4 * ,., x 

. - .. _ - . ·'=- . -· --------- '•/" ' - -• ---~ ~""'' /__, V' .. / :f •.. . - - - . --~/ ~ ·"' x . . -----41 - '. 
• .,_. -..,.__ I • / •' 

'~~ * - -· -- - • __ :~/ -
·-· . ~;' --: .•. x :._ ··- ...... ___ .,, .. .-- ·;[ ·-OJl5r· 

' 

j 
l 
' ' j 

! 

i I , 
--0.11 1 Sm!! point of Foxh-Om's 

: snalogue·trnnsm:ltler 
At nt£Jn %:i&s, mali:. di.:lnslt; drop· · · 
ls F<flt by :available <:1k pres$mfl 

! 

i ;, U5 kzjf$ + :.. l-9 kgf$ A ,,; 3J:H&Jls -I 
'!' "' i .e kgfs ~> "' 2.D kgrs * '"' 3. 5 kcy/s I 

(5 bar/, NOT by fk-!'NlUf>O s!afi. Cl "' t :t ~gl~ !> "" 2.1 t~g/$ ¢ "" 3.8 WiJ/S 

-(L 15-·____L___- -- .J ---~~------__L-.... 
0 5 10 

o ·"' 1Jl kg!t <l ""2.5 k&'s ;:; "'4JJ k.nfs , 
--~----------------·----L.-.,, .... --~~-----1-------~-------------w-·- .... _i___, ________ . ______ J _____ , ..... ,-.. -·--·~J 

t5 2{J 25 3D ""' Vr_,~ 40 
Drop in apparent O~nsi!y {%} FICi. 40t1 

~ 
00 
• 
~ 
~ 
~ 
~ = ~ 

> 'e 
:-: 
N .... . 
N 
0 .... 
Ul 

1J1 

=­('D 
('D ..... 
O'I 
Ul 
0 ..... 
"° .... 

d 
rJl. 
\C = "'"" ~ 
\c 
\C 
-....l 

= N 



U.S. Patent Apr. 21, 2015 Sheet 66 of 91 US 9,014,997 B2 

FIG~ 41 



U.S. Patent Apr. 21, 2015 Sheet 67 of 91 

l 
} 

~ 
~ 

tni1!aHzo Setpoint, 
fl?~an.:HJ ... ,SV, tnt@r~tl. .. f:K> 

4205 ,#'"·(~,,/'' 

rntetoid)3V "' G,99 ~ fottiri;;rUW + 0,01*SV 
rntarnttOC e: D-99 .t; tlitivecLDC i CJl'l*DC 

y 

! 

\ ,{ ,-,o\(I 
.{t t~- ) ..... ) Setpo!nt" 

rna);:j3P 

4220 

l 

{ 

! 

s~m<dnt ~ o.9• 
Mer&e SV 

1 
'! 

___J,~.......,~~~.,>;.,.~ 

Paus-R: Cycle Count::: 
Max G ~-cl e C;mmt 

:=----~-

[M 
~ 

........... ,._ ... , ............. , ..................... .,. ...... b ...................... ..._.,,., •• J 
pot~.gibts_..SP :-::: OJ.~~· 

rfc<~X .. .avmlanle .. current 
• F!tonw __ S'ilhi1nretLDC 

y 

L~----------------------·----------------·----·-----~--·---"w----------> 

FIG~ 42 

US 9,014,997 B2 

4200 

4265 
_,.,,.. .. )" 

4210 

4260 



U.S. Patent Apr. 21, 2015 Sheet 68 of 91 US 9,014,997 B2 

Tim;a(s} 
FIG. 43.A 

'.""'""'"""'""'"""'""'T"''~---...,.·----""'''·'----·--·•--•"""'"" 

·t.$Qf-.· 

·~ 
\ 

I' 

·~. \t.J "'·~·· .··. ·. ¥ < '' . . 

40 ·50 

FIG* 43B _ __,, __ ._.... ............... .._..._..._ ........................... , .. .;.;,,, ......... ~---------- ............................ ~ 

r--i 
·-~ 



U.S. Patent Apr. 21, 2015 Sheet 69 of 91 US 9,014,997 B2 

~ ,-. .., .. ~. ·····-----,-·-------~. .i .... ·r-.. · .. r---·--i -...... ~ ................. ! Q 
( ..... :........... ~- ........... -.... i f .. - ..... I 

' l ' 

········••-'""~""'•''" ' .• """" --~-•.• J.,. 

: 

1 ... ) ......... , ... -L ..... J 

- -: ········t"······ .. '"~-.............. -:-·--------,~ ---···· ·--~ 

....... l ............... ;. 
·------:-----

I 
i 

...... .;.... ' ........ -----~ .. i,, 
~ : ' ~ 

f 
..:..., ......... ; ............ !,' : ! ..... , ... -~ ......... ',: ~ 

·--'-. -· ' -~--............ ~....... • ... h .... ._ .... -.:- ••••••• l : . ..._,.., 

' ' ' f ~ ~ ' ) 't.'••'-: ' i t ' . ' 

t-~ -~~ ,_,~-, -- 1~1· · 1 -! -~ J....::--r= 
. .. • ..... ; ..... + .. -) ..... en ... ·/ .... ~ ......... - ................. + .... L ...... )._ .... \ 

('U ~ "!-' 
!ti ~ 
"' "' $; u 0 -w... U-

' 
i 

.,.._,,....._ ___ ...... , .. --.. ~ 

: 
- .. ; 

....• ' ···t·-·······-i-----··""~""...........,.~ . 

···-1·· ........ l .......... f .................... i .......... l··~-.. -~ ........... j -- -----~- ........ 1 ........... -.j ........... ,.J_" 
' 



U.S. Patent 

r---

Apr. 21, 2015 

Co!lect Sensof 
Dais 

4510 1 

I 

Deferrnine Frequency 

i 
} 
l 
' 

4545 
---·,.... ---. I 

StfaH Procedure. __ .,.-··' 

4555 

4565 
CJenerate 

FIG~ 45 

Sheet 70 of 91 

45~15 
>,,,,, 

4 ~4L'! ~) . " 

US 9,014,997 B2 

(;enerate Dr~ve 
Signal 

\.~ Generatt.i Raw 
I Measurements 

I ----------· 
\ 45?0 

'""'-· 

~+580 

'""'~- ! ir•t'"'r+.,,;i'hi ii1'Wl"'~io. ,,,d ,_,,:;. i-u..: ~-) ' ( ....... l '-· ~~ 

/ 
458!5 



U.S. Patent Apr. 21, 2015 Sheet 71 of 91 

4.61~11. 

___ ...... J i ' ""I ""'""'"' .... 
i l""'""'" l 
' I .1-;-111 i 

i ,.,··''.4L '-· I 

I 

I 
L 

f 
<"----~__.__, 

Pf)wer 
C\rcult 

FIG~ 46 

US 9,014,997 B2 

4600 
/l./ 

f 

I ". ~ 
B

l 4J'·'+l..t 
/ 

"" < 

' I 
I 



U.S. Patent Apr. 21, 2015 Sheet 72 of 91 US 9,014,997 B2 

Sensors 
""""'~--~ 

Oi9ital 
Tr.s1nsmitter 

47'04~~-

s ...... . » - . . :''"""'"'"\"""""""""'"'"""""~ , Gnstxs i 
~~~~~~~~~~~~~~~~~~'*"' 

; 
. .,--............ --~ 

~ 
i .............................................. ~-·--;··--.·.-.----.-~ 
t Dffr"'r i 

Dlqital ,,. 

Transrnitler 

i .L ,.,1)) ~-"', 
4106·-~ ~~- .. J~ll ... " .· ~~~~~~~~~~t~~~~~~~~~- ... 111:11] ... · .. ; .. . ," 

< ............... ~ ~ ? r 

~~~~:J 



U.S. Patent Apr. 21, 2015 Sheet 73 of 91 

~~,~~$~~1j(i/--:.' 
""'"~ ---- i\·1;;.~;m::ierrW>f:~ 

_J __ '""' 

US 9,014,997 B2 

J~~~nt:t 
.. ~·1,/··~· 

I 1--...) ---------t_:::·:::: ___ ---------

r 
' i' 
L ...................................................... "<' .............. ... 

\ 
"A<.~10 

1 

1 s1ri~:> 
&~n$::)'r 

:-..: ..................................................................................................................................... "(' .................................................. ... 
\ , 
\ ... :iB·~B 

FIG.~ 48 

""'"'"'"'"""""\'""'"'"· 

\ .. ~lf;f}:~ 



U.S. Patent Apr. 21, 2015 Sheet 74 of 91 US 9,014,997 B2 

FIG. 49 



U.S. Patent Apr. 21, 2015 Sheet 75 of 91 

' 
~)!q~tad c~~rtt~o:.ie:r f>OS'O~ 

.;/'~..... ~ 

HH.~r 

US 9,014,997 B2 

6000 
t;'t···/ 

\ l l 

f.it'A5 ''\_.·· . ·. • ,,., .l i-:. ~');c,<·H.! ,~,~.lr~,1~~:~1J.~1.'l5~l~~- 'i··~.:-~]3V.:W ·"\[·--:.:",~iJ[~.~~.~.·.~[~.11~· .... ~1r.~~·~ SG i =~ • ! ;:\:,., ""'''· ... !!·~ ' """''"'" .<·'.; ··' :.!:'}!. t ,.,,,,., l .<·>.; j 

·----1·----" ,1--·:;:----·· .... T ...... , , ...... : ... ., . ···:·:···-- ................... ; .·· --·1--·" . ···1:···· .. 
•.. c , .. L--.... ----.. ·----i "···,i;,·; 1 ~r:O)~ .-~·\4/· 
....... ... '""rX1~-·~ . m ;~ •• ~J f" m 1-.-----:~~-:-~:.-- ... 

~: .". ... "*o 1.:- i.':.H ... ~ .~au:..~ 
f.;o~s ·4~):; ; .. ~ r-... ; ...... :-_ ......... . ....... . ... i ~ (.~\ t.~ ............. :-.: ~ ........... ~ ....... , /~ 

\.-..tSL~_t§J....... "-< D L..._~L. 

~ 



U.S. Patent Apr. 21, 2015 Sheet 76 of 91 US 9,014,997 B2 

/' ......... -':"' 6 ~·~~ ~~ 
\ ... ;-. ....................................................... ,., .... .i-.. .......................................... ~ 

L .. :~.'.:~::.:~:.~'.:'.~~~'.:~:-~~:~~-~~=:~~'.~: .. J 

~[--;-C_:::s 
i~'9~ .................................................. ···············c:::::::::~~~'.~'.~:~:~2~fi~~:~i::::::::] 

. , 
~~-~ f}$ J: (* /.-~-51 [)1) 

'·""·' "'-.•'' 

l 
t:l<:iteno:Kl 

F-L D~j .. ie ()~.:ti:p::::~ 



U.S. Patent Apr. 21, 2015 Sheet 77 of 91 US 9,014,997 B2 

(----~ / <:·--S?1~i l/ ~\ 

_____________________________________ ., ___ ~:~-~-;-~----,. J ..................... .;L ________________ .\ ___________________ " __ / ________________ \ _____________________ -r··----
. \ I. \ .tl \ l, 

I . ! 

s.iqna·i 
atDAC 
input 

(digital} 

Bi(4na! 
(ana!o~J) 



U.S. Patent Apr. 21, 2015 Sheet 78 of 91 

.. "~ ... --·~530t~ 
t:--.......... -· t:;:~f)4 

"------~---~·} 

.~~--------~ 

l 
-·' 

J. 
_.,.~-_!" )'.'i:~-ll'~-------------+-->---'"' 

$'.!,JO '"1/ ~ ,.,,.,, .. 5:'D£ 

['"""'""""i;~;~:~:C-;:~·;;~~:t"""""l . 

+ l 
FIG~ 53 

US 9,014,997 B2 

;)~}On 

¥.V' 



U.S. Patent Apr. 21, 2015 Sheet 79 of 91 

FIG. 54 

US 9,014,997 B2 

,/-~·-

~A~~4 

signal at 
1\0(~ 

input 
(analog) 

post~ 

f\!t,;)rlng 
i_>ig1w! 

. '(digital) 
l 

,.,.l 
·'<...,_... 

s1gna1 
at D.AC 
input 

(dfglta!} 



U.S. Patent 

i~J .. ic~ and 
H!br di:>!ay 

DAC: 
delay 

Apr. 21, 2015 Sheet 80 of 91 US 9,014,997 B2 

:f 

____________ ·a.en~~(if ~i~~}fH':.~~ 

at l'W~'lr output 
(diQ!t~~l) 

·.1/\\t,;_,.~ .. -t/5.21 dh\i~~ ·s~9nal 
. , <'it UAC cuti>t<'t 
! f (;:icialog) 

.. , . .,.\:l'""""""'"'"'"'"'"'"'"'"'"'"'"'"'"'"""• ~:i~:::::~:'~;'.:~:~"~:·;~;i; /ii 

. ..4})(~ fr~{HH" ~-~~~·[ 

l·-::-· . .:.f 

FIG. 55 



U.S. Patent Apr. 21, 2015 

.... · TdiSiA &~hs.-SF sl§di~rfrbih /.--··· ~~002 
• /\,pqg9tpl:l~§ .. 
····························---~~--························ 
• ,<\pfily rnt,:.n(s) to ~(~nsor /··-·i~f>\.Vi 

•..................... ?igpµii}) __ 

C<":!ICUl<'lte V\.i~~lghted S~Kn 
of sen$or ::<icv;als 

Di;f~~a ~ieiifi~r1:1i,ifr;g at (-----imo(~ 
_ .·.·.·.·.·.·. Y~'.~i9rytr.,~t~tfrrL 

:S$1~1a i\1ter~ifsi~ii1.siS fo -t----N) i c 

.. +. 

FIG. 56A 

Sheet 81 of 91 US 9,014,997 B2 

··-·} 

.b 

····························-~---····················· 
vva~t ·n rst vva ~t Ur~ .. ~e.~ to · · · · ]" .... ~"'·"'{">(-::~ ·} 2 

.·.·.· .. · .. cJ~lfipt_7~tft9T~f ~lp9·.·- ~ 

....... ·.·.·.·.·.·.·.·.·.·.· .. ·.·.·.·.·.·.·.·.·.·.·.">'·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.· .. 1 nput FyTiUv~:.s:h · · · · · · · · · · · · ,,,. .• ---6{; 14 

FIG. 568 



U.S. Patent Apr. 21, 2015 

crossln9s usin9 
interpqlatlon 

Oek~rrninE.~ 
fr~~qu~'?f;ci$s and 

fftf~ (~f,fV~~ 

c.~~ic.u~;1te PfH:lSe 
offsi::t 

CaiGu!aW 
Amplllt.Kh~ 
Jr~forrnathJn 

Sheet 82 of 91 

~;;in/Gen~ or 
¥1q}~ b<:iiW~i~~n 

~>wi:::;~lii;;; 

US 9,014,997 B2 



U.S. Patent Apr. 21, 2015 Sheet 83 of 91 US 9,014,997 B2 

F~G. 58 



U.S. Patent Apr. 21, 2015 

0 ,, 5804b 
.,.,,.,... ~~.~c .... J~--

·--,.~ .•.• ;ooc,, ('"'-.., { 

: l ~~ ... ~~··.:t"~"!o. 
' !,/''-t ...,., 

Sheet 84 of 91 

""~ ~~:---------- <;;) : v l t .. ~~ . "-,, , ' jv.-'''' i 
~ 6 <.:._~.,...,._,,, i 
~ l 
~ l 
~::. 2 rt .~"~~"""""""""'"~~~;~-~ 

US 9,014,997 B2 



U.S. Patent Apr. 21, 2015 Sheet 85 of 91 US 9,014,997 B2 

60 80 10C 120 140 160 180 200 220 240 

FIG. 608 ~ i:l~ l_~r:-1;~~ 
60 80 100 120 140 160 180 200 220 240 

FIG. GOC n iiffl±?ElttiIL§ 
60 80 100 120 140 160 180 200 220 240 



U.S. Patent Apr. 21, 2015 Sheet 86 of 91 US 9,014,997 B2 

FIG. 61 



U.S. Patent Apr. 21, 2015 Sheet 87 of 91 US 9,014,997 B2 

FIG_, 62 



U.S. Patent Apr. 21, 2015 

;$~~n-~p~~~? .... f:~:>u~·}t .:..=--· N:? .. -'""'' -----' 
_,,...r. .... ·"'· 

( 

f1$0~t ~t~ ~~ ra:r-~d.~:>rn 
"/o:1lti~~ 

Sheet 88 of 91 US 9,014,997 B2 

'
;-,............. .... .. •.. 

...................................... 

fi320 ! NG ..... ,.. " 

I ~,,.,,,! "'1""'' I"'' [H\(;hpui· 
.......................... ,, ............................ . 

r-;;;l-;;;;;---·
1 """'""1 '>;'l'''l='lt< •',''qfli .. ,,,. :: { ......... -! ..... ~. r·· ··-.-.·'·"-'·.... ·.· :-..·) ~ 

B3~?4-

FIG~ 63 



U.S. Patent Apr. 21, 2015 Sheet 89 of 91 

:..~>~.H"hh:~~ 
~~:~~db~(.k 

i~~ Ff-.\"*.·~~~· 

(:'~:~z $t::r~:s;:::.:· ~·~tJn:::~:$. 

~~·~~tfrt $~~::-~~·~::t~- ~~~~jn;3fE, 

C;~k~tJ~:~u: -t.t~~i~1hti:'2"~ s:.H"i'> 
B~~ff~~c ~::.i:::nS<}f Bt(~n;;)~:;;;; 

US 9,014,997 B2 

~~:f"~S~~-
r··---;~~i~~~~~~~1~!-~~~~;-~~~~~~-·-·-·--:-r 

tHr:; ·1 ...... ~~:::~~'.~r_:::'.~:::: ...... r· 
{-----~,~f.,i;i·:9~;;;~~------1 

,, .. ·"""' ......... , ~~~{:f:.d ~:•> OAG 
f)<t·10 ................................ . 

.................................................. ! 
\ 

~ ................ ·.""'" 

fl·:~:?-~: 



U.S. Patent 

FIG. GSA 

FIG. 658 

FIG. 65F 

Apr. 21, 2015 Sheet 90 of 91 

START SEQUENCE 

~ " 

~ 50' "~W••··••"w.~w.~w•i""'-~"'"~'~-~-t~~~o·-~.-

~ 
"' z 
"' "' ~ 
~ 

z .. 
;;) ... .... 
:i 
0 

" "" ::.; 
0:: 

0.5 1 

' 
50 :, ': ......... -... .... ~ ....... ~'""''¥'~'~-vt·~<~ ... ~.~.~,~~-."< 

0 ... -~ 
\ 
' ~ -50 .... 

~ 

' ' 0.5 1 

~ so· ~--·~"·----------__ .,,.; · 
0. 
5 (l . 
0 

"' ~ -SO 
0 

o.s 1 

1.5 

1.5 

1.5 
TIME{S) 

US 9,014,997 B2 

2 2.S 

2 2.5 

2 2.5 



U.S. Patent Apr. 21, 2015 Sheet 91 of 91 US 9,014,997 B2 

START SEQ.UENCE 

FIG. 66A 

FIG. 66B 

l.ll2 1.Cl4 l.116 1.0S 1.1 l.12 

FIG. 66C 

tM'4 o.% o.!ls i i.in Ul4 Loti l.08 u l.1z 

FIG. 660 I ~::::~~t""'. -....,....---.--..-·~~-"'!""""'-· --.:_-·-~-~-·~·~-· -·='T"'·•" ... ~ ""T' . Tl 
~ ~ i 11. 
~ ' < E RAND-OM t.. ' l •.• ~ .. ~·-··-'·'---_.___...,.t.___......,.,__-i.,.........,_.i.. _ _.. ___ .J...J 
"' 0.94 0.96 0.911 l 1.02 Ul4 Ulti . i,!)~ 1,1_ l,~~ 

5 NEWVALVE('-, .... , <' "i ~; --e '. --r !';j 

FIG. 66E ~ i ! L I 
UNCHANGEO',__.....,,.._,......,...__......__~--.i...--<u.:....~-~ .• .4-......... L-._...__._..L..J 

0,94 0.96 0.98 l 1.02 :Ul4 1.06 1.08 u l.12 

FIG. 66F 

0.94 O.!Mi 0.98 1 1.02. 1.04 l.OS Ui8 1.1 

TIMES 



US 9,014,997 B2 
1 

DRIVE TECHNIQUES FORA DIGITAL 
FLOWMETER 

2 
deflection or offset of the conduit in the direction of the 
Coriolis force vector in the plane of rotation. 

Energy is supplied to the conduit by a driving mechanism 
that applies a periodic force to oscillate the conduit. One type CROSS-REFERENCE TO RELATED 

APPLICATION 

This application is a continuation of U.S. application Ser. 

5 of driving mechanism is an electromechanical driver that 
imparts a force proportional to an applied current. In an 
oscillating flowmeter, the applied current is periodic, and is 
generally sinusoidal. The period of the input current may be 
chosen so that the motion of the conduit matches a resonant 

No. 12/852,008 filed Aug. 6, 2010, which is a continuation­
in-part application of U.S. application Ser. No. 12/367,203, 
filed Feb. 6, 2009, titled STARTUP TECHNIQUES FORA 10 

DIGITAL FLOWMETER, now U.S. Pat. No. 7,904,256, 
which is a continuation of U.S. application Ser. No. 11/458, 
251, filed Jul. 18, 2006, titled STARTUP TECHNIQUES 
FORA DIGITAL FLOWMETER, now U.S. Pat. No. 7,505, 
854, which is a continuation of U.S. patent application Ser. 15 

No. 11/168,568, filed Jun. 29, 2005, titled STARTUP AND 
OPERATIONAL TECHNIQUES FORA DIGITAL FLOW­
METER, now U.S. Pat. No. 7,146,280, which is a continua­
tion ofU.S. application Ser. No. 10/402, 131, filed on Mar. 31, 
2003, titled STARTUP AND OPERATIONAL TECH- 20 

NIQUES FOR A DIGITAL FLOWMETER, now U.S. Pat. 
No. 6,950,760, which is a continuation-in-part application of 
U.S. application Ser. No. 10/400,922, filed on Mar. 28, 2003, 
now abandoned. Both U.S. application Ser. No. 10/402,131 
and U.S. application Ser. No. 10/400,922 claim priority to 25 

U.S. Provisional Application Ser. No. 60/368,153, filed Mar. 
29, 2002. U.S. application Ser. No. 12/852,008 is also a 
continuation-in-part application of U.S. application Ser. No. 
11/930,936, filed Oct. 31, 2007, titled DIGITAL FLOWME­
TER, now U.S. Pat. No. 8,000,906, which is a continuation of 30 

U.S. application Ser. No. 11/555,033, filed Oct. 31, 2006, 
now U.S. Pat. No. 7,571,062, titled DIGITAL FLOWME­
TER, which is a continuation of U.S. application Ser. No. 
11/130,233, filed May 17, 2005, now U.S. Pat. No. 7,136,761, 
titled DIGITAL FLOWMETER, which is a continuation of 35 

U.S. application Ser. No. 10/637,620, filed Aug. 11, 2003, 
now U.S. Pat. No. 6,917,887, titled DIGITAL FLOWME­
TER, which is a continuation of U.S. application Ser. No. 
09/931,057, filed Aug. 17, 2001, now U.S. Pat. No. 6,754, 
594, titled DIGITAL FLOWMETER, which is a continuation 40 

of U.S. application Ser. No. 09/111,739, filed on Jul. 8, 1998, 
now U.S. Pat. No. 6,311,136, titledDIGITALFLOWMETER 
which claims priority from U.S. Provisional Application Ser. 
No. 60/066,554, filed on Nov. 26, 1997. 

mode of vibration of the conduit, which generally reduces the 
energy needed to sustain oscillation. An oscillating flowmeter 
may use a feedback loop in which a sensor signal that carries 
instantaneous frequency and phase information related to 
oscillation of the conduit is amplified and fed back to the 
conduit using the electromechanical driver. Other types of 
driving mechanisms, such as an electromechanical driver that 
imparts a force proportional to an applied voltage, also may 
be used. 

Many conventional flowmeters are essentially analog 
devices in which a sensor signal frequency and phase infor­
mation are amplified, for example by an analog op-amp, 
before being fed back into the electromechanical driver. In 
such flowmeters, there may be little or no phase delay 
between the signal(s) being sensed at the conduit and the 
driving signal being applied to the conduit at the other end of 
the feedback loop. Such analog flowmeters may be prone to 
the introduction of high harmonics of a desired oscillation 
frequency, particularly during start-up operations when an 
estimated drive signal is applied to the conduit to begin the 
feedback loop described above. Moreover, analog flowmeters 
may be prone to gain saturation of the op amp, which may 
occur during "two-phase flow" through the conduit (e.g., an 
air pocket or entrained air in a flow ofliquid) and which can 
lead to a damping effect on the conduit, or a stalling of the 
entire oscillation process. Finally, analog flowmeters may be 
prone to typical shortcomings of analog circuitry, e.g., rela-
tively low precision and high noise measurements. 

In contrast to analog flowmeters, digital flowmeters also 
exist. For example, U.S. Pat. No. 6,311,136 and U.S. Pat. No. 
6,507,791, which are hereby incorporated by reference, dis­
close the use of a digital flowmeter and related technology. 
Such digital flowmeters may have various advantages over 
analog flowmeters; for example, they may be more precise in 
their measurements, with less noise, and may be capable of 

TECHNICAL FIELD 

The disclosure relates to flowmeters. 

45 enabling a wide range of positive and negative gains at the 
driver circuitry. Such digital flowmeters are thus advanta­
geous in a variety of settings. For example, U.S. Pat. No. 
6,505,519 discloses the use of a wide gain range, and/or the 
use of negative gain, to prevent stalling and to more accu-

BACKGROUND 50 rately exercise control of the flowtube, even during difficult 
conditions such as two-phase flow. 

Flowmeters provide information about materials being 
transferred through a conduit. For example, mass flowmeters 
provide a direct measurement of the mass of material being 
transferred through a conduit. Similarly, density flowmeters, 55 

or densitometers, provide a measurement of the density of 
material flowing through a conduit. Mass flowmeters also 
may provide a measurement of the density of the material. 

Coriolis-type mass flowmeters are based on the Coriolis 
effect, in which material flowing through a rotating conduit 60 

becomes a radially traveling mass that is affected by a Corio-
lis force and therefore experiences an acceleration. Many 
Coriolis-type mass flowmeters induce a Coriolis force by 
sinusoidally oscillating a conduit about a pivot axis orthogo­
nal to the length of the conduit. In such mass flowmeters, the 65 

Coriolis reaction force experienced by the traveling fluid 
mass is transferred to the conduit itself and is manifested as a 

SUMMARY 

This disclosure relates to a digital flowmeter, such as a 
digital mass flowmeter, that uses a control and measurement 
system to control oscillation of the conduit and to generate 
mass flow and density measurements. Sensors connected to 
the conduit supply signals to the control and measurement 
system. The control and measurement system processes the 
signals to produce a measurement of mass flow and uses 
digital signal processing to generate a signal for driving the 
conduit. The drive signal then is converted to a force that 
induces oscillation of the conduit. 

The digital mass flowmeter provides a number of advan­
tages over traditional, analog approaches. From a control 
perspective, use of digital processing techniques permits the 
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application of precise, sophisticated control algoritlnns that, 
relative to traditional analog approaches, provide greater 
responsiveness, accuracy and adaptability. 

The digital control system also permits the use of negative 
gain in controlling oscillation of the conduit. Thus, drive 
signals that are 180° out of phase with conduit oscillation may 

4 
In one general aspect, a digital flowmeter includes a vibrat­

able conduit, a driver connected to the conduit and operable to 
impart motion to the conduit, and a sensor connected to the 
conduit and operable to sense the motion of the conduit. A 
control and measurement system connected to the driver and 
the sensor includes circuitry that receives a sensor signal from 
the sensor, generates a drive signal based on the sensor signal 
using digital signal processing, supplies the drive signal to the 
driver, and generates a measurement of a property of material 

be used to reduce the amplitude of oscillation. The practical 
implications of this are important, particularly in high and 
variable damping situations where a sudden drop in damping 
can cause an undesirable increase in the amplitude of oscil­
lation. One example of a variable damping situation is when 
aeration occurs in the material flowing through the conduit. 

10 flowing through the conduit based on the signal from the 
sensor. 

Embodiments may include one or more of the following 
features. The meter may include a second sensor connected to 
the conduit and operable to sense the motion of the conduit. In 
this case, the control and measurement system is connected to 
the second sensor and receives a second sensor signal from 
the second sensor, generates the drive signal based on the first 
and second sensor signals, and generates the measurement of 
the property of material flowing through the conduit based on 

The ability to provide negative feedback also is important 
when the amplitude of oscillation is controlled to a fixed 
setpoint that can be changed under user control. With negative 15 

feedback, reductions in the oscillation setpoint can be imple­
mented as quickly as increases in the setpoint. By contrast, an 
analog meter that relies solely on positive feedback must set 
the gain to zero and wait for system damping to reduce the 
amplitude to the reduced setpoint. 20 the first and second sensor signals. The control and measure­

ment system may digitally combine the first and second sen­
sor signals and generate the drive signal based on the combi­
nation of the sensor signals. 

From a measurement perspective, the digital mass flowme­
ter can provide high information bandwidth. For example, a 
digital measurement system may use analog-to-digital con­
verters operating at eighteen bits of precision and sampling 
rates of 55 kHz. The digital measurement system also may use 25 

sophisticated algoritlnns to filter and process the data, and 
may do so starting with the raw data from the sensors and 
continuing to the final measurement data. This permits 
extremely high precision, such as, for example, phase preci­
sion to five nanoseconds per cycle. Digital processing starting 30 

with the raw sensor data also allows for extensions to existing 
measurement techniques to improve performance in non­
ideal situations, such as by detecting and compensating for 
time-varying amplitude, frequency, and zero offset. 

The control and measurement improvements interact to 35 

provide further improvements. For example, control of oscil­
lation amplitude is dependent upon the quality of amplitude 
measurement. Under normal conditions, the digital mass 
flowmeter may maintain oscillation to within twenty parts per 
million of the desired setpoint. Similarly, improved control 40 

has a positive benefit on measurement. Increasing the stabil-
ity of oscillation will improve measurement quality even for 
meters that do not require a fixed amplitude of oscillation 
(i.e., a fixed setpoint). For example, with improved stability, 
assumptions used for the measurement calculations are likely 45 

to be valid over a wider range of conditions. 
The digital mass flowmeter also permits the integration of 

entirely new functionality (e.g., diagnostics) with the mea­
surement and control processes. For example, algoritlnns for 
detecting the presence of process aeration can be imple- 50 

mented with compensatory action occurring for both mea­
surement and control if aeration is detected. 

Other advantages of the digital mass flowmeter result from 
the limited amount of hardware employed, which makes the 
meter simple to construct, debug, and repair in production and 55 

in the field. Quick repairs in the field for improved perfor­
mance and to compensate for wear of the mechanical com­
ponents (e.g., loops, flanges, sensors and drivers) are possible 
because the meter uses standardized hardware components 
that may be replaced with little difficulty, and because soft- 60 

ware modifications may be made with relative ease. In addi­
tion, integration of diagnostics, measurement, and control is 
simplified by the simplicity of the hardware and the level of 
functionality implemented in software. New functionality, 
such as low power components or components with improved 65 

performance, can be integrated without a major redesign of 
the overall control system. 

The control and measurement system may generate differ­
ent drive signals for the two drivers. The drive signals may 
have, for example, different frequencies or amplitudes. 

The digital flowmeter also may include circuitry for mea-
suring current supplied to the driver. The circuitry may 
include a resistor in series with the driver and an analog-to­
digital converter in parallel with the resistor and configured to 
measure a voltage across the resistor, to convert the measured 
voltage to a digital value, and to supply the digital value to the 
control and measurement system. 

The digital flowmeter also may include a first pressure 
sensor connected to measure a first pressure at an inlet to the 
conduit and a second pressure sensor connected to measure a 
second pressure at an outlet of the conduit. Analog-to-digital 
converters may be connected and configured to convert sig­
nals produced by the first pressure sensor and the second 
pressure sensor to digital values and to supply the digital 
values to the control and measurement system. Temperature 
sensors may be connected to measure temperatures at the 
inlet and outlet of the conduit. 

The control and measurement system may generate the 
measurement of the property by estimating a frequency of the 
first sensor signal, calculating a phase difference using the 
first sensor signal, and generating the measurement using the 
calculated phase difference. The control and measurement 
system may compensate for amplitude differences in the sen-
sor signals by adjusting the amplitude of one of the sensor 
signals. For example, the control and measurement system 
may multiply the amplitude of one of the sensor signals by a 
ratio of the amplitudes of the sensor signals. 

When the sensor signal is generally periodic, the control 
and measurement system may process the sensor signal in 
sets. Each set may include data for a complete cycle of the 
periodic sensor signal, and consecutive sets may include data 
for overlapping cycles of the periodic sensor signal. The 
control and measurement system may estimate an end point 
of a cycle using a frequency of a previous cycle. 

The control and measurement system may analyze data for 
a cycle to determine whether the cycle merits further process­
ing. For example, the system may determine that a cycle does 
not merit further processing when data for the cycle does not 
conform to expected behavior for the data, where the 
expected behavior may be based on one or more parameters 
of a previous cycle. In one implementation, the system deter-
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mines that a cycle does not merit further processing when a 
frequency for the cycle differs from a frequency for the pre­
vious cycle by more than a threshold amount. The system may 
determine whether the frequencies differ by comparing val­
ues at certain points in the cycle to values that would occur if 
the frequency for the cycle equaled the frequency for the 
previous cycle. 

6 
The control and measurement system may digitally gener­

ate a gain for use in generating the drive signal based on one 
or more properties of the sensor signal. For example, the 
control and measurement system may digitally generate the 
gain based on an amplitude of the sensor signal. 

The control and measurement system may determine a 
frequency of the sensor signal by detecting zero-crossings of 
the sensor signal and counting samples between zero cross­
ings. The system also may determine a frequency of the 
sensor signal using an iterative curve fitting technique. 

The control and measurement system may determine an 
amplitude of the sensor signal using Fourier analysis, and 
may use the determined amplitude in generating the drive 
signal. 

The driver may be operable to impart an oscillating motion 
to the conduit. The control and measurement system also may 
digitally implement a PI control algorithm to regulate the 
amplitude of conduit oscillation. The control and measure-

l O ment system also may digitally generate the drive signal 
based on the sensor signal so as to maintain an amplitude of 
oscillation of the conduit at a user-controlled value. In support 
of this, the control and measurement system may generate a 

15 
negative drive signal that causes the driver to resist motion of 
the conduit when the amplitude of oscillation exceeds the 
user-controlled value and a positive drive signal that causes 
the driver to impart motion to the conduit when the amplitude 
of oscillation is less than the user-controlled value. 

The control and measurement system may determine a 
phase offset for each sensor signal and may determine the 
phase difference by comparing the phase offsets. The system 
also may determine the phase difference using Fourier analy- 20 

sis. The control and measurement system may determine a 
frequency, amplitude and phase offset for each sensor signal, 
and may scale the phase offsets to an average of the frequen­
cies of the sensor signals. The control and measurement sys­
tem may calculate the phase difference using multiple 25 

approaches and may select a result of one of the approaches as 
the calculated phase difference. 

The control and measurement system may combine the 
sensor signals to produce a combined signal and may gener-
ate the drive signal based on the combined signal. For 30 

example, the control and measurement system may sum the 
sensor signals to produce the combined signal and may gen­
erate the drive signal by applying a gain to the combined 
signal. 

In general, the control and measurement system may ini- 35 

tiate motion of the conduit by using a first mode of signal 
generation to generate the drive signal, and may sustain 
motion of the conduit using a second mode of signal genera­
tion to generate the drive signal. The first mode of signal 
generation may be synthesis of a periodic signal having a 40 

desired property, such as a desired initial frequency of conduit 
vibration, and the second mode of signal generation may use 
a feedback loop including the sensor signal. 

In other instances, the first mode of signal generation may 
include use of a feedback loop including the sensor signal and 45 

the second mode of signal generation may include synthesis 
of a periodic signal having a desired property. For example, 
the control and measurement system may generate the drive 
signal by applying a large gain to the combined signal to 
initiate motion of the conduit and generating a periodic signal 50 

having a phase and frequency based on a phase and frequency 
of a sensor signal as the drive signal after motion has been 
initiated. The desired property of the synthesized signal may 

The control and measurement system may include a con­
troller that generates a gain signal based on the sensor signal 
and a multiplying digital-to-analog converter connected to 
the controller to receive the gain signal and generate the drive 
signal based on the gain signal. 

When the digital flowmeter includes a second sensor con­
nected to the conduit and operable to sense the motion of the 
conduit, the control and measurement system may include a 
controller that generates the measurement, a first analog-to­
digital converter connected between the first sensor and the 
controller to provide a first digital sensor signal to the con­
troller, and a second analog-to-digital converter connected 
between the second sensor and the controller to provide a 
second digital sensor signal to the controller. The controller 
may combine the digital sensor signals to produce a com­
bined signal and to generate a gain signal based on the first 
and second digital sensor signals. The control and measure-
ment system also may include a multiplying digital-to-analog 
converter connected to receive the combined signal and the 
gain signal from the controller to generate the drive signal as 
a product of the combined signal and the gain signal. 

The control and measurement system may selectively 
apply a negative gain to the sensor signal to reduce motion of 
the conduit. 

The control and measurement system also may compen­
sate for zero offset in the sensor signal. The zero offset may 
include a component attributable to gain variation and a com­
ponent attributable to gain nonlinearity, and the control and 
measurement system may separately compensate for the two 
components. The control and measurement system may com-
pensate for zero offset by generating one or more correction 
factors and modifying the sensor signal using the correction 
factors. 

The control and measurement system may calculate phase 
offsets forthe first and second sensor signals. The phase offset be a frequency and a phase corresponding to a frequency and 

a phase of the sensor signal. 55 may be defined as a difference between a zero-crossing point 
of a sensor signal and a point of zero phase for a component 
of the sensor signal corresponding to a fundamental fre­
quency of the sensor signal. The control and measurement 

The control and measurement system generates an adapt­
able, periodic drive signal. For example, the meter may 
include positive and negative direct current sources con­
nected between the control and measurement system and the 
driver, and the control and measurement system may generate 60 

the drive signal by switching the current sources on and off at 
intervals having a phase and frequency based on the sensor 
signal. The control and measurement system may generate 
the drive signal by synthesizing a sine wave having a property 
corresponding to a property of the sensor signal, such as a 65 

phase and a frequency corresponding to a phase and a fre­
quency of the sensor signal. 

system may combine the calculated phase offsets to produce 
a phase difference. 

The control and measurement system may generate the 
measurement of the property by estimating a frequency of the 
first sensor signal, estimating a frequency of the second sen­
sor signal, with the frequency of the second sensor signal 
being different from the frequency of the first sensor signal, 
and calculating a phase difference between the sensor signals 
using the estimated frequencies. 
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When the sensor is a velocity sensor, the control and mea­
surement system may estimate a frequency, amplitude, and 
phase of the sensor signal, and may correct the estimated 
frequency, amplitude, and phase to account for performance 
differences between a velocity sensor and an absolute posi­
tion sensor. Instead of controlling the apparent amplitude of 
oscillation (i.e., the velocity of oscillation when the sensor is 
a velocity sensor), the system may control the true amplitude 
by dividing the sensor signal by the estimated frequency. This 
correction should provide improved amplitude control and 10 

noise reduction. 

8 
setpoint, reduce the fixed setpoint when the drive signal 
exceeds a first threshold level, and increase the fixed setpoint 
when the drive signal is less than a second threshold level and 
the fixed setpoint is less than a maximum permitted value for 
the setpoint. The first threshold level may be 95% or less of a 
maximum permitted drive signal. 

The control and measurement system may perform an 
uncertainty analysis on the measurement. In this case, the 
control and measurement system may transmit the measure­
ment and results of the uncertainty analysis to the control 
system. 

The control and measurement system may estimate a first 
parameter of the sensor signal, determine a rate of change of 
a second parameter, and correct the estimated first parameter 
based on the determined rate of change. For example, the 
system may correct an estimated frequency, amplitude, or 
phase of the sensor signal based on a determined rate of 
change of the frequency or amplitude of oscillation of the 
conduit. The system may perform separate corrections for 
each sensor signal. 

The control and measurement system may use digital pro­
cessing to adjust a phase of the drive signal to compensate for 

15 
a time delay associated with the sensor and components con­
nected between the sensor and the driver. 

The digital flowmeter may be a mass flowmeter and the 
property of material flowing through the conduit may be a 
mass flow rate. The digital flowmeter also may be a densito­
meter and the property of material flowing through the con­
duit may be a density of the material. 

According to one general aspect, a first signal is input at a 
flowmeter, where the first signal corresponding to a vibration 
of a flowtube. A delay of the first signal that is associated with 

20 a digital element associated with the flowmeter is compen­
sated for, and a second signal is output from the flowmeter 
that corresponds to the vibration of the flowtube. 

The control and measurement system may account for 
effects of aeration in the conduit by determining an initial 
mass flow rate, determining an apparent density of material 
flowing through the conduit, comparing the apparent density 

Implementations may include one or more of the following 
features. For example, in inputting the first signal, a first 

25 sensor signal and a second sensor signal may be input, and the 
first signal may be calculated as a weighted sum of the first 
sensor signal and the second sensor signal. 

to a known density of the material to determine a density 30 

difference, and adjusting the initial mass flow rate based on 
the density difference to produce an adjusted mass flow rate. 
The system may further account for effects of aeration in the 
conduit by adjusting the adjusted mass flow rate to account 
for effects of damping. To further account for effects of aera- 35 

tion in the conduit, the system may adjust the adjusted mass 
flow rate based on differences between amplitudes of the first 
and second sensor signals. 

The vibratable conduit may include two parallel planar 
loops. The sensor and driver may be connected between the 40 

loops. 
The meter may include a power circuit that receives power 

on only a single pair of wires. The power circuit provides 
power to the digital control and measurement system and to 
the driver, and the digital control and measurement system is 45 

operable to transmit the measurement of the property of mate­
rial flowing through the conduit on the single pair of wires. 
The power circuit may include a constant output circuit that 
provides power to the digital control and measurement sys­
tem and drive capacitor that is charged by excess power from 50 

the two wires. The digital control and measurement system 
may discharge the drive capacitor to power the driver, and 
may monitor a charge level of the drive capacitor and dis­
charge the drive capacitor after a charge level of the capacitor 
reaches a threshold level. The digital control and measure- 55 

ment system also may discharge the drive capacitor periodi­
cally and to perform bidirectional communications on the 
pair of wires. 

The control and measurement system may collect a first 
data set for a period of the periodic signal and process the first 60 

data set to generate the drive signal and the measurement. The 
system may collect a second data set for a subsequent period 
of the sensor signal simultaneously with processing the first 
data set. The period corresponding to the first data set may 
overlap the period corresponding to the second data set. 

The control and measurement system may control the drive 
signal to maintain an amplitude of the sensor signal at a fixed 

65 

The vibration may be at a natural resonant frequency of the 
flowtube. The digital element may include at least one of an 
analog-to-digital and digital-to-analog converter, and/or a fil­
ter. The filter may be implemented as a software filter, and 
may be an elliptical filter implemented in a software routine. 

In compensating for the delay of the first signal, the first 
signal may be buffered at a buffer and the buffer may store a 
first cycle and a second cycle of the first signal. A value may 
be selected from the first cycle of the first signal, and the value 
may be output from the buffer. In this case, outputting the 
second signal from the flowmeter may include initiating a 
third signal beginning with the value, passing the third signal 
through the digital element, and outputting the second signal 
from the digital element. 

In inputting the first signal, the first signal may be filtered 
to obtain a filtered signal, wherein the filtered signal may 
substantially reduce components of the first signal having a 
frequency outside of a pre-determined range from a resonant 
frequency of the flowtube. In this case, the components may 
include harmonics of the first signal. Also, the second signal 
may be synthesized to be in phase with the first signal, per­
haps as a sine wave or a plurality of sinewaves having indi­
vidually-controlled characteristics. 

In compensating for the delay of the first signal, a first 
pre-determined marker on the filtered signal may be detected, 
an actual frequency of the filtered signal may be calculated, 
based on samples associated with the filtered signal, and a 
total wait time for outputting the second signal may be waited, 
where the total wait time may be based on the actual fre-
quency. The first pre-determined marker may be a negative­
to-positive zero-crossing of the filtered signal. Waiting the 
total wait time may include calculating a count number of 
samples of the filtered signal, detecting a second pre-deter­
mined marker on the filtered signal, and waiting the count 
number after the second marker. The second pre-determined 
marker may be a negative-to-positive zero-crossing of the 
filtered signal. 

Waiting the total wait time may include calculating a count 
number of samples of the filtered signal, and waiting the 
count number after the first marker. Outputting the second 
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signal from the flowmeter may include waiting the total wait 
time, and synthesizing the second signal. 

In compensating for the delay of the first signal, the second 
signal may be input from an output of the flowmeter to an 
input of the flowmeter, the second signal may be compared to 
the first signal to determine a phase difference between the 
second signal and the first signal, and a revised second signal 
may be output from the flowmeter that is adjusted from the 
second signal, based on the phase difference. In this case, the 
first signal may include a first sensor signal associated with a 10 

first sensor and a second sensor signal associated with a 
second sensor, and the second signal may include a first drive 
signal associated with a first driver and a second drive signal 
associated with a second driver. In comparing the second 
signal to the first signal, the first sensor signal and the first 15 

drive signal may be received at a first multiplexer, a first 
multiplexed signal may be output from the first multiplexer, 
the second sensor signal and the second drive signal may be 
received at a second multiplexer, a second multiplexed signal 
may be output from the second multiplexer, and the first 20 

multiplexed signal and the second multiplexed signal may be 
compared, to thereby determine the phase difference. 

In inputting the first signal at the flowmeter, measurements 
associated with a material within the flowtube may be com­
puted in parallel with the compensating for the delay of the 25 

first signal. 
According to another general aspect, a digital flowmeter 

includes a vibratable flowtube, a sensor connected to the 
flowtube and operable to relay information about a motion of 
the flowtube by way of a sensor signal, a driver connected to 30 

the flowtube and operable to impart motion to the flowtube by 
way of a drive signal, and a digital control and measurement 
system connected to the driver and the sensor, the digital 
control and measurement system comprising circuitry to 
maintain the sensor signal and the drive signal substantially in 35 

phase with one another. 
Implementations may include one or more of the following 

features. For example, the sensor signal may include a 
weighted sum of a first sensor signal and a second sensor 
signal. The digital control and measurement system may 40 

include analog-to-digital or digital-to-analog converters, or a 
filter. 

10 
cycles of the filtered signal, detecting a second pre-deter­
mined marker on the filtered signal, and waiting the count 
number after the second marker. In this case, the second 
pre-determined marker is a negative-to-positive zero-cross­
ing of the filtered signal. 

The digital control and measurement system may be oper­
able to compare the sensor signal and the drive signal, to 
thereby determine a phase difference there between, and may 
be operable to cause the driver to apply the drive signal with 
a phase altered by an amount determined by the phase differ­
ence. In this case, the digital control and measurement system 
may include a multiplexer that is operable to input the sensor 
signal and the drive signal and output a combined signal, 
wherein the combined signal may be analyzed by the digital 
control and measurement system to determine the phase dif­
ference. 

According to another general aspect, a digital flowmeter 
includes a vibratable flowtube, a driver connected to the flow­
tube and operable to impart motion to the flowtube by way of 
an analog drive signal, a sensor connected to the flowtube and 
operable to sense a motion of the flowtube by way of an 
analog sensor signal, and a digital transmitter connected to 
the sensor and the driver, the digital transmitter including a 
digital component and operable to perform signal processing 
related to the analog sensor signal and the analog drive signal, 
wherein the signal processing compensates for a delay asso­
ciated with the digital component to ensure that the analog 
sensor signal and the analog drive signal are substantially in 
phase with one another. 

Implementations may include one or more of the following 
features. For example, the digital transmitter may include an 
analog-to-digital converter operable to convert the analog 
sensor signal into a first digital signal, and a digital-to-analog 
converter operable to convert a second digital signal into the 
analog drive signal. In this case, the digital transmitter may 
include a digital controller operable to input the first digital 
signal, perform the signal processing thereon, and output the 
second digital signal. 

The digital controller further may include a buffer operable 
to buffer the first digital signal, and the signal processing may 
include selecting a value of the first digital signal from the 
buffer for outputting as a beginning of the second digital 
signal. The digital controller may include a filter operable to 

The digital control and measurement system may include a 
buffer operable to store a first cycle and a second cycle of the 
sensor signal, and a processor operable to select a value from 
the first cycle of the sensor signal. In this case, the digital 
control and measurement system may be further operable to 
initiate a digital drive signal beginning with the value, convert 
the digital drive signal to an analog drive signal, and output 
the analog drive signal as the drive signal. 

45 filter the analog sensor signal, and the digital transmitter may 
include a synthesizer operable to synthesize the second digi­
tal signal. In this case, the digital transmitter may be operable 
to determine a filter delay associated with the filter, and the 
synthesizer may be operable to synthesize the second digital 

50 signal with a timing that reflects the filter delay. 
The digital transmitter may be operable to compare the 

analog sensor signal and the analog drive signal, to thereby 
determine a phase difference therebetween, and may be fur­
ther operable to cause the driver to alter a phase of the analog 

A filter operable to filter the sensor signal to obtain a 
filtered signal may be included, wherein the filtered signal 
does not include signals having a frequency outside of a 
pre-determined range from a resonant frequency of the flow­
tube. In this case, the digital control and measurement system 
may be further operable to synthesize the drive signal as a sine 
wave. 

55 drive signal by an amount determined by the phase difference. 

Further, the digital control and measurement system may 

The details of one or more implementations are set forth in 
the accompanying drawings and the description below. Other 
features will be apparent from the description and drawings, 
and from the claims. 

DESCRIPTION OF DRAWINGS 

be further operable to detect a first pre-determined marker on 
the filtered signal, calculate an actual frequency of the filtered 60 

signal, based on samples associated with the filtered signal, 
and wait a total wait time for outputting the second signal, 
based on the actual frequency. In this case, the first pre­
determined marker may be a negative-to-positive zero-cross­
ing of the filtered signal. 

FIG. 1 is a block diagram of a digital mass flowmeter. 
FIGS. 2A and 2B are perspective and side views of 

65 mechanical components of a mass flowmeter. 
The digital control and measurement system may deter­

mine the total wait time by calculating a count number of 
FIGS. 3A-3C are schematic representations of three modes 

of motion of the flowmeter of FIG. 1. 
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FIG. 4 is a block diagram of an analog control and mea­
surement circuit. 

FIG. 5 is a block diagram of a digital mass flowmeter. 
FIG. 6 is a flow chart showing operation of the meter of 

FIG. 5. 
FIGS. 7 A and 7B are graphs of sensor data. 
FIGS. SA and SB are graphs of sensor voltage relative to 

time. 

12 
FIG. 49 is a block diagram of the digital transmitter of FIG. 

4S. 
FIG. 50 is a block diagram of a digital flowmeter. 
FIG. 51 is a flowchart illustrating a positive feedback mode 

5 of operation of the system of FIG. 50. 
FIG. 52 is a timing diagram illustrating a buffering process 

implemented during the positive feedback operation of FIG. 
51. 

FIG. 9 is a flow chart of a curve fitting procedure. 
FIG.10 is a flow chart ofa procedure for generating phase 10 

differences. 

FIG. 53 is a flowchart illustrating a digital synthesis mode 
ofoperation of the system of FIG. 50. 

FIG. 54 is a first timing diagram illustrating a timing of a 
synthesis of a sine wave to be used as part of a drive signal. FIGS. llA-llD, 12A-12D, and 13A-13D illustrate drive 

and sensor voltages at system startup. 
FIG. 14 is a flow chart of a procedure for measuring fre­

quency, amplitude, and phase of sensor data using a synchro­
nous modulation technique. 

FIGS. 15A and 15B are block diagrams of a mass flowme-
ter. 

FIG. 55 is a second timing diagram illustrating a timing of 

15 
a synthesis of a sine wave to be used as part of a drive signal. 

FIGS. 56A and 56B are flowcharts illustrating operations 
of a digital flowmeter. 

FIG. 57 is a flowchart illustrating further operations of a 
digital flowmeter. 

FIG. 16 is a flow chart of a procedure implemented by the 20 

meter of FIGS. 15A and 15B. 
FIG. 5S is an illustration of a zero-crossing of a signal 

output by a filter used in an operation of a digital flowmeter. 
FIG. 17 illustrates log-amplitude control of a transfer func­

tion. 
FIG. lS is a root locus diagram. 
FIGS. 19A-19D are graphs of analog-to-digital converter 

performance relative to temperature. 
FIGS. 20A-20C are graphs of phase measurements. 
FIGS. 21A and 21B are graphs of phase measurements. 
FIG. 22 is a flow chart of a zero offset compensation 

procedure. 
FIGS. 23A-23C, 24A, and 24B are graphs of phase mea­

surements. 
FIG. 25 is a graph of sensor voltage. 
FIG. 26 is a flow chart of a procedure for compensating for 

dynamic effects. 
FIGS. 27 A-35E are graphs illustrating application of the 

procedure of FIG. 29. 
FIGS. 36A-36L are graphs illustrating phase measure­

ment. 
FIG. 37 A is a graph of sensor voltages. 
FIGS. 37B and 37C are graphs of phase and frequency 

measurements corresponding to the sensor voltages of FIG. 
37A. 

FIG. 59 is an illustration of a sine wave illustrating synthe­
sis parameters for synthesizing a drive signal. 

FIGS. 60A, 60B, and 60C are graphs showing filter char-
25 acteristics of a filter used in an operation of a digital flowme­

ter. 
FIG. 61 is a block diagram of a closed-loop system for 

compensating digital delay in a flowmeter. 
FIG. 62 is a flow diagram illustrating start-up and opera-

30 tional techniques for a digital flowmeter. 

35 

FIG. 63 is a flowchart illustrating the random sequence 
mode and the zero-output mode of FIG. 62 in more detail. 

FIG. 64 is a flowchart illustrating the positive feedback 
mode 160S of FIG. 62 in more detail. 

FIGS. 65A-65F describe a start sequence for one imple­
mentation of a digital flowmeter as applied to a bent flowtube. 

FIGS. 66A-66F illustrate the start sequence of FIGS. 65A-
65F in more detail. 

Like reference symbols in the various drawings indicate 
40 like elements. 

DETAILED DESCRIPTION 

FIGS. 37D and 37E are graphs of correction parameters for 
the phase and frequency measurements of FIGS. 37B and 45 

37C. 

Referring to FIG. 1, a digital mass flowmeter 100 includes 
a digital controller 105, one or more motion sensors 110, one 
or more drivers 115, a conduit 120 (also referred to as a 
flowtube), and a temperature sensor 125. The digital control­
ler 105 may be implemented using one or more of, for 
example, a processor, a field-programmable gate array, an 

FIGS. 3SA-3SH are graphs of raw measurements. 
FIGS. 39A-39H are graphs of corrected measurements. 
FIGS. 40A-40H are graphs illustrating correction for aera-

tion. 
FIG. 41 is a block diagram illustrating the effect of aeration 

in a conduit. 
FIG. 42 is a flow chart of a setpoint control procedure. 
FIGS. 43A-43C are graphs illustrating application of the 

procedure of FIG. 41. 
FIG. 44 is a graph comparing the performance of digital 

and analog flowmeters. 
FIG. 45 is a flow chart showing operation of a self-validat­

ing meter. 
FIG. 46 is a block diagram of a two-wire digital mass 

flowmeter. 
FIG. 47A is an illustration of a digital flowmeter using a 

bent flowtube. 
FIG. 47B is an illustration of a digital flowmeter using a 

straight flowtube. 
FIG. 4S is a block diagram of an operation of a digital 

flowmeter. 

50 ASIC, other programmable logic or gate arrays, or program­
mable logic with a processor core. The digital controller 
generates a measurement of mass flow through the conduit 
120 based at least on signals received from the motion sensors 
110. The digital controller also controls the drivers 115 to 

55 induce motion in the conduit 120. This motion is sensed by 
the motion sensors 110. 

Mass flow through the conduit 120 is related to the motion 
induced in the conduit in response to a driving force supplied 
by the drivers 115. In particular, mass flow is related to the 

60 phase and frequency of the motion, as well as to the tempera­
ture of the conduit. The digital mass flowmeter also may 
provide a measurement of the density of material flowing 
through the conduit. The density is related to the frequency of 
the motion and the temperature of the conduit. Many of the 

65 described techniques are applicable to a densitometer that 
provides a measure of density rather than a measure of mass 
flow. 
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The temperature in the conduit, which is measured using 
the temperature sensor 125, affects certain properties of the 
conduit, such as its stiffness and dimensions. The digital 
controller compensates for these temperature effects. The 
temperature of the digital controller 105 affects, for example, 
the operating frequency of the digital controller. In general, 
the effects of controller temperature are sufficiently small to 

14 
quency of the antisymmetrical mode for conduits of the shape 
shown in FIGS. 2A and 2B is higher than the resonant fre­
quency of the symmetrical mode. To reduce the noise sensi­
tivity of the mass flow measurement, it is desirable to maxi­
mize the Coriolis force for a given mass flow rate. As noted 
above, the loops are driven at their resonant frequency, and 
the Coriolis force is directly related to the frequency at which 
the loops are oscillating (i.e., the angular velocity of the 
loops). Accordingly, the loops are driven in the antisymmetri-

be considered negligible. However, in some instances, the 
digital controller may measure the controller temperature 
using a solid state device and may compensate for effects of 
the controller temperature. 

10 cal mode, which tends to have the higher resonant frequency. 

A. Mechanical Design 
Other implementations may include different conduit 

designs. For example, a single loop or a straight tube section 
may be employed as the conduit. 
C. Electronic Design 

The digital controller 105 determines the mass flow rate by 
processing signals produced by the sensors 48 (i.e., the 
motion sensors 110) located at opposite ends of the loops. The 
signal produced by each sensor includes a component corre­
sponding to the relative velocity at which the loops are driven 

In one implementation, as illustrated in FIGS. 2A and 2B, 
the conduit 120 is designed to be inserted in a pipeline (not 
shown) having a small section removed or reserved to make 15 

room for the conduit. The conduit 120 includes mounting 
flanges 12 for connection to the pipeline, and a central mani­
fold block 16 supporting two parallel planar loops 18 and 20 
that are oriented perpendicularly to the pipeline. An electro­
magnetic driver 46 and a sensor 48 are attached between each 
end of loops 18 and 20. Each of the two drivers 46 corre­
sponds to a driver 115 ofFIG.1, while each of the two sensors 

20 by a driver positioned next to the sensor and a component 
corresponding to the relative velocity of the loops due to 
Coriolis forces induced in the loops. The loops are driven in 
the antisymmetrical mode, so that the components of the 
sensor signals corresponding to drive velocity are equal in 

48 corresponds to a sensor 120 of FIG. 1. 
The drivers 46 on opposite ends of the loops are energized 

with current of equal magnitude but opposite sign (i.e., cur­
rents that are 180° out-of-phase) to cause straight sections 26 
of the loops 18, 20 to rotate about their co-planar perpendicu-
lar bisector 56, which intersects the tube at point P (FIG. 2B). 
Repeatedly reversing (e.g., controlling sinusoidally) the ener­
gizing current supplied to the drivers causes each straight 
section 26 to undergo oscillatory motion that sweeps out a 
bow tie shape in the horizontal plane about line 56-56, the axis 

25 magnitude but opposite in sign. The resulting Coriolis force is 
in the symmetrical mode so that the components of the sensor 
signals corresponding to Coriolis velocity are equal in mag­
nitude and sign. Thus, differencing the signals cancels out the 
Coriolis velocity components and results in a difference that 

30 is proportional to the drive velocity. Similarly, summing the 
signals cancels out the drive velocity components and results 
in a sum that is proportional to the Coriolis velocity, which, in 
turn, is proportional to the Coriolis force. This sum then may 
be used to determine the mass flow rate. 

of symmetry of the loop. The entire lateral excursion of the 
loops at the lower rounded turns 38 and 40 is small, on the 
order of 1/16 of an inch for a two foot long straight section 26 35 

of a pipe having a one inch diameter. The frequency of oscil­
lation is typically about 80 to 90 Hertz. 
B. Conduit Motion 

1. Analog Control System 
The digital mass flowmeter 100 provides considerable 

advantages over traditional, analog mass flowmeters. For use 
in later discussion, FIG. 4 illustrates an analog control system 
400 of a traditional mass flowmeter. The sensors 48 each 
produce a voltage signal, with signal V Ao being produced by 
sensor 48a and signal V Bo being produced by sensor 48b. V Ao 

and V Bo correspond to the velocity of the loops relative to 
each other at the positions of the sensors. Prior to processing, 
signals V Ao and V Bo are amplified at respective input ampli-

The motion of the straight sections ofloops 18 and 20 are 
shown in three modes in FIGS. 3A, 3B and 3C. In the drive 40 

mode shown in FIG. 3B, the loops are driven 180° out-of­
phase about their respective points P so that the two loops 
rotate synchronously but in the opposite sense. Consequently, 
respective ends such as A and C periodically come together 
and go apart. 45 fiers 405 and 410 to produce signals V Al and V Bl. To correct 

for imbalances in the amplifiers and the sensors, input ampli­
fier 410 has a variable gain that is controlled by a balance 
signal coming from a feedback loop that contains a synchro-

The drive motion shown in FIG. 3B induces the Coriolis 
mode motion shown in FIG. 3A, which is in opposite direc­
tions between the loops and moves the straight sections 26 
slightly toward (or away) from each other. The Coriolis effect 
is directly related to mvW, where mis the mass of material in 50 

a cross section of a loop, vis the velocity at which the mass is 
moving (the volumetric flow rate), Wis the angular velocity 
of the loop (W=W

0 
sin wt), and my is the mass flow rate. The 

Coriolis effect is greatest when the two straight sections are 
driven sinusoidally and have a sinusoidally varying angular 55 

velocity. Under these conditions, the Coriolis effect is 90° 
out-of-phase with the drive signal. 

nous demodulator 415 and an integrator 420. 
At the output of amplifier 405, signal V Al is of the form: 

VA 1=Vn sin wt+ Ve cos wt, 

and, at the output of amplifier 410, signal V Bl is of the form: 

VB 1 =-Vn sin wt+ Ve cos wt, 

where VD and V care, respectively, the drive voltage and the 
Coriolis voltage, and w is the drive mode angular frequency. FIG. 3C shows an undesirable common mode motion that 

deflects the loops in the same direction. This type of motion 
might be produced by an axial vibration in the pipeline in the 
embodiment of FIGS. 2A and 2B because the loops are per­
pendicular to the pipeline. 

Voltages V Al and V Bl are differenced by operational ampli-
60 fier 425 to produce: 

The type of oscillation shown in FIG. 3B is called the 
antisymmetrical mode, and the Coriolis mode of FIG. 3A is 
called the symmetrical mode. The natural frequency of oscil- 65 

lation in the antisymmetrical mode is a function of the tor­
sional resilience of the legs. Ordinarily the resonant fre-

where V DRv corresponds to the drive motion and is used to 
power the drivers. In addition to powering the drivers, V DRv is 
supplied to a positive going zero crossing detector 430 that 
produces an output square wave F DRv having a frequency 
corresponding to that ofV DRV ( w=2itF DRv)· F DRV is used as 



US 9,014,997 B2 
15 

the input to a digital phase locked loop circuit 435. F DRvalso 

is supplied to a processor 440. 
Voltages V Al and V Bl are summed by operational amplifier 

445 to produce: 

where V coR is related to the induced Coriolis motion. 
V coR is supplied to a synchronous demodulator 450 that 

produces an output voltage V M that is directly proportional to 
mass by rejecting the components ofV coR that do not have 
the same frequency as, and are not in phase with, a gating 
signal Q. The phase locked loop circuit 435 produces Q, 
which is a quadrature reference signal that has the same 
frequency (w) as V DRvand is 90° out of phase with V DRv(i.e., 

in phase with V coR). Accordingly, synchronous demodulator 
450 rejects frequencies other than co so that V Mcorresponds to 
the amplitude ofV coR at co. This amplitude is directly pro­
portional to the mass in the conduit. 

V Mis supplied to a voltage-to-frequency converter 455 that 
produces a square wave signal FM having a frequency that 
corresponds to the amplitude ofV M The processor 440 then 
divides FM by F DRv to produce a measurement of the mass 
flow rate. 

16 
supply the digital signals to controller 505. The controller 505 
uses the measured currents in generating the driving signals. 

Temperature sensors 535 and pressure sensors 540 mea­
sure, respectively, the temperature and the pressure at the inlet 
545 and the outlet 550 of the conduit. AID converters 555 
convert the measured values to digital signals and supply the 
digital signals to the controller 505. The controller 505 uses 
the measured values in a number of ways. For example, the 
difference between the pressure measurements may be used 

10 to determine a back pressure in the conduit. Since the stiffness 
of the conduit varies with the back pressure, the controller 
may account for conduit stiffness based on the determined 
back pressure. 

An additional temperature sensor 560 measures the tem-
15 perature of the crystal oscillator 565 used by the AID convert­

ers. AnAID converter 570 converts this temperature measure­
ment to a digital signal for use by the controller 505. The 
input/output relationship of the AID converters varies with the 
operating frequency of the converters, and the operating fre-

20 quency varies with the temperature of the crystal oscillator. 
Accordingly, the controller uses the temperature measure­
ment to adjust the data provided by the AID converters, or in 
system calibration. 

In the implementation of FIG. 5, the digital controller 505 
25 processes the digitized sensor signals produced by the AID 

converters 510 according to the procedure 600 illustrated in 
FIG. 6 to generate the mass flow measurement and the drive 
signal supplied to the drivers 46. Initially, the controller col­
lects data from the sensors (step 605). Using this data, the 

Digital phase locked loop circuit 435 also produces a ref­
erence signal I that is in phase with V DRvand is used to gate 
the synchronous demodulator 415 in the feedback loop con­
trolling amplifier 410. When the gains of the input amplifiers 
405 and 410 multiplied by the drive components of the cor­
responding input signals are equal, the summing operation at 
operational amplifier 445 produces zero drive component 
(i.e., no signal in phase with V DRv) in the signal V coR· When 
the gains of the input amplifiers 405 and 410 are not equal, a 
drive component exists in V coR· This drive component is 
extracted by synchronous demodulator 415 and integrated by 
integrator 420 to generate an error voltage that corrects the 
gain of input amplifier 410. When the gain is too high or too 
low, the synchronous demodulator 415 produces an output 
voltage that causes the integrator to change the error voltage 
that modifies the gain. When the gain reaches the desired 
value, the output of the synchronous modulator goes to zero 40 

and the error voltage stops changing to maintain the gain at 
the desired value. 

30 controller determines the frequency of the sensor signals 
(step 610), eliminates zero offset from the sensor signals (step 
615), and determines the amplitude (step 620) and phase (step 
625) of the sensor signals. The controller uses these calcu­
lated values to generate the drive signal (step 630) and to 

35 generate the mass flow and other measurements (step 635). 
After generating the drive signals and measurements, the 
controller collects a new set of data and repeats the procedure. 
The steps of the procedure 600 may be performed serially or 
in parallel, and may be performed in varying order. 

Because of the relationships between frequency, zero off-
set, amplitude, and phase, an estimate of one may be used in 
calculating another. This leads to repeated calculations to 
improve accuracy. For example, an initial frequency determi­
nation used in determining the zero offset in the sensor signals 

2. Digital Control System 
FIG. 5 provides a block diagram of an implementation 500 

of the digital mass flowmeter 100 that includes the conduit 
120, drivers 46, and sensors 48 of FIGS. 2A and 2B, along 
with a digital controller 505. Analog signals from the sensors 

45 may be revised using offset-eliminated sensor signals. In 
addition, where appropriate, values generated for a cycle may 
be used as starting estimates for a following cycle. 

48 are converted to digital signals by analog-to-digital ("Al 
D") converters 510 and supplied to the controller 505. The 
AID converters may be implemented as separate converters, 
or as separate channels of a single converter. 

FIG. 5 provides a general description of the hardware 
included in a digital flowmeter. A more detailed description of 

50 a specific hardware implementation is provided in the 
attached appendix, which is incorporated by reference. 

Digital-to-analog ("D/A") converters 515 convert digital 
control signals from the controller 505 to analog signals for 
driving the drivers 46. The use of a separate drive signal for 
each driver has a number of advantages. For example, the 55 

system may easily switch between symmetrical and anti sym­
metrical drive modes for diagnostic purposes. In other imple­
mentations, the signals produced by converters 515 may be 
amplified by amplifiers prior to being supplied to the drivers 
46. In still other implementations, a single D/ A converter may 60 

be used to produce a drive signal applied to both drivers, with 
the drive signal being inverted prior to being provided to one 
of the drivers to drive the conduit 120 in the antisymmetrical 
mode. 

a. Data Collection 
For ease of discussion, the digitized signals from the two 

sensors will be referred to as signals SV 1 and SV 2 , with signal 
SV 1 coming from sensor 48a and signal SV 2 coming from 
sensor 48b. Although new data is generated constantly, it is 
assumed that calculations are based upon data corresponding 
to one complete cycle of both sensors. With sufficient data 
buffering, this condition will be true so long as the average 
time to process data is less than the time taken to collect the 
data. Tasks to be carried out for a cycle include deciding that 
the cycle has been completed, calculating the frequency of the 
cycle (or the frequencies of SV 1 and SV 2 ), calculating the 
amplitudes of SV 1 and SV 2 , and calculating the phase differ-

High precision resistors 520 and amplifiers 525 are used to 
measure the current supplied to each driver 46. AID convert­
ers 530 convert the measured current to digital signals and 

65 ence between SV1 and SV2 . In some implementations, these 
calculations are repeated for each cycle using the end point of 
the previous cycle as the start for the next. In other implemen-
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tations, the cycles overlap by 180° or other amounts (e.g., 
90°) so that a cycle is subsumed within the cycles that precede 
and follow it. 

FIGS. 7A and 7B illustrate two vectors of sampled data 
from signals SV 1 and SV 2 , which are named, respectively, 
svl_in and sv2_in. The first sampling point of each vector is 
known, and corresponds to a zero crossing of the sine wave 
represented by the vector. For svl_in, the first sampling point 
is the zero crossing from a negative value to a positive value, 
while for sv2_in the first sampling point is the zero crossing 10 

from a positive value to a negative value. 
An actual starting point for a cycle (i.e., the actual zero 

crossing) will rarely coincide exactly with a sampling point. 
For this reason, the initial sampling points (start_sam­
ple_SVl and start_sample_SV2) are the sampling points 15 

occurring just before the start of the cycle. To account for the 
difference between the first sampling point and the actual start 

18 

end_sample_SVl s start sample SVl + 365 * sample_rate 
- - 360 est_freq * 0.95 

where start_sample_SVl is the first sample of svl_in, sample 
rate is the sampling rate, and est_freq is the frequency from 
the previous cycle. The upper limit on the end of the cycle for 
signal SV 2 ( end_sample_SV2) may be determined similarly. 

After the end of a cycle is identified, simple checks may be 
made as to whether the cycle is worth processing.A cycle may 
not be worth processing when, for example, the conduit has 
stalled or the sensor waveforms are severely distorted. Pro­
cessing only suitable cycles provides considerable reductions 
in computation. 

One way to determine cycle suitability is to examine cer­
tain points of a cycle to confirm expected behavior. As noted 
above, the amplitudes and frequency of the last cycle give 
useful starting estimates of the corresponding values for the 

of the cycle, the approach also uses the position (start_off­
set_SVl or start_offset_SV2) between the starting sample 
and the next sample at which the cycle actually begins. 20 

current cycle.Using these values, the points corresponding to 
30°, 150°, 210° and 330° of the cycle maybe examined. If the 
amplitude and frequency were to match exactly the amplitude 
and frequency forthe previous cycle, these points should have 
values corresponding to est_amp/2, est_amp/2, -est_amp/2, 

Si~ce there is a phase offset between signals SV 1 and SV 2 , 

svl_m and sv2_in may start at different sampling points. If 
both the sample rate and the phase difference are high, there 
may be a difference of several samples between the start of 
svl_in and the start of sv2_in. This difference provides a 25 

crude estimate of the phase offset, and may be used as a check 
on the calculated phase offset, which is discussed below. For 
example, when sampling at 55 kHz, one sample corresponds 
to approximately 0.5 degrees of phase shift, and one cycle 
corresponds to about 800 sample points. 30 

When the controller employs functions such as the sum 
(A+B) and difference (A-B), with B weighted to have the 
same amplitude as A, additional variables (e.g., start_ 
sample_ sum and start_offset_sum) track the start of the 
period for each function. The sum and difference functions 35 

have a phase offset hal:!Way between SV 1 and SV 2 . 

In one implementation, the data structure employed to 
store the data from the sensors is a circular list for each sensor 
with a capacity of at least twice the maximum number of 
samples in a cycle. With this data structure, processing may 40 

be carried out on data for a current cycle while interrupts or 
other techniques are used to add data for a following cycle to 
the lists. 

Processing is performed on data corresponding to a full 
cycle to avoid errors when employing approaches based on 45 

sine-waves. Accordingly, the first task in assembling data for 
a cycle is to determine where the cycle begins and ends. When 
nonoverlapping cycles are employed, the beginning of the 
cycle may be identified as the end of the previous cycle. When 
overlapping cycles are employed, and the cycles overlap by 50 

180°, the beginning of the cycle may be identified as the 
midpoint of the previous cycle, or as the endpoint of the cycle 
preceding the previous cycle. 

The end of the cycle may be first estimated based on the 
parameters of the previous cycle and under the assumption 55 

that the parameters will not change by more than a predeter­
mined amount from cycle to cycle. For example, five percent 
may be used as the maximum permitted change from the last 
cycle's value, which is reasonable since, at sampling rates of 
55 kHz, repeated increases or decreases of five percent in 60 

amplitude or frequency over consecutive cycles would result 
in changes of close to 5,000 percent in one second. 

By designating five percent as the maximum permissible 
increase in amplitude and frequency, and allowing for a maxi­
mum phase change of 5 ° in consecutive cycles, a conservative 65 

estimate for the upper limit on the end of the cycle for signal 
SV 1 may be determined as: 

and -est_amp/2, respectively, where est_amp is the estimated 
amplitude of a signal (i.e., the amplitude from the previous 
cycle). Allowing for a five percent change in both amplitude 
and frequency, inequalities may be generated for each quarter 
cycle. For the 30° point, the inequality is 

·n( 30 sample rate ) svl_1 start_sample_SVl + - * - > 0.475 *est amp SV 
360 est_freq d.05 - -

The inequalities for the other points have the same form, with 
the degree offset term (x/360) and the sign of the 
est_amp_SVl term having appropriate values. These 
inequalities can be used to check that the conduit has vibrated 
in a reasonable manner. 

Measurement processing takes place on the vectors svl in 
(start:end) and sv2_in(start:end) where: -

start~min(start_sample_SVl ,start_sample_SV2), and 

end~max(end_sample_SV1,end_sample_SV2). 

The difference between the start and end points for a signal is 
indicative of the frequency of the signal. 

b. Frequency Determination 
The frequency of a discretely-sampled pure sine wave may 

be calculated by detecting the transition between periods (i.e., 
by detecting positive or negative zero-crossings) and count­
ing the number of samples in each period. Using this method, 
sampling, for example, an 82.2 Hz sine wave at 55 kHz will 
provide an estimate of frequency with a maximum error of 
0.15 percent. Greater accuracy may be achieved by estimat­
ing the fractional part of a sample at which the zero-crossing 
actually occurred using, for example, start_offset_SVl and 
start_offset_SV2. Random noise and zero offset may reduce 
the accuracy of this approach. 

As illustrated in FIGS. SA and SB, a more refined method 
of frequency determination uses quadratic interpolation of 
the square of the sine wave. With this method, the square of 
the sine wave is calculated, a quadratic function is fitted to 
match the minimum point of the squared sine wave, and the 
zeros of the quadratic function are used to determine the 
frequency. If 
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where sv, is the sensor voltage at time t, A is the amplitude of 
oscillation, x, is the radian angle at time t (i.e., x,=2itft), ll is 
the zero offset, E, is a random variable with distribution N(O, 
1 ), and a is the variance of the noise, then the squared function 
is given by: 

sv?= A2 sin2xt+2A(O+oEt)sin xt+20oEt+02+a2E/. 

When x, is close to 2it, sin x, and sin2x, can be approximated 
as x0 ,=x,-2it and x0 ,2, respectively. Accordingly, for values of 
x, close to 2it, a, can be approximated as: 

This is a pure quadratic (with a non-zero minimum, assuming 
ll"'O) plus noise, with the amplitude of the noise being depen­
dent upon both a and ll. Linear interpolation also could be 
used. 

Error sources associated with this curve fitting technique 
are random noise, zero offset, and deviation from a true qua­
dratic. Curve fitting is highly sensitive to the level of random 
noise. Zero offset in the sensor voltage increases the ampli­
tude of noise in the sine-squared function, and illustrates the 
importance of zero offset elimination (discussed below). 
Moving away from the minimum, the square of even a pure 
sine wave is not entirely quadratic. The most significant extra 
term is of fourth order. By contrast, the most significant extra 
term for linear interpolation is of third order. 

Degrees of freedom associated with this curve fitting tech­
nique are related to how many, and which, data points are 
used. The minimum is three, but more may be used (at greater 
computational expense) by using least-squares fitting. Such a 
fit is less susceptible to random noise. FIG. SA illustrates that 
a quadratic approximation is good up to some 20° away from 
the minimum point. Using data points further away from the 
minimum will reduce the influence of random noise, but will 
increase the errors due to the non-quadratic terms (i.e., fourth 
order and higher) in the sine-squared function. 

FIG. 9 illustrates a procedure 900 for performing the curve 
fitting technique. As a first step, the controller initializes 
variables (step 905). These variables include end_point, the 
best estimate of the zero crossing point; ep_int, the integer 
value nearest to end_point; s[O ... i], the set of all sample 
points; z[k], the square of the sample point closest to end_ 
point; z[O ... n-1], a set of squared sample points used to 
calculate end_point; n, the number of sample points used to 
calculate end_point (n=2k+l); step_length, the number of 
samples in s between consecutive values in z; and iteration_ 
count, a count of the iterations that the controller has per­
formed. 

20 
As a first step in the iterative portion of the procedure, the 

controller selects step_length (step 930) based on the value of 
iteration_ count. The controller sets step_length equal to 6, 3, 
or 1 depending on whether iteration_count equals, respec­
tively, 1, 2 or 3. 

Next, the controller determines ep_int as the integer por­
tion of the sum of end_point and 0.5 (step 935) and fills the z 
array (step 940). For example, when n equals 5, z[O]=s 
[ ep_int-2 *step_length] 2

, Z[ 1 ]=s[ ep_int-step_length ]2
, 

10 z[2]=s[ep_int] 2
, z[3]=s[ep_int+step_length]2

, and z[4]=s 
[ep_int+2*step_length] 2

. 

Next, the controller uses a filter, such as a Savitzky-Golay 
filter, to calculate smoothed values ofz[k-1], z[k] and z[k+l] 
(step 945). Savitzky-Golay smoothing filters are discussed by 

15 Press et al. in Numerical Recipes in C, pp. 650-655 (2nd ed., 
Cambridge University Press, 1995), which is incorporated by 
reference. The controller then fits a quadratic to z[k-1], z[k] 
and z[k+l] (step 950), and calculates the minimum value of 
the quadratic (z*) and the corresponding position (x*) (step 

20 955). 
Ifx* is between the points corresponding to k-1 and k+l 

(step 960), then the controller sets end_point equal to x* (step 
965). Thereafter, if iteration_ count is less than 3 (step 970), 
the controller increments iteration_count (step 925) and 

25 repeats the iterative portion of the procedure. 
Ifx* is not between the points corresponding to k-1 and 

k+l (step 960), or if iteration_ count equals 3 (step 970), the 
controller exits the iterative portion of the procedure. The 
controller then calculates the frequency based on the differ-

30 ence between end_point and the starting point for the cycle, 
which is known (step 975). 

In essence, the procedure 900 causes the controller to make 
three attempts to home in on end_point, using smaller 
step_lengths in each attempt. If the resulting minimum for 

35 any attempt falls outside of the points used to fit the curve 
(i.e., there has been extrapolation rather than interpolation), 
this indicates that either the previous or new estimate is poor, 
and that a reduction in step size is unwarranted. 

The procedure 900 may be applied to at least three different 
40 sine waves produced by the sensors. These include signals 

SV 1 and SV 2 and the weighted sum of the two. Moreover, 
assuming that zero offset is eliminated, the frequency esti­
mates produced for these signals are independent. This is 
clearly true for signals SV 1 and SV 2 , as the errors on each are 

45 independent. It is also true, however, for the weighted sum, as 
long as the mass flow and the corresponding phase difference 
between signals SV 1 and SV 2 are large enough for the calcu­
lation of frequency to be based on different samples in each 
case. When this is true, the random errors in the frequency 

50 estimates also should be independent. 
The three independent estimates of frequency can be com­

bined to provide an improved estimate. This combined esti­
mate is simply the mean of the three frequency estimates. 

c. Zero Offset Compensation 
An important error source in a Coriolis transmitter is zero 

offset in each of the sensor voltages. Zero offset is introduced 
into a sensor voltage signal by drift in the pre-amplification 
circuitry and the analog-to-digital converter. The zero offset 
effect may be worsened by slight differences in the pre-

The controller then generates a first estimate of end_point 
(step 910). The controller generates this estimate by calculat­
ing an estimated zero-crossing point based on the estimated 55 

frequency from the previous cycle and searching around the 
estimated crossing point (forwards and backwards) to find the 
nearest true crossing point (i.e., the occurrence of consecutive 
samples with different signs). The controller then sets end_ 
point equal to the sample point having the smaller magnitude 60 amplification gains for positive and negative voltages due to 

the use of differential circuitry. Each error source varies 
between transmitters, and will vary with transmitter tempera­
ture and more generally over time with component wear. 

of the samples surrounding the true crossing point. 
Next, the controller sets n, the number of points for curve 

fitting (step 915). The controller sets n equal to 5 for a sample 
rate of 11 kHz, and to 21 for a sample rate of 44 kHz. The 
controller then sets iteration_ count to 0 (step 920) and incre­
ments iteration_ count (step 925) to begin the iterative portion 
of the procedure. 

An example of the zero offset compensation technique 
65 employed by the controller is discussed in detail below. In 

general, the controller uses the frequency estimate and an 
integration technique to determine the zero offset in each of 
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the sensor signals. The controller then eliminates the zero 
offset from those signals. After eliminating zero offset from 
signals SV 1 and SV 2 , the controller may recalculate the fre­
quency of those signals to provide an improved estimate of 
the frequency. 

d. Amplitude Determination 

The amplitude of oscillation has a variety of potential uses. 

-1 an 
'Pn =tan b;,. 

22 

The phase offset is interpreted in the context of a single 
waveform as being the difference between the start of the 
cycle (i.e., the zero-crossing point) and the point of zero phase 
for the component of SV(t) of frequency co. Since the phase 

These include regulating conduit oscillation via feedback, 
balancing contributions of sensor voltages when synthesizing 
driver waveforms, calculating sums and differences for phase 
measurement, and calculating an amplitude rate of change for 
measurement correction purposes. 

In one implementation, the controller uses the estimated 
amplitudes of signals SV 1 and SV 2 to calculate the sum and 
difference of signals SV 1 and SV 2 , and the product of the sum 
and difference. Prior to determining the sum and difference, 
the controller compensates one of the signals to account for 
differences between the gains of the two sensors. For 
example, the controller may compensate the data for signal 
SV 2 based on the ratio of the amplitude of signal SV 1 to the 
amplitude of signal SV 2 so that both signals have the same 
amplitude. 

10 offset is an average over the entire waveform, it may be used 
as the phase offset from the midpoint of the cycle. Ideally, 
with no zero offset and constant amplitude of oscillation, the 
phase offset should be zero every cycle. The controller may 

15 
determine the phase difference by comparing the phase offset 
of each sensor voltage over the same time period. 

The amplitude and phase may be generated using a Fourier 
method that eliminates the effects of higher harmonics. This 
method has the advantage that it does not assume that both 

The controller may produce an additional estimate of the 
frequency based on the calculated sum. This estimate may be 
averaged with previous frequency estimates to produce a 
refined estimate of the frequency of the signals, or may 
replace the previous estimates. 

20 ends of the conduits are oscillating at the same frequency. As 
a first step in the method, a frequency estimate is produced 
using the zero crossings to measure the time between the start 
and end of the cycle. If linear variation in frequency is 
assumed, this estimate equals the time-averaged frequency 

25 over the period. Using the estimated, and assumed time­
invariant, frequency co of the cycle, the controller calculates: 

The controller may calculate the amplitude according to a 
Fourier-based technique to eliminate the effects of higher 30 

harmonics. A sensor voltage x(t) over a period T (as identified 
using zero crossing techniques) can be represented by an 
offset and a series of harmonic terms as: 

x(t)~ar:J2+a 1 cos(wt)+a2 cos(2wt)+ 
35 

a3 cos(3wt)+ ... +b 1 sin( wt)+b2 sin(2wt)+ ... 

With this representation, a non-zero offset a0 will result in 
non-zero cosine terms a. Though the amplitude of interest is 
the amplitude of the fundamental component (i.e., the ampli- 40 

tude at frequency co), monitoring the amplitudes of higher 
harmonic components (i.e., at frequencies kw, where k is 
greater than 1) may be of value for diagnostic purposes. The 
values of an and bn may be calculated as: 

45 

2lr an= - x(t)cosnwd/t, 
T o 

and 
50 2lr bn = - x(t)sinnwd/t. 

T o 

2H 

ii = 
2

w (-w SV(t)sin(wt)d/t, and 
" Jo 

2H 

ii = 
2

w (-w SV(t)cos(wt)d/t, 
" Jo 

where SV(t) is the sensor voltage waveform (i.e., SV 1 (t) or 
SV 2 (t)). The controller then determines the estimates of the 
amplitude and phase: 

Amp = ~I[ + I~ , and 

Phase= tan-1 ~ 
Ii 

The controller then calculates a phase difference, assuming 
that the average phase and frequency of each sensor signal is 
representative of the entire waveform. Since these frequen-
cies are different for SV 1 and SV 2 , the corresponding phases 
are scaled to the average frequency. In addition, the phases are 
shifted to the same starting point (i.e., the midpoint of the 
cycle on SV1). After scaling, they are subtracted to provide 

The amplitude, Am of each harmonic is given by: 
55 the phase difference: 

The integrals are calculated using Simpson's method with 
quadratic correction (described below). The chief computa­
tional expense of the method is calculating the pure sine and 60 

cosine functions. 

e. Phase Determination 

The controller may use a number of approaches to calcu­
late the phase difference between signals SV 1 and SV 2 . For 65 

example, the controller may determine the phase offset of 
each harmonic, relative to the starting time at t=O, as: 

av_freq 
scaled_phase_SV1 = phase_SV1 freq_SV

1
, 

. (rnidpoint_SV2 - rnidpoint_SV1 )hfreq_SV2 scaled_shifLSV2 = 
360 

, and 

av freq 
scaled_phase_SV2 = (phase_SV2 + scale_shift_SV2) fre~_SV2 , 

where his the sample length and the midpoints are defined in 
terms of samples: 
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. . (startpoint_SVx + endpoint_SVx) 
nudpomt_SVx = 

2 

In general, phase and amplitude are not calculated over the 
same time-frame for the two sensors. When the flow rate is 
zero, the two cycle mid-points are coincident. However, they 
diverge at high flow rates so that the calculations are based on 
sample sets that are not coincident in time. This leads to 

10 
increased phase noise in conditions of changing mass flow. At 
full flow rate, a phase shift of 4 ° (out of360°) means that only 
99% of the samples in the svl and sv2 data sets are coinci­
dent. Far greater phase shifts may be observed under aerated 
conditions, which may lead to even lower rates of overlap. 15 

FIG. 10 illustrates a modified approach 1000 that addresses 
this issue. First, the controller finds the frequencies (f1 , f2 ) and 
the mid-points (m1 , m2 ) of the SV1 and SV2 data sets (du d2 ) 

(step 1005). Assuming linear shift in frequency from the last 
cycle, the controller calculates the frequency of SV 2 at the 20 

midpoint of SV 1 (f2 m1) and the frequency of SV 1 at the mid­
point ofSV2 (f1m2 ) (step 1010). 

The controller then calculates the starting and ending 
points of new data sets ( d1m2 and d2 m1) with mid-points m2 

d 25 and m 1 respectively, and assuming frequencies of f1m2 an 
f2m1 (step1015). These end points do not necessarily coincide 
with zero crossing points. However, this is not a requirement 
for Fourier-based calculations. 

The controller then carries out the Fourier calculations of 
30 

24 

Sum= SV1 (t) + ~SV2(t) = 2A1cos~ ·sin2nft, and 
A1 2 

Diff = SV1 (t)- ~SV2(t) = 2A1sin~ ·cos2nft. 
A1 2 

These functions have amplitudes of 2A1 cos(cp2) and 2A1 

sin( cp2), respectively. The controller calculates data sets for 
Sum and Diff from the data for SV 1 and SV 2 , and then uses 
one or more of the methods described above to calculate the 
amplitude of the signals represented by those data sets. The 
controller then uses the calculated amplitudes to calculate the 
phase difference, (p. 

As an alternative, the phase difference may be calculated 
using the function Prod, defined as: 

Prod= SumxDiff 

= 4Afcos~ ·sin~· cos2nft· sin2nft 

= Afsin\O · sin4nft, 

which is a function with amplitude A 2 sin cjJ and frequency 2f. 
Prod can be generated sample by sample, and cjJ may be 
calculated from the amplitude of the resulting sine wave. 

The calculation of phase is particularly dependent upon the 
accuracy of previous calculations (i.e., the calculation of the 
frequencies and amplitudes ofSV1 and SV2). The controller 
may use multiple methods to provide separate (if not entirely 
independent) estimates of the phase, which may be combined 
to give an improved estimate. 

f. Drive Signal Generation 
The controller generates the drive signal by applying a gain 

to the difference between signals SV 1 and SV 2 . The controller 
may apply either a positive gain (resulting in positive feed­
back) or a negative gain (resulting in negative feedback). 

In general, the Q of the conduit is high enough that the 

phase and amplitude on the sets d1 and d2 mu and the phase 
difference calculations outlined above (step 1020). Since the 
mid-points of d1 and d2 m1 are identical, scale-shift SV2 is 
always zero and can be ignored. The controller repeats these 
calculations for the data sets d2 and d1m2 (step 1025). The 35 

controller then generates averages of the calculated amplitude 
and phase difference for use in measurement generation (step 
1030). When there is sufficient separation between the mid 
points m 1 and m2 , the controller also may use the two sets of 
results to provide local estimates of the rates of change of 
phase and amplitude. 

40 conduit will resonate only at certain discrete frequencies. For 
example, the lowest resonant frequency for some conduits is 
between 65 Hz and 95 Hz, depending on the density of the 
process fluid, and irrespective of the drive frequency. As such, 
it is desirable to drive the conduit at the resonant frequency to 

The controller also may use a difference-amplitude method 
that involves calculating a difference between SV 1 and SV 2 , 

squaring the calculated difference, and integrating the result. 
According to another approach, the controller synthesizes a 
sine wave, multiplies the sine wave by the difference between 
signals SV 1 and SV 2 , and integrates the result. The controller 
also may integrate the product of signals SV 1 and SV 2 , which 
is a sine wave having a frequency 2f (where f is the average 
frequency of signals SV 1 and SV 2), or may square the product 
and integrate the result. The controller also may synthesize a 
cosine wave comparable to the product sine wave and multi­
ply the synthesized cosine wave by the product sine wave to 
produce a sine wave of frequency 4fthat the controller then 
integrates. The controller also may use multiple ones of these 
approaches to produce separate phase measurements, and 
then may calculate a mean value of the separate measure­
ments as the final phase measurement. 

The difference-amplitude method starts with: 

SV1 (t) = A1 sin(2rrft + ~) and SV2(t) = A1sin(2nft- ~), 

where cp is the phase difference between the sensors. Basic 
trigonometric identities may be used to define the sum (Sum) 
and difference (Diff) between the signals as: 

45 minimize cycle-to-cycle energy loss. Feeding back the sensor 
voltage to the drivers permits the drive frequency to migrate to 
the resonant frequency. 

As an alternative to using feedback to generate the drive 
signal, pure sine waves having phases and frequencies deter-

50 mined as described above may be synthesized and sent to the 
drivers. This approach offers the advantage of eliminating 
undesirable high frequency components, such as harmonics 
of the resonant frequency. This approach also permits com­
pensation for time delays introduced by the analog-to-digital 

55 converters, processing, and digital-to-analog converters to 
ensure that the phase of the drive signal corresponds to the 
mid-point of the phases of the sensor signals. This compen­
sation may be provided by determining the time delay of the 
system components and introducing a phase shift correspond-

60 ing to the time delay. 
Another approach to driving the conduit is to use square 

wave pulses. This is another synthesis method, with fixed 
(positive and negative) direct current sources being switched 
on and off at timed intervals to provide the required energy. 

65 The switching is synchronized with the sensor voltage phase. 
Advantageously, this approach does not require digital-to­
analog converters. 
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In general, the amplitude of vibration of the conduit should 
rapidly achieve a desired value at startup, so as to quickly 
provide the measurement function, but should do so without 
significant overshoot, which may damage the meter. The 
desired rapid startup may be achieved by setting a very high 
gain so that the presence of random noise and the high Q of the 
conduit are sufficient to initiate motion of the conduit. In one 
implementation, high gain and positive feedback are used to 
initiate motion of the conduit. Once stable operation is 
attained, the system switches to a synthesis approach for 10 

generating the drive signals. 
Referring to FIGS.11A-13D, synthesis methods also may 

be used to initiate conduit motion when high gain is unable to 
do so. For example, if the DC voltage offset of the sensor 
voltages is significantly larger than random noise, the appli- 15 

cation of a high gain will not induce oscillatory motion. This 
condition is shown in FIGS. llA-llD, in which a high gain is 
applied at approximately 0.3 seconds. As shown in FIGS. 
llA and llB, application of the high gain causes one of the 
drive signals to assume a large positive value (FIG. llA) and 20 

the other to assume a large negative value (FIG. llB). The 
magnitudes of the drive signals vary with noise in the sensor 
signals (FI GS. 11 C and llD). However, the amplified noise is 
insufficient to vary the sign of the drive signals so as to induce 
oscillation. 25 

FIGS. 12A-12D illustrate that imposition of a square wave 
over several cycles can reliably cause a rapid startup of oscil­
lation. Oscillation of a conduit having a two inch diameter 
may be established in approximately two seconds. The estab­
lishment of conduit oscillation is indicated by the reduction in 30 

the amplitude of the drive signals, as shown in FIGS. 12A and 
12B. FIGS. 13A-13D illustrate that oscillation of a one inch 
conduit may be established in approximately half a second. 

26 
where D1-D4 are calibration constants generated during a 
calibration procedure. 

D. Integration Techniques 

Many integration techniques are available, with different 
techniques requiring different levels of computational effort 
and providing different levels of accuracy. In the described 
implementation, variants of Simpson's method are used. The 
basic technique may be expressed as: 

f
1n+2 h 

yd/t '°' -(Yn + 4Yn+! + Yn+2), 
In 3 

where tk is the time at sample k, Yk is the corresponding 
function value, and h is the step length. This rule can be 
applied repeatedly to any data vector with an odd number of 
data points (i.e., three or more points), and is equivalent to 
fitting and integrating a cubic spline to the data points. If the 
number of data points happens to be even, then the so-called 
3/sths rule can be applied at one end of the interval: 

f
1n+3 3h 

yd/t '°' -(Yn + 3Yn+! + 3Yn+2 + Yn+3). 
In 8 

As stated earlier, each cycle begins and ends at some offset 
(e.g., start_offset_SVl) from a sampling point. The accuracy 
of the integration techniques are improved considerably by 
taking these offsets into account. For example, in an integra­
tion of a half cycle sine wave, the areas corresponding to 

35 partial samples must be included in the calculations to avoid 
a consistent underestimate in the result. 

A square wave also may be used during operation to correct 
conduit oscillation problems. For example, in some circum­
stances, flow meter conduits have been known to begin oscil­
lating at harmonics of the resonant frequency of the conduit, 
such as frequencies on the order of 1.5 kHz. When such high 
frequency oscillations are detected, a square wave having a 
more desirable frequency may be used to return the conduit 40 

oscillation to the resonant frequency. 
g. Measurement Generation 
The controller digitally generates the mass flow measure­

ment in a manner similar to the approach used by the analog 
controller. The controller also may generate other measure- 45 

ments, such as density. 

Two types of function are integrated in the described cal­
culations: either sine or sine-squared functions. Both are eas­
ily approximated close to zero where the end points occur. At 
the end points, the sine wave is approximately linear and the 
sine-squared function is approximately quadratic. 

In view of these two types of functions, three different 
integration methods have been evaluated. These are Simp­
son's method with no end correction, Simpson's method with 
linear end correction, and Simpson's method with quadratic 
correction. 

The integration methods were tested by generating and 

In one implementation, the controller calculates the mass 
flow based on the phase difference in degrees between the two 
sensor signals (phase_diff), the frequency of oscillation of the 
conduit (freq), and the process temperature (temp): 

noneu_mf=tan(n*phase_diff/180), and 

50 sampling pure sine and sine-squared functions, without simu­
lating any analog-to-digital truncation error. Integrals were 
calculated and the results were compared to the true ampli­
tudes of the signals. The only source of error in these calcu­
lations was due to the integration techniques. The results 

mass flow~ 16(MF 1 *T/ +MF2 *Tz +MF3 )*noneu_mjl 55 obtained are illustrated in tables A and B. 
freq, 

TABLE A where Tc is a calibration temperature, MF 1-MF3 are calibra­
tion constants calculated during a calibration procedure, and 
noneu_mf is the mass flow in non-engineering units. Integration of a sine function 

The controller calculates the density based on the fre- 60 

quency of oscillation of the conduit and the process tempera­
ture: 

% error 
(based on 1000 simulations) 

Simpson Only 
Simpson + linear correction 

65 Simpson + quadratic correction 

Av. Errors 
(%) S.D. Error(%) 

-3.73e-3 
3.16e-8 

2.00e-4 

1.33e-3 
4.89e-8 

2.19e-2 

Max. 
Error(%) 

6.17e-3 
1.56e-7 

5.18e-1 
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TABLEB 

Integration of a sine-squared fllilction 

% error Av. Errors 
(based on 1000 simulations (%) S.D. Error(%) 

Simpson Only -2.21e-6 1.lOe-6 
Simpson + linear correction 2.21e-6 6.93e-7 
Simpson + quadratic correction 2.15e-11 6.83e-11 

Max. 
Error(%) 

4.39e-3 
2.52e-6 
1.88e-10 

10 
For sine functions, Simpson's method with linear correc­

tion was unbiased with the smallest standard deviation, while 
Simpson's method without correction was biased to a nega­
tive error and Simpson's method with quadratic correction 
had a relatively high standard deviation. For sine-squared 
functions, the errors were generally reduced, with the qua- 15 

dratic correction providing the best result. Based on these 
evaluations, linear correction is used when integrating sine 
functions and quadratic correction is used when integrating 
sine-squared functions. 
E. Synchronous Modulation Technique 20 

FIG. 14 illustrates an alternative procedure 1400 for pro­
cessing the sensor signals. Procedure 1400 is based on syn­
chronous modulation, such as is described by Denys et al., in 
"Measurement of Voltage Phase for the French Future 
Defence Plan Against Losses of Synchronism", IEEE Trans- 25 

actions on Power Delivery, 7(1), 62-69, 1992 and by Begovic 

28 
where E1 [k] and E2 [k] represent the filtered noise from the 
original signals. The controller combines these signals to 
produce u[k] (step 1425): 

u[k] = (y\ [k] + jy~[k])(y\ [k - 1] + jy~[k - l]) 

= ui[k] + ju2 [k] 

which carries the essential information about the frequency 
deviation. As shown, u 1[k] represents the real component of 
u[k], while u2 [k] represents the imaginary component. 

The controller uses the real and imaginary components of 
u[k] to calculate the frequency deviation, llf (step 1430): 

The controller then adds the frequency deviation to the nomi­
nal frequency (step 1435) to give the actual frequency: 

f=L\.f+fo· 

et al. in "Frequency Tracking in Power Networks in the Pres­
ence of Harmonics", IEEE Transactions on Power Delivery, 
8(2), 480-486, 1993, both of which are incorporated by ref­
erence. 

The controller also uses the real and imaginary compo­
nents ofu[k] to determine the amplitude of the original signal. 
In particular, the controller determines the amplitude as (step 

30 1440): 
First, the controller generates an initial estimate of the 

nominal operating frequency of the system (step 1405). The 
controller then attempts to measure the deviation of the fre­
quency of a signal x[k] (e.g., SV1 ) from this nominal fre-
quency: 

x[kj=A sin [(w0+L\.w)kh+<l>}+E(k), 

Next, the controller determines the phase difference 
between the two sensor signals (step 1445). Assuming that 

35 any noise (E 1[k] and E2 [k]) remaining after application of the 
low pass filter described below will be negligible, noise free 
versions of y 1'[k] and y2 '[k] (y1 *[k] and y2 *[k]) may be 
expressed as: where A is the amplitude of the sine wave portion of the 

signal, w0 is the nominal frequency (e.g., 88 Hz), llw is the 
deviation from the nominal frequency, his the sampling inter­
val, <I> is the phase shift, and E(k) corresponds to the added 40 

noise and harmonics. 
A 

yj[k] = 
2

sin(L\.wkh + <l>), and 

To generate this measurement, the controller synthesizes 
two signals that oscillate at the nominal frequency (step Yi[k] = ~cos(L\.wkh-<l>). 
1410). The signals are phase shifted by 0 and rri2 and have 
amplitude of unity. The controller multiplies each of these 45 

signals by the original signal to produce signals y 
1 

and y 
2 

Multiplying these signals together gives: 
(step 1415): 

A A 
y1 =x[k]cos(w0kh) = 2 sin[(2w0 +L\.w)kh+<l>] + 

2
sin(L\.wkh+<l>), and 

A A 
y2 = x[k]sin(w0kh) = 2 cos[(2w0 + L\.w)kh + <l>] + 

2
cos(L\.wkh + <l>), 

where the first terms ofy 1 andy2 are high frequency (e.g., 176 
Hz) components and the second terms are low frequency 
(e.g., 0 Hz) components. The controller then eliminates the 
high frequency components using a low pass filter (step 

A2 
50 v = y)yi = S [sin(2<l>) + sin(2L\.wkh)]. 

Filtering this signal by a low pass filter having a cutoff fre­
quency near 0 Hz removes the unwanted component and 

55 leaves: 

A2 
v' = 8 sin(2<l>), 

1420): 60 

A 
y\ = 

2
sin(L\.wkh + <l>) + .si[k], and 

from which the phase difference can be calculated as: 

A 
y\ = 2cos(L\.wkh + <l>) + .s2 [k], 

65 
1 Sv' 

<l> = 2arcsin A2 . 
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This procedure relies on the accuracy with which the oper­
ating frequency is initially estimated, as the procedure mea­
sures only the deviation from this frequency. If a good esti­
mate is given, a very narrow filter can be used, which makes 
the procedure very accurate. For typical flowmeters, the op er- 5 

ating frequencies are around 95 Hz (empty) and 82 Hz (full). 
A first approximation of half range (88 Hz) is used, which 
allows a low-pass filter cut-off of 13 Hz. Care must be taken 
in selecting the cut-off frequency as a very small cut-off 
frequency can attenuate the amplitude of the sine wave. 10 

The accuracy of measurement also depends on the filtering 
characteristics employed. The attenuation of the filter in the 
dead-band determines the amount of harmonics rejection, 
while a smaller cutoff frequency improves the noise rejection. 

15 
F. Meter with PI Control 

30 
In the measurement branch 1610, the digitized sensor data 

is used to generate measurements of amplitude, frequency, 
and phase, as described above (step 1625). These measure­
ments then are used to calculate the mass flow rate (step 163 0) 
and other process variables. In general, the controller 1505 
implements the measurement branch 1610. 

In the drive signal generation branch 1615, the digitized 
signals from the two sensors are differenced to generate the 
signal (step 1635) that is multiplied by the gain to produce the 
drive signal. As described above, this differencing operation 
is performed by the controller 1505. In general, the differenc-
ing operation produces a weighted difference that accounts 
for amplitude differences between the sensor signals. 

In the gain generation branch 1620, the gain is calculated 
using the proportional-integral control block. As noted above, 
the amplitude, a(t), of motion of the conduit is determined 
(step 1640) and subtracted from the desired amplitude a0 (step 
1645) to calculate the error e(t). Though illustrated as a sepa­
rate step, generation of the amplitude, a(t), may correspond to 

FIGS. 15A and 15B illustrate a meter 1500 having a con­
troller 1505 that uses another technique to generate the sig­
nals supplied to the drivers. Analog-to-digital converters 
1510 digitize signals from the sensors 48 and provide the 
digitized signals to the controller 1505. The controller 1505 
uses the digitized signals to calculate gains for each driver, 
with the gains being suitable for generating desired oscilla­
tions in the conduit. The gains may be either positive or 
negative. The controller 1505 then supplies the gains to mul­
tiplying digital-to-analog converters 1515. In other imple­
mentations, two or more multiplying digital-to-analog con­
verters arranged in series may be used to implement a single, 
more sensitive multiplying digital-to-analog converter. 

20 generation of the amplitude in the measurement generation 
step 1625. Finally, the PI control block uses the error e(t) to 
calculate the gain (step 1650). 

The calculated gain is multiplied by the difference signal to 
generate the drive signal supplied to the drivers (step 1655). 

25 As described above, this multiplication operation is per­
formed by the multiplying DI A converter or may be per­
formed by the controller. 

The controller 1505 also generates drive signals using the 
30 

digitized sensor signals. The controller 1505 provides these 
drive signals to digital-to-analog converters 1520 that convert 
the signals to analog signals that are supplied to the multiply­
ing digital-to-analog converters 1515. 

The multiplying digital-to-analog converters 1515 multi-
35 

ply the analog signals by the gains from the controller 1505 to 
produce signals for driving the conduit. Amplifiers 1525 then 
amplify these signals and supply them to the drivers 46. 
Similar results could be obtained by having the controller 
1505 perform the multiplication performed by the multiply-

40 
ing digital-to-analog converter, at which point the multiply­
ing digital-to-analog converter could be replaced by a stan­
dard digital-to-analog converter. 

FIG. 15B illustrates the control approach in more detail. 

2. PI Control Block 
The objective of the PI control block is to sustain in the 

conduit pure sinusoidal oscillations having an amplitude a0 . 

The behavior of the conduit may be modeled as a simple 
mass-spring system that may be expressed as: 

where xis a function of time and the displacement of the mass 
from equilibrium, con is the natural frequency, and s is a 
damping factor, which is assumed to be small (e.g., 0.001). 
The solution to this force equation as a function of an output 
y(t) and an input i(t) is analogous to an electrical network in 
which the transfer function between a supplied current, i(s), 
and a sensed output voltage, y(s), is: 

y(s) 

i(s) 

ks Within the controller 1505, the digitized sensor signals are 
45 

provided to an amplitude detector 1550, which determines a 
measure, a(t), of the amplitude of motion of the conduit using, 
for example, the technique described above. A summer 1555 
then uses the amplitude a(t) and a desired amplitude a0 to 
calculate an error e( t) as: 

To achieve the desired oscillation in the conduit, a positive­
feedback loop having the gain K0 (t) is automatically adjusted 

50 by a 'slow' outer loop to give: 

e(t)~a0-a(t). 

The errore(t) is used by a proportional-integral ("PI") control 
block 1560 to generate a gain K0 (t). This gain is multiplied by 
the difference of the sensor signals to generate the drive 55 

signal. The PI control block permits high speed response to 
changing conditions. The amplitude detector 1550, summer 
1555, and PI control block 1560 may be implemented as 
software processed by the controller 1505, or as separate 
circuitry. 60 

1. Control Procedure 
The meter 1500 operates according to the procedure 1600 

illustrated in FIG. 16. Initially, the controller receives digi­
tized data from the sensors (step 1605). Thereafter, the pro­
cedure 1600 includes three parallel branches: a measurement 65 

branch 1610, a drive signal generation branch 1615, and a 
gain generation branch 1620. 

i+(2l:;wn -kKo(t))i+wn 2F0. 

The system is assumed to have a "two-time-scales" property, 
which means that variations in K0 (t) are slow enough that 
solutions to the equation forx provided above can be obtained 
by assuming constant damping. 

A two-term PI control block that gives zero steady-state 
error may be expressed as: 

K0(t)~Kpe(t)+KJ0'e(t)dt, 

where the error, e(t) (i.e., a0 -a(t)), is the input to the PI control 
block, and KP and K, are constants. In one implementation, 
with a0=10, controller constants of KP =0.02 and K,=0.0005 
provide a response in which oscillations build up quickly. 
However, this PI control block is nonlinear, which may result 
in design and operational difficulties. 
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A linear model of the behavior of the oscillation amplitude 
may be derived by assuming that x(t) equals AEfwt, which 
results in: 

Substituting these expressions into the expression for oscil­
lation of the loop, and separating into real and imaginary 
terms, gives: 

A+(2'i:;wn -kK0 )A+( (J)n 2 -w2 )A =O. 

A(t) also may be expressed as: 

A solution of this equation is: 

( 
kKo) logA(t) = -l;wn + 2 t. 

Transforming variables by defining a(t) as being equal to log 
A(t), the equation for A(t) can be written as: 

d/a kKo(t) 
d/t = -l;wn + -2-, 

10 

32 
gain is KP =8/(kT,). Note in particular that the theory does not 
place any restriction upon the choice of T,. Hence the 
response can, in principle, be made critically damped and as 
fast as desired by appropriate choices of KP and T,. 

Although the poles are purely real at point P, this does not 
mean there is no overshoot in the closed-loop step response. 
This is most easily seen by inspecting the transfer function 
between the desired value, a0 , and the error e: 

e(s) 

ao(s) s2 + O.SkKp(s + 1 /T;) p2(s)' 

15 where p2 is a second-order polynomial. With a step input, 
a

0
(s)=a./s, the response can be written as ap'(t), where p(t) is 

the inverse transform of 1/p2 (s) and equals a1 exp(-A1 t)+ 
a2exp(-A2t). The signal p(t) increases and then decays to zero 
so that e(t), which is proportional to p', must change sign, 

20 implying overshoot in a(t ). The set-point a
0 

may be prefiltered 
to give a pseudo set-point a

0 
*: 

25 
1 

a0(s) = --ao(s), 
1 +sT; 

where T, is the knowncontrollerparameter. With this prefilter, 
real controller poles should provide overshoot-free step 

30 responses. This feature is useful as there may be physical 
constraints on overshoot (e.g., mechanical interference or 
overstressing of components). 

where K0 is now explicitly dependent on time. Taking 35 

Laplace transforms results in: 

The root locus of FIG. 18 assumes that the only dynamics 
are from the inner-loop's gain/log-amplitude transfer func­
tion (FIG.16) and the outer-loop's PI controllerC(s) (i.e., that 
the log-amplitude a=log A is measured instantaneously). 

-?wn -kKo(s) /2 
a(s) = , 

s 

which can be interpreted in terms of transfer-functions as in 
FIG. 17. This figure is of particular significance for the design 
of controllers, as it is linear for all K

0 
and a, with the only 

assumption being the two-time-scales property. The perfor­
mance of the closed-loop is robust with respect to this 
assumption so that fast responses which are attainable in 
practice can be readily designed. 

However, A is the amplitude of an oscillation which might be 
growing or decaying and hence cannot in general be mea­
sured without taking into account the underlying sinusoid. 

40 There are several possible methods for measuring A, in addi­
tion to those discussed above. Some are more suitable for use 
in quasi-steady conditions. For example, a phase-locked loop 
in which a sinusoidal signal s(t)=sin(cont+<I>0 ) locks onto the 
measured waveform y( t )=A( t )sin( cont +<I> 1 ) may be employed. 

45 Thus, a measure of the amplitude a=logA is given by dividing 
these signals (with appropriate safeguards and filters). This 
method is perhaps satisfactory near the steady-state but not 
for start-up conditions before there is a lock. 

Another approach uses a peak-follower that includes a 
50 zero-crossing detector together with a peak-following algo­

rithm implemented in the controller. Zero-crossing methods, 
however, can be susceptible to noise. In addition, results from 
a peak-follower are available only every half-cycle and 

From FIG. 17, the term scon, is a "load disturbance" that 
needs to be eliminated by the controller (i.e., kKj2 must 
equal scon for a(t) to be constant). For zero steady-state error 
this implies that the outer-loop controller must have an inte­
grator (or very large gain). As such, an appropriate PI con­
troller, C(s ), may be assumed to be Kp(l + 1/sT,), where T, is a 

55 
constant. The proportional term is required for stability. The 
term scon, however, does not affect stability or controller 
design, which is based instead on the open-loop transfer 
function: 

thereby dictate the sample interval for controller updates. 
Finally, an AM detector may be employed. Given a sine 

wave y(t)=A sin cont, an estimate of A may be obtained from 
A10.5itF { abs(y)}, where F { } is a suitable low-pass filter 
with unity DC gain. The AM detector is the simplest 
approach. Moreover, it does not presume that there are oscil-

a(s) kKp(l + sT;) kKp /2(s + 1 / T;) 
C(s)G(s) = e(s) = 2s2T; = s2 . 

The root locus for varying KP is shown in FIG. 18. For 
small KP, there are slow underdamped roots. As KP increases, 
the roots become real at the point P for which the controller 

60 lations ofany particular frequency, and hence is usable during 
startup conditions. It suffers from a disadvantage that there is 
a leakage of harmonics into the inner loop which will affect 
the spectrum of the resultant oscillations. In addition, the 
filter adds extra dynamics into the outer loop such that com-

65 promises need to be made between speed of response and 
spectral purity. In particular, an effect of the filter is to con­
strain the choice of the best T,. 
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The Fourier series for abs(y) is known to be: 
34 

gain mismatch between positive and negative voltages will 
introduce errors into any measurement technique. 

The zero-crossing technique of phase detection may be 
used to demonstrate the impact of zero offset and gain mis­
match error, and their consequent removal. FIGS. 21A and 
21B illustrate the long term drift in phase with zero flow. Each 
point represents an average over one minute oflive data. FIG. 
21A shows the average phase, and FIG. 21B shows the stan­
dard deviation in phase. Over several hours, the drift is sig-

As such, the output has to be scaled by rri2 to give the correct 
DC output A, and the (even) harmonic terms ak cos 2kwn t have 
to be filtered out. As all the filter needs to do is to pass the DC 
component through and reduce all other frequencies, a 
"brick-wall" filter with a cut-offbelow 2wn is sufficient. How­
ever, the dynamics of the filter will affect the behavior of the 
closed-loop. A common choice of filter is in the Butterworth 
form. For example, the third-order low-pass filter with a 

10 nificant. Thus, even ifthe meter were zeroed every day, which 
in many applications would be considered an excessive main­
tenance requirement, there would still be considerable phase 
drift. 

design break-point frequency w6 is: 
15 

1 

1. Compensation Technique 
A technique for dealing with voltage offset and gain mis­

match uses the computational capabilities of the digital trans­
mitter and does not require a zero flow condition. The tech­
nique uses a set of calculations each cycle which, when 
averaged over a reasonable period (e.g., 10,000 cycles), and 
excluding regions of major change (e.g., set point change, F(s) = --------

1 + 2s/wb + 2s2/wi + s3 !wt 
20 onset of aeration), converge on the desired zero offset and 

gain mismatch compensations. 
At the design frequency the response is 3 dB down; at 2w6 it 
is -18 dB (0.12), and at 4w6 it is -36 dB (0.015) down. 
Higher-order Butterworth filters have a steeper roll-off, but 
most of their poles are complex and may affect negatively the 25 

control-loop's root locus. 
G. Zero Offset Compensation 

As noted above, zero offset may be introduced into a sensor 
voltage signal by drift in the pre-amplification circuitry and 
by the analog-to-digital converter. Slight differences in the 30 

pre-amplification gains for positive and negative voltages due 
to the use of differential circuitry may worsen the zero offset 
effect. The errors vary between transmitters, and with trans­
mitter temperature and component wear. 

Audio quality (i.e., relatively low cost) analog-to-digital 35 

converters may be employed for economic reasons. These 
devices are not designed with DC offset and amplitude sta­
bility as high priorities. FIGS. 19A-19D show how offset and 
positive and negative gains vary with chip operating tempera­
ture for one such converter (the AD1879 converter). The 40 

repeatability of the illustrated trends is poor, and even allow­
ing for temperature compensation based on the trends, 
residual zero offset and positive/negative gain mismatch 
remam. 

If phase is calculated using the time difference between 45 

zero crossing points on the two sensor voltages, DC offset 
may lead to phase errors. This effect is illustrated by FIGS. 
20A-20C. Each graph shows the calculated phase offset as 
measured by the digital transmitter when the true phase offset 
is zero (i.e., at zero flow). 

FIG. 20A shows phase calculated based on whole cycles 
starting with positive zero-crossings. The mean value is 
0.00627 degrees. 

50 

Assuming the presence of up to three higher harmonics, the 
desired waveform for a sensor voltage SV(t) is of the form: 

SV(t)~A 1 sin(wt)+A2 sin(2wt)+A3 sin(3wt)+A4 sin(4wt) 

where A 1 designates the amplitude of the fundamental fre­
quency component andA2 -A4 designate the amplitudes of the 
three harmonic components. However, in practice, the actual 
waveform is adulterated with zero offset Z

0 
(which has a 

value close to zero) and mismatch between the negative and 
positive gains Gn and Gr Without any loss of generality, it can 
be assumed that GP equals one and that Gn is given by: 

Gn=l+EG, 

where EG represents the gain mismatch. 
The technique assumes that the amplitudes A, and the fre­

quency w are constant. This is justified because estimates of 
Z

0 
and EG are based on averages taken over many cycles (e.g., 

10,000 interleaved cycles occurring in about 1 minute of 
operation). When implementing the technique, the controller 
tests for the presence of significant changes in frequency and 
amplitude to ensure the validity of the analysis. The presence 
of the higher harmonics leads to the use ofFouriertechniques 
for extracting phase and amplitude information for specific 
harmonics. This entails integrating SV(t) and multiplying by 
a modulating sine or cosine function. 

The zero offset impacts the integral limits, as well as the 
functional form. Because there is a zero offset, the starting 
point for calculation of amplitude and phase will not be at the 
zero phase point of the periodic waveform SV(t). For zero 
offset Z

0
, the corresponding phase offset is, approximately, 

. (Zo) 'Pzo = -sm Ai 

FIG. 20B shows phase calculated starting with negative 
zero-crossings. The mean value is 0.0109 degrees. 55 For small phase, 

FIG. 20C shows phase calculated every half-cycle. FIG. 
20C interleaves the data from FIGS. 20A and 20B. The aver­
age phase (-0.00234) is closer to zero than in FIGS. 20A and 
20B, but the standard deviation of the signal is about six times 
higher. 60 

More sophisticated phase measurement techniques, such 
as those based on Fourier methods, are immune to DC offset. 
However, it is desirable to eliminate zero offset even when 
those techniques are used, since data is processed in whole­
cycle packets delineated by zero crossing points. This allows 65 

simpler analysis of the effects of, for example, amplitude 
modulation on apparent phase and frequency. In addition, 

with corresponding time delay 



US 9,014,997 B2 
35 

The integrals are scaled so thatthe limiting value (i.e., as Z
0 

and wG approach zero) equals the amplitude of the relevant 
harmonic. The first two integrals of interest are: 

2wf~+tzo 
fip, = --;- (SV(t) + Zo) · sin[w(t- tzti)] dt, and 

''O 

These integrals represent what in practice is calculated during 

10 

a normal Fourier analysis of the sensor voltage data. The 
subscript 1 indicates the first harmonic, N and P indicate, 15 

respectively, the negative or positive half cycle, and s and c 
indicate, respectively, whether a sine or a cosine modulating 
function has been used. 

Strictly speaking, the mid-zero crossing point, and hence 
the corresponding integral limits, should be given by Jt/w-t20 , 

20 

rather than it/w+t20 . However, the use of the exact mid-point 
rather than the exact zero crossing point leads to an easier 
analysis, and better numerical behavior (due principally to 
errors in the location of the zero crossing point). The only 
error introduced by using the exact mid-point is that a small 25 

section of each of the above integrals is multiplied by the 
wrong gain (1 instead ofl +EG and vice versa). However, these 
errors are of order Z

0 

2EG and are considered negligible. 
Using computer algebra and assuming small Z

0 
and EG, 

first order estimates for the integrals may be derived as: 30 

4 [ 2 A1 4 A4 l fiPsest=A1+-Zo 1+--+-- ,and 
- n 3 A1 lS A1 

35 

Useful related functions including the sum, difference, and 
ratio of the integrals and their estimates may be determined. 40 

The sum of the integrals may be expressed as: 

while the sum of the estimates equals: 
45 

4 [ 2 A1 4 A4 l Sumi,_,,=A1(2+toe)--Zotoe !+--+--. 
- n 3 A1 lS A1 

50 
Similarly, the difference of the integrals may be expressed as: 

while the difference of the estimates is: 
55 

36 

. _ 1 [ [ 8 lSA1 + lOA2 + 4A4 ll 
Rat101s est - -- 1 + Z-0 - 2 · 

- 1 +toe lS nA 1 

Corresponding cosine integrals are defined as: 

2wf5+tz0 fip, = - (SV(t) +Zo)cos[w(t- t,
0

)] dt, and 
n 'Zo 

2w L~+t21:i liNc = -(1 +toe) rr (SV(t)+2-0)cos[w(t-t,0)]dt, 
rr w+t21:i 

with estimates: 

40A2 + l6A4 
liPc_est = -Zo + lSrr 'and 

[ 
40A2 + l6A4 l 

liN'-'" = (1 +toe) Zo + !Sn , 

and sums: 

[ 
40A2 + l6A4 l 

Sum1c est= Ee Zo + . 
- !Sn 

Second harmonic integrals are: 

2wf~+tzo 
fip, = - (SV(t) +Zo)sin[2w(t- t,

0
)] dt, and 

n ''O 

2w L~+tzo liN, = -(1 +toe) (SV(t) + 4, sin[2w(t- t'O)] dt, 
7r 5+tzo 

with estimates: 

fip, "' = A1 + ~z0 [-s + 9~]. and 
- !Sn A1 

/m-'"=(l+toe)[A2- 1~nzo[-s+9~]]. 

and sums: 

The integrals can be calculated numerically every cycle. As 

Finally, the ratio of the integrals is: 

Ratio1s = I lPs , 
fiNs 

60 discussed below, the equations estimating the values of the 
integrals in terms of various amplitudes and the zero offset 
and gain values are rearranged to give estimates of the zero 
offset and gain terms based on the calculated integrals. 

while the ratio of the estimates is: 

2. Example 
65 The accuracy of the estimation equations may be illus-

trated with an example. For each basic integral, three values 
are provided: the "true" value of the integral (calculated 
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within Mathcad using Romberg integration), the value using 
the estimation equation, and the value calculated by the digi­
tal transmitter operating in simulation mode, using Simp­
son's method with end correction. 

Thus, for example, the value for I1Fs calculated according 
to: 

2wf~+tzo fip, = --;- (SV(t) + Zo)sin[w(t- t,
0

)] dt 

''O 

is 0.101353, while the estimated value CiiFs_est) calculated as: 

4 [ 2 A1 4 A4 l 
l1p =A1+-Zo l+--+--

s_est 7r 3 A1 15 A1 

10 

38 
relative amplitudes, A3 may be approximated as Ai2, andA4 

may be approximated as A2/l 0. 
The zero offset compensation technique may be imple­

mented according to the procedure 2200 illustrated in FIG. 
22. During each cycle, the controller calculates the integrals 
I1p,, I1N,, IiFc' IiNc' I2p,, I2Ns and related functions sum1,, 

ratio 15, sum1c and sum2s (step 2205). This requires minimal 
additional calculation beyond the conventional Fourier cal-
culations used to determine frequency, amplitude and phase. 

Every 10,000 cycles, the controller checks on the slope of 
the sensor voltage amplitude A 1 , using a conventional rate­
of-change estimation technique (step 2210). If the amplitude 
is constant (step 2215), then the controller proceeds with 
calculations for zero offset and gain mismatch. This check 

15 may be extended to test for frequency stability. 

is 0.1013 5 8. The value calculated using the digital transmitter 20 
in simulation mode is 0.101340. These calculations use the 

To perform the calculations, the controller generates aver­
age values for the functions (e.g., sum,J over the last 10,000 
cycles. The controller then makes a first estimation of zero 
offset and gain mismatch (step 2225): 

parameter values illustrated in Table C. 

TABLEC 

Parameter Value Comment 

w l 60n This corresponds to frequency = 80 Hz, a typical 
value. 

A 1 0.1 This more typically is 0.3, but it could be smaller with 
aeration. 

A2 0.01 This more typically is 0.005, but it could be larger 
with aeration. 

A3 andA4 0.0 The digital Coriolis simulation mode only 
offers two hannonics, so these higher harmonics are 
ignored. However, they are small (<0.002). 

Z 0 0.001 Experience suggests that this is a large value for zero 
offset. 

EG 0.001 Experience suggests this is a large value for gain 
mismatch. 

The exact, estimate and simulation results from using these 
parameter values are illustrated in Table D. 

TABLED 

Integral 'Exact' Value Estimate Digital Coriolis Simulation 

IlPs 0.101353 0.101358 0.101340 
IlNs 0.098735 0.098740 0.098751 
IlPc 0.007487 0.007488 0.007500 

IlNc -0.009496 -0.009498 -0.009531 
12P, 0.009149 0.009151 0.009118 
12N, 0.010857 0.010859 0.010885 

Thus, at least for the particular values selected, the esti­
mates given by the first order equations are extremely accu­
rate. As Z

0 
and EG approach zero, the errors in both the esti­

mate and the simulation approach zero. 
3. Implementation 
The first order estimates for the integrals define a series of 

non-linear equations in terms of the amplitudes of the har­
monics, the zero offset, and the gain mismatch. As the equa­
tions are non-linear, an exact solution is not readily available. 
However, an approximation followed by corrective iterations 
provides reasonable convergence with limited computational 
overhead. 

Conduit-specific ratios may be assumed for A 1 -A4 . As 
such, no attempt is made to calculate all of the amplitudes 
A 1 -A4 . Instead, only A 1 andA2 are estimated using the inte­
gral equations defined above. Based on experience of the 

Using these values, the controller calculates an inverse gain 

25 
factor (k) and amplitude factor (amp_factor) (step 2230): 

k=l.0/(1.0+0.5*EG), and 

amp_factoF 1+50/75*Sum2/Sum1' 

The controller uses the inverse gain factor and amplitude 
30 factor to make a first estimation of the amplitudes (step 2235): 

A1 =k*[Sumi/2+2/n*Z0 *EG*amp_factor], and 

35 The controller then improves the estimate by the following 

40 

45 

50 

calculations, iterating as required (step 2240): 

EG~[l +8/n *x /A 1 * amp_factor ]/Ratio h-1.0, 

A 1 ~k*[Sumi/2+2/n*x1 *x2 *amp_factor], 

A2~k* [Sum2/2-4/(15*n)*x1 *x2*(5-4.5 * A2 )]. 

The controller uses standard techniques to test for conver­
gence of the values of Z

0 
and EG. In practice the corrections 

are small after the first iteration, and experience suggests that 
three iterations are adequate. 

Finally, the controller adjusts the raw data to eliminate Z
0 

and EG (step 2245). The controller then repeats the procedure. 
Once zero offset and gain mismatch have been eliminated 

55 from the raw data, the functions (i.e., sum1J used in gener­
ating subsequent values for Z

0 
and EG are based on corrected 

data. Accordingly, these subsequent values for Z
0 

and EG 

reflect residual zero offset and gain mismatch, and are 
summed with previously generated values to produce the 

60 actual zero offset and gain mismatch. In one approach to 
adjusting the raw data, the controller generates adjustment 
parameters (e.g., Sl_off and S2_off) that are used in convert­
ing the analog signals from the sensors to digital data. 

FIGS. 23A-23C, 24A and 24B show results obtained using 
65 the procedure 2200. The short-term behavior is illustrated in 

FIGS. 23A-23C. This shows consecutive phase estimates 
obtained five minutes after startup to allow time for the pro-
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cedure to begin affecting the output. Phase is shown based on 
positive zero-crossings, negative zero-crossings, and both. 

The difference between the positive and negative mean 
values has been reduced by a factor of20, with a correspond­
ing reduction in mean zero offset in the interleaved data set. 
The corresponding standard deviation has been reduced by a 
factor of approximately 6. 

40 
measurement performance. A single model is effective for all 
flow rates and amplitudes of oscillation. Generally, compu­
tational requirements are negligible. 

The dynamic analysis may be performed on each of the 
sensor signals in isolation from the other. This avoids, or at 
least delays, modeling the dynamic interaction between the 
two sides of the conduit, which is likely to be far more com­
plex than the dynamics at each sensor. Also, analyzing the 
individual sensor signals is more likely to be successful in 

Longer term behavior is shown in FI GS. 24A and 24 B. The 
initial large zero offset is rapidly corrected, and then the phase 
offset is kept close to zero over many hours. The average 
phase offset, excluding the first few values, is 6.14e-6

, which 
strongly suggests that the procedure is successful in compen­
sating for changes in voltage offset and gain imbalance. 

10 circumstances such as batch startup and aeration where the 
two sides of the conduit are subject to different forces from 
the process fluid. 

In general, the dynamic analysis considers the impact of 
time-varying amplitude, frequency and phase on the calcu-Typical values for Z

0 
and EG for the digital Coriolis meter 

are Zo=-7.923e-4 and EG=-1.754e-5 for signal svl, and 
Z

0 
=-8.038e-4 and EG=+6.93e-4 for signal SV 2 . 

H. Dynamic Analysis 
In general, conventional measurement calculations for 

Coriolis meters assume that the frequency and amplitude of 
oscillation on each side of the conduit are constant, and that 
the frequency on each side of the conduit is identical and 
equal to the so-called resonant frequency. Phases generally 
are not measured separately for each side of the conduit, and 
the phase difference between the two sides is assumed to be 
constant for the duration of the measurement process. Precise 
measurements of frequency, phase and amplitude every half­
cycle using the digital meter demonstrate that these assump­
tions are only valid when parameter values are averaged over 

15 lated values for these parameters. While the frequency and 
amplitude are easily defined for the individual sensor volt­
ages, phase is conventionally defined in terms of the differ­
ence between the sensor voltages. However, when a Fourier 
analysis is used, phase for the individual sensor may be 

20 defined in terms of the difference between the midpoint of the 
cycle and the average 180° phase point. 

Three types of dynamic effects are measurement error and 
the so-called "feedback" and "velocity" effects. Measure­
ment error results because the algorithms for calculating 

25 amplitude and phase assume that frequency, amplitude, and 
phase are constant over the time interval of interest. Perfor­
mance of the measurement algorithms may be improved by 
correcting for variations in these parameters. 

The feedback effect results from supplying energy to the a time period on the order of seconds. Viewed at 100 Hz or 
higher frequencies, these parameters exhibit considerable 
variation. For example, during normal operation, the fre­
quency and amplitude values ofSV 1 may exhibit strong nega­
tive correlation with the corresponding SV2 values. Accord­
ingly, conventional measurement algorithms are subject to 
noise attributable to these dynamic variations. The noise 
becomes more significant as the measurement calculation 
rate increases. Other noise terms may be introduced by physi-

30 conduit to make up for energy loss from the conduit so as to 
maintain a constant amplitude of oscillation. The need to add 
energy to the conduit is only recognized after the amplitude of 
oscillation begins to deviate from a desired setpoint. As a 
result, the damping term in the equation of motion for the 

35 oscillating conduit is not zero, and, instead, constantly dithers 
around zero. Although the natural frequency of the conduit 
does not change, it is obscured by shifts in the zero-crossings 
(i.e., phase variations) associated with these small changes in cal factors, such as flowtube dynamics, dynamic non-lineari­

ties (e.g., flowtube stiffness varying with amplitude), or the 
dynamic consequences of the sensor voltages providing 40 

velocity data rather than absolute position data. 
The described techniques exploit the high precision of the 

digital meter to monitor and compensate for dynamic conduit 
behavior to reduce noise so as to provide more precise mea­
surements of process variables such as mass flow and density. 45 

This is achieved by monitoring and compensating for such 
effects as the rates of change of frequency, phase and ampli­
tude, flowtube dynamics, and dynamic physical non-ideali­
ties. A phase difference calculation which does not assume 
the same frequency on each side has already been described 50 

above. Other compensation techniques are described below. 
Monitoring and compensation for dynamic effects may 

take place at the individual sensor level to provide corrected 
estimates of phase, frequency, amplitude or other parameters. 
Further compensation may also take place at the conduit 55 

level, where data from both sensors are combined, for 
example in the calculation of phase difference and average 
frequency. These two levels may be used together to provide 
comprehensive compensation. 

Thus, instantaneous mass flow and density measurements 60 

by the flowmeter may be improved by modeling and account­
ing for dynamic effects of flowmeter operation. In general, 
80% or more of phase noise in a Coriolis flowmeter may be 
attributed to flowtube dynamics (sometimes referred to as 
"ringing"), rather than to process conditions being measured. 65 

The application of a dynamic model can reduce phase noise 
by a factor of 4 to 10, leading to significantly improved flow 

amplitude. 
The velocity effect results because the sensor voltages 

observe conduit velocity, but are analyzed as being represen­
tative of conduit position. A consequence of this is that the 
rate of change of amplitude has an impact on the apparent 
frequency and phase, even ifthe true values of these param­
eters are constant. 

1. Sensor-Level Compensation for Amplitude Modulation 
One approach to correcting for dynamic effects monitors 

the amplitudes of the sensor signals and makes adjustments 
based on variations in the amplitudes. For purposes of ana­
lyzing dynamic effects, it is assumed that estimates of phase, 
frequency and amplitude may be determined for each sensor 
voltage during each cycle. As shown in FIG. 25, calculations 
are based on complete but overlapping cycles. Each cycle 
starts at a zero crossing point, hal:!Way through the previous 
cycle. Positive cycles begin with positive voltages immedi­
ately after the initial zero-crossing, while negative cycles 
begin with negative voltages. Thus cycle n is positive, while 
cycles n-1 andn+l are negative. It is assumed that zero offset 
correction has been performed so that zero offset is negli­
gible. It also is assumed that higher harmonics may be 
present. 

Linear variation in amplitude, frequency, and phase are 
assumed. Under this assumption, the average value of each 
parameter during a cycle equals the instantaneous value of the 
parameter at the mid-point of the cycle. Since the cycles 
overlap by 180 degrees, the average value for a cycle equals 
the starting value for the next cycle. 
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For example, cycle n is from time 0 to 2rc/w. The average 
values of amplitude, frequency and phase equal the instanta­
neous values at the mid-point, rt/w, which is also the starting 
point for cycle n+l, which is from time rc/w to 3rt/w. Of 
course, these timings are approximate, since w also varies 
with time. 

a. Dynamic Effect Compensation Procedure 

42 
fering from the natural frequency of the conduit. If velocity 
sensors are used, an additional shift in phase occurs. This 
additional shift is also associated with changes in the posi­
tional amplitude of the conduit. A dynamic analysis can 
monitor and compensate for these effects. Accordingly, the 
controller uses the calculated rate of amplitude change to 
correct the frequency estimate (step 2625). 

The controller accounts for dynamic effects according to 
the procedure 2600 illustrated in FIG. 26. First, the controller 
produces a frequency estimate (step 2605) by using the zero 
crossings to measure the time between the start and end of the 
cycle, as described above. Assuming that frequency varies 
linearly, this estimate equals the time-averaged frequency 
over the period. 

The position of an oscillating conduit in a feedback loop 
that is employed to maintain the amplitude of oscillation of 

10 the conduit constant may be expressed as: 

The controller then uses the estimated frequency to gener- 15 

ate a first estimate of amplitude and phase using the Fourier 
method described above (step 2610). As noted above, this 
method eliminates the effects of higher harmonics. 

Phase is interpreted in the context of a single waveform as 
being the difference between the start of the cycle (i.e., the 20 

zero-crossing point) and the point of zero phase for the com­
ponent of SV(t) of frequency w, expressed as a phase offset. 
Since the phase offset is an average over the entire waveform, 
it may be used as the phase offset from the midpoint of the 
cycle. Ideally, with no zero offset and constant amplitude of 25 

oscillation, the phase offset should be zero every cycle. In 
practice, however, it shows a high level of variation and 
provides an excellent basis for correcting mass flow to 
account for dynamic changes in amplitude. 

The controller then calculates a phase difference (step 30 

2615). Though a number of definitions of phase difference are 
possible, the analysis assumes that the average phase and 
frequency of each sensor signal is representative of the entire 
waveform. Since these frequencies are different for SV 1 and 
SV 2 , the corresponding phases are scaled to the average fre- 35 

quency. In addition, the phases are shifted to the same starting 
point (i.e., the midpoint of the cycle on SV1). After scaling, 
they are subtracted to provide the phase difference. 

The controller next determines the rate of change of the 
amplitude for the cycle n (step 2620): 

amp( end of cycle) - amp( start of cycle) 
roc_ampn;::::: 

period of cycle 

This calculation assumes that the amplitude from cycle n+ 1 is 
available when calculating the rate of change of cycle n. This 

40 

45 

is possible if the corrections are made one cycle after the raw 50 

amplitude calculations have been made. The advantage of 
having an accurate estimate of the rate of change, and hence 
good measurement correction, outweighs the delay in the 
provision of the corrected measurements, which, in one 
implementation, is on the order of 5 milliseconds. The most 55 

recently generated information is always used for control of 
the conduit (i.e., for generation of the drive signal). 

X= A(l)sin( uJol-8(1) ), 

where 8(t) is the phase delay caused by the feedback effect. 
The mechanical Q of the oscillating conduit is typically on the 
order of 1000, which implies small deviations in amplitude 
and phase. Under these conditions, 8(t) is given by: 

A(1J 
8(1),,,---. 

2woA(1) 

Since each sensor measures velocity: 

SV(1) = X(1) 

= A(1)sin[w01 - 8(1)] + [wo - il(1J]A(1)cos[w01- 8(1)] 

= w0A(1) (1 - ~) + ~ cos(w01- 8(1) -y(1)), [ 
2 ( . )2]1/2 

Wo WoA(I) 

where y(t) is the phase delay caused by the velocity effect: 

[ 

A(1J l 
y(I) =tan-! woA(1i( 1 - ~o) . 

Since the mechanical Q of the conduit is typically on the order 
of 1000, and, hence, variations in amplitude and phase are 
small, it is reasonable to assume: 

This means thatthe expression for SV(t) may be simplified to: 

SV(l)=woA(l)cos( w01-8(1)-y(1) ), 

and for the same reasons, the expression for the velocity offset 
phase delay may be simplified to: 

A(1J 
y(I)"' woA(1)· 

If desired, a revised estimate of the rate of change can be 
calculated after amplitude correction has been applied (as 
described below). This results in iteration to convergence for 
the best values of amplitude and rate of change. 

60 Summing the feedback and velocity effect phase delays gives 
the total phase delay: 

b. Frequency Compensation for Feedback and Velocity 
Effects 

As noted above, the dynamic aspects of the feedback loop 
introduce time varying shifts in the phase due to the small 65 

deviations in amplitude about the set-point. This results in the 
measured frequency, which is based on zero-crossings, dif-

A(1J A(1J A(1J 
<p(I) = B(I) + y(I)"' - 2woA(1) + woA(I) = 2woA(1)' 
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and the following expression for SV(t): 

SV(t)=woA(t)cos [ w0Hj>(t)]. 
A(t) roc_amp_SV(t) 

A(t) "' amp_SV(t) . 

44 

c. Application of Feedback and Velocity Effect Frequency 
Compensation 

FIGS. 27A-32B illustrate how application of the procedure 
2600 improves the estimate of the natural frequency, and 
hence the process density, for real data from a meter having a 
one inch diameter conduit. Each of the figures shows 10,000 
samples, which are collected in just over 1 minute. 

FIGS. 27A and 27B show amplitude and frequency data 
from svl, taken when random changes to the amplitude 

From this, the actual frequency of oscillation may be dis­
tinguished from the natural frequency of oscillation. Though 
the former is observed, the latter is useful for density calcu­
lations. Over any reasonable length of time, and assuming 
adequate amplitude control, the averages of these two fre­
quencies are the same (because the average rate of change of 
amplitude must be zero). However, for improved instanta- 10 

neous density measurement, it is desirable to compensate the 
actual frequency of oscillation for dynamic effects to obtain 
the natural frequency. This is particularly useful in dealing 
with aerated fluids for which the instantaneous density can 
vary rapidly with time. 15 set-point have been applied. Since the conduit is full of water 

and there is no flow, the natural frequency is constant. How­
ever, the observed frequency varies considerably in response 
to changes in amplitude. The mean frequency value is 81.41 
Hz, with a standard deviation of0.057 Hz. 

The apparent frequency observed for cycle n is delineated 
by zero crossings occurring at the midpoints of cycles n-1 
and n+ 1. The phase delay due to velocity change will have an 
impact on the apparent start and end of the cycle: 

true_freg,, 
obs_freg,, = obs_freg,,_1 + --2.Jr--(\On+! -\On-il 

=obs fren + true_freg,,_l 
- .,,,_! 2.Jr 

( 
An+! An-! ) 

4n true_freg,,An+l - 4n true_freg,,An-1 

1 (An+! An-!) = obs_freg,,_1 +----,- - - - . 
8rr An+l An-1 

Based on this analysis, a correction can be applied using an 
integrated error term: 

1 (An+! An-1) error_sllll\ = error_sllll\-i - 2 - - - , and 
8rr An+l An-1 

est_freg,, = obs_freg,, - error_surn,,, 

where the value of error sum at startup (i.e., the value at cycle 
zero) is: 

error_slllllo = _ _1_(~ + ~). 
8rr2 Ao A 1 

Though these equations include a constant term having a 
value of 1/sit2

, actual data has indicated that a constant term of 
1/sJt is more appropriate. This discrepancy may be due to 
unmodeled dynamics that may be resolved through further 
analysis. 

The calculations discussed above assume that the true 
amplitude of oscillation, A, is available. However, in practice, 
only the sensor voltage SV is observed. This sensor voltage 
may be expressed as: 

SV(t)=wvi(t)cos(w0 t-<j>(t)) 

The amplitude, amp_SV(t), of this expression is: 

amp_SV(t)=wvi(t). 

The rate of change of this amplitude is: 

roc_amp_SV(t)=wvi(t) 

so that the following estimation can be used: 

20 FIGS. 28A and 28B show, respectively, the variation in 
frequency from the mean value, and the correction term gen­
erated using the procedure 2600. The gross deviations are 
extremely well matched. However, there is additional vari­
ance in frequency which is not attributable to amplitude varia-

25 ti on. Another important feature illustrated by FIG. 28B is that 
the average is close to zero as a result of the proper initializa­
tion of the error term, as described above. 

FIGS. 29A and 29B compare the raw frequency data (FIG. 
29A) with the results of applying the correction function 

30 (FIG. 29B). There has been a negligible shift in the mean 
frequency, while the standard deviation has been reduced by 
a factor of 4.4. From FIG. 29B, it is apparent that there is 
residual structure in the corrected frequency data. It is 
expected that further analysis, based on the change in phase 

35 across a cycle and its impact on the observed frequency, will 
yield further noise reductions. 

FIGS. 30A and 30B show the corresponding effect on the 
average frequency, which is the mean of the instantaneous 
sensor voltage frequencies. Since the mean frequency is used 

40 to calculate the density of the process fluid, the noise reduc­
tion (here by a factor of 5.2) will be propagated into the 
calculation of density. 

FIGS. 31A and 31B illustrate the raw and corrected aver­
age frequency for a 2" diameter conduit subject to a random 

45 amplitude set-point. The 2" flowtube exhibits less frequency 
variation that the 1 ", for both raw and corrected data. The 
noise reduction factor is 4.0. 

FIGS. 32A and 32B show more typical results with real 
flow data for the one inch flowtube. The random setpoint 

50 algorithm has been replaced by the normal constant setpoint. 
As a result, there is less amplitude variation than in the pre­
vious examples, which results in a smaller noise reduction 
factor of 1.5. 

d. Compensation of Phase Measurement for Amplitude 
55 Modulation 

Referring again to FIG. 26, the controller next compen­
sates the phase measurement to account for amplitude modu­
lation assuming the phase calculation provided above (step 
2630). The Fourier calculations of phase described above 

60 assume that the amplitude of oscillation is constant through­
out the cycle of data on which the calculations take place. This 
section describes a correction which assumes a linear varia­
tion in amplitude over the cycle of data. 

Ignoring higher harmonics, and assuming that any zero 
65 offset has been eliminated, the expression for the sensor volt­

age is given by: 
SV(t)=A 1 (1 +AAl)sin( wt) 
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where A A is a constant corresponding to the relative change in 
amplitude with time. As discussed above, the integrals I 1 and 
I2 may be expressed as: 

2w ~ 
Ii = - ( SV(t)sin(wt)dt, 

"Jo 
and 

2H 

Ii = 
2

w (w SV(t)cos(wt)dt. 
"Jo 

Evaluating these integrals results in: 

and 

46 

and 

for positive cycles, and 
10 

15 for negative cycles. 
For amplitude, substituting these expressions into the cal­

culations establishes that the amplitude calculation is only 
affected in the second order and higher terms, so that no 
correction is necessary to a first order approximation of the 

20 amplitude. For phase, the correction term becomes: 

Substituting these expressions into the calculation for ampli- 25 

tude and expanding as a series in AA results in: 
for positive cycles, and 

( 
7r 1 2 ) Amp= A1 1 +-AA+ _____,-AA + · · · · 
w Sw 

Assuming A A is small, and ignoring all terms after the first 
order term, this may be simplified to: 

30 

for negative cycles. These correction terms assume the avail­
ability of the amplitudes of the higher harmonics. While these 

35 can be calculated using the usual Fourier technique, it is also 
possible to approximate some or all them using assumed 
ratios between the harmonics. For example, for one imple­
mentation of a one inch diameter conduit, typical amplitude 
ratios areA1=l.O, A2=0.01, A3 =0.005, andA4 =0.001. 

This equals the amplitude of SV ( t) at the midpoint of the cycle 40 

(t=it/w ). Accordingly, the amplitude calculation provides the 
required result without correction. 

e. Application of Amplitude Modulation Compensation to 
Phase 

Simulations have been carried out using the digital trans-
mitter, including the simulation of higher harmonics and 
amplitude modulation. One example uses f=80 Hz, A 1 (t=O)= 
0.3, A2 =0, A3=0, A4 =0, A.A=le-5 *48 KHz (sampling rate)= 
0.4 7622, which corresponds to a high rate of change ofampli-

For the phase calculation, it is assumed that the true phase 
difference and frequency are constant, and that there is no 45 
voltage offset, which means that the phase value should be 
zero. However, as a result of amplitude modulation, the cor­
rection to be applied to the raw phase data to compensate for 
amplitude modulation is: 

tude, but with no higher harmonics. Theory suggests a phase 
offset of -0.02706 degrees. In simulation over 1000 cycles, 
the average offset is -0.02714 degrees, with a standard devia-

-1( AA ) Phase = tan 
2 

A . 
(n A +w) 

Assuming that the expression in brackets is small, the inverse 
tangent function can be ignored. 

A more elaborate analysis considers the effects of higher 
harmonics. Assuming that the sensor voltage may be 
expressed as: 

SV(t)~(l +'-At)[A 1 sin( wt)+A2 sin(2wt)+A3 sin( wt)+A4 

sin(4wt)] 

such that all harmonic amplitudes increase at the same rela­
tive rate over the cycle, then the resulting integrals may be 
expressed as: 

50 tion of only 2.17e-6
. The difference between simulation and 

theory (approx 0.3% of the simulation error) is attributable to 
the model's assumption of a linear variation in amplitude over 
each cycle, while the simulation generates an exponential 

55 

change in amplitude. 
A second example includes a second harmonic, and has the 

parameters f=80 Hz, A 1 (t=0)=0.3, A2 (t=0)=0.003, A3 =0, 
A4 =0, A.A=-le-6 *48 KHz (sampling rate)=-0.047622. For 
this example, theory predicts the phase offset to be +2.706e-3

, 

+l-2.66% for positive or negative cycles. In simulation, the 
60 results are 2.714e-3 +/-2.66%, which again matches well. 

FIGS. 33A-34B give examples of how this correction 
improves real flowmeterdata. FIG. 33A shows raw phase data 
from SV 1 , collected from a 1" diameter conduit, with low 
flow assumed to be reasonably constant. FIG. 33B shows the 

65 correction factor calculated using the formula described 
above, while FIG. 33C shows the resulting corrected phase. 
The most apparent feature is that the correction has increased 
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the variance of the phase signal, while still producing an 
overall reduction in the phase difference (i.e., SV 2 -SV 1 ) stan­
dard deviation by a factor of 1.26, as shown in FIGS. 34A and 
34B. The improved performance results because this correc­
tion improves the correlation between the two phases, leading 
to reduced variation in the phase difference. The technique 
works equally well in other flow conditions and on other 
conduit sizes. 

48 
nique to the dynamic effects described above. The innermost 
band of data 3610 shows the same Fourier data after the 
application of the sensor-level noise reduction techniques. As 
can be seen, substantial noise reduction occurs in each case, 
as indicated by the standard deviation values presented on 
each graph. 

f. Compensation to Phase Measurement for Velocity Effect 
The phase measurement calculation is also affected by the 

velocity effect. A highly effective and simple correction fac­
tor, in radians, is of the form 

FIG. 36A illustrates measurements with no flow, a full 
conduit, and no pump noise. FIG. 36B illustrates measure­
ments with no flow, a full conduit, and the pumps on. FIG. 

10 36C illustrates measurements with an empty, wet conduit. 
FIG. 36D illustrates measurements at a low flow rate. FIG. 
36E illustrates measurements at a high flow rate. FIG. 36F 
illustrates measurements at a high flow rate and an amplitude 

where flSV(tk) is the relative rate of change of amplitude and 
may be expressed as: 

15 
of oscillation of0.03V. FIG. 36G illustrates measurements at 
a low flow rate with low aeration. FIG. 36H illustrates mea­
surements at a low flow rate with high aeration. FIG. 36I 
illustrates measurements at a high flow rate with low aeration. 
FIG. 36J illustrates measurements at a high flow rate with 

20 
high aeration. FIG. 36K illustrates measurements for an 
empty to high flow rate transition. FIG. 36L illustrates mea­
surements for a high flow rate to empty transition. 

2. Flowtube Level Dynamic Modeling 
A dynamic model may be incorporated in two basic stages. 

where tk is the completion time for the cycle for which flSV 
(tk) is being determined, tk+I is the completion time for the 
next cycle, and tk-l is the completion time of the previous 
cycle. flSV is an estimate of the rate of change of SY, scaled 
by its absolute value, and is also referred to as the proportional 
rate of change of SV. 

25 
In the first stage, the model is created using the techniques of 
system identification. The flowtube is "stimulated" to mani­
fest its dynamics, while the true mass flow and density values 
are kept constant. The response of the flowtube is measured 
and used in generating the dynamic model. In the second 

30 
stage, the model is applied to normal flow data. Predictions of 
the effects of flowtube dynamics are made for both phase and 
frequency. The predictions then are subtracted from the 
observed data to leave the residual phase and frequency, 
which should be due to the process alone. Each stage is 

FIGS. 35A-35E illustrate this technique. FIG. 35A shows 
the raw phase data from a single sensor (SV 1), after having 
applied the amplitude modulation corrections described 
above. FIG. 35B shows the correction factor in degrees cal­
culated using the equation above, while FIG. 35C shows the 
resulting corrected phase. It should be noted that the standard 
deviation of the corrected phase has actually increased rela­
tive to the raw data. However, when the corresponding cal­
culations take place on the other sensor (SV 2 ), there is an 40 

increase in the negative correlation (from -0.8 to -0.9) 
between the phases on the two signals. As a consequence, the 
phase difference calculations based on the raw phase mea­
surements (FIG. 35D) have significantly more noise than the 
corrected phase measurements (FIG. 35E). 

35 
described in more detail below. 

a. System Identification 
System identification begins with a flowtube full of water, 

with no flow. The amplitude of oscillation, which normally is 
kept constant, is allowed to vary by assigning a random set­
point between 0.05V and0.3 V, where0.3 Vis the usual value. 
The resulting sensor voltages are shown in FIG. 37A, while 
FIGS. 37B and 37C show, respectively, the corresponding 
calculated phase and frequency values. These values are cal­
culated once per cycle. Both phase and frequency show a high 
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degree of "structure." Since the phase and frequency corre­
sponding to mass flow are constant, this structure is likely to 
be related to flowtube dynamics. Observable variables that 
will predict this structure when the true phase and frequency 
are not known to be constant may be expressed as set forth 

Comparison of FIGS. 35D and 35E shows the benefits of 
this noise reduction technique. It is immediately apparent 
from visual inspection ofFIG. 35E that the process variable is 
decreasing, and that there are significant cycles in the mea­
surement, with the cycles being attributable, perhaps, to a 50 

poorly conditioned pump. None of this is discernable from 
the uncorrected phase difference data of FIG. 35D. 

g. Application of Sensor Level Noise Reduction 
The combination of phase noise reduction techniques 

described above results in substantial improvements in 55 

instantaneous phase difference measurement in a variety of 
flow conditions, as illustrated in FIGS. 36A-36L. Each graph 
shows three phase difference measurements calculated 
simultaneously in real time by the digital Coriolis transmitter 
operating on a one inch conduit. The middle band 3600 shows 60 

phase data calculated using the simple time-difference tech­
nique. The outermost band 3605 shows phase data calculated 
using the Fourier-based technique described above. 

It is perhaps surprising that the Fourier technique, which 
uses far more data, a more sophisticated analysis, and much 65 

more computational effort, results in a noisier calculation. 
This can be attributed to the sensitivity of the Fourier tech-

below. 
First, as noted above, flSV(tk) may be expressed as: 

This expression may be used to determine flSV 1 and flSV 2 . 

The phase of the flowtube is related to A, which is defined 
as flSV 1 -flSV 2 , while the frequency is related to fl+, which is 
defined as flSV 1 +flSV 2 . These parameters are illustrated in 
FIGS. 37D and 37E. Comparing FIG. 37B to FIG. 37D and 
FIG. 37C to FIG. 37E shows the striking relationship between 
fl- and phase and between fl+ and frequency. 

Some correction for flowtube dynamics may be obtained 
by subtracting a multiple of the appropriate prediction func­
tion from the phase and/or the frequency. Improved results 
may be obtained using a model of the form: 
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y(k)+a 1y(k-1)+ ... +a,,,y(k-n)~b0u(k)+ 
b1u(k-1)+ ... +bmu(k-m), 

where y(k) is the output (i.e., phase or frequency) and u is the 
prediction function (i.e., K or fl+). The technique of system 
identification suggests values for the orders n and m, and the 
coefficients a, and bi' of what are in effect polynomials in 
time. The value of y(k) can be calculated every cycle and 
subtracted from the observed phase or frequency to get the 
residual process value. 

It is important to appreciate that, even in the absence of 
dynamic corrections, the digital flowmeter offers very good 
precision over a long period of time. For example, when 
totalizing a batch of 200 kg, the device readily achieves a 
repeatability ofless that 0.03%. The purpose of the dynamic 
modeling is to improve the dynamic precision. Thus, raw and 
compensated values should have similar mean values, but 
reductions in "variance" or "standard deviation." 

FIGS. 38A and 39A show raw and corrected frequency 
values. The mean values are similar, but the standard devia­
tion has been reduced by a factor of 3.25. Though the gross 
deviations in frequency have been eliminated, significant 
"structure" remains in the residual noise. This structure 
appears to be unrelated to the fl+ function. The model used is 
a simple first order model, where m=n= 1. 

FIGS. 38B and 39B show the corresponding phase correc­
tion. The mean value is minimally affected, while the stan­
dard deviation is reduced by a factorof7.9. The model orders 
are n=2 and m=lO. Some structure appears to remain in the 
residual noise. It is expected that this structure is due to 
insufficient excitation of the phase dynamics by setpoint 
changes. 

More effective phase identification has been achieved 
through further simulation offlowtube dynamics by continu­
ous striking of the flowtube during data collection (set point 
changes are still carried out). FIGS. 38C and 39C show the 
effects of correction under these conditions. As shown, the 
standard deviation is reduced by a factor of 31. This more 
effective model is used in the following discussions. 

b. Application to Flow Data 
The real test of an identified model is the improvements it 

provides for new data. At the outset, it is useful to note a 
number of observations. First, themean phase, averaged over, 
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FIGS. 38E and 39E show the resulting correction for a 

"drained" flowtube. Noise is reduced by a factor of 6.5 or so. 
Note, however, that there appears to be some residual struc­
ture in the noise. 

The effects of the technique on low (FIGS. 38F and 39F), 
medium (FIGS. 38G and 39G), and high (FIGS. 38H and 
39H) flow rates are also illustrated, each with step changes in 
flow every ten seconds. In each case, the pattern is the same: 
the corrected average flows (FIGS. 39F-39H) are identical to 

10 the raw average flows (FIGS. 38F-38H), but the dynamic 
noise is reduced considerably. In FIG. 39H, this leads to the 
emergence of the step changes which previously had been 
submerged in noise (FIG. 38H). 

3. Extensions of Dynamic Monitoring and Compensation 
15 Techniques 

The previous sections have described a variety of tech­
niques (physical modeling, system identification, heuristics) 
used to monitor and compensate for different aspects of 
dynamic behavior (frequency and phase noise caused by 

20 amplitude modulation, velocity effect, flowtube dynamics at 
both the sensor and the flowtube level). By natural extension, 
similar techniques well-known to practitioners of control 
and/or instrumentation, including those of artificial intelli­
gence, neural networks, fuzzy logic, and genetic algorithms, 

25 as well as classical modeling and identification methods, may 
be applied to these and other aspects of the dynamic perfor­
mance of the meter. Specifically, these might include moni­
toring and compensation for frequency, amplitude and/or 
phase variation at the sensor level, as well as average fre-

30 quency and phase difference at the flowtube level, as these 
variations occur within each measurement interval, as well as 
the time between measurement intervals (where measure­
ment intervals do not overlap). 

This technique is unusual in providing both reduced noise 
35 and improved dynamic response to process measurement 

changes. As such, the technique promises to be highly valu­
able in the context of flow measurement. 
I. Aeration 

The digital flowmeter provides improved performance in 
40 the presence of aeration in the conduit. Aeration causes 

energy losses in the conduit that can have a substantial nega­
tive impact on the measurements produced by a mass flow­
meter and can result in stalling of the conduit. Experiments 

for example, ten seconds or more, is already quite precise. In 45 

the examples shown, phase values are plotted at 82 Hz or 
thereabouts. The reported standard deviation would be 
roughly 113 of the values shown when averaged to 10 Hz, and 

have shown that the digital flowmeter has substantially 
improved performance in the presence of aeration relative to 
traditional, analog flowmeters. This performance improve-
ment may stem from the meter's ability to provide a very wide 
gain range, to employ negative feedback, to calculate mea­
surements precisely at very low amplitude levels, and to com­
pensate for dynamic effects such as rate of change of ampli­
tude and flowtube dynamics, and also may stem from the 

1/9 when averages to 1 Hz. For reference, on a one inch flow 
tube, one degree of phase difference corresponds to about 1 50 

kg/s flow rate. 
The expected benefit of the technique is that of providing a 

much better dynamic response to true process changes, rather 
than improving average precision. Consequently, in the fol-
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lowing examples, where the flow is non-zero, small flow step 
changes are introduced every ten seconds or so, with the 
expectation that the corrected phase will show up the step 
changes more clearly. 

FIGS. 38D and 39D show the correction applied to a full 60 

flowtube with zero flow, just after startup. The ring-down 
effect characteristic of startup is clearly evident in the raw 
data (FIG. 38D), but this is eliminated by the correction (FIG. 
39D), leading to a standard deviation reduction of a factor of 
23 over the whole data set. Note that the corrected measure- 65 

ment closely resembles white noise, suggesting most flow­
tube dynamics have been captured. 

meter's use of a precise digital amplitude control algorithm. 
The digital flowmeter detects the onset of aeration when 

the required driver gain rises simultaneously with a drop in 
apparent fluid density. The digital flowmeter then may 
directly respond to detected aeration. In general, the meter 
monitors the presence of aeration by comparing the observed 
density of the material flowing through the conduit (i.e., the 
density measurement obtained through normal measurement 
techniques) to the known, nonaerated density of the material. 
The controller determines the level of aeration based on any 
difference between the observed and actual densities. The 
controller then corrects the mass flow measurement accord­
ingly. 

The controller determines the non-aerated density of the 
material by monitoring the density overtime periods in which 
aeration is not present (i.e., periods in which the density has a 
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stable value). Alternatively, a control system to which the 
controller is connected may provide the non-aerated density 
as an initialization parameter. 

In one implementation, the controller uses three correc­
tions to account for the effects of aeration: bubble effect 
correction, damping effect correction, and sensor imbalance 
correction. FIGS. 40A-40H illustrate the effects of the cor­
rection procedure. 
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than the bubbles at the outlet side of the conduit (i.e., the side 
adjacent to the second sensor/driver pair). This difference in 
bubble size results in a difference in mass and density 
between the two ends of the conduit. This difference is 
reflected in the sensor signals (SV1 and SV2). Accordingly, 
the sensor balance correction is based on a ratio of the two 
sensor signals. 

FIG. 40G illustrates the sensor balance correction for dif-
ferent mass flow rates and different levels of aeration. FIG. 

10 40H illustrates the residual phase error after applying the 
sensor balance correction. At low flow rates and low levels of 

FIG. 40A illustrates the error in the phase measurement as 
the measured density decreases (i.e., as aeration increases) for 
different mass flow rates, absent aeration correction. As 
shown, the phase error is negative and has a magnitude that 
increases with increasing aeration. FIG. 40B illustrates that 
the resulting mass flow error is also negative. It also is sig­
nificant to note that the digital flowmeter operates at high 15 

levels of aeration. By contrast, as indicated by the horizontal 
bar 4000, traditional analog meters tend to stall in the pres­
ence of low levels of aeration. 

aeration, the phase error is improved relative to the phase 
error remaining after damping correction. 

Other correction factors also could be used. For example, 
the phase angle of each sensor signal could be monitored. In 
general, the average phase angle for a signal should be zero. 
However, the average phase angle tends to increase with 
increasing aeration. Accordingly, a correction factor could be 

20 generated based on the value of the average phase angle. 
A stall occurs when the flowmeter is unable to provide a 

sufficiently large driver gain to allow high drive current at low 
amplitudes of oscillation. If the level of damping requires a 
higher driver gain than can be delivered by the flowtube in 
order to maintain oscillation at a certain amplitude, then 
insufficient drive energy is supplied to the conduit. This 
results in a drop in amplitude of oscillation, which in turn 25 

leads to even less drive energy supplied due to the maximum 
gain limit. Catastrophic collapse results, and flowtube oscil­
lation is not possible until the damping reduces to a level at 
which the corresponding driver gain requirement can be sup­
plied by the flowmeter. 

Another correction factor could be based on the temperature 
of the conduit. 

In general, application of the correction factors tends to 
keep the mass flow errors at one percent or less. Moreover, 
these correction factors appear to be applicable over a wide 
range of flows and aeration levels. 
J. Setpoint Adjustment 

The digital flowmeter provides improved control of the 
setpoint for the amplitude of oscillation of the conduit. In an 

The bubble effect correction is based on the assumption 
that the mass flow decreases as the level of aeration, also 
referred to as the void fraction, increases. Without attempting 

30 analog meter, feedback control is used to maintain the ampli­
tude of oscillation of the conduit at a fixed level correspond­
ing to a desired peak sensor voltage (e.g., 0.3 V). A stable 
amplitude of oscillation leads to reduced variance in the fre-

to predict the actual relationship between void fraction and 
the bubble effect, this correction assumes, with good theo- 35 

retical justification, that the effect on the observed mass flow 
will be the same as the effect on the observed density. Since 
the true fluid density is known, the bubble effect correction 
corrects the mass flow rate by the same proportion. This 
correction is a linear adjustment that is the same for all flow 40 

rates. FIGS. 40C and 40D illustrate, respectively, the residual 
phase and mass flow errors after correction for the bubble 
effect. As shown, the residual errors are now positive and 
substantially smaller in magnitude than the original errors. 

The damping factor correction accounts for damping of the 45 

conduit motion due to aeration. In general, the damping factor 
correction is based on the following relationship between the 
observed phase, cp065 , and the actual phase, <Ptrue: 
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quency and phase measurements. 
In general, a large amplitude of oscillation is desirable, 

since such a large amplitude provides a large Coriolis signal 
for measurement purposes. A large amplitude of oscillation 
also results in storage of a higher level of energy in the 
conduit, which provides greater robustness to external vibra­
tions. 

Circumstances may arise in which it is not possible to 
maintain the large amplitude of oscillation due to limitations 
in the current that can be supplied to the drivers. For example, 
in one implementation of an analog transmitter, the current is 
limited to 100 mA for safety purposes. This is typically 5-10 
times the current needed to maintain the desired amplitude of 
oscillation. However, ifthe process fluid provides significant 
additional damping (e.g., via two-phase flow), then the opti­
mal amplitude may no longer be sustainable. 

Similarly, a low-power flowmeter, such as the two-wire 
meter described below, may have much less power available 
to drive the conduit. In addition, the power level may vary 
when the conduit is driven by capacitive discharge. 

Referring to FIG. 42, a control procedure 4200 imple­
mented by the controller of the digital flowmeter may be used 
to select the highest sustainable setpoint given a maximum 
available current level. In general, the procedure is performed 
each time that a desired drive current output is selected, which 
typically is once per cycle, or once every half-cycle if inter-

where A is a damping coefficient andk is a constant. FIG. 40E 55 

illustrates the damping correction for different mass flow 
rates and different levels of aeration. FIG. 40F illustrates the 
residual phase error after correction for damping. As shown, 
the phase error is reduced substantially relative to the phase 
error remaining after bubble effect correction. 60 leaved cycles are used. 

The sensor balance correction is based on density differ­
ences between different ends of the conduit. As shown in FIG. 
41, a pressure drop between the inlet and the outlet of the 
conduit results in increasing bubble sizes from the inlet to the 
outlet. Since material flows serially through the two loops of 
the conduit, the bubbles atthe inlet side of the conduit (i.e., the 
side adjacent to the first sensor/driver pair) will be smaller 

The controller starts by setting the setpoint to a default 
value (e.g., 0.3 V) and initializing filtered representations of 
the sensor voltage (filtered_SV) and the drive current (fil­
tered_DC) (step 4205). Each time that the procedure is per-

65 formed, the controller updates the filtered values based on 
current values for the sensor voltage (SV) and drive current 
(DC) (step 4210). For example, the controller may generate a 
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new value for filtered_SV as the sum of ninety nine percent of 
filtered_SV and one percent of SV. 

Next, the controller determines whether the procedure has 
been paused to provide time for prior setpoint adjustments to 
take effect (step 4215). Pausing of the procedure is indicated 
by a pause cycle count having a value greaterthan zero. If the 
procedure is paused, the controller performs no further 
actions for the cycle and decrements the pause cycle count 
(step 4220). 

If the procedure has not been paused, the controller deter- 10 

mines whether the filtered drive current exceeds a threshold 
level (step 4225). In one implementation, the threshold level 
is ninety five percent of the maximum available current. If the 
current exceeds the threshold, the controller reduces the set-

15 
point (step 4230). To allow time for the meter to settle after the 
setpoint change, the controller then implements a pause of the 
procedure by setting the pause cycle count equal to an appro­
priate value (e.g., 100) (step 4235). 

If the procedure has not been paused, the controller deter- 20 

mines whether the filtered drive current is less than a thresh­
old level (step 4240) and the setpoint is less than a maximum 
permitted setpoint (step 4245). In one implementation, the 
threshold level equals seventy percent of the maximum avail­
able current. If both conditions are met, the controller deter- 25 

mines a possible new setpoint (step 4250). In one implemen­
tation, the controller determines the new setpoint as eighty 
percent of the maximum available current multiplied by the 
ratio of filtered_SV to filtered_DC. To avoid small changes in 
the setpoint (i.e., chattering), the controller then determines 30 

whether the possible new setpoint exceeds the current set­
point by a sufficient amount (step 4255). In one implementa­
tion, the possible new setpoint must exceed the current set­
point by 0.02 V and by ten percent. 

35 
If the possible new setpoint is sufficiently large, the con­

troller determines if it is greater than the maximum permitted 
setpoint (step 4260). If so, the controller sets the setpoint 
equal to the maximum permitted setpoint (step 4265). Other­
wise, the controller sets the setpoint equal to the possible new 40 

setpoint (step 4270). The controller then implements a pause 
of the procedure by setting the pause cycle count equal to an 
appropriate value (step 4235). 

FIGS. 43A-43C illustrate operation of the setpoint adjust­
ment procedure. As shown in FIG. 43C, the system starts with 45 

a setpoint of 0.3 V. At about eight seconds of operation, 
aeration results in a drop in the apparent density of the mate­
rial in the conduit (FIG. 43A). Increased damping accompa­
nying the aeration results in an increase in the drive current 
(FIG. 43B) and increased noise in the sensor voltage (FIG. 50 

43C). No changes are made at this time, since the meter is able 
to maintain the desired setpoint. 

At about fifteen seconds of operation, aeration increases 
and the apparent density decreases further (FIG. 43A). At this 
level of aeration, the driver current (FIG. 43B) reaches a 55 

maximum value that is insufficient to maintain the 0.3 V 
setpoint. Accordingly, the sensor voltage drops to 0.26 V 
(FIG. 43C), the voltage level that the maximum driver current 
is able to maintain. In response to this condition, the control-
ler adjusts the setpoint (at about 28 seconds of operation) to a 60 

level (0.23 V) that does not require generation of the maxi­
mum driver current. 

At about 38 seconds of operation, the level of aeration 
decreases and the apparent density increases (FIG. 43A). This 
results in a decrease in the drive current (FIG. 43B). At 40 65 

seconds of operation, the controller responds to this condition 
by increasing the setpoint (FIG. 43C). The level of aeration 
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decreases and the apparent density increases again at about 48 
seconds of operation, and the controller responds by increas­
ing the setpoint to 0.3 V. 
K. Performance Results 

The digital flowmeter has shown remarkable performance 
improvements relative to traditional analog flowmeters. In 
one experiment, the ability of the two types of meters to 
accurately measure a batch of material was examined. In each 
case, the batch was fed through the appropriate flowmeter and 
into a tank, where the batch was then weighed. For 1200 and 
2400 pound batches, the analog meter provided an average 
offset of 500 pounds, with a repeatability of 200 pounds. By 
contrast, the digital meter provided an average offset of 40 
pounds, with a repeatability of two pounds, which clearly is a 
substantial improvement. 

In each case, the conduit and surrounding pipework were 
empty at the start of the batch. This is important in many 
batching applications where it is not practical to start the 
batch with the conduit full. The batches were finished with the 
flowtube full. Some positive offset is expected because the 
flowmeter is measuring the material needed to fill the pipe 
before the weighing tank starts to be filled. Delays in starting 
up, or offsets caused by aerated flow or low amplitudes of 
oscillation, are likely to introduce negative offsets. For real 
batching applications, the most important issue is the repeat­
ability of the measurement. 

The results show that with the analog flowmeter there are 
large negative offsets and repeatability of only 200 pounds. 
This is attributable to the length of time taken to startup after 
the onset of flow (during which no flow is metered), and 
measurement errors until full amplitude of oscillation is 
achieved. By comparison, the digital flowmeter achieves a 
positive offset, which is attributable to filling up of the empty 
pipe, and a repeatability is two pounds. 

Another experiment compared the general measurement 
accuracy of the two types of meters. FIG. 44 illustrates the 
accuracy and corresponding uncertainty of the measurements 
produced by the two types of meters at different percentages 
of the meters' maximum recommended flow rate. At high 
flow rates (i.e., at rates of 25% or more of the maximum rate), 
the analog meter produces measurements that correspond to 
actual values to within 0.15% or less, compared to 0.005% or 
less for the digital meter. At lower rates, the offset of the 
analog meter is on the order of 1.5%, compared to 0.25% for 
the digital meter. 
L. Self-Validating Meter 

The digital flowmeter may used in a control system that 
includes self-validating sensors. To this end, the digital flow­
meter may be implemented as a self-validating meter. Self­
validating meters and other sensors are described in U.S. Pat. 
No. 5,570,300, entitled "SELF-VALIDATING SENSORS", 
which is incorporated by reference. 

In general, a self-validating meter provides, based on all 
information available to the meter, a best estimate of the value 
of a parameter (e.g., mass flow) being monitored. Because the 
best estimate is based, in part, on nonmeasurement data, the 
best estimate does not always conform to the value indicated 
by the current, possibly faulty, measurement data. A self­
validating meter also provides information about the uncer­
tainty and reliability of the best estimate, as well as informa­
tion about the operational status of the sensor. Uncertainty 
information is derived from known uncertainty analyses and 
is provided even in the absence of faults. 

In general, a self-validating meter provides four basic 
parameters: a validated measurement value (VMV), a vali­
dated uncertainty (VU), an indication (MY status) of the 
status under which the measurement was generated, and a 
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device status. The VMV is the meter's best estimate of the 
value of a measured parameter. The VU and the MV status are 
associated with the VMV. The meter produces a separate 
VMV, VU and MV status for each measurement. The device 
status indicates the operational status of the meter. 

56 
were calculated. The controller produces the VMV and the 
VU under all conditions--even when the sensors are inop­
erative. The control system needs to know whether VMV and 
VU are based on "live" or historical data. For example, ifthe 
control system were using VMV and VU in feedback control 
and the sensors were inoperative, the control system would 
need to know that VMV and VU were based on past perfor­
mance. 

The meter also may provide other information. For 
example, upon a request from a control system, the meter may 
provide detailed diagnostic information about the status of 
the meter. Also, when a measurement has exceeded, or is 
about to exceed, a predetermined limit, the meter can send an 
alarm signal to the control system. Different alarm levels can 
be used to indicate the severity with which the measurement 
has deviated from the predetermined value. 

The MV status is based on the expected persistence of any 
10 abnormal condition and on the confidence of the controller in 

VMV and VU are numeric values. For example, VMV 
could be a temperature measurement valued at 200 degrees 
and VU, the uncertainty ofVMV, could be 9 degrees. In this 
case, there is a high probability (typically 95%) thatthe actual 
temperature being measured falls within an envelope around 
VMV and designated by VU (i.e., from 191 degrees to 209 
degrees). 

15 

20 

The controller generates VMV based on underlying data 
from the sensors. First, the controller derives a raw measure­
ment value (RMV) that is based on the signals from the 
sensors. In general, when the controller detects no abnormali­
ties, the controller has nominal confidence in the RMV and 25 

sets the VMV equal to the RMV. When the controller detects 

the RMV. The four primary states for MV status are generated 
according to Table 1. 

TABLE 1 

Expected Confidence 
Persistence inRMV MV Status 

not applicable nominal CLEAR 
not applicable reduced BLURRED 
short zero DAZZLED 
long zero BLIND 

A CLEAR MV status occurs when RMV is within a normal 
range for given process conditions. A DAZZLED MV status 
indicates that RMV is quite abnormal, but the abnormality is 
expected to be of short duration. Typically, the controller sets 
the MV status to DAZZLED when there is a sudden change in 
the signal from one of the sensors and the controller is unable 
to clearly establish whether this change is due to an as yet 

an abnormality in the sensor, the controller does not set the 
VMV equal to the RMV. Instead, the controller sets the VMV 
equal to a value that the controller considers to be a better 
estimate than the RMV of the actual parameter. 

The controller generates the VU based on a raw uncertainty 
signal (RU) that is the result of a dynamic uncertainty analysis 

30 undiagnosed sensor fault or to an abrupt change in the vari­
able being measured. A BLURRED MV status indicates that 
the RMV is abnormal but reasonably related to the parameter 
being measured. For example, the controller may set the MV of the RMV. The controller performs this uncertainty analysis 

during each sampling period. Uncertainty analysis, originally 
described in "Describing Uncertainties in Single Sample 35 

Experiments," S. J. Kline & F. A. McClintock, Mech. Eng., 
75, 3-8 (1953), has been widely applied and has achieved the 
status of an international standard for calibration. Essentially, 

status to BLURRED when the RMV is a noisy signal. A 
BLIND MV status indicates that the RMV is completely 
unreliable and that the fault is expected to persist. 

Two additional states for the MV status are UNVALI­
DATED and SECURE. The MV status is UNVALIDATED 

an uncertainty analysis provides an indication of the "quality" 
of a measurement. Every measurement has an associated 
error, which, of course, is unknown. However, a reasonable 
limit on that error can often be expressed by a single uncer­
tainty number (ANSI/ASME PTC 19.1-1985 Part 1, Mea­
surement Uncertainty: Instruments and Apparatus). 

when the controller is not performing validation ofVMV. MV 
40 status is SECURE when VMV is generated from redundant 

measurements in which the controller has nominal confi-

As described by Kline & McClintock, for any observed 45 

measurement M, the uncertainty in M, w M' can be defined as 
follows: 

dence. 
The device status is a generic, discrete value summarizing 

the health of the meter. It is used primarily by fault detection 
and maintenance routines of the control system. Typically, the 
device status 32 is in one of six states, each of which indicates 
a different operational status for the meter. These states are: 
GOOD, TESTING, SUSPECT, IMPAIRED, BAD, or CRITI­
CAL. A GOOD device status means that the meter is in 

where M is true (Mtrue) with a certain level of confidence 
(typically 95%). This uncertainty is readily expressed in a 
relative form as a proportion of the measurement (i.e. w ,JM). 

50 nominal condition. A TESTING device status means that the 

In general, the VU has a non-zero value even under ideal 
conditions (i.e., a faultless sensor operating in a controlled, 
laboratory environment). This is because the measurement 55 

produced by a sensor is never completely certain and there is 
always some potential for error. As with the VMV, when the 
controller detects no abnormalities, the controller sets the VU 
equal to the RU. When the controller detects a fault that only 
partially affects the reliability of the RM\7, the controller 60 

typically performs a new uncertainty analysis that accounts 

meter is performing a self check, and that this self check may 
be responsible for any temporary reduction in measurement 
quality. A SUSPECT device status means that the meter has 
produced an abnormal response, but the controller has no 
detailed fault diagnosis. An IMPAIRED device status means 
that the meter is suffering from a diagnosed fault that has a 
minor impact on performance. A BAD device status means 
that the meter has seriously malfunctioned and maintenance 
is required. Finally, a CRITICAL device status means thatthe 
meter has malfunctioned to the extent that the meter may 
cause (or have caused) a hazard such as a leak, fire, or explo-
s10n. for effects of the fault and sets the VU equal to the results of 

this analysis. The controller sets the VU to a value based on 
past performance when the controller determines that the 
RMV bears no relation to the actual measured value. 

To ensure that the control system uses the VMV and the VU 
properly, the MV status provides information about how they 

FIG. 45 illustrates a procedure 4500 by which the control­
ler of a self-validating meter processes digitized sensor sig-

65 nals to generate drive signals and a validated mass flow mea­
surement with an accompanying uncertainty and 
measurement status. Initially, the controller collects data 
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from the sensors (step 4505). Using this data, the controller 
determines the frequency of the sensor signals (step 4510). If 
the frequency falls within an expected range (step 4515), the 
controller eliminates zero offset from the sensor signals (step 
4520), and determines the amplitude (step 4525) and phase 
(step 4530) of the sensor signals. The controller uses these 
calculated values to generate the drive signal (step 4535) and 
to generate a raw mass flow measurement and other measure­
ments (step 4540). 

58 
include a constant output circuit 4630 that provides operating 
power to the controller and a drive capacitor 4635 that is 
charged using excess power. The power circuit may receive 
power from the wires 4605 or from a second pair of wires. The 
digital controller receives signals from one or more sensors 
4640. 

When the drive capacitor is suitably charged, the controller 
4615 discharges the capacitor 4635 to drive the conduit 4625. 

If the frequency does not fall within an expected range 10 

(step 4515), then the controller implements a stall procedure 
(step 4545) to determine whether the conduit has stalled and 

For example, the controller may drive the conduit once during 
every 10 cycles. The controller 4615 receives and analyzes 
signals from the sensors 4640 to produce a mass flow mea-
surement that the controller then transmits on the wires 4605. 

to respond accordingly. In the stall procedure, the controller 
maximizes the driver gain and performs a broader search for 
zero crossings to determine whether the conduit is oscillating 15 

at all. 

FIG. 47 A is an illustration of a digital flowmeter using a 
bent flowtube 4702. Specifically, the bent flowtube 4702 may 
be used to measure one or more physical characteristics of, 
for example, a (traveling) fluid, as referred to above. A 

If the conduit is not oscillating correctly (i.e., if it is not 
oscillating, or if it is oscillating at an unacceptably high 
frequency (e.g., at a high harmonic of the resonant fre­
quency)) (step 4550 ), the controller attempts to restart normal 
oscillation (step 4555) of the conduit by, for example, inject­
ing a square wave at the drivers. After attempting to restart 
oscillation, the controller sets the MV status to DAZZLED 
(step 4560) and generates null raw measurement values (step 
4565). If the conduit is oscillating correctly (step 4550), the 
controller eliminates zero offset (step 4520) and proceeds as 
discussed above. 

detailed description of a structure and operation(s) of the bent 
flowtube 4702 is provided in, for example, commonly-as­
signed U.S. Pat. No. 6,311,136. Flowtubes which are similar 

20 in concept to the bent flowtube 4702 are also discussed in, for 
example, U.S. Pat. No. 6,327,914 Bl, which is incorporated 
by reference in its entirety. 

In FIG. 47A, a digital transmitter 4704 exchanges sensor 
and drive signals with the bent flowtube 4702, so as to both 

25 sense an oscillation of the bent flowtube 4702, and to drive the 
oscillation of the bent flowtube 4702 accordingly. By quickly 
and accurately determining the sensor and drive signals, the 
digital transmitter 4704, as referred to above, provides for fast After generating raw measurement values (steps 4540 or 

4565), the controller performs diagnostics (step 4570) to 
determine whether the meter is operating correctly (step 30 

4575). (Note that the controller does not necessarily perform 
these diagnostics during every cycle.) 

and accurate operation of the bent flowtube 4702. 
More specifically, the digital transmitter 4704 serves to 

select signal characteristics such as a frequency, phase, and 
amplitude of the drive signals, in order to obtain a desired 
oscillation of the bent flowtube 4702, e.g., an oscillation 
which aligns these signal characteristics of the sensor and 

Next, the controller performs an uncertainty analysis (step 
4580) to generate a raw uncertainty value. Using the raw 
measurements, the results of the diagnostics, and other infor­
mation, the controller generates the VMV, the VU, the MV 
status, and the device status (step 4585). Thereafter, the con­
troller collects a new set of data and repeats the procedure. 
The steps of the procedure 4500 may be performed serially or 
in parallel, and may be performed in varying order. 

In another example, when aeration is detected, the mass 
flow corrections are applied as described above, the MV 
status becomes blurred, and the uncertainty is increased to 
reflect the probable error of the correction technique. For 
example, for a flowtube operating at 50% flowrate, under 
normal operating conditions, the uncertainty might be of the 
order of 0.1-0.2% of flowrate. If aeration occurs and is cor­
rected for using the techniques described above, the uncer­
tainty might be increased to perhaps 2% of reading. Uncer­
tainty values should decrease as understanding of the effects 

35 drive signals with one another, at a natural resonant frequency 
of the bent flowtube 4702. For example, the digital transmitter 
4704 may generate the drive signals by applying the sensor 
signals (perhaps with suitable adjustments) as the drive sig­
nals, as part of a feedback loop. As another example, the 

40 digital transmitter 4704 may generate the drive signals by 
synthesizing a new signal having the desired characteristics. 

FIG. 47B is an illustration of a digital flowmeter using a 
straight flowtube 4706. More specifically, in FIG. 47B, the 
straight flowtube 4706 interacts with the digital transmitter 

45 4704 to produce, for example, density and/or mass flow mea­
surements. Such a straight flowtube operates similarly to the 
bent flowtube 4702 on a conceptual level, and has various 
advantages/disadvantages relative to the bent flowtube 4702. 
For example, the straight flowtube 4706 may be easier to 

50 (completely) fill and empty than the bent flowtube 4702, 
simply due to the geometry of its construction. In operation, 
the bent flowtube 4702 may operate at a frequency of, for 
example, 50-110 Hz, while the straight flowtube 4706 may 

of aeration improves and the ability to compensate for aera­
tion gets better. In batch situations, where flow rate uncer­
tainty is variable (e.g. high at start/end if batching from/to 
empty, or during temporary incidents of aeration or cavita­
tion), the uncertainty of the batch total will reflect the 55 

weighted significance of the periods of high uncertainty 
against the rest of the batch with nominal low uncertainty. 
This is a highly useful quality metric in fiscal and other 
metering applications. 

operate at a frequency of, for example, 300-1,000 Hz. 
Various relevant details of the structure and operation(s) of 

the bent flowtube 4702 and/or the straight flowtube 4706 are 
discussed below. However, such description is not intended to 
be an exhaustive description of such flowtubes, of which 
many conventional examples exist. Rather, the flowtube 

M. Two Wire Flowmeter 
Other embodiments are also contemplated. For example, 

as shown in FIG. 46, the techniques described above may be 
used to implement a "two-wire" Coriolis flowmeter 4600 that 
performs bidirectional communications on a pair of wires 
4605. A power circuit 4610 receives power for operating a 
digital controller 4615 and for powering the driver(s) 4620 to 
vibrate the conduit 4625. For example, the power circuit may 

60 description( s) provided herein are intended to provide context 
for the below description of a structure and operation of the 
digital transmitter 4704. 

More specifically, the digital transmitter4704, as described 
in more detail below, is capable of initiating and maintaining 

65 a flowtube oscillation, such that the drive signals output by the 
digital transmitter 4704 are compensated for phase delays 
caused by analog and/or digital elements within or associated 
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with the digital transmitter 4704. In this way, the drive signals 
have a desired phase relationship with the oscillation of the 
particular flowtube being used (i.e., with the sensor signals 
detected at the flowtube ). As shown in the examples below, 
such phase compensation may be implemented in a variety of 
ways, for a number of uses in different settings. Specifically, 
for example, digital drive techniques described herein may be 
applied to a variety offlowtubes and flowtube geometries. 

60 
natural frequency of the flowtube generate a low-damped 
response in the desired mode of vibration and thereby permit 
the type of system operation desired. Therefore, it is desirable 
to match the natural frequency of the flowtube as closely as 
possible in the drive waveform. 

Failure to perform this frequency matching will thus gen­
erally result in energy being wastefully imparted to the sys­
tem at other frequencies. Moreover, frequencies which are 
close (but not equal to) the resonant frequency of the flowtube 

10 4815 may result in an operation of the flowtube 4815 at those 
frequencies. In such situations, errors may result in calcula­
tions of, for example, a massflow and/or density of the fluid 
traversing the flowtube 4815. 

Referring to FIG. 48, a digital mass flowmeter 4800 
includes the digital transmitter 4704, one or more motion 
sensors 4805, one or more drivers 4810, a flowtube 4815 
(which also may be referred to as a conduit, and which may 
represent either the bent flowtube 4702, the straight flowtube 
4706, or some other type of flowtube), and a temperature 
sensor 4820. The digital transmitter 4704 may be imple­
mented using one or more of, for example, a processor (in­
cluding a Digital Signal Processor (DSP)), a field-program­
mable gate array (FPGA), an ASIC, other programmable 
logic or gate arrays, or programmable logic with a processor 
core. Examples of implementations of the digital transmitter 20 

4704 are discussed in more detail below. 

One way that improper frequencies are generated during 
15 flowmeter start-up is by generating harmonics of the natural 

frequency within the drive signal. Generally speaking, flow­
tubes have several modes of vibration. Usually only two 
vibration modes are of interest: the "driven mode" which is 
the main mode of oscillation, and the "coriolis" mode at 
which the coriolis forces are manifest, leading to phase offset 
between the sensors observed in the driven mode. In "one-

The digital transmitter 4704 generates a measurement of 
mass flow through the flowtube 4815, based at least on signals 
received from the motion sensors 4805. The digital transmit­
ter 4704 also controls the drivers 4810 to induce and sustain 
motion in the flowtube 4815. This motion is sensed by the 
motion sensors 4805. 

Mass flow through the flowtube 4815 is related to the 
motion induced in the flowtube in response to a driving force 
supplied by the drivers 4810. In particular, mass flow is 
related to the phase and frequency of the motion, as well as to 
the temperature of the flowtube (as this temperature reflects 
the temperature of the flowing material, which also may be 
directly measured). The digital mass flowmeter 4800 also 
may provide a measurement of the density of material flowing 
through the flowtube. The density is related to the frequency 
of the motion and the temperature of the flowtube. Many of 
the described techniques are applicable to a densitometer that 
provides a measure of density rather than a measure of mass 
flow. 

The temperature in the flowtube 4815, which is measured 
using the temperature sensor 4820, affects certain properties 
of the flowtube, such as its stiffness and dimensions. The 
digital transmitter 4704 compensates for these temperature 
effects. The temperature of the digital transmitter 4704 
affects, for example, an operating frequency of the digital 
transmitter 4704, a sampling rate of an analog-to-digital con­
verter, and/or a crystal frequency associated with a reference 
clock used by the transmitter 4704. In general, the effects of 
transmitter temperature are sufficiently small to be consid­
ered negligible. However, in some instances, the digital trans­
mitter may measure the transmitter temperature using a solid 
state device, and may compensate for effects of the transmit-
ter temperature. Although not shown in FIG. 48, similar com­
ments and considerations may be applied with respect to a 
pressure sensor that is operable to sense a pressure of a fluid 
flowing through the flowtube 4815. 

drive" flowtubes, the driven mode is usually the lowest mode 
of vibration of the flowtube, and the coriolis mode is the next 
highest mode of vibration. In a "two-driver" design for the 

25 bent flowtube 4702, the driven mode may be, for example, the 
second mode of vibration (e.g., 70-90 Hz), and the coriolis 
mode may be at the fundamental, lower frequency (e.g., 
50-60 Hz). In any case, any other harmonic frequencies gen­
erated beyond those desired for a particular mode of vibration 

30 may result in inefficient and/or inaccurate operation of the 
system. 

Another way that improper frequencies may be generated 
is through the presence of a phase offset between the sensor 
signal and the drive signal. That is, as this phase offset 

35 increases, the vibration changes from being at the desired 
natural frequency to a forced oscillation. As this phase offset 
is typically a function of frequency (e.g., a constant time 
delay of 5 ms may correspond to a phase offset of 180 degrees 
at 100 Hz, but may correspond to 360 degrees (i.e., 0 degrees) 

40 at 200 Hz), a phase offset close to 180 degrees for a particular 
frequency will typically result in stalling of the oscillation at 
that frequency. Conversely, a phase offset close to a multiple 
of 360 degrees for a given frequency will often result in 
oscillation of the flowtube 4815 at that frequency (even if it is 

45 not the desired natural frequency). 
Also with respect to phase, it should be understood that, as 

is known, the drive waveform should be at 90 degrees out of 
phase with the motion of the flowtube in order to affect 
vibration at the natural resonant frequency. However, if a 

50 flowtube design uses velocity sensors, which automatically 
provide a signal at 90 degrees to the motion of the flowtube, 
then the optimal drive waveform is one which is in phase with 
the sensor voltage signals. Thus, it should be understood that 
the phrases such as "in phase," "having the proper phase," 

55 "having the proper phase offset" and similar phrases refer to 
the condition in which the drive signal has a relationship with 
the sensor signal such that it affects proper vibration of the 
flowtube. As referred to above, control of the drive signal sent to 

driver 4810 for inducing vibration of the flowtube 4815 is a 
factor in starting and operating a digital flowmeter. More 60 

specifically, it is desirable to maintain precise control over the 
frequency, phase and amplitude of the drive signal. 

Once vibration at the proper frequency has been initiated 
and maintained, the amplitude of the drive signal must be set 
so that a proper amount of energy (and thus, amplitude of 
vibration at the chosen frequency) is actually imparted to the 
flowtube. Ideally, the amplitude should be frequently updated 
so as to ensure a constant amplitude of the oscillation of the 

With respect to frequency, it should first be understood that 
flowtube vibration is generally determined by physical char­
acteristics of the flowtube 4815 itself. In particular, the flow- 65 

tube 4815 will generally have a high Q factor, thereby ensur­
ing that only a very narrow band of frequencies around the 

flowtube. 
As referred to above, implementations may use different 

techniques for obtaining drive signals which have the desired 
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frequency, phase, and amplitude characteristics. One such 
technique is referred to herein as "positive feedback," in 
which a sensor signal (having the desired frequency and 
phase characteristics) is multiplied by a drive gain factor 
(either by analog or digital control loop techniques) and fed 
back to the flowtube via the drive signal. A non-linear ampli­
tude control algorithm may be used to provide stable oscilla­
tion and selection of a sustainable set-point for an amplitude 

62 
communicates with a resistance temperature device (RTD) to 
obtain flowtube temperature data. 

It should be understood that, as mentioned above, all of the 
tasks performed by the FPGA 4910 and/or the processor 4915 
could be performed by just the processor 4915, and/or by 
other suitable hardware, such as, for example, an ASIC. The 
architecture of the digital transmitter 4704 of FIG. 49, how­
ever, splits tasks between the FPGA 4910 and the processor 

of oscillation, even during situations such as a highly-damped 
operation of the flowtube 4815 (e.g. two-phase flow), or 10 

beginning/ending operation of the flowtube 4815 in an empty 

4915 in the marmer just described, taking advantage of the 
fact that the tasks performed by the FPGA 4910 may be more 
effectively and efficiently executed in true parallel with the 

state. 
While this approach, by itself, may be adequate in some 

conventional flowmeter applications, it may not be effective 
15 

when dealing with difficult situations such as batching 
to/from empty and two-phase flow. In these cases, flowtube 
stalling, where oscillation ceases and measurements cannot 

processor 4915, on dedicated hardware, rather than by time­
slicing on the (single) processor 4915. 

In one operation, then, sensor signals from the sensors 
4805 are received by two ADC channels in the CODEC 4905, 
which operates under the control of the FPGA 4910. After 
processing, buffering, and/or filtering the sensor signals, as 
described in more detail below, the FPGA 4910 presents the be calculated, may occur. 

A second technique for generating desired drive signals is 
digital synthesis of the drive signals. That is, rather than 
simply feeding back the sensor signals as the drive signals, the 
digital transmitter 4704 may actually synthesize pure sine 
waves having the desired drive signal characteristics. As in 
the case of positive feedback above, a non-linear amplitude 
control algorithm may be used to provide stable oscillation 
and amplitude set-point selection. 

Moreover, the use of digital synthesis of drive signals 
results in a high precision in producing the drive signals, and 
prevents the feeding back of unwanted frequency compo­
nents that may be present in the sensor signals. However, the 
use of the digital transmitter 4704, as well as other factors, 
may introduce delays into the highly-precise, synthesized 
signals (as well as into the fed-back sensor signals used in the 
positive feedback mode), relative to the originally-detected 
sensor signals. These delays, if not accounted for, may result 
in the use of drive signals having undesirable signal charac­
teristics. Examples of sources of these delays, as well as 
techniques for dealing with the delays in various settings, are 
discussed in more detail below. 

FIG. 49 is a block diagram of the digital transmitter 4704. 
In FIG. 49, a codec (coder-decoder) block 4905 includes 
analog-to-digital converters (ADCs) and digital-to-analog 
converters (DACs) (as shown in more detail in FIG. 50). The 
codec 4905, in performing its conversion/deconversion 
operation(s), introduces delays into signals traveling there­
through, which may be hereafter referred to as the group 
delay of the codec 4905. For a given codec group delay (in 
samples), a higher phase offset (in degrees/radians) results 
from a higher frequency of vibration of the flowtube 4815 
(since there will be fewer samples per cycle in this case). The 
CODEC 4905 may be, for example, a dual ADC/DAC device 
which provides two 24 bit ADC and two 24 bit DAC channels, 
at a sampling rate Fs of 40 kHz. 

A Field Programmable Gate Array (FPGA) 4910 provides 
gates of programmable logic, which allow the FPGA 4910 to 
perform critical real-time tasks. These tasks include, for 
example, the synthesis of the drive signal waveforms and 
peripheral control, as well as various buffering and filtering 
techniques performed on the sensor signals. A processor 4915 
is used to execute high-precision and computationally-inten­
sive algorithms for measurement and control of variables 
involved with the flowmeter 4800. For example, the processor 
4915 directs the FPGA 4910 in its tasks. The processor may 
run under an operating system such as, for example, the 
VxWorks Real-Time Operating System. A block 4920 repre­
sents a "sigma-delta" type, analog-to-digital converter that 

20 data to the processor 4915 for detailed analysis. 
In one implementation, the sensor signals are input through 

the input channels of the CODEC 4905, buffered within the 
FPGA 4910, and fed back through the output charmels of the 
CODEC 4905 to the flowtube 4815 as drive signals within a 

25 positive feedback loop. In another implementation, the pro­
cessor 4915 also determines drive signal parameter values for 
maintaining flowtube oscillation, which are then passed to the 
FPGA 4910, which synthesizes the required drive output 
signals and passes them to the output channels of the CODEC 

30 4905. Thus, in these and other implementations discussed 
below, drive signals are passed to drivers 4810 that generate a 
stable oscillation of the flowtube 4815 at a desired frequency. 

In addition to its processing related to this generation of 
desirable drive signals, the processor 4915 also determines 

35 measurements of various process variables from the sensor 
signals, such as mass flow and/or density, the determination 
of which may represent a primary purpose of operation of the 
digital flowmeter 4800. For purposes of determining these 
measurements, the sensor signals may be presented to the 

40 processor 4915 largely apart from (e.g., in parallel with) the 
various techniques discussed herein for generating desirable 
drive signals. 

For example, although various buffering techniques are 
discussed below for the purposes of generating the drive 

45 signals, separate (faster) buffering of the sensor signals may 
be performed for sending the sensor signals to the processor 
4915 for measurement purposes. In this way, measurements 
may be obtained quickly, without having to wait for process­
ing of the sensor signals that is related to drive signal produc-

50 tion. For example, the digital flowmeter 4800 may be able to 
rapidly respond to (e.g., output measurements related to) 
impulse signals included within the sensor signals. 

As referred to above, various sources of delay are associ­
ated with the digital transmitter 4704. One possible source of 

55 delay is the group delay associated with the CODEC 4905. 
Another possible source of delay is filtering which may take 
place within the FPGA 4910, e.g., filtering which is designed 
to remove unwanted harmonics from the sensor signals 
detected by the sensor 4805 (particularly during start-up of 

60 the flowmeter ), and/or filtering designed to improve measure­
ment quality (e.g., reduce noise during two-phase flow or add 
precision for a pure gas measurement). Other possible 
sources of delay include the use ofbarrier circuitry at the drive 
output, which may be included as a safety precaution, or 

65 signal shifts due to temperature effects and/or component 
aging. Such analog and/or digital delays as those just men­
tioned, as well as other delays not explicitly discussed, may 
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result in a non-trivial phase offset at the desired (natural) 
frequency of vibration of the flowtube 4815. 

Techniques for compensating for these delays may depend 
on, for example, the type of delay actually present, and/or a 
current mode ofoperation of the digital transmitter 4704. For 5 

example, when the digital transmitter 4704 is operating in a 
positive feedback mode, the group delay of the CODEC 4905 
may be calculated based on, for example, the type of CODEC 
4905 being used, a number of measurement samples being 
taken at a given sample rate, and/or a resonant frequency of 10 

the particular flowtube being used. A buffer may then be 
included which delays the sensor signal from being input to 
the driver 4810, until a phase match between the sensor signal 
and the drive signal will occur. For example, the output wave­
form from the sensor 4805 may be buffered within the FPGA 15 

4910, and a value may be selected from the buffered output 
waveform that corresponds to the current phase point of the 
sensor signal, but from the previous cycle of that signal. 

As another example, when the digital transmitter 4704 is 
operating in either a positive feedback mode or a synthesis 20 

mode, the filtering of the sensor signal may provide delay that 
is in addition to the group delay of the CODEC 4905. 
Depending on the type of filter used, this filter delay may be 
more difficult to predict than the group delay of the CODEC 
4905. For example, in an elliptical filter such as the one 25 

described below, a delay caused by the filter may be a non­
linear function of frequency. Moreover, at a given point in 
time (for example, at or near a start-up of oscillation of the 
flowtube 4815) a natural frequency of the flowtube 4815 may 
not be accurately known, making a determination of filter 30 

delay even more problematic. 
In one implementation, then, the filter delay is determined 

by actually measuring an appropriate frequency, determining 
the associated filter delay using the pre-determined non-lin­
ear function associated with the filter being used, and then 35 

waiting a pre-determined amount of time after a trigger signal 
to begin drive signal synthesis. For example, the pre-deter­
mined amount of time may be determined from considering 
both the group delay and the filter delay. The trigger signal 
may be a positive zero-crossing of a weighted sum of the 40 

filtered sensor signal(s) (i.e. a calculated mid-point between 
two separate signals), or of just one of the filtered sensor 
signals. 

FIG. 50 is a block diagram of a digital flowmeter 5000. In 
FIG. 50, flowtube 4815 receives fluid flow through inlet 5005 45 

and outputs the fluid through outlet 5010. Sensors and drivers 
4805 and 4810, respectively, operate generally as described 
with respect to FIG. 48. AID converters (ADCs) 5015 receive 
the sensor signals and convert the analog signals into digital 
signals at a sampling rate of, for example, 40-80 kHz or 50 

higher, for input into the digital transmitter 4704. ADCs 5015 
may be considered to be a part of the CODEC 4905 of FIG. 
49. 

64 
accurate measurement of amplitude is more important than 
very rapid updating of the driver gain, and amplitude calcu­
lation based on complete cycles of data may thus provide 
accurate estimates. 

In the digital flowmeter 5000, a buffer 5025 may be used 
during a positive feedback operation. An example of this 
positive feedback operation is described in more detail below, 
for example, with respect to FIG. 51. In the positive feedback 
operation, the buffer 5025 stores samples of the signal 
received from ADC 5015, and outputs a signal to DI A con­
verters (DACs) 5030, such that the signal output by DAC 
5030 and delivered as the drive signal to the driver 4810 is 
substantially in phase with the signal originally received by 
ADC 5015. In this way, a positive feedback loop is main­
tained which permits generation of a drive signal waveform 
having the desired phase relationship with the sensor signal 
waveform. 

Op amps 5035, resistors 5040 and ADCs 5045 operate to 
measure the current to the drivers 4810, and return this infor­
mation in digital form to the digital controller 5020. In this 
way, a feedback loop is maintained which allows an addi-
tional, or alternative, technique for compensating for the 
sources of delay referred to above. Somewhat similarly, fur­
ther AID converters 5047 may be used to measure a voltage at 
an output of the DI A converters 5030, which may similarly be 
fed back to the digital controller 5020. Such "closed-loop" 
techniques are discussed in more detail with respect to FIG. 
61. 

In the example of FIG. 50, theADCs 5015 may introduce 
a delay of 31 samples, while DACs 5030 may introduce a 
delay of 30 samples, for a total group (CODEC) delay of 61 
samples. Assuming a sampling rate of 40 kHz and an input 
waveform of 95 Hz, a phase offset of approximately 50 
degrees may be introduced. This degree of phase offset may 
be sufficient to cause the flowmeterto oscillate off-resonance. 
With other sampling/oscillation frequencies, phase offsets 
approaching 180 degrees can be created, in which case the 
flowtube will likely not oscillate in the desired mode, but will 
likely find some higher mode of vibration where the phase 
offset is close to a multiple of360 degrees. 

The buffer 5025 is large enough to contain at least one full 
cycle of data, e.g., 2048 entries. Buffer 5025 can be circular, 
so that the oldest entry is overwritten by the newest entry. If a 
sample rate of 80 kHz is assumed when the flowtube fre­
quency is 80 Hz, then a full cycle can be held within 1000 
samples. Still assuming, for the sake of example, a group 
delay of 61 samples, then digital transmitter 4704 should 
select the value from buffer 5025 stored 939 samples ago, in 
order to reduce or eliminate any phase offset between the 
sensor and drive signals. In other words, buffer 5025 should 
select the value corresponding to the actual current phase 
point, but from the previous cycle. This "phase-matched out­
put" is then multiplied by the desired drive gain to give the 
drive output. In one implementation, the above-described use A digital controller 5020 receives the sampled sensor sig­

nal for processing. The digital controller 5020 may include 
the FPGA 4910 and the processor 4915 of FIG. 49, or may 
include some other combination of hardware and/or software 
for processing the sampled sensor signal and outputting an 
appropriate drive signal. 

55 of buffer 5025 was sufficient to reduce phase offset to within 
one CODEC sample; i.e., at 95 and 80 kHz, ±0.4 degrees. A 
more detailed discussion related to determining a CODEC 
delay relative to a given sampling rate and flowtube frequency 
is provided below, with respect to FIGS. 51, 52 and 62-64. 

FIG. 51 is a flowchart 5100 illustrating a positive feedback 
mode of operation of the system 5000 of FIG. 50. In FIG. 51, 
a processor bus 5102 relays information between the digital 
controller 5020 and other components of the digital transmit­
ter 4704. In flowchart 5100, outputs of ADCs 5015 are input 

As referred to above, the digital controller 5020 selects a 60 

gain factor for the drivers 4810, based on voltages detected by 
the sensors 4805, in order to maintain a desired amplitude of 
flowtube oscillation. In one implementation, such gain factor 
selection operates at a slow rate relative to the resonant fre­
quency of the flowtube being used (e.g., the driver gain factor 
may be updated only once per cycle or half-cycle, for 
example, 80-160 Hz). This is because, for oscillation stability, 

65 by the digital controller 5020 as left sensor data (5105) and 
right sensor data (5110). The right sensor data is multiplied 
(5115) by a sensor balance term (5120), which represents a 
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ratio between the amplitudes of the left/right sensor signals. 
Typically, this ratio is expected to be close to 1.0. Multiplying 
the right sensor data by the sensor balance term ensures that it 
has the same amplitude as the left sensor data prior to a 
weighted summation of the two signals (5125), which in turn 5 

prevents the summation from introducing unwanted harmon-
JCS. 

66 
FIG. 52 is a timing diagram illustrating a buffering process 

implemented during the positive feedback operation of FIG. 
51. In FIG. 52, a first signal 5202 represents a sensor signal 
detected by the sensor(s) 4805. The signal 5202 might repre­
sent a (virtual) weighted sum of multiple sensor outputs, as 
shown in FIG. 51, or might represent some other combination 
of sensor signals, or a single sensor signal. 

The weighted sum may be convenient in that it provides a 
representation of a single sensor signal, i.e., a "virtual" signal 
representing, for example, a mid-point between the left and 
right (actual) sensor signals. Such a virtual signal, for 
example, allows calculations to proceed without consider­
ation of a phase difference that may exist between sensor 
signals from the right and left sensors. However, as discussed 
in more detail below, it is not necessary to calculate the virtual 
weighted sum, as either of the actual sensor signals could be 
individually used as the basis for further calculations. 

A signal 5204 represents the signal 5202, after it has tra­
versedADC(s) 5015 and been buffered in the buffer 5025. In 

1° FIG. 52, the signal 5202 has experienced a delay 5206, cor­
responding to a CODEC delay imparted on the signal 5204 by 
the ADC(s) 5015. As described above, the signal(s) 5202/ 
5204, in a positive feedback mode of operation, are to be 

Whichever sensor signal type is used is then buffered in a 
circular buffer (5130), such as the buffer 5025. It should be 
understood that buffer 5025 may be implemented as a syn­
thetic buffer within the FPGA 4910, or could be a separate 
circuit element, or could take any other conventional form, 
such as a memory known to implement a buffering process. 

15 
amplified by an appropriate drive gain factor or factors, and 
fed back to the driver 4810 as a drive signal. However, as 
mentioned above and illustrated in FIG. 52, using the signal 
5204 as the drive signal would result in an undesirable phase 
offset between the sensor signal 5202 and the ostensible drive 

20 signal 5204. Indeed, this phase offset would be further exac­
erbated by a delay imparted by the DAC 5030. Such a phase 
offset would result in sub-optimal flowmeter performance, 
such as a reduced amplitude, oscillation at undesirable fre-

The amount of buffering depends on a maximum number 25 

of samples taken over a full cycle of the sensor signal(s) at the 
selected (operating) frequency. For example, for a sampling 
rate of 10 kHz and an operating frequency of 100 Hz, each 
oscillation cycle of the flowtube corresponds to 100 samples 

quencies, or complete stalling of the flowtube 4815. 
Therefore, rather than simply feeding the signal 5204 back 

into the driver 4810, at least one full cycle of the signal 5204 
is buffered within the buffer 5025. At a point in time indicated 
by a line 5208, a full cycle of the signal 5204 has been 
buffered within the buffer 5025. In this way, a sample 5210 

to be stored in the buffer 5025. Alternatively, for a sampling 
rate of 10 kHz and an operating frequency of 50 Hz, each 
cycle corresponds to 200 samples to be stored in the buffer 
5025. 

A phase-matching delay term 5135 is used to select an 
output of the buffer 5025 that corresponds to a current phase 
point, but from the previous (stored) cycle. In this way, a 
phase-matched drive signal is generated and output (5140); in 
other words, a drive signal having a phase that is matched with 
the sensor signal( s) is output and delivered to the driver 4810 
for oscillating the flowtube 4815. 

30 from the stored cycle may be selected, and a signal 5212 is 
output by the buffer 5025 that starts with the sample 5210 (as 
should be clear, the signal 5212, shown separately forthe sake 
of illustration, may also be thought of as a time-shifted ver-

35 sion of the signal 5204). 
It should be noted that the signal 5212 is not in phase with 

the original sensor signal 5202. This is because, as described 
above, the sample 5210 is selected in consideration of the 
total CODEC group delay (e.g., 61 samples in the examples 

40 of FIGS. 50 and 51), not just the delay associated with the 
ADC 5015. In other words, upon being fed into the DAC 
5030, the signal 5212 experiences a corresponding delay 
5214 that has already been accounted for during selection of 

As shown in more detail in FIG. 52, this process of phase­
matching involves correlating a given CODEC delay to a 
number of samples stored in the buffer 5025. For example, as 
discussed above with respect to FIGS. 49 and 50, a CODEC 
delay may be 61 samples. If the buffer stores 100 samples per 45 

cycle (e.g., as in the above example of a 10 kHz sampling rate 
and 100 Hz flowtube oscillation), then, at a given moment, the 
sample stored 39 samples ago is the one which, if output, will 
correspond to a current value of the sensor signal(s). In the 
example of 200 samples per cycle (e.g., assuming a 10 kHz 50 

sampling rate and 50 Hz resonant frequency), then the appro­
priate buffered value to select would be the one stored 139 
samples ago. 

Once determined, the phase-matched drive signal may then 

the sample 5210. 
Thus, after being multiplied by a gain factor, before being 

output by the DAC 5030, a drive signal 5216 is generated. As 
shown, the drive signal 5216 is substantially in phase with the 
original sensor signal, despite the delays associated with, for 
example, CODEC 4905. 

As just described, the selection of an appropriate buffered 
value as the value 5210 is based on, for example, the sampling 
rate of the CODEC 4905, a group delay associated with the 
CODEC 4905, and the operating frequency of the flowtube 
being driven. However, particularly during a start-up of the 

55 flowtube and/or during a system disturbance or perturbation, 
it is not always the case that the operating frequency is known 
with certainty. Examples of techniques for dealing with this 
uncertainty during start-up and operation of flowtube mea­
surements are discussed in more detail with respect to FIGS. 

be multiplied (5145) by a drive gain term (5150), so that a 
desired drive signal output is produced (5155). Subsequently, 
the drive signal output can be separated into a left drive output 
(5160) and a right drive output (5165) (alternatively, in the 
case of a one-drive system, only one drive output may be 
produced and/or used as a drive signal). Depending on 
whether the processor selects coriolis or driven mode (5170), 
the right drive output is equal to or the negation of, respec­
tively, the left drive output. Finally, a drive balance term 
(5175) is applied to the right drive output (5180), in order to 
allow fine tuning of the drive balance and compensate for any 65 

analog circuitry variations that may exist, thereby producing 
a balanced right drive output (5185). 

60 62-64. 
One factor that may impact the operating frequency of the 

flowtube, and thus the selection of an appropriate buffer off­
set, is the use of a filter 5050, which is illustrated in FIG. 50 as 
a filter implemented in the digital controller 5020. Such a 
filter may be used, for example, to remove unwanted fre­
quency components that may be present in the vibration of the 
flowtube and detected by the sensors 4805. In this way, the 
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drive signal applied to the flowtube will be made more effi­
cient, e.g., will be more likely to excite the resonant mode of 
the flowtube. 

The filter 5050, during its operation, also may impart non­
negligible delay to the signal(s) being filtered. This delay 5 

should be accounted for, in order to ensure phase matching 
between the sensor signals and the drive signals. 

In short, FIGS. 51 and 52 illustrate techniques for phase­
matching a sensor signal with a drive signal during a positive­
feedback operation. In practice, in order to implement the 10 

techniques of FIGS. 51 and 52, it may be necessary to first 
determine an actual, current value of an operating frequency 
of the flowtube (to thereby determine the buffer offset). Also 
in practice, the filter 5050 may be used, in which case addi-

15 
tional or alternative techniques may be used to account for an 
effect of the filter 5050 on the operating frequency and/or a 
timing of the sensor/drive signals. These additional or alter­
native techniques are not illustrated in FIG. 52, for clarity's 
sake, but examples of the techniques are discussed in detail 20 

below, and these examples (with modifications, as needed) 
are equally applicable in the context of FIGS. 51and52. 

More specifically, uses and effects of the filter 5050 are 
discussed in more detail below, in the context of, for example, 
a digital synthesis operation. One example of such a digital 25 

synthesis operation is described with respect to FIGS. 53-55. 
FIG. 53 is a flowchart 5300 illustrating a digital synthesis 

mode of operation of the system 5000 of FIG. 50. In FIG. 53, 
a processor bus 5302 relays information between the digital 
controller 5020 and other components of the digital transmit- 30 

ter 4704. In flowchart 5300, outputs of ADCs 5015 are input 
by the digital controller 5020 as left sensor data (5304) and 
right sensor data (5306). The right sensor data is multiplied 
(5308) by a sensor balance term (5310), as in the flowchart 

35 
5100. 

68 
offset, or other parameters needed to synthesize a desired 
drive signal. These calculations are discussed in more detail 
below. 

Once the desired drive signal is synthesized (5326), a drive 
gain term (5328) is multiplied (5330) by the drive signal, to 
thereby generate the actual drive output (5332). As in flow­
chart 5100, the drive output can be separated into a left drive 
output (5334) and a right drive output (5336). Depending on 
whether the processor selects coriolis or driven mode (5338), 
the right drive output is equal to or the negation of, respec­
tively, the left drive output. Finally, a drive balance term 
(5340) is applied to the right drive output (5342), in order to 
allow fine tuning of the drive balance and compensate for any 
analog circuitry variations that may exist, thereby producing 
a balanced right drive output (5344). 

FIG. 54 is a first timing diagram illustrating a timing of a 
synthesis of a sine wave to be used as part of a drive signal. 
Similarly, FIG. 55 is a second timing diagram illustrating a 
timing of a synthesis of a sine wave to be used as part of a drive 
signal. It should be noted that FIGS. 54 and 55 are primarily 
intended to demonstrate an example timing of a sine wave 
synthesis process that might be used in the synthesis mode of 
FIG. 53, and therefore the below discussion of FIGS. 54 and 
55 includes only an overview of actual computational tech­
niques that may be used to perform the synthesis. A more 
detailed explanation of possible computational techniques 
that may be used during sine wave synthesis, including pos­
sible roles played by the FPGA 4910 and the processor 4915 
in implementing such techniques, is provided below with 
respect to FIGS. 56-60. 

In FIG. 54, a first signal 5402 represents a sensor signal 
detected at an input of ADC 5015. A post-filtering signal 5404 
represents the sensor signal 5402 having a time delay 5406, 
where the time delay 5406 represents a delay imparted to the 
first signal 5402 by the ADC 5015, as well as a delay imparted 
to the first signal 5402 by the filter 5050. 

As mentioned above with respect to FIG. 53, in the imple­
mentation of FIG. 49, the FPGA 4910 may perform the fil­
tering of the sensor signal(s), as well as a calculation of a 

Subsequently, the left sensor data is filtered by the filter 
5050 (5312), and the right sensor data is also filtered by the 
filter 5050 (5314), and the two filtered signals are summed 
(5316) to provide a weighted sum (5318). Alternatively, 
although not shown, the left and right (weighted) sensor data 
could be surmned, and the weighted sum could then be fil­
tered. 

The filtered sensor data signals and the weighted sum are 
then passed to the circular buffer 5025 (5320). The buffer 
5025 passes the sensor data for signal analysis (5322). 

40 weighted sum (as described above, resulting in the signal 
5404) of the filtered sensor signals. In FIG. 54, it should be 
understood that the signal 5402 represents a virtual weighted 
sum, i.e., an analog signal that would be created from the 
analog weighted sum of the sensor signals, as opposed to the 

It should be understood that the buffer 5025 is not neces­
sarily used in the digital synthesis process of FIG. 53 in the 
same manner described above with respect to the positive 
feedback process of FIG. 51, i.e., to correct for phase delay by 
providing a selected value from a previous cycle that corre­
sponds to a value from a current cycle. Rather, the buffer 5025 
may serve, for example, to hold signal data until it is required 
by another system component (such as a signal processor), or 
to save signal data in case the system 5000 must shift out of 
the digital synthesis mode and back to the positive feedback 
mode (due to, for example, a loss or distortion of a current 
signal). 

When the digital controller 5020 is implemented in the 
manner shown in FIG. 49, i.e., using the FPGA 4910 and the 
processor 4915, the above-described features of the flowchart 
5300 may be performed at the FPGA 4910. Subsequently, the 
processor 4915 may perform the sensor signal analysis 
(5322), to thereby determine synthesis parameters for the 
drive signals (5324). For example, the processor 4915 may 
analyze the sensor signals to measure a true frequency of the 
signals, from which it may calculate initial values, phase 

45 calculated weighted sum 5404 calculated by, and existing 
within, the FPGA 4910 (with a magnitude and frequency 
similar to that of the signal 5402, but having a phase delay 
relative to the signal 5402). The FPGA 4910 may then calcu­
late a negative-to-positive zero crossing of the signal 5404, 

50 indicated in FIG. 54 by a first line 5408, and send all infor­
mation about the signal 5404 (including the negative-to-posi­
tive zero crossing information) to the processor 4915. 

The processor 4915 determines an average frequency 
(freqave) of the original (two) sensor signals from sensors 

55 4805, as well as a cosine (cos) and sine (sin) of an angle "I\" 
between samples, where the angle between samples is defined 
as ll=2Jt freqavJF,, where Fs is the sampling rate (see FIG. 
59). The frequencies can be calculated by, for example, an 
interpolation process, discussed in more detail below (see 

60 FIG. 58). 
This calculation of frequency takes a finite amount of pro­

cessing time, so that the processor 4915 has the frequency 
information after a processing time 5414. By feeding the 
freqave value into the non-linear filter function associated with 

65 the filter 5050, a corresponding filter delay of filter 5050 may 
be determined, which together with the (already-known) 
ADC delay time, provides the filter+ADC delay 5406. 
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The processor 4915 also may calculate a phase offset B0 , 

which reflects the fact that there may be a small time differ­
ence between an actual zero crossing and the next sampled 
value of the wave (see FIG. 59). This offset B0 may be used to 
obtain initial values for the sine and cosine parameters (i.e., 5 

sin(B0 ) and cos(B0 )) for the sine wave to be synthesized. The 
processor 4915 then sends the calculated parameters to the 
FPGA 4910, which, in tum, proceeds to wait a first wait time 
5416. The first wait time 5416 measures from the end of the 
processing time 5414 until the next zero-crossing, marked by 10 

a line 5418. 

70 
a first wait time 5512, a zero-crossing 5514 is detected by the 
FPGA 4910, whereupon the FPGA 4910 obtains the synthe­
sis parameters (or uses synthesis parameters that have already 
been received from the processor 4915) and waits a second 
wait time 5516. 

In FIG. 55, the ADC+ filter delay 5504, plus the (prospec­
tive) DAC delay 5518, is cumulatively longer than a cycle of 
the sensor signals. Therefore, in a first implementation, the 
second wait time 5516 may be correspondingly longer then 
the cycle length, as well. In this implementation, a signal 
5520 is input to the DAC 5030 after the second wait time 
5516, so that, after the DAC delay 5518, a drive signal 5522 is 
generated that is in phase with the "i+5" cycle of the sensor 

The processor 4915 also may calculate a second wait time 
5420, after which the FPGA 4910 is to begin synthesis of a 
sine wave 5422, at a time marked by a line 5424. The second 
wait time 5420 is selected such that the sine wave 5422 
synthesized by the FPGA 4910 will be in phase with the 
sensor signal 5402, when the sine wave 5422 is applied to the 
flowtube 4815 as a drive signal 5426. For this condition to 
occur, the FPGA must synthesize the sine wave 5422 such 
that the filter+ADC delay 5406 is accounted for, thereby 
matching the sine wave 5422 to a shifted or corrected version 

15 
signal 5502. 

Alternatively, in a second implementation, as shown in 
FIG. 55, the second wait time 5516 may be determined as a 
non-negative integer remainder of the total delay (expressed 
as a number of samples), divided by the cycle length (also 

20 expressed as a number of samples). In this implementation, 
the signal 5520 is input to the DAC 5030 afterthe second wait 
time 5516, so that, after the DAC delay 5518, the drive signal 
5522 is output that is in phase with the "i+4" cycle of the 

of the post-filtering signal 5404. Furthermore, the sine wave 
5422 must be prospectively shifted as well, in order to 
account for a delay that will occur post-synthesis, e.g., the 
delay associated with a passing of the sine wave 5422 through 25 

the DAC 5030. This delay is represented as a DAC delay 
5428, between the line 5424 and a line 5430. 

sensor signal 5502. 
FIGS. 56A, 56B, and 57 are flowcharts 5600A, 5600B, and 

5700, respectively, summarizing operations associated with 
the timing diagrams of FIGS. 54 and 55. More specifically, 
the flowcharts 5600A, 5600B, and 5700 illustrate the division 
of tasks between the FPGA 4910 and the processor 4915, as 

30 discussed above. Specific examples of computational tech­
niques for implementing these tasks are discussed below with 
respect to FIGS. 58-60, as well as with reference back to 
FIGS. 54 and 55. 

Thus, the second wait time 5420 may be calculated to be a 
total period (i.e., from the zero-crossing at the line 5418 to a 
following zero-crossing, at a line 5432), minus a total delay 
imposed by the digital transmitter 4704, which, in the case of 
FIG. 54, is equal to the filter+ADC delay 5406 plus the DAC 
delay 5428. By starting synthesis of the sine wave 5422 at the 
time marked by the line 5424, then, a phase of the drive signal 
5426 (after the DAC delay 5428) exactly matches a phase of 35 

the sensor signal 5402, as shown by the line 5430 and a line 
5434. 

In the flowchart 5600A of FIG. 56A, representing a first set 
ofactions taken by the FPGA 4910, the FPGA 4910 begins by 
inputting sensor signals from the output of ADC 5015 (5602). 
The filter 5050 is then applied to the sensor signals (5604). 
The FPGA 4910 then calculates the weighted sum of the 
sensor signals (5606), detects a zero crossing of the weighted 

40 sum (5608), and forwards the filtered signals to the processor 
4915 (5610). 

In the example of FIG. 54, it is assumed that the frequency/ 
period of the sensor signal 5402 is such that the processor 
4915 may perform its processing routines in less than one 
period of the signal (e.g., the time 5414 is substantially less 
than the total period length of the wave(s)). In this case, it 
should be noted that the drive signal 5426 is actually in phase 
with the "i+3" cycle of the sensor signal 5402; that is, two full 
cycles (the "i+l" and "i+2" cycles), as explained above, are 
used for frequency (and related) calculations and/or as wait­
ing periods which account for the various delays. Alterna­
tively, it may be possible to eliminate the first wait time 5416, 
and begin counting for the second wait time 5420 immedi­
ately after the zero-crossing at time 5408. This approach 50 

requires the FPGA 4910 to assume that synthesis parameters 
will arrive before the end of the second wait time 5420, and so 

In the flowchart 5700 of FIG. 57, representing a set of 
actions taken by the processor 4915, the processor 4915 
determines at least two zero crossings from previous wave 

45 cycles, using, for example, interpolation (5702), and uses this 
information to accurately calculate frequencies of the sensor 
signals (as well as the average frequency freqave of the sensor 
signals) (5704). The processor 4915 then calculates the phase 
offset B0 (5706), and then calculates a filter delay (5708). 

Subsequently, using the just-determined frequency and 
phase offset information (i.e., the (non-zero) phase value 
assigned to a first sample of each new cycle generated by the 
drive output (see FIG. 58), and not the phase difference 
between two sensor signals (which is attributable to the mass 

is a more aggressive or time-sensitive approach, but, when 
successful, reduces the delay from two cycles to only one 
cycle. 

For higher frequencies, it may be the case that the calcula­
tion time 5414 is comparable to, or more than, the total period 
length. Moreover, a processing time of the processor 4915 
may not be constant (due to, for example, other loads imposed 
on the processor 4915), in which case the time 5414 may 
substantially vary (relative to the total period length). 

FIG. 55 is an example of such a situation. In FIG. 55, a 
sensor signal 5502 experiences anADC+filterdelay 5504 and 
is output from the filter 5050 as a signal 5506. At a zero­
crossing 5508, analysis of a cycle i of signal 5506 com­
mences, but is not completed until after a calculation time 
5510, which is longer than a period of the signal 5506. After 

55 flow of fluid moving through the flowtube being used)), the 
processor 4915 calculates synthesis sine wave parameters 
(5710). As mentioned above, some of the sine wave param­
eters calculated may include the sine/cosine of an angle ll 
between digital samples taken (5712), initial values of the 

60 sine/cosine functions (5714), and the second wait time that 
the FPGA 4910 is to wait before beginning synthesis (5716). 

The processor 4915 then calculates amplitude information 
(5718), including an actual amplitude of the sensor signals 
and a desired gain factor. A gain sign also may be determined 

65 (for example, a negative gain may be selected for, for 
example, amplitude reduction during set point change or in 
highly-damped fluids, as referred to above), along with an 
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oscillation mode (e.g., Coriolis or driven), sensor balance 
factors, and drive balance factors (see FIG. 53). 

Returning to FIG. 56B, in the flowchart 5600B, the FPGA 
4910 receives the various calculated parameters from the 
processor 4915 and proceeds to wait the first wait time, until 
the relevant zero crossing is detected (5612). At this point, the 
FPGA 4910 inputs and applies the synthesis parameters 
(5614), and proceeds to wait the second wait time (5616). 
Once the second wait time has passed, the FPGA 4910 begins 
to synthesize the desired sine wave (5618). 

Subsequently, the amplitude of the synthesized wave is 
adjusted as needed (e.g., a drive gain factor is applied to the 
sine wave) (5620), and the sine wave is forwarded to the DAC 
5030 inputs, to be output therefrom as the drive signal (5622). 

10 

Example operations of the processor 4915, as just 15 

explained above with respect to FIG. 57 and flowchart 5700, 
are discussed below with respect to FIGS. 58-60. 

Specifically, FIG. 58 is an illustration of a zero-crossing of 

72 
In this case, Equations (1) and (2) can be re-written as 

Equations (3) and ( 4), using the parameter [1-cos(o)]: 

Eq. (3) 

Eq. (4) 

In Equations (3) and (4), B1=jo+B0 and the terms ll sin and 
ll cos can be determined according to Equations (5) and (6): 

=>LI. sin~-sin(8)+sin(8)cos(i\)+cos(8)sin(o) 

=>LI. sin~-sin(8)[1-cos(l>)]+cos(8)sin(i\) Eq. (5) 

LI. cos~cos(81• 1 )-cos(8) 

=>LI. cos~-cos(8)+cos(8)cos(i\)-sin(8)sin(o) 

=>LI. cos~-cos(8)[1-cos(l>)]-sin(8)sin(i\) Eq. (6) 

The parameter B0 may be sent by the processor 4915 to the 
FPGA 4910 by providing initial values sin(B0 ) and cos(B0 ), 

with sin(B0 ) being the first output value of the synthesized 
cycle wave. These may be passed in, for example, a 32-bit 

a signal output by the filter 5050 (e.g., signal 5404 or signal 
5506 of FIGS. 54 and 55, respectively). FIG. 58 illustrates the 20 

need for the determination of zero-crossing(s) using interpo­
lation (5702 of FIG. 57). As already explained above with 
respect to FIGS. 54 and 55, a signal 5802 is input through the 
ADC 5015 and the filter 5050, and experiences an associated 
delay 5804 before being output as a signal 5806. 

In the signal 5806, there may be a difference between an 
actual zero-crossing 5808 and a closest sample 5810, result­
ing in an offset 5812. In order to determine the zero-crossing 
5808, an interpolation process, such as a quadratic or a linear 
interpolation process, may be used. For example, the proces- 30 

sor 4915 may fetch a full cycle of the filtered sensor signal(s) 
5806, along with a number of samples from each end of the 
cycle, and uses these parameters in the interpolation process 

25 format, and used to determine the phase offset of the driver 
signals. 

to determine the zero-crossing 5806. 
FIG. 59 is an illustration of a sine wave 5902 illustrating 35 

synthesis parameters. In FIG. 59, a full cycle of the sine wave 
5902 is illustrated, along with samples 5904 of the sine wave 
5902. As illustrated in FIG. 59, then, a phase offset parameter 
B0 is defined as a difference between an actual start (zero­
crossing) of the signal 5902 and a first sample 5904a. Mean­
while, the angle 6 is defined as the phase between, for 
example, a second sample 5904b and a third sample 5904c, so 
that (as mentioned above) o=2it freq,,vJFs. 

Using these parameters, the FPGA 4910 may recursively 
generate (synthesize) a desired sine wave (5618 of FIG. 56B) 
using the following recurrence formulae (Equations (1) and 
(2)) from the trigonometry of the sum of two angles: 

sin(8+o)~sin(8)cos(i\)+cos(8)sin(o) Eq. (1) 

cos( 8+1> )~cos( 8 )cos (ii )-sin( 8 )sin( ii) Eq. (2) 

Thus, in Equations (1) and (2) and using the parameters of 
FIG. 59, B=B0 +no, for n=O, 1, 2, .... Parameter o conveys the 
frequency of the synthesized wave, which is made equal to the 
sensor average frequency freqavg· In practice, the initial value 
B 0 will typically be near zero, since B and o are updated at zero 
crossings. 

The variables sin(o) and cos(o) are parameters that may be 
calculated by the processor 4915 in every measurement cycle, 
and passed onto the FPGA 4910 on a 24-bit format. Typical 
values of o are very small, so that sin(o)""O and cos(o)""l. In 
one implementation, cos(o) is sent to the FPGA 4910 as its 
difference with 1.0 (i.e., [1-cos(o)]). Also, the parameters 
sin(o) and [1-cos(o)] may be scaled such that any of the most 
significant bits that are known to be zero are discarded, so that 
only the first 24 values capable of taking non-zero values are 
sent to the FPGA 4910. 

40 

45 

50 

55 

60 

65 

The phase offset B0 ideally should match the sensor signals, 
in order to get an oscillation as close as possible to the reso­
nance frequency. Even for a fixed drive frequency, however, 
the value of B0 may vary from cycle to cycle, because the 
CODEC sample rate is typically not an exact multiple of the 
drive frequency. Specifically, the value of80 varies between 0 
and o according to a beating effect between the drive and the 
CODEC frequencies. For example, for a CODEC frequency 
of 40 kHz and a drive frequency of 81.2 Hz, then o=0.73°. 
Assuming a value ofB0 of zero on cycle 1, Table 2 shows the 
values of B0 on subsequent cycles. 

TABLE2 

cycle timet~kT, phase offset 80 

index i sample index k (s) (degrees) 

0.0000 0.0000 
2 494 0.0123 0.2844 

987 0.0246 0.5688 
4 1479 0.0369 0.1224 

1972 0.0493 0.4068 
2465 0.0616 0.6912 

7 2957 0.0739 0.2448 

The difference in phase offset between two consecutive 
cycles may be more significant in higher-frequency flow-
tubes. For example, using the same CODEC frequency with a 
650 Hz drive frequency, o is as high as 5.85°, as shown in 
Table 3: 

TABLE3 

cycle timet~kT, phase offset 80 

index i sample index k (s) (degrees) 

0.0000 0.0000 
2 63 0.0015 2.7002 

125 0.0031 5.3994 
4 186 0.0046 2.2506 

248 0.0062 4.9491 
309 0.0077 1.8008 

7 371 0.0092 4.4990 
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Thus, for a correct value of 80 , it is important to know for 
which output cycle the value is being generated. As discussed 
below, this can prove difficult for high-frequency flowtubes. 

From Tables 2 and 3 and the preceding discussion, it should 
be understood that a potential shortcoming related to the use 5 

of the positive feedback mode is that, in this mode, only phase 
values actually sampled and stored in the buffer 5025 may be 
generated. As a result, a phase offset between the sensor 
signal( s) and the drive signal( s) may be as high as one sample 
(i.e., o). As just illustrated, this phase offset is potentially 10 

problematic, particularly in a high-frequency flowtube envi­
ronment. In contrast, the digital synthesis mode is capable of 
outputting virtually any desired phase value, as needed. Thus, 
in this mode of operation, substantially exact phase matching 

15 
may be virtually assured. 

Another parameter calculated during execution of the 
flowchart 5700 is the filter delay parameter (5708). As men­
tioned above, the filter 5050 imparts a delay on a filtered 
signal that is related to a non-linear function of a frequency of 20 

the signal at an input of the filter 5050. Therefore, as also 
discussed above, the processor 4915 typically determines an 
actual frequency of the input signal, and feeds this value into 
the non-linear function to thereby calculate the filter delay 
(hereafter, 1.jJ(f)). 25 

This delay 1.jJ(f), usually represented in angle units (either 
degrees or radians), can be analytically obtained from the 
filter coefficients. Using the sampling frequency Fs, 1.jJ(f) is 
converted into a non-integer number of samples. This delay­
in-samples may then be modeled by, for example, a 6'h-order 30 

polynomial (discussed in more detail below), in order to 
speed its calculation up in the processor. 

FIGS. 60A, 60B, and 60C are graphs showing filter char­
acteristics. FIGS. 60A-60C are illustrated in samples, rather 

35 
than in degrees. FIG. 60A illustrates phase delay against 
frequency for a range of frequencies that might be used with 
a low-frequency flowtube. FIG. 60B illustrates a polynomial 
fit forthe graph ofFIG. 60A, and FIG. 60C shows residuals of 
the polynomial fit (where the residuals do not exceed the 40 

value of ±0.01 samples). 
In one implementation, the filter 5050 discussed above 

may be a 6'h order elliptical floating-point or fixed point filter 
(an "infinite impulse response" or "IIR" filter) implemented 
on the FPGA 4910. Such a filter may be operable to suppress 45 

unwanted (high) frequency components, such as higher reso­
nant modes, from the sensor signal(s) (and, during a positive 
feedback mode, thereby ensuring that such unwanted fre­
quencies are not fed back into the drive signal(s)). 
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and undesired resonant modes of the flowtube 4815 to be 
suppressed are in the range of 150-1500 Hz, with a typical 
sampling rate of 40 kHz. 

As mentioned above, analog flowmeters typically impart 
marginal, if any, delay to the drive signal with respect to the 
sensor signal, and therefore may not require any phase com­
pensation. However, filters such as those described herein 
cannot effectively be added to such analog flowmeters, since 
the phase delay introduced by the filters cannot easily be 
compensated for. Moreover, the use of such filters would be 
impractical in analog designs for the simple reason that it 
would be difficult or impossible for the filters to provide the 
required sharp cutoff in that context (e.g., elliptical filters 
cannot be implemented in analog designs). 

In contrast, the implementations disclosed herein are 
capable of compensating for these (and other) phase delays, 
so that an elliptical filter can be effectively and efficiently 
implemented by simply including its functionality within the 
FPGA 4910, as described above. 

A transfer function for an elliptical filter that may be imple­
mented as the filter 5050 in the FPGA 4910, where the filter 
5050 is implemented in second-order-sections, is expressed 
in Equation (7) for an i-th filter section: 

2 

~ 
Y;(Z) J~O 

Hi=-=---
X;(Z) 2 . 

.z.: auz-1 
j=O 

Eq. (7) 

A difference equation for such a filter is expressed in Equa­
tion (8): 

a;oY;(k)+a;JY;(k-1 )+a;J]J;(k-2)~b;;x;(k)+b;ix;(k-1 )+ 
b;ox;(k-2) Eq. (8) 

where Eq. (8) can be solved for y,, as shown in Equation (9): 

[b;0 x;(k) + b;ix;(k -1) + b;2X;(k - 2)-

a;0 y;(k) + a;iy;(k - 1) + a;2Y;(k - 2)] 
y;(k) = -----------

GjQ 

Eq. (9) 

Thus, for example, a 6'h order elliptical filter may be imple­
mented using three consecutive rd ordersections. In this 
case, for a particular flowtube type (e.g., bent or straight) and 
sampling frequency, the coefficients a0 , a1 , a2 , b0 , b 1 , and b2 

(for each of the three sections) may be determined by consid­
ering a full range of operating frequencies for the drive 
signal(s) (i.e., from a maximum frequency, corresponding to 
an empty flowtube, to a frequency corresponding to the flow­
tube when full of a fluid with the highest density specified for 
the flowtube ), in conjunction with desired cut-off frequencies 

For example, such a filter may be implemented having a 50 

cut-off frequency slightly higher than the resonance fre­
quency of the flowtube 4815, and used to filter an output of the 
driver(s) 4810. Additionally, one or more IIR filters or "Finite 
Response Filters" ("FIRs") can be implemented on the pro­
cessor to further improve measurement performance. 55 for the particular application. Each filtering stage may intro­

duce additional delay/phase offset that may, in tum, be com­
pensated for using, for example, one or more of the above­
described techniques. When using the above and/or related 
filtering techniques, the amplitude of high-frequency compo-

An added benefit of using an elliptical filter as the filter 
5050 on the FPGA 4910 is that a sawtooth waveform passing 
through such a filter becomes nearly sinusoidal, which may 
be useful for forcing start-up of the flowtube 4815 (start-up 
operations are discussed in more detail below). 60 nents in a signal may be reduced by a factor of, for example, 

1000 or more. In considering the use of a filter as described herein, it 
should be understood that such a filter is essentially a low­
pass or band-pass filter having very stringent specifications. 
That is, in order to perform its functionality, the filter must 
have a very sharp filter cutoff at a very low frequency. For 65 

example, the bent flowtube 4702 may have a maximum reso­
nant frequency of about 100 Hz, where key higher harmonics 

More generally regarding filtering processes, it should be 
understood that there are several types of filtering that can be 
implemented at various stages of the above-described imple­
mentations. Examples of such filtering include: analog filter­
ing of sensor data prior to its reading by the CODEC 4905, 
fixed-point filtering of measurement data within the FPGA 
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4910, floating point filtering of measurement data within the 
processor 4915, fixed-point filtering of the synthesized drive 
signal within the FPGA 4910, and analog filtering of the drive 
waveform on its output. 

76 
to the generation of a sine wave at an output of the DAC 5030, 
using parameters calculated from sensor cycle i. 

Of these options, the latter three are considered here in 
more detail. First, floating-point filtering of measurement 
within the processor 4915 requires that the processor receive 
raw data, and apply whatever processing is deemed most 
appropriate (which may change with circumstances). Any 
pre-filtering of the raw data is fixed and cannot readily be 
modified. Unwanted harmonics can be suppressed during 
waveform synthesis using this technique. 

Fixed-point filtering of the synthesized drive signal within 
the FPGA 4910 can be used, for example, during positive 
feedback, in order to suppress unwanted harmonics in the 
sensor data from being passed through to the drivers. Since 
the processor 4915 is not directly involved in waveform syn­
thesis, it will not typically perform this particular filtering 
function. 

In FIG. 54, the frequency of oscillation is slow compared to 
the time that the processor 4915 takes to analyze a sensor 
wave, so that there is less than a cycle's worth of samples 
waiting in the buffer 5025 at the time when the processor 4915 
finishes the analysis of the previous wave (e.g., determines its 
frequency and related filter delay). In such a case, the quantity 
"num_cycles" would be typically zero+2. This is consistent 

10 with the above explanation of FIG. 54, in which the FPGA 
4910 waits a time equal to the period of the sensor wave i+2 
(assuming that this period hasn't change since cycle i), minus 
the total delay in the path, i.e. ADC+filter delay 5406 and 

15 
DAC delay 5428, to start the synthesis of a wave that will 
attempt to match sensor cycle i+3. 

Finally, analog filtering of the drive signal post-CODEC 
may be used to smooth out high-frequency noise introduced 

More generally, a total "wait" count (i.e., the count for the 
second wait time 5420 of FIG. 54 or5516 of FIG. 55) maybe 
sent by the processor 4915 to the FPGA 4910 as another 

20 
synthesis parameter (5716). This wait count carries the infor­
mation of the filter delay at sensor signal frequency, and may 
be determined using, for example, Code Section 2: 

by the codec and subsequent circuitry. 
As a final point regarding the flowchart 5700, issues 

regarding the calculation of the second wait time (5716) are 25 

discussed in more detail below. 
As already mentioned, it takes the processor 4915 some 

finite amount of time to analyze the filtered sensor signal 
wave(e.g., time5414 in FIG. 54 and time5510 in FIG. 55).As 
a result, by the time that the calculation of the sine wave 30 

synthesis parameters is done, the sensor signal has gone 
ahead a number of samples, and, as shown in FIG. 55, may 
possibly advance more than a whole cycle (depending on, for 
example, the flowtube frequency and the processor computa-
tional load, such as an external communication request). 35 

Also, the CODEC DAC 5030 has a delay of, for example, 
30 samples between the value sent by the FPGA 4910 to the 
CODEC DAC 5030 input and the signal appearing at the DAC 
5030 output, which has to be taken into consideration. There­
fore, as illustrated in FIGS. 54 and 55, a number of cycles 40 

between the start of the sensor wave under analysis and the 
start of the synthesized wave at the CODEC DAC 5030 output 
should be calculated, in order to adjust an initial value of the 
synthesized wave. 

Code Section 2 

filter_delay ~ get_filter_delay _in_samples (avg_freq); 
wait_count ~ samples_per_cycle - codec_delay + filter_delay; 
while (wait_count < 0) { 

wait_count += sarnples_per_cycle; 
} 
while (wait_count > samples_per_cycle) { 

wait_count -= sarnples_per_cycle; 

If the flowtube frequency is high relative to a calculation 
time of the processor 4915, then more than a cycle could have 
accumulated before the processor finishes the analysis of one 
wave. In this case, the total delay is greater than the cycle 
length, so an entire cycle may be added to the wait count of 
Code Section 2, as shown in FIG. 55. 

In selecting the phase of the (synthesized) drive signals 
relative to the sensor signal(s), several options exist in the 
low-frequency flowtube environment. For example, the phase 
of a driver signal, dl or d2, can match the phase of one of the 
following: the weighted sum of filtered sensor signals (wfs), 
the filtered corresponding sensor signal, or one of the filtered 
sensor signals. 

In the first option of matching weighted sum of filtered 
sensor signals, both drive outputs are equal and match the 
phase of the weighted filter sum signal, which, under normal 
operation, lies between the two sensor signals. The search for 
the start of the cycle offset and the zero-crossing detection 
(explained above) are applied to the weighted filter sum sig­
nal, rather than to the filtered, individual sensor signals. 
Another way to find a start of the cycle offset for the weighted 

One way of seeing how far behind "real time" the processor 45 

4915 has fallen is to look at the circular buffer 5025 backlog. 
This backlog represents a count of how many ADC samples 
have been received by the FPGA 4910 and are waiting to be 
sent to the processor 4915. By looking at the data backlog of 
the circular buffer 5025 and taking the average frequency of 50 

the cycle under analysis as the estimated frequency of the next 
wave(s), it is possible to infer which cycles to target in the 
calculation of the start of the cycle, as is shown in the example 
code section below, Code Section 1: 

55 filter sum is to calculate the average of the start of the cycle 
offsets for the individual, filtered sensor signals. In this 
option, the total wait count (e.g., the second wait time 5420 of 
FIG. 54) is the same for both drivers. 

Code Section 1 

period ~ 1.0 I avg_freq; 
samples_waiting_in_fpga ~ get_fpga_bufsize( ); 
nurn_cycles ~(int) (floor(samples_waiting_in_fpga I period))+ 2; 
samples_per_cycle ~ sample_freq I avg_freq; 
predict_start_cycle ~ start_cycle_offset + nurn_cycles * samples_per_cycle; 
predict_start_cycle_int ~ floor(predict_start_cycle); 
predict_start_cycle_offset ~ predict_start_cycle - predict_start_cycle_int; 

FIGS. 54 and 55 show the timing in the sequence of steps 
of Code Section 1, starting from cycle i in the sensor signal(s) 

In the second option, a first drive signal is matched with a 
60 first sensor signal, while the second drive signal is matched 

with the second sensor signal. This option has the same ll 
parameter, but different 80 for each of the two drivers. The 
start of the cycle is calculated for each sensor wave, and used 
to calculate the initial values of sine and cosine of each drive 

65 signal. The total wait count may be different for each sensor 
as well. As the synchronization drive-sensor is made with the 
weighted filtered sum signal, the phase difference between 
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the two sensor signals indicates the expected location of the 
zero-crossings for each sensor signal. Such a phase difference 
may be based on cycle i analysis, where it is assumed that 
there is no significant change in the phase(s) by the time that 
the drive signals reach the DAC 5030 outputs. 

In the third option, both of the drive signals are matched 
with only one of the two sensor signals. In this option, as in the 
first option, both drive signals are equal, and match the phase 
of one sensor signal (i.e., the matched sensor signal, instead of 
the wfs). However, a start of the cycle offset for only the 
relevant (i.e., matched) sensor signal is predicted, and the 
same wait count is used for both drive signals. 

Code section 3 shows an example calculation of the wait 
count parameter for each option: 

Code Section 3 

phase_diff_in_samples ~ phase_diff * samples_per_cycle I 360.0; 
switch(drive_phase_mode) { 

case 0: /*driver outputs in phase with wfs */ 
11 send the same value to driver output 2 
wait_countl = wait_count2 = wait_cmmt; 
break; 

case 1: /* driver outputs in phase with sl *I 
11 send the same value to driver output 2 

wait_ count 1 ~ wait_count - (phase_diff_in_samples I 2.0); 
wait_ count 2 = wait_cmmt 1; 
break; 
case 2: 
default: 

!* driver outputs in phase with each sensor *I 

wait_ count 2 ~ wait_count + (phase_diff_in_samples I 2.0); 
wait_ count 1 ~ wait_count - (phase_diff_in_samples I 2.0); 
break; 

Parameter B0 is calculated from a start of the cycle offset, as 
shown in Code Section 4: 

Code Section 4 

I* phase offset *I 
predict_start_cyclel ~ start_cycle_offsetl + 

nwn_cycles*sarnples_per_cycle; 
predict_start_cycle_intl ~floor( predict_start_cyclel); 
pred_scol ~ predict_start_cyclel - predict_start_cycle_intl; 
predict_start_cycle2 ~ start_cycle_offset2 + 

nwn_cycles*sarnples_per_cycle; 
predict_start_cycle_int2 ~floor( predict_start_cycle2); 
pred_sco2 ~ predict_start_cycle2 - predict_start_cycle_int2; 
switch (drive_phase_mode) { 

case 0: /*driver outputs in phase with wsum */ 
predic_soc ~ ( predic_socl + predic_soc2)1 2.0; 
theta_O ~ (1 - predic_soc) *delta; 
break; 

case 1: 
case 2: 
default: 

!*driver outputs in phase with svl */ 
!* driver outputs in phase with each sensor *I 

theta_O ~ (1 - predic_socl) *delta; 
break; 

As already mentioned, the above options for selecting a 
phase of the driver signal( s) with respect to the sensor signals 
may only be applicable in a low-frequency flowtube environ­
ment, such as might be used with the bent flowtube 4702. 

In a high-frequency flowtube environment, such as might 
be seen in conjunction with the straight flowtube 4706, the 
flowtube can resonate at frequencies ranging from approxi­
mately 200 to 1000 Hz. Whereas a sensor cycle in a low­
frequency flowtube may be about 500 samples long, it takes 
less than 100 values to sample a cycle in a high-frequency 
flowtube (using the same sampling frequency of, for example, 

78 
40 kHz). Thus, with a filter delay of, for example, 32 samples 
and a CODEC delay of, for example, 61 samples, by the time 
the FPGA 4910 detects a zero-crossing at the wfs signal and 
obtains the synthesis parameters from the processor, one or 
more cycles might have already occurred (as discussed above 
and illustrated in FIG. 55). Moreover, as discussed above with 
respect to Table 3, it may be important (yet problematic) to 
know which output cycle corresponds to a particular, correct 
value of the parameter B0 . 

1° Further, as referred to above, an increase in the computa­
tional load of the processor 4915, e.g., an external communi­
cation request, might cause a longer delay in the frequency/ 
filter delay calculation. Such a delay may lead to inaccuracies 

15 
in determining which cycle is actually being generated in the 
flowtube in real time. Also, the FPGA 4910 continues gener­
ating cycles of the drive signal while the processor 4915 is 
busy, even when no new parameters have been sent to the 
FPGA 4910. 

20 
A way to address this issue of maintaining accuracy in 

tracking cycles of the drive signal is to keep a cycle counter at 
the output of the digital filter 5050 in the FPGA 4910. By 
allowing access to this cycle count, the FPGA 4910 tells the 
processor 4915 how many cycles have passed from the 

25 
moment the processor 4915 fetched a cycle i for its analysis, 
until the moment the FPGA 4910 calculates the actual syn­
thesis parameters. To prevent further tracking inaccuracies, 
the processor 4915 may provide to the FPGA 4910 two or 
more sets of parameters, corresponding to two or more cycles 

30 
ahead. 

Such a cycle counter as a tracking mechanism may be kept 
for both types of flowtubes 4702 and 4704. Code Section 5 
(which may be applied just after the calculation of freqave) is 
a modified version of Code Section 4 that includes the cycle 

35 
counting/tracking functionality. 

Code Section 5 

input_zero_crossing_counter = get_fpga_zero_crossings_cmmt( ); 
40 period~ 1.0 I avg_freq; 

samples_waiting_in_fpga ~ get_fpga_bufsize( ); 
num_cycles_in_buffer ~(int) (floor(samples_waiting_in_fPga I period)); 
!*zero-crossing index of wave under analysis in processor*/ 
cycle_index = input_zero_crossing_counter - num_cycles_in_buffer; 
num_cycles = get_fpga_zero_crossings_count() - cycle_index; 

45 
cycle_index += nwn_cycles; 

where the last two lines of Code Section 5 may be applied 
just before a calculation of the synthesis parameters. 

In addition, in a high-frequency flowtube, the processor 
50 4915 may send the quantity "cycle_index" to the FPGA 4910, 

along with the synthesis parameters for that cycle and the 
following two cycles. The FPGA 4910 may thus compare this 
cycle index with its current cycle index, and take the set of 
synthesis parameters that correspond to the next cycle. For 

55 example, ifthe processor 4915 has just finished calculations 
for "cycle 20," and sends synthesis parameters for "cycles 25, 
26, and 27 ."Taking into account a processor delay, the FPGA 
may be ready to begin synthesis of "cycle 26" at the next 
zero-crossing, and so would use synthesis parameters corre-

60 sponding to this cycle (received from the processor 4915). If 
more than 3 cycles have elapsed, then the FPGA 4910 may 
take the set corresponding to cycle_index, as it could have 
taken any other of the two. In another implementation, a set 
for a phase offset corresponding to half a sample may be sent 

65 to the FPGA 4910, in order to reduce the error in that case. 
Code Section 6 illustrates an example for calculating the 

synthesis parameters for a high-frequency tube. Notice that, 
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as already mentioned, due to its high resonance frequency, 
only one option is made available for matching the sensor 
phase, i.e., matching the phase of the weighted sum of filtered 
sensor signals. 

Code Section 6 

80 
ADCs 6106 and 6108, and subsequently corrected when the 
drive output signal is measured. 

The processor 4915 may receive the sensor information in 
various ways. For example, the ADC 6106 and the ADC 6108 
may represent ADC( s) 5045 in FIG. 50, and may thus serve to 
feed back information based on the drive current imparted to 
the driver( s) 4810. As another example, the ADC 6106 and the 
ADC 6108 may representADC(s) 5047 in FIG. 50, and may 
thus serve to feed back information based on the drive voltage 

case HI_FREQ_FLOWTUBE: 
!* phase offset *I 
predict_start_cyclel ~ start_cycle_offsetl; 
predict_start_cycle2 ~ start_cycle_offset2; 

10 imparted to the driver(s) 4810. 

for (i~O; i<NUM_SOC_OFFSET; i++) { 
In one implementation, the closed-loop technique(s) of 

FIG. 61 may be used as an alternative to the open-loop tech­
niques described above. For example, the processor 4915 
may send the synthesis parameters to the FPGA 4910, based 

predic_start_cyclel +~ num_cycles * samples_per_cyclel; 
predict_start_cycle_intl ~floor( predict_start_cyclel); 
pred_scol ~ predict_start_cyclel - predict_start_cycle_intl; 

predic_start_cycle2 +~ num_cycles * samples_per_cycle2; 
predict_start_cycle_int2 ~floor( predict_start_cycle2); 
pred_sco2 ~ predict_start_cycle2 - predict_start_cycle_int2; 

predic_soc ~ ( predic_socl + predic_soc2)/ 2.0; 
theta_O[ i] ~ (1 - predic_soc) *delta; 
num_cycles++; 

15 on some estimation of the delay between the sensor signal at 
the ADC input and the drive signal at the DAC output. Once 
an entire cycle has been output, the processor 4915 may 
collect one cycle of each (i.e., sensor and drive output sig­
nals), and measure their phase difference <Pds· This phase 

break; 
20 difference may be subtracted or added to the delay, to thereby 

reduce the delay in subsequent cycles. This process may run 
continuously. 

In FIG. 61, it should be understood that, just as in FIGS. 54 
and 55, the FPGA 4910 will typically take into account a The above discussion has provided techniques for compen­

sating for digital delay in a digital flowmeter, where these 
techniques apply corrections/adjustments to a (synthesized) 
drive signal based on a corresponding mathematical model of 
the characteristics of the flowmeter. The examples of these 
techniques described above do not include verification of the 
results of the delay compensation; in other words, the tech­
niques may be thought of as "open-loop" techniques. 

25 delay associated with the DAC 5030. That is, the FPGA 4910 
will typically anticipate the DAC delay, calculate a phase 
associated with a cycle one, two, or more cycles ahead of the 
measured cycle(s), and output its synthesized signal accord­
ingly. In this way, when the synthesized signal is output from 

30 the DAC 5030, it will be in phase with the sensor signals, as 
desired. 

A "closed-loop" approach, however, is additionally and/or 
alternatively possible. Such an approach might include, for 
example, taking additional readings of the drive signal (e.g., 
current and/or voltage), and then directly calculating any 35 

phase difference between the drive signal and the sensor 
signal. Thus, adjustments can be made to a phase offset of the 
drive signal output to ensure that it matches the phase of the 
sensor signal input. 

FIG. 61 is a block diagram of a closed-loop system for 40 

compensating digital delay in a flowmeter. In FIG. 61, a first 
multiplexer 6102 and a second multiplexer 6104 each input 
the sensor signal(s) and the driver signal(s) (note that, in FIG. 
61, only one sensor and driver signal is shown as being input 
into each multiplexer 6102 and 6104, however, it should be 45 

understood that FIG. 61 might represent either a one-driver or 
a two-driver system). In this way, any phase difference 
between the drive output signal(s) and the sensor signal( s) can 
be obtained (much as the sensor signals are analyzed in the 
above discussion), and this difference can be used in a self- 50 

correcting feedback loop. 
Calibration can be made by using the multiplexers 6102 

and 6104 to place the same signal(s) at the input oftheADCs 
6106 and 6108. In FIG. 61, the ADCs 6106 and 6108 may 
represent additional ADCs beyond those illustrated in, for 55 

example, FIG. 50. Alternatively, functionality of the ADCs 
6106 and 6108 may be implemented using the existing ADCs 
5015, along with the appropriate additional connections. 

Also in FIG. 61, ADCs 6106 and 6108 are assumed to 
operate synchronously. That is, the multiplexers 6102 and 60 

6104 are assumed to output their respective signals into their 
respective ADC 6106 or 6108 at a simultaneous point in the 
cycles of the signals. Should any delays (i.e., loss of synchro­
nicity between the ADCs 6106 and 6108) be present in prac­
tical implementations, such delays may be detected during a 65 

calibration process (based on a common, selected signal) by 
calculating the phase difference between the outputs of the 

In another implementation, the closed-loop technique may 
be used to supplement or improve the open-loop techniques 
described above. 

The above description has provided techniques for com­
pensating for digital delays that are present in flowmeters 
having digital components. Different techniques have been 
described for use in different applications. For example, in the 
setting of positive feedback, the group delay of the CODEC 
4905 was compensated for with the use of a circular buffer, as 
described with respect to FIGS. 51 and 52. As another 
example, described with respect to FIGS. 53-60, in the setting 
of sine wave synthesis, both the group delay and the delay 
associated with the filter 5050 are compensated for by using 
measurements performed on sensor data, to thereby accu­
rately time a beginning of the sine wave synthesis. As a final 
example, described with respect to FIG. 61, the drive signals 
are directly measured, and subsequently compared to the 
sensor signals as part of a closed-loop feedback routine that 
minimizes a phase difference between the signals. 

These techniques may be used on their own, or in combi­
nation with one another (or other) techniques. For example, 
the digital flowmeters of FIGS. 47A and/or 47B could be 
operated purely in a positive feedback mode, or purely in a 
sine wave synthesis mode. As another example, the positive 
feedback mode may be used as a precursor to the sine wave 
synthesis mode. In one implementation, using the positive 
feedback mode as a precursor to the sine wave synthesis mode 
allows rapid and reliable start-up (and operation) of a digital 
flowmeter. Such a rapid and reliable start-up may be further 
enhanced through the use of a "random excitation mode" as a 
precursor to the positive feedback mode, as described in more 
detail below. 

FIG. 62 is a flow diagram 6200 illustrating start-up and 
operational techniques for a digital flowmeter. In the flow 
diagram 6200, at a starting point 6202, a state of flowmeter 
system being used is set to a random sequence mode 6204. In 
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6206 to the positive feedback mode 6208, and from there back 
to the digital synthesis mode 6210. 

In this way, a digital flowmeter may attain and/or retain a 
desired operational state in a fast, reliable manner. 

FIG. 63 is a flowchart 6300 illustrating the random 
sequence mode 6204 and the zero-output mode 6206 of FIG. 
62 in more detail. In FIG. 63, the random sequence mode 
6204 starts (6302) with a sample count of zero (6304). Next, 
the sample count is compared to a value N (6306), where, as 

this mode, the flowtube 4815 is excited with a wide band of 
frequencies which are expected to include the (initially 
unknown) resonant frequency of the flowtube. After a certain 
number N of samples (as might be taken during a selected 
time period such as, for example, approximately 1 second, 5 

corresponding to a warm-up time of the CODEC 4905), the 
system is switched to a zero-output mode 6206 for a brief 
period of time (e.g., an M-samples count, where M<<N), in 
order to allow the flowtube 4815 to settle at its resonance 
frequency. The random sequence mode 6204 and the zero­
output mode 6206 are described in more detail below with 
respect to FIG. 63. 

10 mentioned above, a value for N is pre-selected to correspond 
to a desired duration of the random sequence mode 6204. 

Subsequently, the system is switched to a positive feedback 
mode 6208, which allows the flowtube to quickly reach a 
stable oscillation, at its resonance frequency and with a high 
amplitude. The positive feedback mode correlates to the posi­
tive feedback mode discussed above with respect to, for 
example, FIGS. 51 and 52. Further details and examples 
related to the positive feedback mode 6208, in the context of 
the flow diagram 6200, are provided below with respect to 
FIG. 64. 

Generally speaking, the random sequence mode 6204 
serves to ensure that drive energy is put into the flowtube in 
the frequency range of interest, and the zero-output mode 
6206 allows the flowtube to settle into its resonant frequency. 
During positive feedback, a pre-selected drive gain is applied 
to the drive signal, in order to ramp the flowtube 4815 up to a 
desired amplitude set-point. The drive gain has a default value 
of, for example, ten, which is large enough to cause a rapid 
rise in oscillation amplitude. 

Subsequently, desired waveforms within the drive signals 
may be identified, and phase-compensated synthesis may 
thereafter be begun during the digital synthesis mode 6210, so 
that measurements of the material(s) flowing through the 
flowtube 4815 may be processed within the processor 4915. 
The start-up technique just described may be particularly 
useful in difficult start-up circumstances, such as, for 
example, half-full 2-3" tubes. 

Although the techniques just described are useful in start-

If the sample count is less than or equal to the value N, then 
a random frequency value is generated (6308) and sent to a 
filter, such as the filter 5050 (6310). Subsequently, a result of 

15 the filtering process is forwarded to an input of the DAC 5030 
(6312), and the sample count is incremented by 1 (6314). 

When the sample count reaches a value greaterthan N, then 
the random sequence mode 6204 is exited, and the zero-value 
mode 6206 is started (6316). In the zero-value 6206, the 

20 sample count is set to zero (6318), and is then compared to a 
pre-selected value M (6320), which is selected to provide the 
flowtube enough time to settle into vibration at or near its 
resonance frequency. 

If the sample count is less than or equal to M, then a zero 
25 value is sent to an input of the DAC 5030 (6322), and the 

sample count value is incremented by 1 (6324). If the sample 
count is greater than M, then the positive feedback mode 
(6208) is started (see FIG. 64). 

In short, in generating the random frequency, the imple-
30 mentation of FIG. 63 generates a series of random values, 

perhaps at a rate corresponding to the sampling rate of the 
ADC 5015, using a random number generator. Then, frequen­
cies in the permitted range of drive frequencies (e.g., 0-100 
Hz) are excited by feeding the generated, random sequence 

35 through the filter 5050, which serves to eliminate substan­
tially all frequency components above the relevant range. The 
resulting signal is a relatively smooth random sequence, con­
taining all frequencies below the pre-determined cut-off fre-
quency. 

FIG. 64 is a flowchart 6400 illustrating the positive feed-
back mode 6208 of FIG. 62 in more detail. At a start of the 
positive feedback mode 6208 (6402), the FPGA 4910 inputs 
and filters the sensor signals, and calculates the virtual 
weighted sum for buffering (6404). Then, in a further subset 

up of the flowtube 4815, it should be clear from the flow 40 

diagram 6200 of FIG. 62 that similar techniques may be used 
during an operation of the flowmeter as well. For example, 
during a time when the flowmeter is in full operation (i.e., 
synthesis mode) (6210), some difficulty may arise which 
causes the flowmeter (measurements) to become unstable. 45 of actions by the FPGA 4910 ( 6406), the FPGA 4910 selects 

a value from the buffer5025 that will account forthe CODEC 
delay (as discussed with respect to FIG. 52) (6408), and then 
applies the selected gain factor (e.g., ten) to the buffered 

For example, there may be some external disturbance to the 
system, or there may be some unanticipated object/material 
that flows through the flowtube. As another example, condi­
tions such as two-phase flow and/or three-phase flow, particu­
larly if initiated quickly or unexpectedly, might degrade or 50 

interrupt an operation of the flowmeter. 
In such a case, the flowmeter may return to a positive 

feedback mode 6208, in order to re-stabilize the system (e.g., 
re-establish the proper frequency, phase and amplitude of the 
drive signals). Afterwards, the flowmeter may progress back 55 

into the digital synthesis mode 6210. Moreover, in a case of a 
particularly disruptive event, the flowmeter may return to the 
random sequence mode 6204, and then re-progress through 
the zero-output mode 6206 to the positive feedback mode 
6208, and from there back to the digital synthesis mode 6210. 60 

Similarly, ifthe flowmeter is operating in a positive feed­
back mode 6208, either as a result of regressing from the 
synthesis mode 6210 in the manner just described, or as part 
of the start-up process that also is described above, then a 
disturbance or malfunction may cause the flowmeter to return 65 

to the random sequence mode 6204. Again in this case, the 
flowmeter may re-progress through the zero-output mode 

signal for forwarding to the DAC 5030 (6410). 
Meanwhile, during a subset of actions taken by the proces­

sor 4915 (6412), the processor 4915 attempts to identify a 
sinewave-like wave by, for example, running several checks 
on segments of signals between two consecutive negative-to­
positive zero crossings (6414). If a sinewave is detected 
(6416), then the processor 4915 calculates a frequency of the 
wave and a filter delay associated with that frequency, and 
translates this information into a corresponding, improved 
buffer offset (6418). 

The improved buffer offset is then sent to the FPGA 4910 
( 6420), where it replaces the previous buffer offset value and 
allows the drive signal (multiplied by the gain factor) to more 
closely mimic the phase of the sensor signal. Meanwhile, the 
processor performs a more detailed analysis of characteristics 
of the detected sinewave (6422), and checks to see whether 
the analyzed, detected sinewave is present in both sensor 
signals (6424) with desired frequency and phase characteris-
tics. 
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If not, the processor 4915 continues to perform these 
checks for some pre-determined time ( 6426), after which the 
processor 4915 determines that digital synthesis cannot be 
satisfactorily entered, and reverts to the random sequence 
mode (6204). If the sinewave(s) are satisfactorily present in 
both signals, then the processor 4915 forwards the synthesis 
parameters to the FPGA 4910 and the flowmeter enters the 
digital synthesis mode (6210). The operation of the digital 
synthesis mode, including examples of operations and inter­
actions of the FPGA 4910 and the processor 4915, are dis­
cussed above with respect to FIGS. 53-59, and particularly 
with respect to the flowcharts 5600 and 5700 of FIGS. 56 and 
57, respectively. 

In some implementations, above-describe operations may 
overlap and/or be duplicated during the various modes of 
operation. For example, in any or all of the random sequence 
mode 6204, the zero-output 6206, and the positive feedback 
mode 6208, the processor 4915 may attempt to identify a 
sinewave-like wave in the manner described above with 
respect to the positive feedback mode 6208. These and other 
operations may be enacted in parallel and/or in series with one 
another, using the FPGA 4910/processor 4915 architecture 
described above, or using some other division oflabor among 
selected (e.g., programmed) hardware components. 

Also, as explained above, the drive gain during the positive 
feedback mode 6208 is typically fixed to a high value, so that 
the amplitude of the oscillation may raise exponentially. In 
the digital synthesis mode 6210, however, the amplitude may 
be variable, and may be controlled by a pre-selected algo­
rithm that uses the gain as a controller variable. 

FIGS. 65A-65F describe drive signal generation during a 
start sequence for one implementation of the digital flowme-
ter as applied to the bent flowtube 4702. FIGS. 66A-66F 
describe drive signal generation during the start sequence of 
FIGS. 65A-65F in more detail. 

The data shown in FIGS. 65A-65F, as well as in FIGS. 
66A-66F, are, respectively for each set of figures, raw sensor 
data (one sensor only), filtered weighted sum of the sensor 
data, the drive gain, the waveform synthesis mode (i.e., ran­
dom filtered start-up sequence, positive feedback or pure sine 
wave synthesis), a flag indicating when there has been an 
update to the feedback delay parameter, and the actual drive 
output. 

In FI GS. 65A-65F, up until just before 1 second has passed, 
the drive output is random while the CODEC 4905 warms up; 
that is, the flowmeter is operating in the random sequence 
mode 6204. As sensor data begins to be collected, again just 
before 1 second has passed, the zero-output mode 6206 can be 
seen in FIG. 65F. 

As raw and filtered sensor data is collected (FIGS. 65A and 
65B), a drive gain of 10 is applied at approximately 1.1 
seconds (FIG. 65C), whereupon the mode switches from the 
random sequence mode 6204 to the positive feedback mode 
6208 (through the zero output mode 6206, as described 
above). In the positive feedback mode, as can be seen from 
approximately 1.02 to 1.04 seconds in FIG. 66F, an amplitude 

84 
Once the amplitude reaches the threshold for switching to 

waveform synthesis, the processes described with respect to 
FIGS. 54-57 are implemented, in which the frequency, filter 
delay, and sine wave parameters are determined, whereupon 
the FPGA 4910 waits for the relevant zero-crossing of the 
sensor signal, which happens to occur at approximately 1.1 
seconds in FIGS. 65A and 66A, during which time the drive 
output is momentarily suspended (see FI GS. 65F and 66F). At 
the appropriate zero-crossing, digital synthesis mode 6210 is 

10 implemented, and the amplitude is maintained at a stable 
value. 

It should be understood that, during the digital synthesis 
mode 6210, the drive gain in FIGS. 65C and 66C might be 

15 
better understood as an attenuation factor controlled by the 
amplitude control algorithm mentioned above, assuming that 
an amplitude of the synthesized sinewave is fixed to a maxi­
mum value. Also, at approximately 1.8 seconds, the ampli­
tude control algorithm determines that maximum drive cur-

20 rent is no longer necessary, so that reduced current levels are 
generated after this point to achieve and maintain the sensor 
voltage at the selected set point. 

In implementing the above-described techniques, one body 
of FPGA code may be used for both the bent and straight 

25 flowtubes, but various options (e.g., filter coefficients) may be 
switched on/off for the different flowtubes. In one implemen­
tation, within the FPGA code, the drive output amplitude 
should not exceed 50% in the case of the straight flowtube 
4706 (in order to minimize damage thereto). This require-

30 ment may not be necessary for the bent flowtube 4702. As a 
consequence of these differences, a separate FPGA bit file 
may be produced to drive each flowtube type. Nonetheless, 
the same, for example, VxWorks program may be used for 

35 
both flowtubes, simply using different configuration file set­
tings. 

Thus, it can be seen that these implementations for gener­
ating the drive signal, including the actions of generating a 
random sequence to excite permitted frequencies while 

40 awaiting codec warm-up, implementing positive feedback to 
create a rapid increase in amplitude while suppressing 
unwanted higher frequencies, and synthesizing a pure wave­
form for continuous operation providing fast and precise 
flowtube control and measurement precision, allows for the 

45 advantageous use of a digital flowmeter. 
As referred to above, a digital implementation of a flow­

meter provides several advantages over analog implementa­
tions, in which an op amp is typically employed to provide 
multiplication of the sensor signal by the drive gain. This is 

50 due to the fact that op amps are likely to have an upper gain 
limit that will be reached if the damping level of the flowtube 
reaches a certain point (e.g., in the presence of two-phase 
flow). In these situations, stalling of the system is likely, as the 
amplitude of the flowtube drops below necessary levels and 

55 the feedback loop is not capable of sufficiently increasing the 
drive gain. Moreover, during the start-up period before fluid 
may be (completely) flowing, an initial estimate of the drive 
signal must be selected; selection of a gain that is too high 
may vary the damping level excessively and/or introduce 

of the drive signal initially degrades. This loss of amplitude 
occurs despite the fact that the sensor signals (at least approxi­
mately) represent an acceptable (resonance) frequency for the 
flowtube 4815, because phase of the sensor signals (e.g., 
FIGS. 65A and 66A) and the phase of the drive signals (e.g., 
FIGS. 65F and 66F) do not match. When the estimated feed­
back delay term is applied as shown in FIGS. 65E and 66E 
(and as explained above with respect to FIG. 64), then the 65 

phases match more closely, and the amplitude of the drive 
signal begins to grow. 

60 undesirable higher harmonics, while too low a gain will not 
start the flowtube. 

The digital implementations discussed herein may over­
come these and other difficulties of conventional systems. For 
example, there is no practical limit to the drive gain that may 
be applied, and therefore stalling due to insufficient gain is 
extremely unlikely. Additionally, the digital signal processing 
capabilities of digital flowmeters can temporarily apply nega-
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tive gain (i.e., intentionally introducing a 180 degree phase 
offset) for the purpose of aggressive flowtube vibration con­
trol. 

86 
What is claimed is: 
1. A control system for a Coriolis flowmeter of the type 

comprising a flow tube, a driver adapted to vibrate the flow 
tube, and a pair of sensors adapted to generate signals indica­
tive of movement of the flowtube when it is being vibrated by 
the driver, the control system comprising: 

a drive signal generator adapted to generate a variable drive 
signal for controlling operation of the driver, the drive 
signal generator being adapted to excite motion of the 
flowtube in a first mode of operation using a drive signal 
comprising a sequence of synthesized periodic signals 
having a plurality of different frequencies. 

In implementing these and other features, the digital trans­
mitter 4704 initiates and maintains a flowtube oscillation, 
such that the drive signals generated by the digital transmitter 
are compensated for phase delays caused by analog and/or 
digital elements within, or associated with, the digital trans­
mitter. In this way, the drive signals have a desired phase 
relationship with the oscillation of the particular flowtube 10 

being used (i.e., with the sensor signals detected at the flow­
tube ). As shown in the examples above, such control of drive 
signal generation, including phase compensation, may be 
implemented in a variety of ways, for a number of uses in 
different settings. 

2. A control system as set forth in claim 1 wherein the drive 
signal generator is adapted to sustain motion of the flow tube 

15 in a second mode of operation using a drive signal produced 
by positive feedback. Moreover, having described the above techniques as 

examples of synthesizing pure sinewaves having desired 
phase characteristics, it should be understood that various 
other signal modifications also might be implemented, result­
ing in further control and flexibility in operating a digital 
flowmeter. 

3. A control system as set forth in claim 2 wherein the 
control system is adapted to transition from the second mode 
of operation to the first mode of operation in response to a 

20 system disturbance. 

For example, once the sinewave synthesis parameters have 
been determined as described above, the processor 4915 and/ 
or the FPGA 4910 might include a DC component in the drive 
signal(s) when actually synthesizing the sine wave. Such a 25 

DC component might be useful in, for example, compensat­
ing for any observed or calculated offset in the drive signal(s ), 
such as might be caused by component drift. 

4. A control system as set forth in claim 2 wherein the 
control system is adapted to transition from the second mode 
of operation to the first mode of operation in response to 
aeration of a liquid flowing through the flowtube. 

5. A control system as set forth in claim 2 wherein the 
control system is adapted to transition from the first mode of 
operation to the second mode of operation in response to an 
amplitude of the sensor signals reaching a threshold level. 

As another example, a selected amount of hysteresis may 
be added to the drive signal(s). Such hysteresis maybe useful 
in, for example, compensating for magnetic core hysteresis 
that may be associated with magnetic coils used for, for 
example, velocity sensors. 

6. A control system as set forth in claim 1 wherein said 
30 sequence of synthesized periodic signals comprises a plural­

ity of square wave signals. 

As yet another example, it should be understood that a 
plurality of sinewaves might be generated, each with their 35 

own frequency, phase and amplitude characteristics. These 
signals might be used to regulate an amplitude of oscillation 
at the desired resonant mode, while simultaneously suppress­
ing undesirable resonant modes (e.g., by applying negative 
gain to suppress unwanted Coriolis modes). The plurality of 40 

sinewaves also could be used to operate the flowtube in mul­
tiple modes at once. 

Further, the implementations described above may sim­
plify a structure and operation of a flowmeter in ways not 
explicitly described above. For example, velocity sensors 45 

such as magnetic coils, which often may add size, weight, 
and/or hysteresis (where the latter factor may result in higher 
harmonic content in the sensor signals), may be entirely 
removed during digital synthesis and/or positive feedback 
modes, and replaced with, for example, accelerometers. Such 50 

accelerometers (or other types of position sensors) may have 
lower size/weight and better hysteresis characteristics than 
magnetic coil velocity sensors. 

Although digital synthesis has primarily been discussed in 
terms of sinewaves, it also is possible for some implementa- 55 

tions to synthesize other waveforms, such as square waves or 
triangular waves. Such alternative waveforms may be useful 
in various operational settings, and may be an addition or an 
alternative to the use of sinewave generation. 

A number of implementations have been described. Nev- 60 

ertheless, it will be understood that various modifications 
may be made. For example, the digital flowmeter may be 
implemented to handle two-phase flow conditions (e.g., water 
and gas), and/or three-phase flow conditions (e.g., water, gas, 
and oil), and may be implemented in various flowtube types 65 

other than those disclosed herein. Accordingly, other imple­
mentations are within the scope of the following claims. 

7. A control system as set forth in claim 1 wherein the drive 
signal generator is adapted to initiate motion of the flow tube 
during start-up using the first mode of operation. 

8. A control system as set forth in claim 1 wherein the drive 
signal generator is adapted to produce a digital drive signal. 

9. A control system as set forth in claim 1 further compris­
ing a signal processor adapted to determine the mass flow rate 
of the fluid using the sensor signals. 

10. A control system as set forth in claim 1 wherein said 
plurality of different frequencies includes randomly-gener­
ated frequencies. 

11. A Coriolis flowmeter comprising: 
a flow tube; 
a driver adapted to vibrate the flow tube; 
a pair of sensors adapted to generate signals indicative of 

movement of the flowtube when it is being vibrated by 
the driver; and 

a control system comprising a drive signal generator 
adapted to generate a variable drive signal for control­
ling operation of the driver, the drive signal generator 
being adapted to excite motion of the flowtube in a first 
mode of operation using a drive signal comprising a 
sequence of synthesized periodic signals having a plu-
rality of different frequencies. 

12. A Coriolis flowmeter as set forth in claim 11 wherein 
the drive signal generator is adapted to sustain motion of the 
flow tube in a second mode of operation using a drive signal 
produced by positive feedback. 

13. A Coriolis flowmeter as set forth in claim 12 wherein 
the control system is adapted to transition from the second 
mode of operation to the first mode of operation in response to 
a system disturbance. 

14. A Coriolis flowmeter as set forth in claim 12 wherein 
the control system is adapted to transition from the second 
mode of operation to the first mode of operation in response to 
aeration of a liquid flowing through the flowtube. 
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15. A Coriolis flowmeter as set forth in claim 11 wherein 
said sequence of synthesized periodic signals comprises a 
plurality of square wave signals. 

16. A Coriolis flowmeter as set forth in claim 11 wherein 
the drive signal generator is adapted to initiate motion of the 
flow tube during start-up using the first mode of operation. 

17. A Coriolis flowmeter as set forth in claim 11 wherein 
the sensors are positioned relative to one another so the sig­
nals from the sensors are indicative of a mass flow rate of fluid 
through the flowtube. 10 

18. A Coriolis flowmeter as set forth in claim 11 wherein 
the drive signal generator is adapted to produce a digital drive 
signal. 

19. A Coriolis flowmeter as set forth in claim 11 further 
comprising a signal processor adapted to determine the mass 15 

flow rate of the fluid using the sensor signals. 
20. A Coriolis flowmeter as set forth in claim 11 wherein 

said plurality of different frequencies includes randomly­
generated frequencies. 

* * * * * 
20 
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