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ABSTRACT

Wireless measurements can reduce maintenance &sdpnoblems in addition to
installation costs by the elimination of wiring ptems and electromagnetic interference.
Less recognized are the opportunities afforded iogl@éss measurements for
troubleshooting and optimizing measurement locatesmwell as developing and
prototyping process control innovations. Howevattidry life and network integrity raise
reliability, security, and maintenance questionsm@unication interruptions and
discontinuous updates can cause oscillations &dittonal PID controllers. This paper
addresses these concerns and discusses the daisatd wireless pH measurements for
minimizing noise, maximizing sensor performancéeaeg sensor technology,
predicting sensor life, and developing inferentiasurements. An example of the use
wireless conductivity and pH measurements as infedemeasurements of solvent and
carbon dioxide is given to enable the optimizatbabsorber operation. The advantage
of using spare wireless transmitters instead ofilabers for communicating test data for
inferential measurements and calibration data fstandardization methods with grab
samples is offered. A simple enhancement of tikedijorithm for wireless control to
extend battery life is explained and test resuktspresented for measurement failures,
setpoint response, load upsets, and valve sticlioa.effect of wireless transmitter
settings such as “default update rate” and “triggeel” on control loop performance is
estimated for unmeasured disturbances in ternfsechdditional deadtime added by
wireless settings.

INTRODUCTION

The use of conductivity and pH in water and wastgewcovers a wide range of
application conditions ranging from nearly pure @vdab wastewater with an incredible
variety of chemicals. For condensate and de-ionae@r, the low fluid conductivity
poses special problems in terms of velocity effexbsitinuity, and sensitivity. For waste
water streams chemicals can attack the electraaesaids can coat the electrodes.
Process and electrical noise are problems in glicgiions. The use of conductivity and
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pH in the measurement and control of carbon dioalaorption is an emerging
opportunity with special considerations due tordlatively high solvent concentration.
Wireless measurement and control can play an irapbrole in the design, installation,
and performance of conductivity and pH in water aradtewater applications.

DESIGN

Wireless technology offers the opportunity to sethe best electrode for an application.
Spare wireless transmitters can be used to tedt@dies in lab solutions set to mimic the
concentrations and temperatures of the processpiuess lab offers a controlled
environment to vary the process conditions of ggeand keep other conditions constant.
The first through fourth variables of smart wiralésansmitters can be readily made
available for historization and analysis in theritisited control system (DCS). The
slope, offset, and resistance of the electrodedeastudied. The accuracy and response
time can be measured over an extended period eftbrdetermine the performance and
life of various electrode designs. For example, hegh temperature glass formulations
increase the life expectancy (Figure 1) and pretrentieterioration of electrode response
time (Figure 2) from premature aging of the gldssteode.

Months

=>100% increase in life
from new glass designs
for high temperatures
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Figure 1. The life expectancy that decreases wittperature can be doubled by the use
of new high temperature glass formulations.
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Figure 2. The onset of premature aging of the glaetsgreatly increases the response
time can be delayed by the use of new high temperaiass formulations
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Figure 3. The change in water dissociation constahtlecrease the pH with
temperature by an amount that increases as th@pitdaches the dissociation constant
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Process temperature changes the dissociation otsmstad mobility of the ions and thus
the actual solution pH and conductivity. For compigxtures, the best way to determine
the effect of process temperature is to vary tloegss sample temperature over the
expected operating range. The change in the wasoaation constant (Rl with
temperature causes a change in solution pH thedaees as the pH approaches thg pK
(Figure 3). Smart wireless transmitters have thitylo configure solution temperature
compensation. However, lab meters often cannotigeawore than the standard
temperature compensation for the electrode pelN#rast equation. Wireless transmitters
could be used instead of lab meters for standardizavith grab samples, the preferred
method of calibration. Standardization is safer arudle effective since it does not
require removal of the process electrodes elimugatie associated risk of personnel
exposure and damage to the glass, and disruptitreweference junction equilibrium.

Conductivity can provide an inferential measurenwdrihe concentration of an acid,

base, or salt by measuring the concentration aralityoof ions. Plots of conductivity
versus ion concentration will increase from zernasmtration to a maximum as the
number of ions in solution increases. The condigtthen falls off to the right of the
maximum as the ions get crowded and start to ioteraassociate (group) reducing the
ion mobility (Figure 4). The peak must be foundifirprocess samples and measurements
made for all possible operating conditions to iespperation on one side or the other of
the peak. If the conductivity approaches the ptakijnferential measurement can lose
sensitivity and change sign invalidating it for pess control.
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Figure 4. Conductivity as an inferential measureinoéiconcentration can be used if the
operating range can be verified to be always onstohe of the peak.
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For the maximum efficiency of carbon dioxide redictin powerhouse stacks, the
solvent and carbon dioxide concentration in theodd®e must be measured and
controlled. The absorber is never at steady statésbn a constant state of transition
because boiler emissions vary significantly withatirer and day to night load swings.
Conductivity and pH were studied with wireless smitters in the University of Texas
(UT) Separations Research Facility with a reactivgorption system and solvent
recovery column (Figure 5). The operation of the ot plant boiler was varied to
emulate the type of load changes experienced oneehouse.

Figure 5. UT Separations Research Facility for Garbioxide Recovery

Wireless conductivity and pH transmitters were usea process sample UT Separations
Research lab representative of absorber operdtignre 6). The use of a new glass
formulation and reference design was found to m®edahe life of the pH electrode from
2 weeks to over 6 months. The relationships betypétand conductivity and the solvent
and carbon dioxide concentrations were quantifietebts at concentrations
representative of the range of powerhouse operation
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Figure 6. Wireless Test Setup of Conductivity aktdTgzansmitters for CORecovery

The use of conductivity as an inferential measurdroésolvent concentration turned out
to be not viable due to operation at the peakencttnductivity versus concentration plot
(Figure 7). The maximum was a rounded hump ratieer & sharp peak causing poor
sensitivity (small change in conductivity for a alga in concentration). Even more
problematic was the reversal of the conductivigpanse that would lead to saturation of
a controller output due to reversal of the diretiod the process action.

Conductivity was found to be a possible inferenti@asurement of CQoading if

proper process temperature compensation is apfsligdre 8). Coriolis density and
viscosity measurements also showed sufficient geitgito CO, loading. However,
wireless conductivity is more portable and affoldalSince smart wireless conductivity
like pH transmitters offer solution temperature gamsation and auxiliary variables,
these transmitters are preferable to lab meterstémdardization with grab samples.

Tests of the wireless pH transmitter in the UTdabwed a linear relationship between
pH and CQ concentration for a given solvent concentratiothwgiood sensitivity
(Figures 9 and 10). Again solution pH temperata@pgensation was important. The
change in pH with solvent is due to the changééndoncentration and the mobility of
the hydrogen ion with the change in water concéptra
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Conductivity Dependence on Solvent
Concentration at Constant OO2 Load
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Figure 7. Conductivity for Inferential MeasuremehSolvent Concentration had Poor
Process Sensitivity and Reversal of Process A&ign

Conductivity Dependence on CO2 Load
at Constant Solvent Concentration

50.000 -
e A
35.000 -
e 0-cL—" — - /.
25,000 ez =

e

\

20,000

15.000 T —
10.000 "
5.000 1 e
0,000 ;
00 05 10 15 20
02 Wblarity (mol/L)

Conductivity (milliSiemens/cm)

Figure 8. Conductivity for Inferential MeasuremehCO, Loading Showed Promise if
Proper Temperature Compensation is Developed atahfaied.
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Correlation of pH to 00, Weight Percent in Methyl Ethyl Amine (MEA)
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Figure 9. pH can be an Inferential Measurement etiyl Ethyl Amine (MEA) Solvent
Concentration if the Solution pH is Compensatedd@ Loading and Temperature

Correlation of pH to CO, Weight % in Piperazine (PZ)
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Figure 10. pH can be an Inferential MeasuremeRtipérazine (PZ) Solvent
Concentration if the Solution pH is Compensatedd@ Loading and Temperature

INSTALLATION AND MAINTENANCE
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pH measurements are susceptible to spikes frorstéineof motors and the change in
speed of variable frequency drives. The fact ttspsiees are not observed when the
electrode is connected to a laboratory meter is that transmitter output wiring may be
a significant contributing factor to ground loopghen a wireless pH transmitter was
used on a “single use bioreactor” (Figure 11),9pikes in the wired transmitter left in
service did not appear in the wireless transmiteerd chart (Figure 12).

Figure 11. Wireless pH Transmitter on a Single Bggeactor

Wireless pH measurements eliminate the inevitabéstions as to whether there is a
problem with the wiring or terminations in troulthe®ting the measurement. Also,
wireless pH transmitters with automated solutiongerature compensation and
measurements of electrode resistance can be upeodvide more intelligent grab sample
calibrations that can be historized and analyzetderDCS. Most pH systems suffer from
over calibration with calibration adjustments chgsprevious adjustments. If you
compare the readings of two pH electrodes inliner @everal days, what may be high to
day may be low tomorrow due to concentration gratdi¢Figure 13).

Distributed with permission of author(s) by ISA 201
Presented at ISA 2011WWAC Symposiumitp://www.isa.org




81| «<@>» 0 By o FEm w + 9886

Figure 12. Wireless pH Transmitters Do Not Exh@jiikes Seen in Wired Transmitters

Most calibration adjustments chase the short term errors shown
below that arise from concentration gradients from imperfect
mixing, ion migration into reference junction, temperature shifts,
different glass surface conditions, and fluid streaming potentials.
With just two electrodes, there are more questions than answers.
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Figure 13. The pH Electrode that is High Today rhay.ow Tomorrow

The portability of wireless conductivity and pH rsaeements offer the opportunity to
find the best location by plant trials. If sevgrabcess connections are provided, the
connection that offers the most representative oreagent with the least noise and
deadtime can be found. Noise is minimized by figdime location with the best mixing
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and least bubbles. Deadtime is minimized by redythe transportation delay and
increasing the velocity at the electrode, decreptfie electrode lag and coatings.

CONTROL

Wireless measurement devices have a “default updtge (time interval for periodic
reporting) and a “trigger level” (sensitivity limlior exception reporting) set as large as
possible to conserve battery life. The integral enwdthe traditional PID will continue to
ramp while the PID is waiting for an updated meament from a wireless device. Also,
when an update is received, the traditional PIDsaters the entire change to have
occurred within the PID execution time intervald#rivative mode is used, the rate of
change of the measurement is the difference bettheenew and old measurement
divided by the PID execution time interval. Theuless a spike in the controller output.

The non-continuous update scenario occurs for nmgplications besides wireless
devices. During the time when a measurement isipdated due to a failure, resolution
limit, sensitivity limit, or backlash, the PID outpcontinues to ramp from the integral
mode. Failures, resolution limits, and sensitiVittyits can originate in an analyzer,
sensor, transmitter, communication system, or cbmtailve. Analyzers also have a time
interval between updates determined by the samp&dnd cycle time.

The enhanced PID for wireless executes the PIDriethgo as fast as wired devices. A
change in setpoint, feedforward signal, and rematput translates immediately (within
PID execution time interval) to a change in PIDpatit However, integral action does not
make a change in the output until there is an wd&hen an update occurs, the elapsed
time between the updates is used in an exponeafi@ilation that mimics the action of
the filter block in the positive feedback implemeagidan of integral action. If derivative
action is used, the elapsed time rather than tBeeRécution time interval is used to
calculate the rate of change of the process varidlhle integral and derivative
calculations are executed only once upon a changetpoint or measurement compares
a simplified block diagram of the traditional PI®@the enhanced PID (Figure 14).

A traditional PID will have to be detuned to preverstability for a large increase in the
time between updates. The enhanced PID will coatinibe stable for even the longest
update time interval. For a measurement updateinteeval larger than the process
response time, the enhanced PID controller gairbeaset equal to the inverse of the
open loop gain (product of valve, process, and oreasent gain) to provide a complete
correction for setpoint change or update. Testsvshe enhanced PID can suppress
oscillations from a wide variety of sources. Thaduction in variability results from the
suspension of integral action and the wait in feetttcorrection till there is a more
complete response. To achieve these benefitsiseresimply enables the enhanced PID
option in the PID block, which automatically enabtee dynamic reset limit option. No
retuning is necessary to achieve a smooth respgmrisethe update time is larger than
the process response time the enhanced PID camée with a much higher gain. For
cascade control of static mixer pH to reagent fbmntrol, the static mixer is able to
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make a single correction for a load disturbancgufé 15) and a setpoint change (Figure
16) compared to the slow response of traditionBl. Fhe enhanced PID also eliminated
the ramp off toward the output limit by a traditediPID for a communication failure or
broken electrode glass or wire (Figure 17).

Stick-slip and backlash cause limit cycles becanisgral action in a traditional PID
continues to ramp when there is an offset. Thepimaal sensitivity of the pH
measurement can result in extremely large limiteyon the steep portion of the titration
curve. The stick-slip is also greatest at the sphige point because the reagent valves are
operating near the seat where the friction frontisgand sealing is greatest. The
enhanced PID inherently prevents the limit cyclesf stick-slip and backlash if a noise
band is used to prevent an update to the PID pHaoeeasurement noise (Figure 17).
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Figure 14. Enhancements of PID for Wireless PretreRamping from Integral Action
and the Spikes from Derivative Action for Discontius Updates
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Figure 15. For a Wireless pH Loop Load Upset, thedhced PID Makes a Single
Reagent Correction whereas the Traditional PID Sldlakes a Series of Corrections
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Figure 16. For a Wireless pH Loop Setpoint Chatiye Enhanced PID Makes a Single
Reagent Correction whereas the Traditional PID 8ldWakes a Series of Corrections
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Figure 17. For a Wireless pH Loop, the Enhanced Ritizs out a Communication
Failure or Broken Electrode whereas the Traditidtill Ramps to its Output Limit
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Figure 18. The Enabling of the Enhanced PID opfloorWireless Control Eliminates
Limit Cycles from Valve Stick-Slip and Backlash
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For a step change in an unmeasured disturbance/tidd cause an open loop error of
(Eo), the minimum peak erroEf) (Equation 1) is proportional to the ratio of tio¢al

loop deadtime to the 63% response tifig)( The minimum integrated errdg|
(Equation 2) is approximately the peak error miiigh by the total loop deadtime that is
the original deadtimed)) plus the additional deadtime from a wireless measent §,)
and a control valve). The 63% response time (Equation 3) is simplystiva of the
original loop deadtime plus the wireless measuremeadtime and the open loop time
constant {,), which is hopefully the primary process time dans. Note that the valve
deadtime from stiction and backlash does not apipethe 63% open loop step response
time because the step change occurs within theaitemtexecution and must be larger
than the valve resolution, sensitivity, and deadbtancreate a response. Consequently,
on open loop step response trend charts, the deaéitbm valve stiction and backlash is
not seen. However, in closed loop operation, therotler output is ramping for an
unmeasured disturbance and the time the conttakes to ramp through the valve
resolution, sensitivity, and deadband is additiatesddtime.

_6,46,+6,

E, o (1)
T63
2
E = 6,+6,+6,) E, )
63
T=6,+6,+1, (3)

The additional deadtime from a wireless measurelftemiation 4) is the smallest of the
deadtimes from the wireless “default update raigtgate time interval) for periodic
reporting @T,,), and the wireless “trigger level” (threshold séwgy) for exception
reporting &). The deadtime from periodic reporting:f) (Equation 5) is one half of the
update time interval. The deadtime from excepteporting @) (Equation 6a) is one
half of the sensitivity setting divided by the maxim rate of change of the % process
variable oAPV/At)max Half of the interval and sensitivity settings ased because on
the average the disturbance starts halfway inrttezval and halfway in the sensitivity.

The rate of change is a maximum during the begmoirthe disturbance before the
control loop has had any effect. This maximum odtehange is dictated by the size of
the disturbance and process dynamics. The maxiramp rate (Equation 6b) can be
approximated by a near integrator gain multipligdhe equivalent change in controller
for the disturbance. The equivalent change in alietroutput is the open loop errdg,j
divided by the open loop gaii{). The near integrator gain (Equation 6c) is therop
loop gain divided by the open loop time constag)t (The substitution of Equation 6¢
into Equation 6b cancels out the open loop gammgithe maximum ramp rate
(Equation 6d) as simply the open loop error dividgdhe open loop time constant. The
substitution of Equation 6d into Equation 6a yiditgiation 6e where we see the
deadtime from the sensitivity setting decreasdbasize of the disturbance increases
and the open loop time constant decreases, bathioh cause a faster rate of change.
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8, = Min(8,,,6) (4)

By = 050AT, ()
o.- 05CS, (6a)
(A%PV / At), .,
(A%PV /A, =K, (E,/K,) (6b)
K =Ko (6c)
TO
E
(A%PV /At), = — (6d)
TO
o.- 0.5[:m Cr, (60)

(0]

Similarly, the deadtime from valve sensitivity) can be estimated (Equation 7a) as half
of the sensitivity divided by the maximum rate baaoge of the controller output that is
initially mostly due to the proportional mode. Th#te of change of controller output
(Equation 7b) is the rate of change of the progasisble multiplied by the controller

gain K¢). The controller gain (Equation 7c) can be apprated as the Ziegler Nichols
gain multiplied by a detuning factdky) to provide robustness and a smoother response.
However, the gain should not inflict disturbancesif fluctuations in the PID output

from exceeding the control valve sensitivity. Arhanced PID noise band expressed as
measurement sensitivit§a{) can reduce this noise allowing a higher contrajin. The
substitution of Equation 7c into Equation 7b casarit the open loop time constant
(Equation 7d). The substitution of Equation 7d iBtpuation 7a yields Equation 7e where
the deadtime is proportional to the product ofdpen loop gain and original deadtime
and inversely proportional to the product of theudeng factor and open loop error.

= 05LCS, (72)
(A%CO/ At) ..,

(A%CO/ At),.., = K. (A%PV / At), .., (7b)

K.=min K, U, S (7¢)

K, 08, 'maq{(N,, - S,),0.002
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K, 08

(o]

0o

_05CS,CK, [,

6, < TE (7€)
CONCLUSION

The portability and connectivity of smart wireléesnsmitters creates new possibilities of
using spare transmitters to get data into the DG@ fab testing and field calibration and
for developing inferential measurements and selgdhe best sensor technology and
location. The elimination of wiring reduces the seibility to electrical noise especially
for wireless pH. An enhancement to the PID alganitirovides protection for delays and
interruptions in communication and offers a negeyfect setpoint response when the
default update rate is slower than the procesoresptime. The effect of wireless
settings on the peak and integrated errors for asored disturbances can be estimated.
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