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Abstract:
An in situ calibration system is a versatile exploration instrument for electrochemical sensors investigating the
biochemical properties of the marine environment. The purpose of this paper is to describe the design of an auto-calibrating system
for electrochemical (pH) sensors, which permits two-point in situ calibration, suitable for long-term measurement in deep sea
aqueous environments. Holding multiple sensors, the instrument is designed to perform long-term measurements and in situ
calibrations at abyssal depth (up to 4000 m). The instrument is composed of a compact fluid control system which is
pressure-equilibrated and designed for deep-sea operation. In situ calibration capability plays a key role in the quality and
reproducibility of the data. This paper focuses on methods for extending the lifetime of the instrument, considering the fluidics
design, mechanical design, and low-power consumption of the electronics controller. The instrument can last 46 d under normal
operating conditions, fulfilling the need for long-term operation. Data concerning pH measured during the KNOX18RR cruise
(Mid-Atlantic Ridge, July-August, 2008) illustrate the desirable properties of the instrument. Combined with different electrodes
(pH, H2, H2S, etc.), it should be of great utility for the study of deep ocean environments, including water column and diffuse-flow
hydrothermal fluids.
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1 Introduction
Over the last decade, numerous efforts have focused on the development of instrument technology
in chemical oceanography, since the determination
and monitoring of key chemical parameters is crucial
to the study of the physical and biochemical characteristics of the oceans. For example, pH is expected to
be a crucial parameter in deep sea studies: a decrease
in pH could have large-scale impacts on marine
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ecosystems (Orr et al., 2005). The pH of surface seawater has already decreased by 0.1 units and will
continue to decrease by 0.2−0.3 units over the next
century as a consequence of the anthropogenic CO2
absorbed by the oceans (Orr et al., 2005). Accordingly, long-term monitoring of seawater pH may
provide insight into global climate change (Chen et
al., 2006). In situ measurement technologies, which
greatly improve spatial and temporal resolution, are
of particular interest to marine scientists (Ding et al.,
2005; Ding and Seyfried, 2007).
Subsequently, a variety of electrochemical sensors have been developed successfully for deep sea
application, due to their simplicity and low cost, such
as those sensors for pH, H2, H2S and S2− (Reimers and
Glud, 2000). The standard glass electrode is most
often used for pH measurement. For example, the
commercial pH sensors (AMT Inc., Germany; Sea
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Bird Inc., USA, etc.) and custom-designed pH sensors
(Le Bris et al., 2001; 2003) utilize a typical glass
electrode for pH measurement in seawater and
hydrothermal diffuse fluids. Recent progress with
metal oxide electrodes composed of iridium has
shown significant potential for application to pH
measurement at elevated temperatures and pressures
(Pan and Seyfried, 2008). Despite the abundance of
data obtained by existing technologies, inaccuracies
still exist owning to liquid junction potentials in
seawater (Dickson, 1993a; 1993b), these inaccuracies
being as high as ±0.1 pH units (Le Bris et al., 2005).
This greatly reduces their effectiveness for benthic
applications. Conversion to pH still relies on laboratory calibrations (Le Bris et al., 2001). For long-term
applications, signal drift and poor instability at high
pressure are caused by irreversible compositional
change to the surface phase of the electrodes over
time, after which the electrode requires in situ calibration. Therefore, lack of in situ calibration and
maintenance greatly influences the lifetime of pH
sensors for deep sea applications.
Consequently, we have designed and constructed
an auto-calibrating system for electrochemical (pH)
sensors, the design of which permits two-point in situ
calibration, suitable for long-term measurement in
deep sea aqueous environments. The electrodes are
cleaned and maintained during the calibration process.
In this paper, we focus on the proposed method to
reduce the energy loss in the instrument design and
the low-power consumption of the electronics in order to extend the lifetime of the auto-calibrating system for in situ observation.

2 Mechanism design
To perform in situ measurement, sensors must
make contact with the sample, and interact with two
different standards to conduct the calibration. This
means there is a requisite displacement of one fluid by
another during the process. To meet this functional
requirement, the instrument was designed as a compact flow control system which includes two components: a flow control unit and a sensor head (Fig. 1).
The piston pump inside the flow control unit continuously delivers the fluids into the flow cell. Valves
V1–V3 are utilized to select the seawater sample or

standard (e.g., buffer solutions). The sensor unit is
sealed inside the flow cell to interact with the fluids.
The inlet port of valve V1 is exposed to the seawater
while the inlet ports of valves V2 and V3 are connected to flexible bags containing standard pH buffer
solutions. The fluid-controlling components run at
ambient hydrostatic pressure in the silicone oil-filled
chamber. An oil-filled rubber reservoir is used to
compensate the silicone oil in the flow control
chamber. The flow cell is positioned in the sensor
head in such a way that the sample is drawn through
the sensors, instead of being pushed, to minimize the
dead volume. During the pH measurement process,
the pump unit draws the water sample through valve
V1 into the flow cell. In situ calibration is accomplished by drawing the buffer solutions, in sequence,
to flush the flow cell and rinse the electrodes.

Outflow
Standard 1
Standard 2
Oil

E R

Pump unit
V2

Sample

V1
F

V3

Sensor head

Silicone oil
Oil-filled vessel

Fig. 1 Schematic illustrations of the flow through system
V1−V3: solenoid diagram valves (normal close); E: electrodes; R: reaction cell; F: filter

This electrohydraulic system is an open loop
system in which there is no hydraulic actuator and the
input power is only used to deliver the fluids through
pipes. In this system the main energy loss hf can be
described as
hf = ∑ hl + ∑ hm ,

(1)

where hl is the friction loss in the pipes and can be
described as

hl = λ

l U2
,
d 2g

(2)

where λ is the resistance factor of the pipes, l is the
length of pipes, U is the flow velocity, and d is the
inner diameter of the pipes.
hm is the local energy loss caused by the valves
and disturbance of the flow, such as the geometry
modification of the pipes, and can be described as
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Q2
U2
+
ξ
,
Av 2 g
2g

(3)

where Q is the flow rate, Av is the valve capacity
coefficient, and ξ is the local resistance factor. So
Eq. (1) can be expressed as
hf = ∑ λ

l U2
Q2
U2
+ ∑ 2 + ∑ξ
.
d 2g
Av g
2g

(4)

Eq. (4) shows that there are several factors for
energy loss, such as the length of the pipes, the flow
rate and the systematic scheme design of the hydraulic system.
The flow control unit (Fig. 2) utilizes a plastic
housing (80 mm in I.D., 300 mm in length) to contain
the flow control components. To reduce the energy
loss (Eq. (4)), solenoid valves (LVM05R6A, SMC
Inc., Japan) are mounted on a custom engineered
polycarbonate manifold, which reduces space and
weight. It also reduces the piping required. The valves
are modified to assure that the solenoid assembly is
oil-immersed, which permits pressure equilibration.
From Eq. (4), the pressure loss was calculated to be
about 59.2 kPa. To balance reliability and energy
efficiency, a piston pump (LPVX0504950B, Lee Inc.,
USA) was used during construction of the pump unit.
The electronics connected the flow control unit with a
water resistant cable, which is protected by a custom
made plastic chamber. The inside volume of the flow
control unit is filled with silicone oil for water resistance at great depth. A rubber reservoir filled with oil
is connected to the inside volume through the manifold for hydrostatic pressure balance between the
inside and outside of the chamber.

faster this displacement process works, the less energy is used. The reaction cell was designed to have
an internal volume of only 1.03 ml, despite containing
five electrodes. The displacement process was tested
on land at atmosphere pressure to validate the reaction
cell and to optimize the sequence of deep sea timed
operations. In this test, artificial seawater and buffer
solutions were prepared according to a standard procedure using deionized water and reagent grade solid
chemicals (Fisher Scientific, USA). Each solution
contained 0.57 kg/mol NaCl in keeping with the
dissolved chloride concentration of seawater. pH of
the seawater was measured to be 8.25; pH (25 °C) of
buffer 1 and buffer 2 was 7.00 and 10.37, respectively,
determined by Ross pH electrode. First, the seawater
was drawn into the flow cell through valve V1. The
second and third steps (replacement of one fluid by
another) involved a calibration operation in which
buffer 1 and buffer 2 were drawn into the flow cell
sequentially. The flow rate was 7.5 ml/min and each
step was set to be 20 min. The potential of the electrodes was simultaneously measured and recorded by
the data-logger, with sampling rates of twenty measurements per minute. The results are shown in Fig. 3.
When pH was changed, the measured potential revealed immediate response, and the curve of each step
was characterized by an asymptotic approach to a
stable reading at each pH condition. Generally 5 min
were required to achieve steady-state conditions, that
is, the absolute displacement of one fluid by another
in the reaction cell.
250
Buffer 1
pH=7.00

200
Potential (mV)

hm =

150

Seawater
pH=8.25

100
50

Buffer 2
pH=10.37

0
-50

Manifold

Valves

Pipes

Pump

Cable

Fig. 2 A photograph of the flow control unit

During calibration, one fluid in the reaction cell
needs to be displaced by the successive fluid. The

0

20

40
Time (min)

60

80

Fig. 3 Measured cell potential during on-board test at
27.8 °C. These data reveal generally good correspondence
in the pH-mV data

The auto-calibrating system has three pressure
housings, with an ability to resist water pressure to
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70 MPa. They are made of titanium alloy due to its
high strength, low density, and resistance to corrosion.
One housing (114 mm in diameter, 276 mm in length)
contains the electronics for system control, another
(130 mm in diameter, 482 mm in length) contains a
battery for the power supply (12 V), and the third
hosing (84 mm in diameter, 260 mm in length) contains a data-logger for the signal processing and data
storage of the sensor unit.
The auto-calibrating system is designed to perform time series and long-term (more than one month)
observations, thereby providing a reliable tool for
multidisciplinary benthic research down to depths of
4000 m. Laboratory research has proven the feasibility of the system to calibrate the electrode (Fig. 3).
Pressure testing in a high pressure vessel showed that
the electronics and fluid control system operated well
at pressures up to 40 MPa.

3 Low-power electronics design

Power consumption is a main concern in electronic circuit and system design for oceanographic
engineering. A high degree of power consumption
causes shorter battery life, increases the meantime-between-failure (MTBF) and decreases reliability of the circuits (Kumar et al., 2004). To facilitate
deployment, this device was designed to be a
self-contained unit, which includes a reliable power
supply and an electronics system for control and data
processing. The duration of undersea performance is
restricted by battery life, which is related to the power
consumption of the electronics. System-level dynamic power management (DPM) was used in the
electronics design of the system. DPM achieves
energy-efficient computation by selectively placing
the system components into low power modes when
they are idle (or partially utilized) (Benini et al., 2000;
2001). State mode transitions are controlled by
commands issued by a power manager (PM) that
observes the workload of the system and, in effect,
determines when and how to force power mode transitions. DPM strategy was used while switching operating frequency and varying the supply power of the
components under performance constraints to minimize power consumption according to a power
management strategy (Chen et al., 2003).

3.1 Power-management systems

The electronic controller of the instrument is a
set of interacting components (units) and is designed
to meet the following requirements: (1) the lowest
power consumption; (2) real-time management capacity of the fluid-controlling components; (3) high
data storage capacity to accommodate the data produced by the instrument; (4) high communication
capability.
The hardware organization is shown in Fig. 4.
The MSP430 microcontroller was the micro controller unit (MCU), used due to its low power consumption and robust on-chip peripheral modules, such as
12-bit analog/digital (A/D), which can greatly simplify the circuit design. The TB6560 stepping motor
driver is used for the step motor driving application,
receiving PWM signals from MCU timer. A high
capacity flash memory (33-megabit AT45DB321C)
was selected to store the periodical data during the
mission. The data includes the time stamp, the status
of the fluid-controlling components, and the voltage
of the battery, which can be collected on board after
retrieval. Two communication channels are provided
by the communication module, one channel is RS232
interfaced for large quantity data from the flash
memory, and the other is an inductively coupled link
(ICL) that allows instrument control via non-contact
serial communication with the submersible (Bradley
et al., 1995). A 12-V NiMH battery pack (13.5 Ah)
has been selected for the power supply. To protect the
instrument and battery pack, the electronics controller is equipped with a battery status sensor to monitor
the battery voltage for the purpose of shutting down
the whole system at a particular state of charge
(SOC).

Flash
memory
Valve
control unit
Pump
control unit
Battery
status
sensor

SPI
Digital
I/O

MCU
MSP430

Digital
I/O
Analog
I/O

Communica- RS232
tion
ICL
modules
I2C

Real-time
clock

Digital I/O
Power
switch
modules

Power
regulation
modules

Battery
pack

Fig. 4 Hardware diagram of electronic controller

705

Tan et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2010 11(9):701-708

To implement the DPM, the electronic controller
is designed to be a power-managed system, in which
all major components, i.e., the MCU, flash memory,
communication module, real-time clock, valve control unit, pump control unit, and battery status sensor
are power-manageable and can be put into a
low-power sleep mode. The MCU has two clock resources: a 32768-Hz watch crystal oscillator for
low-power mode operation and an internal digitallycontrolled oscillator (DCO) for the active mode (Zhao
et al., 2009). Power regulation is based on a set of low
quiescent current linear regulators, while the dedicated power switch modules allow the mission management software to switch on (working mode) or off
(idle mode) each major component according to the
preprogrammed strategy or the occurrence of significant events (failures, energy loss, etc.). Significant
differences can be found in the energy budget of
power managed components (PMC) between the
working mode and idle mode, which underscores the
need for DPM strategy (Table 1).
Table 1 Power budget of power managed components
Power managed
component
Flash memory
Real-time clock
Communication
modules (ICL)
Battery status sensor
Valve driving unit
Pump driving unit

Supply
voltage
(V)
3.3
3.3

Power budget
Average work- Idle
ing current
current
(mA)
(μA )
10
6
0.8
0.25

9

7.5rx, 50tx

500

12
12
12

1.1
240
400

70
50
50

rx: receive; tx: transmit

3.2 Dynamic power management implemention

In most cases, power management for the electronic controller is based on a hybrid hardwaresoftware implementation. For the flexibility of DPM
implementation, PM is migrated by the software. The
core power management functionality is implemented
as the program operating in the MCU. The MCU is
usually in the low power sleep mode and waits for
interrupt requests (IRQ) to activate the unit. All subroutines (A/D conversion, communication, etc.) of
the software program are designed as interrupt service
routines (ISR). IRQs are generated by the internal
timer and external real-time clock PCF8563.

In general, DPM policies target the maximization of battery life by controlling the system operation
mode or its components. Power-managed systems
must be able to operate in different states, which
compromise performance for power consumption
(Benini et al., 2001). Table 2 enumerates the components power modes corresponding to four useful
states, characterized by increasing power consumption. These states are based on actual working conditions and the PM works for the state transition according to the formulated policy. Communication
modules are only active during deployment: testing
on board and data transition are not taken into account.
In seawater, the auto-calibrating platform works in
two actual modes. In idle mode, PM puts the MCU
and all the PMCs into low power mode to save power
(S0). However, the PM signals a wake up to the
electronics every 60 s to sample and record the main
parameters of the instrument in the flash memory (S1).
The duration of the sampling and flash memory
writing is 125 ms. Under working conditions, the
instrument performs measurements periodically and
then returns to the sleep state S0. If calibration is
needed, the instrument performs the calibration cycle
to standardize and clean the sensors (S2). Power consumption for measurement and calibration is exactly
the same. During this process, the sample process is
still carried out every 60 s (S3). The average current
of the idle condition (IIdle) and the average current of
the working condition (IWorking) are given by the relationship as follows:

(60 − TS1 ) × IS0 + TS1 × IS1
,
60
(60 − TS3 ) × I S2 + TS3 × IS3
=
,
60

I Idle =
I Working

(5)
(6)

where IS0, IS1, IS2, and IS3 are the average currents of
each state (Table 2), while TS0, TS1, TS2, and TS3 are
the durations of each state. IIdle is calculated to be
5.025 mA and IWorking is 700.025 mA. Without DPM
implementation, IIdle and IWorking are measured to be 12
and 770 mA, respectively. The lifetime t of the battery
can be calibrated by

t=

Cbattery
I Idle × tIdle + I Working × tWorking

,

(7)
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where Cbattery is the capacity of the battery, tIdle and
tWorking are the idle duration and working duration
during one period, respectively.
Table 2 Useful states for electronic controller

MCU
Flash memory
Real-time clock
Battery status sensor
Valve control unit
Pump control unit
Current (mA)

State
S1
S2
On
On
On
Idle
On
Idle
On
Idle
Idle
On
Idle
On
17
700

S3
On
On
On
On
On
On
712

14.0

3.3 Power estimation

For the auto-calibrating system, the most critical
issue is battery lifetime. To predict and optimize battery runtime and circuit performance undersea, we
utilized a battery model (Chen and Rincón-Mora,
2006) to simulate the dynamic behavior of the battery
pack in PSpice software (Fig. 5). The detailed extraction method of the parameters in the model is
described by Schweighofer et al. (2003). To verify the
accuracy of extraction results, these parameters were
applied to the proposed model in PSpice environment
to simulate the battery voltage response to the pulse
discharge current of 700 mA. Fig. 6 shows that the
simulation result and the experimental data are in
close agreement. The model regenerates voltage response with less than 0.7% error which manifests the
accuracy of parameter extraction.

13.0
12.5
12.0
11.5
0

200

400

600

800

1000

1200

800

1000

1200

Time (min)

(a)
800
600
400
200
0

0

200

400

600
Time (min)

(b)

Fig. 6 Comparisons between simulation result and experimental data for 700 mA pulse discharge current. (a)
Experimental and simulation VSOC of the battery; (b) Discharge current pulse applied in the experiment and simulation
14.5
DPM
Without DPM

14.0
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+

Ccap

F

Rtransient_S

Rtransient_L

E
In+ Out+
In- Out-

+
Ctransient_S

+
Ctransient_L

13.5

VSOC

+

I

VSOC (V)

IC=1
+

Rself

Experiment
Simulation

13.5
VSOC (V)

S0
Sleep
Idle
Idle
Idle
Idle
Idle
5

Current (mA)

Power managed
component

requires calibration after the measurement. As discussed above, only 5 min are required to complete
fluid displacement, consequently the simulation of
the duration during working conditions is set to 15
min and the remainder of the time the instrument is in
idle mode. Laboratory tests showed that the voltage
(VSOC) in the fully discharged state (SOC is 0%) is
11.5 V. Simulation results (Fig. 7) demonstrate that
DPM strategy extends battery lifetime by 64.3% (18d,
from 28 d to 46 d), which is very close to the calculation results by Eq. (7) (17.8 d, from 28 d to 45.8 d).

13.0
12.5
12.0

11.0
0

Fig. 5 Battery model for power estimation
Rself: self-discharge resistor; Ccap: full-capacity capacitor; F:
current control current source; E: voltage control voltage
source; I: current source; Rseries is responsible for the instantaneous voltage drop of the step response; Rtransient_S, Ctransient_S,
Rtransient_L and Ctransient_L are responsible for short- and
long-time constants of the step response

Under normal operating conditions, the instrument performs measurement daily and the pH sensor

46 d

28 d

11.5
5

10

15

20 25 30
Time (d)

35

40

45

50

Fig. 7 Simulation results of the battery lifetime

4 Sea trials and results

Sea trials of the auto-calibrating system were
performed during the KNOX18RR cruise (MidAtlantic Ridge, July–August, 2008, chief scientist

Tan et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2010 11(9):701-708

Anna-Louise REYSENBACH, supported by the National Science Foundation of U.S.) on the R/V Roger
REVELLE. For deployment, the IrOx electrode and
Ag|AgCl electrode were utilized for pH sensors and
the signals were collected and recorded by an
autonomous real time data-logger (Chen et al., 2005).
An example of the first in situ pH calibration
series under deep sea conditions is presented in Fig. 8.
In this test, the system was launched on the wire-line
into the deep ocean (Aug. 4th, 2008, Fig. 9) to a depth
of 3200 m at 26º09′ N, 44º52′ W in the vicinity of
hydrothermal vent Trans-Atlantic Geo-Traverse (TAG,
26° N, Mid-Atlantic Ridge). To compare the data
with the laboratory test, each step was set to 20 min.
The system operated four functional cycles at this
depth. Buffer solutions were prepared according to
the same procedure as the laboratory test, and pH
(25 °C) of buffer 1 and buffer 2 was measured
on-board to be 7.14 and 10.56, respectively. The operational procedure was the same as previously discussed. Between the operational steps, the instrument
was in “sleep” mode to save power. By measuring the
volume of the buffer reservoirs, the flow rate at depth

Potential (mV)

250

30

Potential
Temperature

25

200

20

150

15

100
10

50

5

0
-50
05:30

Temperature (°C)

300

07:30

09:30

11:30

13:30

0
15:30

Time of day (h)

Fig. 8 Measured pH (sensor potential) and temperature
recorded at the depth of 3200 m. The trend of temperature
curves illustrate the deployment process
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was calculated to be 7.5 ml/min, exactly the same as
programmed. Fig. 8 shows that the in situ pH data
(mV) is in good agreement with the data in Fig. 3,
which demonstrates the stability and functionality of
the instrument at elevated pressures.
Using the measured potentials of the steady state
(collected from 20 readings averaged in the last minute of each step), the calibrated empirical relationship
between the measured potential E (mV) and pH value
results in the following relationships:
E = 674.7 − 65.2pH.

(8)

Subsequent analysis and calculation showed that
the pH of seawater was 7.62. Data indicated successful
performance of in situ standardization and measurement cycles at great depths and high pressures.

5 Conclusions

Long-term in situ monitoring of deep sea aqueous environments is crucial for scientists to understand the geochemical processes of the ocean. The
auto-calibrating system has a unique and practical in
situ calibration capability, allowing the pH electrode
to obtain long-term reliable data. Two methods were
used to make sure the instrument worked for periods
longer than one month. First, a reduction in the energy
loss was achieved through a new mechanical design,
and the second, a low power design method was implemented in the electronics design. The simulation
and calibration showed that the battery lifetime was
extended to 46 d under normal operating conditions.
Deep sea trials show that in situ calibration instrument
is an effective tool for electrochemical sensors to
perform measurement and calibration. This instrument provides a valuable tool which can host electrochemical sensors for pH, H2, H2S, etc., fulfilling
most of the principal requirements set by the scientific
community.
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