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ABSTRACT

Current CP systems use either static current output settings or a closed control loop based on potential
measurements. Static output settings might lead to temporal and local over or under protection levels
since they cannot adapt to changes in the environment. Closed control loops based on potential
measurements have difficulties due to the IR-drop produced in typically resistive soils. This IR-drop can
be large, limiting the information contained in potential measurements to only qualitative indications
of the actual polarization achieved. Additionally, due to their construction, many types of standard
reference electrodes often develop reliability issues when installed permanently in the field.

The recent development of electrode arrays has opened the possibility to close the control loop used
for CP in a new and more reliable way. The external surface of electrode arrays can be made of epoxy
and steel, therefore presenting a similar longevity to the assets they would sense. In addition, due to its
electrochemical nature this method can be developed to provide almost instantaneous feedback of the
status of the pipeline. Electrode arrays measure the distribution of current density over their surface
and are therefore unaffected by IR-drops, allowing quantitative analysis of the collected data.

This project aims to perform a proof of concept on the development of a closed control loop for real-
time adjustment of ICCP systems based on corrosion monitoring data from electrochemical probes. It
was found that despite the non-linearities of the system induced by pH changes on the metal/soil
interface a proportional controller was effective in compensating for system perturbations produced by
IR-drops with high accuracy. The system performed well under static and dynamic initial conditions.
Results from laboratory back-to-back tests comparing the new and traditional potential closed loops
indicate that the new system provides a superior performance under stray current conditions.
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1. INTRODUCTION

Impressed current cathodic protection (ICCP) systems aim to polarize the structure they are applied to
in the range of -850mVcse to -1200mVese to be effective in preventing corrosion and avoid the negative
effects of overprotection. In the early days of ICCP, systems such as the “Cumberland Electrolytic
System”[1], the rectifiers used by Kuhn [2,3] and the first ICCP system in Australia [4], used variable
resistors connected in series with the anodes as passive constant current supplies. This type of passive
current supply is extremely inefficient due to the large conversion of electrical power into heat at the
resistors and does not produce constant output. Most importantly, fixed current output is not suitable
to compensate for the dynamic conditions experienced in many ICCP applications. Thus, several
attempts for auto regulating systems were made before the invention and application of potentiostats
for ICCP potential control [5,6,7]. At the heart of potentiostats there is an operational amplifier and the
development of this electronic component is what made potentiostats possible [8,9]. Potentiostats are
devices that continuously compare the potential difference between the working electrode (WE) and a
reference half-cell (RE) against the desired set potential. If both potentials are not equal, the difference
drives an amplifier that controls the amount of current flowing between WE and a counter electrode
(CE). Potentiostats were first used in 1942 for academic research [10,11] (only one year after the
invention of operational amplifiers) and by 1952 they were also being used for industrial applications
such as electroplating [12].

Although the challenges regarding the electronics of ON-potential closed loop control for ICCP systems
were overcome in the late 60’s by solid state potentiostats [13,14,15,16], some additional complications
related to the use of ON-potentials quickly became apparent. One of the issues was the unsuitability of
reference half-cells to permanent field exposure, which can dry up and potentially lead to
overprotection. The other mayor issue encountered was the significant IR-drop produced by the flow
of the ICCP current in a non-zero resistance media. This IR-drop is unknown and dynamic, which makes
difficult to evaluate the actual metal/environment interphase potential. By 1972, with the release of the
NACE SP-0169 [17] and other standards [18,19], the effectiveness of CP was being defined in terms of
IR-drop free potentials against the Cu/CuSO4 reference half-cell [17]. This triggered an era of
developments that aimed to compensate or eliminate the IR-drops by performing instant OFF
measurements [20,21,22,23,24]. Unfortunately, the current injected by ICCP systems is not the only
source of IR-drop. Stray currents can also produce significant IR-drops, and these cannot be eliminated
using the previous inventions. To mitigate this issue, IR-coupons were developed in the 1990’s [25,26].
Although corrosion engineers have come a long way in characterising the effectiveness of CP in terms
of electrode potential, it is important to keep in mind the limitations of this electrochemical parameter.

The metal/environment interphase potential is a purely thermodynamic parameter and therefore,
contains no information regarding the kinetics of the corrosion process. If the objective of ICCP were to
keep the structure within the immune region, the kinetics of the corrosion process would be of little
importance, but this is not the case for most structures. For instance, for steel structures it is difficult to
achieve immunity without significant generation of Hydrogen, which could result in coating damage and
hydrogen embrittlement. Thus, the quest for a better way to identify the effectiveness of CP is not over.

Electrochemical corrosion monitoring methods could potentially be better suited to provide feedback
for the control of ICCP systems since they evaluate corrosion rates directly. Stern and Geary presented
one of the first electrochemical methods capable of measuring corrosion rates under cathodic
polarization [27]. The main disadvantage of this method is that it requires assuming an idea behaviour
for the cathodic curve (whether activation [27] or diffusion controlled [28,29]) which is extremely
difficult to determine for the unknown and ever-changing conditions present in the field. In 1987, a
more robust method was developed. This method is capable of evaluating corrosion rates over polarized
metals by inducing a set of harmonic perturbations to a working electrode and obtaining
electrochemical parameters such as Tafel coefficients for the currents recorded [30,31,32,33].
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Unfortunately, this method requires precisely controlling the polarization of the sensing element during
the measurement and this brings the same difficulties (IR-drop and unreliable reference half-cells) as
those encountered to control ICCP systems through ON-potentials. An interesting alternative recently
developed is the used of electrode arrays such as the Wire Beam Electrode [34]. Electrode arrays can
be used to evaluate the distribution of current density on their surface without requiring knowledge of
the potential at which is subjected. As discussed in previous publications [35,36,37,38,39,40], electrode
arrays can be used to evaluate corrosion rates under CP with unprecedented sensitivity and also provide
indications of overprotection.

2. EXPERIMETAL

2.1. Electrode array

A 100 element X65 steel electrode array in a 25 by 4 arrangement was used. Electrodes were squares
of 2.24 mm in side spaces 0.3 mm apart. The 3D printed cover used to simulate a disbonded coating
was designed to generate a 1Imm crevice that covers 21 out of the 25 rows of electrodes. For all tests
the electrode array was polished using 240 grit silicon carbide paper and running water as lubricant.
Before the 3D printed cover was mounted onto the electrode array, a layer of the test soil was added
over the electrodes. The intention behind this step is to ensure a continuous conductive path for the
electrolyte within the crevice.

In order to measure the distribution of currents over the electrode array surface without interrupting
CP, the instrumentation schematically illustrated in Fig. 1 was used. A multiplexer distributed the
connections of the 100 electrodes in the array, maintaining 99 of them connected to the WE1 output
terminal and the remaining electrode connected to the WE2 output terminal. In order to measure the
current flowing throughout the electrode connected to WE2, a zero-resistance ammeter (ZRA) was
interposed between WE1 and WE2. In addition to measuring currents, the ZRA kept WE1 and WE?2 (i.e.
all the electrodes in the array) at the same potential. The CP supplied to the array was managed by a
Bio-logic VMP3 potentiostat in a three-electrode configuration, where WE1 acted as the working
electrode. The current flowing throughout each electrode of the array was registered by swapping the
electrode connected to WE2, following a predetermined sequence that swept the whole array. A make-
before-break switching sequence between successive electrodes was followed to avoid any momentary
disconnection of CP. Current distributions were measured consecutively, with a 10s pause in between
measurements.

[ Potentiostat |

[ We | [[Ref. | |[ CE ]

Zero resistance
ammeter

H Electrodes

| Aray ]

Figure 1, Schematic illustration of the instrumentation used.

23" JTM, 6 — 10 June 2022, Edinburgh, Scotland




2.2. Controller algorithm

The main objective of the control algorithm is to identify the output current required to achieve
effective CP and avoid overprotection, while dynamically compensating for any perturbation that might
be affecting the system. It uses the present current set point and the previous history of sensor readings
as inputs to produce the next current set point as an output.

Figure 2 illustrates, in black, the core of the control algorithm. In a first stage the program reads the
current applied to the structure by the ICCP system and the current density distribution on the surface
of the electrode array. Then, the 100 current density values reported by the electrode array are
processed into two critical values. One is the most anodic value and the other is the average current
density for the electrodes located outside the crevice. If the most anodic value found is greater than
zero, that current density value is considered the error and the algorithm increases the current output
using a proportional controller (i.e. New current = Previous Current + Error. Kp, where Kp is the constant
of the proportional controller). If, on the other hand, the most anodic current is zero, no corrosion is
expected and then the decision is made on whether the system is protected or overprotected. At this
stage, a fixed value of current density was used as a threshold to differentiate protection from
overprotection.

This current density value represents the cathodic current density produced by the oxygen reduction
reaction. The premise is that if the current density at the array surface is greater than that required to
reduce all the oxygen that reaches its surface, the excess of current is used for the hydrogen evolution
reaction which is directly associated with overprotection. Thus, if the average current density measured
outside the crevice is greater than the threshold, this difference is used as the error and the algorithm
increases the current output setting also using a proportional controller. (i.e. New current = Previous
Current + Error. Kp).

For this study a controller of the proportional type was selected in favor of a more sophisticated
proportional integrative derivative (PID) controller, due to its relative simplicity that simplifies
troubleshooting and requires less tuning. PID controllers would reduce the settling time, but this
potential benefit comes associated with several potential pitfalls such as integrator windup,
susceptibility to noise and reduced bandwidth. In addition, the main factor currently limiting settling
times is the high level of discretization produced by the slow refreshing time of the electrode array data
(20 s). Thus, the potential benefits of a PID are small against the benefit produced by increasing the
electrode array data acquisition rate.

In addition to the basic control algorithm, Figure 2 also includes in blue additional steps necessary to
perform the test. At the beginning, the code generates a random current output setting that attempts
to simulate the influence of stray currents and generates an Excel report sheet for the results. Then,
populates the excel report and waits 20 s for the next measurement. From then on, the control
algorithm is executed in a loop until no output current changes are required for 10 consecutive cycles.
After that, a new random current fluctuation is generated and the compensation starts again until the
test is manually stopped.
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Figure 2. Controller algorithm flowchart.

2.3. Experimental arrangement for initial proof of concept

For the initial proof of concept, a 2.5L borosilicate electrochemical cell used. The cell has a flange
connection at one side where the electrode array was installed. Fig. 1 illustrates this electrochemical
cell with the electrode array installed. The two graphite counter electrodes were used as anodes and
potentials were measured against a Luggin capillary where the Ag/Sat. AgC/Sat. KCl reference electrode
was installed. The test environments used where mixes of sand and 0.01 M Na,SO. at fractions of the
sand water holding capacity (WHC). All tests were performed at 22+2°C.

2.4. Experimental arrangement for back-to-back testing

The experimental arrangement used for these comparative tests is illustrated in Figure 3. The simulation
of an infinite media is achieved by 50 outer Titanium electrodes (Outer electrodes in Fig. 3) that are
maintained at the same electrical potential between them. When exposed to an uneven soil potential
across the box, small currents flow among these electrodes, similarly to the current that would flow
across the soil outside the box volume if this were a true infinite media. These small currents were
constantly monitored throughout the tests (WBE data acquisition unit 2 in Fig. 3).
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A reference electrode (REF 1in Fig. 3) was placed at the end of the elongated part of the box. This is the
remote electrode used as a remote reference for all potential measurements, even those controlling
the CP unit when in autopotential mode. The remoteness of the reference electrode was confirmed by
measuring vanishingly small currents on the Titanium outer electrodes and by constantly monitoring
potential differences lower than 20 mV (potentiostat 3 in Fig. 3) between this reference electrode and
another identical electrode (REF 2 in Fig. 3) located 20 cm away.

CP Controller

e Potentiostat 1

Potentiostat 3 Pipe WBE Data
[ Re | (Electrode Array) Acquisition 1
1 1 1 ,l J—
REF 1
(remote REF 2 Aux1. AUX 2
reference) / /
p 1

Acquisition 2 \/
Quter Electrodes L 7— L L

Figure 3. Experimental arrangement used for comparative test against autopotential control.
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At the main section of the box, the pipeline was simulated using an electrode array (pipe electrode array
in Fig. 3) and an auxiliary Ti electrode (pipe aux in Fig. 3). In order to induce stray currents on the
simulated pipeline, a current was imposed (potentiostat 2 in Fig. 3) between two additional Tielectrodes
(Aux 1 and 2 in Fig. 3). On this setup, a potentiostat (potentiostat 1 in Fig. 3) represents the CP rectifier
and controls the current supplied to the anode (Anode in Fig. 3). When evaluating the conventional
potentiostatic closed loop control, a potential equivalent to -850 mV vs. CSE was maintained between
REF 1 and the pipe. When evaluating the new closed control method based on measurements of the
electrode array, the data collected by the WBE data acquisition unit 1 was fed to a controller program
that constantly recalculated the CP current to apply.

For these tests, no cover aiming to simulate a disbonded coating was placed over the electrode array.
The current flowing between the auxiliary electrodes was varied in 90 min steps of 1ImA from -5 mA to
10 mA.

Before the experimental setup was constructed, the basic geometry and expected current distribution
of the electrochemical cell were studied using a finite elements model. The governing equation for the
model is the two-dimensional form of Ohm’s law. The model was limited to 2D because experimental
conditions were maintained constant across the height of the electrochemical cell. The boundary
conditions selected for the anode, the electrodes simulating the pipe and the auxiliary electrodes used
to inject the stray current into the system, were constant. The current flowing between the auxiliary
electrodes was 25 mA. The electrodes simulating the pipe were at a potential of -1.5 V and the anode
was at a potential of 2 V. The media conductivity was 0.01 S/m. In addition, when the Ti outer electrodes
were part of the model, they were constrained at a potential of 0 V.
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Figure 4 presents the potential distribution results for an infinite media. Here the geometry of the
experimental arrangement box is included only for reference and does not contribute to the model. As
expected, the potentials around the anode and the auxiliary electrode acting as the source of stray
current show positive values, while the electrodes simulating the pipe and the auxiliary electrode acting
as a sink for the stray current present negative values. More importantly, a gradient is produced over
the elongated part of the box where potentials remain nearly constant at cero at the far end, indicating
that this would be a suitable location for a remote reference electrode.

Figure 5. presents the simulated potential distribution for a scenario where the conductive media is
limited to only the inside of the box and no outer Ti electrodes are used. The boundary conditions for
the box walls constrain the current flow to cero. In this case, the potentials along the elongated part of
the box remain constant at a value similar to that present near the auxiliary electrode acting as a sink
for the stray current. In other words, the elongated part of the box is acting as a Luggin capillary.
Consequently, the far end of the elongated part of the box would not be a suitable location for a remote
reference electrode in this case because the potential of the electrolyte at this location depends on the
magnitude of the stray currents injected to the system.
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Figure 4. Finite element simulation potential distribution results in an infinite media.
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Figure 5. Finite element simulation potential distribution results in an isolated box.
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Figure 6 presents the potential distribution results for the finite element simulation for the case where
the media is limited to the inside of the box and the Ti outer electrodes are electrically connected among
them. In this condition, the potential distribution inside the box is similar to that found for an infinite
media and a potential gradient is also produced along the elongated part of the box. Thus, as a
conclusion of the simulations, it is expected that the use of outer electrodes would produce a region at
the far end of the elongated part of the box where potential is nearly constant and independent of the
stray current applied.
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Figure 6. Finite element simulation potential distribution results in a box, using outer electrodes.

3. RESULTS AND DISCUSSION

3.1. Initial proof of concept: Static initial conditions

Figure 7 presents, as an example, the changes in current settings and potential evolution after a random
anodic perturbation from the steady state. In this case, the initial anodic perturbation was large and
some overshooting is observed before a stable CP current output was achieved. The stable CP current
output found produced an IR-drop free potential of about -1.27 V vs. Ag/AgCl (-1.39 Vcse), which is in
the overprotection range. This suggests that the current threshold that was arbitrarily selected should
be lower for this environment. Figure 8 presents the evolution of the current density maps measured
by the electrode array over the same perturbation cycle. Due to the overshooting, it took 15 cycles (300
s) to mitigate most of the anodic activity and overprotection. Then, it took 55 cycles (1100 s) to reach a
stable current output with 10 more subsequent cycles of cooling-off period.

2 - — |
|
1 0.5
2 0 =
g 3
0
2 >
1
-0.5
2
2,000 2,500
timel/s

Figure 7. Current settings and potential evolution after typical anodic perturbation with overshooting
in 30% WHC sand.
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Figure 8. Current density maps evolution after typical anodic perturbation with overshooting in 30%
WHC sand.

The effect of Kp on the performance of the controller was evaluated for saturated sand. Being the
constant of the proportional controller, Kp is expected to have a dramatic effect on the settling time.
This effect can be better appreciated using histograms in Figure 9. For Kp equal to 0.000009, more than
95% of the perturbations were compensated in less than 600 s. Kp factors smaller than 0.000009
resulted in longer settling times due to slower rate of convergence. Kp factors larger than 0.000009 also
resulted in longer settling times, but due to increasing levels of overshooting and instability. For Kp
equal to 0.000050, the system was unstable. Figure 10 present the unity plot of correction vs.
perturbation current for the same conditions. Here it can be appreciated that Kp has an insignificant
effect on the accuracy of the method.

Figure 11 presents the unity plot of correction vs. perturbation current for a variety of threshold
currents. In general, greater levels of accuracy were found for lower values of threshold current.
However, as can be seen in Figure 12, this greater accuracy comes at the expense of longer settling
times.
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Figure 9. Histograms of settling time in saturated sand for a variety of Kp factors.
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Figure 10. Perturbation vs. correction current unity plot in saturated sand for a variety of Kp factors.
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Figure 11. Perturbation vs. correction current unity plot in saturated sand for a variety of threshold
currents.
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Figure 12. Histograms of settling time in saturated sand for a variety of threshold currents.
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3.2. Initial proof of concept: Dynamic conditions

Figures 13 and 14 illustrate the typical results obtained at the two ends of the frequency spectrum. At
the low frequency end of the spectrum (Fig. 3), the correction introduced by the controller is almost a
mirror image of the test signal. As a result, the CP current output remained almost constant. Figure 4
presents the same type of result as Figure 3, but for the first unstable frequency tested. At this higher
frequency the number of data points collected per cycle was only 6, resulting in sharper and noisier
curves. The delay produced by the 20 s required for data acquisition, induces a more important phase
shift between the signal and correction curves at this frequency. In addition, the correction curve does
not show symmetric peaks indicating that the linear controller has difficulty to compensate for the non-
linearities of the system at this higher rate of change.

—Signal =—Correction ==CP output
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Figure 13. Bandwidth results for saturated sand at 0.07 mHz

Signal —— Cormrection CP output

Amplitude {maA)
=]

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

Time (s}

Figure 14. Bandwidth results for saturated sand at 8.78 mHz

Figure 15 presented a Bode plot for the results obtained in saturated sand. From 0.07 mHz to 4.40 mHz
the amplitude of the CP output gradually increases as the frequency of the test signal increased, but it
maintained under 2 mA. Thus, for frequencies below 4.40 mHz, the closed control loop based on
electrode array data partially dumped the test signal. For signals over 4.40 mHz, the delay produced by
the slow data acquisition time of the electrode array (20 s) produces an out of phase correction that
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results in an CP output signal that is even greater in amplitude than the perturbation signal applied to
the system. For these frequencies the use of the close control loop is counterproductive.
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Figure 15. Bode plot for saturated sand

3.3. Back-to-back testing

Figure 16 presents the difference between REF 1 and REF 2 (according to the labels in Fig. 3) for the
whole range of stray currents applied. The difference never exceeded 20mV, which is considered the
typical variation among reference electrodes of the same type. Figure 17 presents the current flowing
through the Ti outer electrodes for all applied stray current values while the controller was in
autopotential mode. This information further proves the validity of the remote reference electrode
presenting a gradient from electrode 8 onwards which rapidly falls to near zero currents.

Potential / mv

-14

0 5 10 15 20
Time/ h

Figure 16. Difference between REF 1 and REF 2 for the whole range of stray currents applied.
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Figure 17. Current registered at the Ti outer electrodes for applied stray currents.

Figures 18 and 19 present the main results of the comparative test performed in sand and 0.01M Na,SO4
solution at 60% WHC. In this environment, the autopotential control produced different current density
maps when different levels of stray current were applied. Current density maps presented larger
cathodic currents when cathodic stay currents were applied and anodic current densities when anodic
stray current densities were applied. In contrast, when the new closed control loop was used, no
obvious changes in the current density maps are observed despite the effect of changing stray currents.
Potentials against the remote reference electrode ranged from -580 mVcse to -1510 mVese when using
the new control loop to compensate for the stray currents.
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Figure 18. Current density maps obtained under several stray current levels in sand and 0.01M Na;SO4
solution at 60% WHC using conventional autopotential control.

237 JTM, 6 — 10 June 2022, Edinburgh, Scotland




-1mA 3mA ; 7 mA

I i
pAem? i pAem?
[N o
50, 50
100 100
-150. -150.f
200 200
250, -250.
s e 7;;;?{‘{4 N G 52 %
a5 5 10 12 1T <5 5 w0z W1
2 4 2
: 0mA ; 4 mA v 8 mA
pAem? pAlem? pAem?
N \ 0
50, 50,
-100 X -100,
150, R 1504
200, E -200.]
250, E 2504
-300. < el X e
= S \ =
~< 3 7\-)\13 ;D 234 - %, e 02N | e T "): ;0 224
14 16 — 2 14 16 2 14 16 18
10 12 <y 6 8 1012 4y 10 12
2 2
i -3mA 1mA 5 5mA 9 mA
pAlem? pAem?
0, [N
504 504
-100 1004
150 150,
200 -200
250 -250.
-300 £ T =< n =S &
P o J2 M 18 18 20 2 N % 2 Y J6 18 2 2 o ,((7(";‘5(‘4\‘6 20 2 o ,./-'*"m“;(‘}\wa 8 20 2 %
- < ~ <
2y 4 8 8 S PE R 275 4 6 8 2 4 0 8
, -2 mA 2mA ) 6 mA | 10 mA
pAlem?
0
50
-100
~150.
=200,
«250.
-300 e <3004 - %, 300. —" 5,
s, Sl 24 Al ——— > 24 —— — 2 24 — e 24
P ,<~«f\‘2f4 J6 18 20 2 P e DRRE RS . = ,fff}z‘fd 6 18 20 2 P e 16 18 20 2
2 8 10 -245,,‘0 2 s 8 10 2'2458‘°
1 1 1 1 1
300 200 -100 90 80 -70 60 50 40 30 20 -10 9 -8 7 6 5 -4 -3 2 -1 0

Current density (pAlcmz)

Figure 19. Current density maps obtained under several stray current levels in sand and 0.01M Na;SO4
solution at 60% WHC using the new closed control loop based on electrode arrays.
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4. CONCLUSIONS

An experimental prototype was built to evaluate the performance of the control algorithm in stable
conditions using random perturbations of current. The settling time, accuracy and stability of the system
were tested using fixed parameters for the controller. The results were satisfactory, presenting a stable
converging behavior for over 2000 different perturbations. The effect of controller parameters on the
performance of the system was also evaluated for saturated sand.

The response of the controller to compensate for dynamic changes of increasing frequency has been
evaluated. Results indicate that the current limiting factor for the controller bandwidth is the data
acquisition rate of the electrode array unit. For practical use, it was concluded that data acquisition
rates should be 15 times or higher than the maximum expected frequency of the perturbation. Data
acquisition rates fast enough to compensate even for AC stray current should be achievable using off-
the-shelve CMOS analog switches.

Finally, a back-to-back evaluation of the closed control loop for CP based on electrode arrays vs.
conventional autopotential control was performed. Both closed control methods were evaluated in a
stray current scenario where the reference electrode for the autopotential controller was placed at a
remote location. Results indicated the limitations of autopotential control, where CP was ineffective at
some of the stray current scenarios and overprotection was produced in others. In contrast, the control
loop based on electrode arrays presented levels of protection that remained virtually unchanged
despite changes in stray current magnitude and polarity.

The work developed through the project moved the closed control loop based on electrode arrays from
an incomplete idea into a proven concept. The project findings support the viability of the concept and
illustrate its advantages in terms of practicality and performance over current autopotential closed
control loops.
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