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ABSTRACT Typical maximum power point trackers (MPPT) in off-grid applications use one power
converter (e.g., a buck-boost) to draw the maximum power from a solar array by algorithmically altering
the duty cycle to charge a battery, which then supplies power to multiple downstream loads. However, some
applications could have multiple loads directly-driven by the photovoltaic array, rather than buffered by a
battery or other energy storage, if these loads are able to operate at variable power. This work demonstrates a
control architecture that enables simultaneous MPPT and load regulation using only downstream converters,
eliminating the need for both energy storage and a centralized MPPT converter. We take a canonical MPPT
method and weight its output command uniquely for each individual converter, based on each individual
converter’s objective. This allows us to simultaneously optimize power allocation to the variable loads,
while tracking the maximum power point. The approach was demonstrated using an electrodialysis (ED)
desalination system as the source of two variable loads: the pump and ED stack. We demonstrate power
tracking within 14.3± 2.3% of the maximum power point throughout the experiment amidst step responses
to the maximum power point while simultaneously maintaining desalination operation within 10.3 ± 0.3%
of the optimum setpoint. Integrating MPPTs with downstream converters can eliminate an entire power
converter and energy storage system, reducing cost and increasing overall efficiency.

INDEX TERMS Maximum Power Point Tracking (MPPT), Multi-converter, Desalination, Electrodialysis,
Photovoltaic (PV), Cascaded Feedback Control.

I. INTRODUCTION

SOLAR photovoltaic (PV) energy is projected to grow
from 3% of the United States’ energy supply to 45%

by 2050 and is the renewable energy technology with the
highest growth rate [1]. However, solar photovoltaic panels
pose the challenge of intermittent energy supply. These in-
termittencies cause problems for loads which typically run at
constant power. They also create challenges in extracting the
maximum available power from the solar panels; as the solar
irradiance fluctuates, the maximum available power changes.

A maximum power point tracker (MPPT) is a controller
designed to continuously draw maximum power from a pho-
tovoltaic (PV) panel, despite intermittencies caused by fluc-
tuations in solar irradiance, temperature, array configuration,
and other factors. MPPTs address the challenge of PV panels’
current-voltage (IV) curves, which are affected by environ-

mental and system conditions—such as temperature, shading,
and soiling—that alter the available maximum power point.
These controllers typically operate with a single DC/DC con-
verter (Fig. 1A) and adjust the duty cycle to optimize the
voltage and current drawn from the panel. Simple MPPT
algorithms such as fractional open circuit voltage (FOCV)
and perturb and observe (P&O) are widely used for their
robustness and ease of implementation, though they are lim-
ited in more complex scenarios [2]. More advanced MPPT
algorithms incorporate measurements of irradiance, temper-
ature, and weather predictions, offering greater precision but
increased complexity [3].

A. A MULTI-CONVERTER MPPT AND ITS CHALLENGES
Few MPPT algorithms consider multiple converters down-
stream of the solar panel (rather than just one converter,
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FIGURE 1. (A) A general MPPT architecture for an off-grid PV system with
a battery. Downstream loads operate from converters with relatively fixed
input and output voltages sourced by the constant battery voltage. (B)
Proposed multiload MPPT architecture, where the duty commands to the
DC/DC converters are sourced directly from a supervisory controller and
the power sources for these converters are directly from the photovoltaic
array. Note that in this architecture, both the battery and DC/DC converter
associated with canonical configuration are no longer necessary,
potentially reducing cost and increasing efficiency.

e.g., Fig. 1B). This is due to solar arrays most commonly
being installed with a battery bank or a grid connection.
Most loads operate at nominal, constant power and are not
designed to handle intermittencies; purely off-grid systems
thus rely on energy storage to act as a buffer and provide
a consistent source. However, there exist loads which can
operate at variable power and thus can operate in direct-
drive configuration: directly coupled solar to load with no
energy storage in between (e.g., no batteries). There are many
commercial examples of direct-drive MPPT algorithms for
single converters coupled with a single load, such as a solar
refrigerator or a solar powered pump (where theMPPT power
converter is often called a solar pump inverter [4], [5]). How-
ever, none, to the authors knowledge, exist for multiple direct-
drive (batteryless) loads in an off-grid setting (as proposed in
Figure 4).

The design of multiport converters with integrated MPPTs
are related to this problem. However, most work focuses on
balancing the combination of several input power sources
such as solar, wind, and grid [6]–[8], rather than optimally
regulating amultiple load output. Some authors have explored
multiload control but utilize battery storage or grid inputs [9]
and often in simulation rather than in practice.

Some examples of a potential multi-load system include
a single MPPT designed to directly allocate power to two
different DC freezers, each with its own temperature setpoint.
Another example could include two solar-powered pumps in
a chemical process, one of which must always operate at half

of the flow rate as the other. A final example includes direct-
drive of several electrolyzers from solar power [10]. In this
example, the MPPT algorithm and converter are independent
of the downstream electrolyzer load converters.
The creation of a multiple load, direct-drive MPPT has

several benefits. Firstly, this architecture would eliminate
at least one power converter, which would increase the en-
ergy efficiency and decrease the overall cost of the system.
Secondly, the direct-drive operation of several converters in
cooperation eliminates the need for intermediate energy stor-
age (i.e., batteries); whereas off-grid PV systems with more
than one load traditionally require energy storage. Batteries
can increase the capital and operating cost and could have
detrimental beginning and end-of-life environmental affects.
However, a multiple load, direct-drive MPPT has several

challenges. Firstly, it is nontrivial to simultaneously satisfy
both tracking the maximum power point, while optimally
distributing the extracted solar power to multiple loads. This
is especially true when the loads have varying ranges of op-
erating power bandwidth, responsiveness, operating require-
ments, and optimal setpoints. In addition, there are cases
where the power output to one of the loads may affect the op-
timal set point of another load. All of these complications are
necessary to consider when designing an integrated, multi-
converter MPPT. In this work, we explore the design of such
a converter for an electrodialysis desalination system, which
has two loads which may operate with variable power: the
electrodialysis stack and the pump.

B. A MULTILOAD, DIRECT-DRIVE-CAPABLE SYSTEM:
ELECTRODIALYSIS
Electrodialysis (ED) is an electrochemical separations tech-
nique (Fig. 2) used in many applications, including desali-
nation of water and the production of acids and bases [11].
It traditionally requires at a minimum, two power converters
(Fig. 3): one power supply to drive the flow of ions through
the electrodialysis stack, via electrodes mounted on both ends
of the stack and the second power supply to control the flow
rate of water through the stack via a pump, most commonly
centrifugal.
The electrodialysis stack load is analogous to a variable

resistor which varies with the solution concentration. In de-
salination, this resistance decreases with higher salt content,
and contrastingly increases with lower salt content. In other
words, as the system desalinates closer to drinking water
levels of salinity, the resistance increases. A voltage is applied
to the electrodes from the stack (converter) power supply,
driving current and the transport of salt ions through the
selectively permeable ion-exchange membranes desalinating
the water.
The electrodialysis stack loading is constrained to an upper

bound by water dissociation, which occurs when overlimiting
current is applied; operation must be below limiting current.
Hydraulic loading is also restricted to an upper limit by the
maximum pressure drop across the stack set bymanufacturers
as well as by the pump capabilities. The ability to widely
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FIGURE 2. Electrodialysis stack cross section. The stack consists of a
diluate (diluted, or less concentrated) stream and concentrate stream of
inlet and outlet solution. The ions within the stack pass through
selectively permeable membranes based on charge, denoted as cation
exchange membranes (CEM)s and anion exchange membranes (AEMs).
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FIGURE 3. (A) A typical, generalized photovoltaic electrodialysis system
layout from prior art [12], [13]. (B) Proposed combined MPPT & optimum
desalination controller in the context of a photovoltaic electrodialysis
system.

vary flow rates in the stack facilitates variations in hydraulic
power, and the ability to vary stack voltage and current facili-
tates variations in electrodialysis stack power, thus providing
two variable power loads that we may dynamically operate.

There is interest in utilizing solar energy with electro-
dialysis in direct-drive (batteryless) operation. Desalination
without energy storage is a field of growing investigation,
as the elimination or reduction of batteries lowers capital
expenditure, volume, and operational complexity. However,
the challenge specific to direct-drive, PV electrodialysis is
optimally allocating power to the ED stack and the pump(s)
to maximize water production rate, while also tracking the

maximum power point.
Prior art exists which has accomplished this using feed-

back control [13] as well as via a predictive model [12].
However, the prior art in feedback control utilized an off-
the-shelf integrated MPPT DC/DC buck converter and sev-
eral DC/DC power supplies which lacked coordination and
communication with one another, and had competing objec-
tives. For instance, the off-the-shelf MPPT would trigger an
MPPT search and rapidly drop the current drawn from the PV
panel without warning to the downstream DC/DC supplies,
which subsequently would overdraw current from the battery
buffer. While this work significantly reduced the necessary
energy storage size for PV-ED, a small battery was still
necessary for maintenance of controls, sensing, occasional
power overshoots in downstream converter responses, and
to accommodate the lack of MPPT search coordination. The
prior art in predictive model-based control did not consider
aspects of latent power draws, computation time problems,
and error accrual in their model performance due to physical
degradation of the system. Hence, in the aforementioned
prior art, the complete elimination of battery storage was not
accomplished. Thus, this provides a good example case for us
to explore the development of a multi-converter MPPT.
The aim of this work is to design and test a multi-converter,

direct-drive maximum power point tracker which demon-
strates simultaneous (1) optimal power distribution to the two
main loads, the ED stack and pump(s), and (2) track and
maintain the maximum power point. In this case, we aim
to design an integrated MPPT solar pump inverter with an
electrodialysis power supply for the application of direct-
drive electrodialysis desalination. Accomplishing this will
demonstrate that such a multi-converter MPPT system is
feasible as well as eliminate battery storage and a power
converter in a practical application.

II. CONTROL THEORY
A. GENERALIZED DIRECT-DRIVE MULTI-CONVERTER
MPPT
For a general multiconverter MPPT, there is the overarching
objective of maximizing power drawn from the solar array,
and there are individual sub-objectives for each load and
power converter, depending on the load requirements. To ac-
complish these simultaneous aims, we propose combining the
MPPT controller, traditionally related to one power converter,
with the downstream converter controls. A single, integrated
controller reads both the status of the solar panel (e.g., current,
voltage, temperature) as well as any downstream process
sensor(s) for each of the loads. This single, integrated con-
troller then allocates the correct duty cycle to each of the
individual converters and their loads, to satisfy the individual
load objectives while also extracting the maximum power
from the solar array.
A form of this concept involving feedback control is shown

in Figure 4. In Figure 4A, a scheme is proposed where the
converters all receive a common commmand signal from any
standard generalizable MPPT algorithm. These signals are

VOLUME 11, 2023 3



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

Proposed Direct-Drive ED Control Configuration using a Multi-converter MPPT

Proposed Direct-Drive Control Configuration using a Multi-converter MPPT

MPPT
FOCV

Sensed Process 1
-

Additional Sensing

Photovoltaic Array
Variables (I,V,T, etc.)

Generalizable MPPT

+
Process 1 Setpoint

α1Feedback
Controller

DC/DC
Converter 1

Load 1
D1X

Sensed Process 2
-

Additional Sensing

+
Process 2 Setpoint

α2Feedback
Controller

DC/DC
Converter 2

Load 2
D2X

Sensed Process N
-

Additional Sensing

+
Process N Setpoint

αNFeedback
Controller

DC/DC
Converter N

Load N
DNX

Additional Sensing Q

Pump ESC Pump

istack
-

C

+
Process Setpoint = ilim

α
PID DC/DC

ED Stack
ED Stack

D2X

Vref +
P&O

I

V
-

Photovoltaic Array

D1

PID

ilim Electrodialysis
Limiting Current

Model

(A)

(B)

FIGURE 4. (A) Proposed generalized multiload MPPT block diagram. (B) Electrodialysis desalination dual converter MPPT block diagram.

then independently biased by a weighting factor, αi for a
process within the set i = 1 : N , where N indicates the
number of processes in the system. This weighting factor
varies via feedback control depending on the individual load
objective and related sensing. For instance, if the load is a re-
frigerator that is becoming too warm, the feedback controller
may increase αi to send a greater portion of total extracted
power to the refrigerator. This is just onemanifestation; others
may propose more complex multi-converter MPPT schemes
such as model predictive control, adaptive, etc.

B. ED DIRECT-DRIVE MULTI-CONVERTER MPPT

We apply the generalized framework in Figure 4A with some
minor adjustments to an ED system, detailed in Figure 4B.
Here, we have our generalized P&O algorithm reading the
current and voltage from the photovoltaic array, outputting
a reference voltage. This operating (reference) voltage is
tracked using feedback control by measuring the PV array
voltage and altering an overarching (common command) out-
put duty cycle signal, D1. Simply, D1 is the output from our

chosen MPPT algorithm, changing based on the solar panel
conditions.D1 is fed directly to the pump power converter and
thus directly increases or decreases the power consumption
and flow rates. D1 is simultaneously biased by a weighting
factor, α, which alters the duty to the electrodialysis stack
power converter, D2; where, D2 = α ∗ D1. The weighting
factor, α, is adjusted based on a feedback loop with the ob-
jective of commanding an electrodialysis stack current, ßstack
that matches the limiting current, ßlim. The limiting current
is the point at which water dissociates, and is determined
most frequently by using an empirical model (e.g., [11]) with
model inputs that include measurements of water conductiv-
ity, C , and flow rate, Q. This is the individual, sub-objective
for the electrodialysis stack converter (match limiting and
commanded current, to maximize desalination throughput).
The individual, sub-objective of the pump is to maximize the
flow rate at any given time. Both sub-objectives are necessary
for maximizing desalination and water production rate, as de-
scribed further in [12], [13]. Both loads concurrently consume
power, which then affects the solar array voltage and current,
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and thus is fed back into the MPPT algorithm. This closed-
loop control scheme is computationally simple. This control
theory accommodates both maximum power point tracking
and operation at the optimal desalination rate.

III. METHODOLOGY
A. PROTOTYPE BOARD DESIGN REQUIREMENTS
The authors had prior experience in constructing and testing
home-scale (conveniently laboratory-scale) brackish water
electrodialysis systems [14]–[17]; we thus chose to derive
the power electronics requirements and demonstrate the pro-
posed control scheme on a home-scale electrodialysis system.
Brackish waters are often < 2000 mg/L for home-scale
applications and prevalent in areas from India to the Amer-
ican Southwest. To give a sense of size scale, systems for
this application commonly are packaged in compact cabinets
that are wall-mounted or installed underneath kitchen sinks.
Electrodialysis stacks in this application are relatively small,
approximately the size of a lunchbox, and the pumps utilized
are also relatively small, positive-displacement pumps similar
to those utilized in home aquariums and home garden water
features.

Stack Pump Control
Input Voltage (VDC) 0-60 0-60 0-60
Output Voltage (VDC) 0-24 0-24 5, 12

Output Voltage Ripple (VDC) [-] 0.1 [-]
Input Current (A) 0-5 0-5 0-5
Output Current (A) 0-2 0-2 0.5

Output Current Ripple (mA) 6 [-] [-]

TABLE 1. Experimental converter design requirements as values and
ranges based on the usage of a home-scale electrodialysis stack (PC Cell
Gmbh) and pumps (Singflo 2401). Ripple is defined from peak-to-peak.

For a home-scale electrodialysis stack operating under
brackish water conditions, the typical voltages and currents
applied can be up to 24 VDC and 1 A, but generally are on
the order of 0.1 A. This stack size requires pumps sized in the
range of 12-24 VDC and 1-2 A. Most commercially available
pumps for point-of-use water treatment are in the 12 or 24
VDC category.

An important requirement is the current ripple on the elec-
trodialysis stack. If the target current is exceeded beyond the
safety factor applied, overlimiting current may be reached and
water will dissociate, generating hydrogen and chlorine gas.
For this system, the limiting current commands were in the
range of up to 2 A. With a factor of safety of 70%, leaving 0.6
A of buffer. However, the commands can be as low as 10 mA,
leaving 3 mA of buffer in the most conservative case. While
it is desirable not to exceed limiting current, brief transient
overshoots can be acceptable and are even periodically done
to swing the pH of the system and self-clean. Thus, an ideal
peak-to-peak current ripple for this systemwas decidedly less
than or equal to 6 mA. These stacks commonly range on the
order of tens to hundreds of ohms, depending on the salinity,
the number of spacer and membrane pairs within it, and the
electrodes.

The pumps have relatively more leniency in their fluctu-
ations; however, excessive voltage ripple can cause flow rate
fluctuations and lead to instabilities within the current control
and concentration output from the stack. In this regard, we
heuristically specified a voltage ripple of 100 mV.
Finally, the system was designed to accommodate a typical

100 W solar panel. Most 100 W solar panels have approxi-
mately 24 VDC open circuit voltage, and around 5 A of short
circuit current. Thus, we expected our system to operate in
voltages up to 24 VDC, however, we sized the system to be
rated to higher voltages in case we used larger arrays with
several panels in series. The design was sufficiently rated for
the current output off a single panel, and we did not intend to
utilize parallel strings for this home-scale application.
The full list of design requirements can be found in Table

1.

B. POWER ELECTRONICS HARDWARE
1) Converter, Switch, & Driver Choice
Multiple converters were considered, including buck-boost,
flyback, and fly-buck; galvanitcally isolated DC/DC con-
verters can be advantageous for safety in industrial-scale,
high voltage electrodialysis applications, where there can be
water leakage and thus operator shock risk. However, in this
case, we required low voltages relative to industrial process
stacks, which operate on the order of hundreds of volts. We
consequently implemented a simple architecture (Fig. 5) of
two, parallel buck converters: one for the stack power supply
and one for the hydraulic load (two pumps). One of the
pumps feeds the bulk fluid through the diluate and concentrate
channels at equivalent flow rates (50% recovery ratio), and
the other pump feeds an electrode rinse channel, which clears
any gaseous formations from faradaic reactions. These two
pumps were equivalent in the design of this experiment, and
ran on the voltage bus from the pump(s) buck converter. For
visual context, Fig. 6 details the laboratory-scale electrodial-
ysis system used in this study, described further in subsection
D.
We chose to design and operate a two N-channel MOSFET

(Texas Instruments CSD19535KTTT) synchronous buck
converter for higher power efficiency, despite the added com-
plexity of preventing shoot-through via dead time (delay).
For ease of design, we designed one buck converter to be
replicated for both the stack power supply and the pump
power supply. In total, we incorporated four equivalent buck
converters on the board for redundancy, though only twowere
used in experimentation. The buck was designed to operate in
continuous conduction mode (CCM), and thus, we imposed
the constraint that the required current ripplemust be less than
or equal to the mean of the minimum inductor current, as seen
in Equation 1.
The driver chosen (Texas Instruments UCC27282QDRQ1)

was manufactured for a high-side, low-side configuration
allowing us to use a single chip for both MOSFETs. The
boostrap capacitor (0.22 µF) and surrounding passives were
designed using recommendations from the datasheet.
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∆i/2 ≤< iL > (1)

2) Inductor Sizing
We used the canonical inductor voltage-current equation (2)
with some approximations to estimate the minimum inductor
size.

V = L ∗ di
dt

(2)

The first approximation is that di is the allowable current
ripple, ∆i, associated with the differential time period, dt ,
when theMOSFETs are in one state or another (e.g., state one:
top MOSFET closed, bottom MOSFET open, and state two:
top FET open, bottom MOSFET closed) related to the duty
cycle, D, and period, T , defined as either DT , or (1 − D)T .
Substituting ∆i for 2∗ < iL > and considering the transient
when the top switch is open and the bottom switch is closed,
isolating the inductor, allowed us to reach Equation 3.

L ≥ VL ∗∆t/2∗ < io >= Vo ∗ (1−D) ∗ T/2∗ < io > (3)

During the minimum operating current (worst-case) sce-
nario, the current < io >=< iL > was calculated to be
approximately 10 mA. If we consider the minimum possible
duty to be 0 (s.t. Vo = 60), and a conservatively slow switch-
ing frequency of 10 kHz—relative to our microcontroller’s
(Teensy 4.1) processor speed, 600MHz—we found our worst
case inductance was approximately 0.3 H. In the case of
maximum operating current (best-case), 2 A, the inductance
needed to be 1.5 mH.

The worst-case scenario inductance was relatively high,
and due to availability and cost, we decided to relax the
current ripple constraint and utilized a 1.124 mH inductor
(Wurth Elektronik 744139). Having higher current ripple at
the low operating end may cause some periodic water disso-
ciation; however, this periodic behavior was acceptable for
our experimentation, as we were aiming to prove the validity
of the design and control scheme, and periodic overlimiting
behavior is sometimes employed in practical industrial oper-
ation. We also had the option of operating at higher switching
frequencies, making the smaller inductance suitable for the
current ripple requirement.

3) Capacitor Sizing
We then estimated the capacitance required (Eqn. 4), given
the current ripple projected from the design (480 mA), our
operating frequency (10 kHz, conservatively), and voltage
ripple requirement (100 mV).

C ≥ (1/8) ∗∆i ∗ (T/∆V ) (4)

In our case, we found that we needed only 60 µF of
capacitance. We ultimately chose an oversized capacitance of
2000 µF for both buck converters due to ease of component
accessibility (two Panasonic ECA-2AM102). With these val-
ues, we expected a worst case current and voltage ripple of
480 mA and 3 mV, respectively.

4) Control Circuitry Design
The power for the control circuitry required a constant 5V
rail and constant 12V rail. We selected two point of load
(POL) power converters (Traco Power TSR 1-48120WI for
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the 12 V, and TSR 1-4850WI for the 5 V); we placed two of
each converter in parallel to satisfy the current requirement
of the control circuitry. Both the 5 V and 12 V rails had
their outputs buffered with two parallel 1000 µF capacitors
(KEMET ESK108M025AH4AA).

The high voltage PV input rail was buffered with four
parallel 100 V, 1000 µF capacitors (Cornell Dubilier
SLPX102M100A3P3) to aid in smoothing input PV tran-
sients.

We additionally included a relay (Omron G2RL-24 DC5)
on one of the output converters, in case we wanted to do
polarity reversal on the ED stack.

5) Sensing
The implemented sensors for the control algorithm consisted
of the PV current and voltage sensor (Texas Instruments
INA237AIDGST were used for all voltage and current mea-
surements) for the MPPT algorithm, of the stack converter
output current sensor for the feedback loop on limiting cur-
rent, and the flow (Dijiang YF-S201) and conductivity sen-
sor (Keyestudio KS0429) to calculate the limiting current.
The flow rate was determined by reading the output pulse
frequency from the flow meter and multiplying a calibrated
value. Beyond these, we included voltage and current sensors
on the outputs of all of the converters to observe the consumed
pumping power.

Parameter Value
Buck Converter Inductor (mH ) 1.124
PV-side Capacitance (µF) 4000
Load-side Capacitance (µF) 2000
Switching Frequency (kHz) 10

TABLE 2. Parameters of the multi-buck converter system

A detailed block diagram for the board can be found in
Appendix D.

C. SOFTWARE
The prototype MPPT and optimal desalination controller was
implemented digitally on a microcontroller (Teensy 4.1).

Our control was run at the maximum rate the microcon-
troller could handle with our computation time. We output
sensor data over USB serial to a computer using a script
(Python) every 10 cycles. An average of 27 ms was seen
between readings within the loop, indicating that the loop was
running at approximately 2.7 ms per cycle.

In every loop, we checked to ensure the commanded duty
cycle was not excessively high (>90%) as well as checked
for undervoltage protection (<17 VDC) on the PV input;
The 12 VDC POL converters, which supply our drivers,
were not rated to operate below 17 VDC. We had additional
low voltage shutoff conditions if the duty commanded was
excessively low (<5%).

In each loop, we additionally read the current and voltage
sensors over I2C, with readings internally averaged by the
integrated chip 32 times. The output current and voltage

sensors were read every 8 cycles, and the input current and
voltage sensors were read every other cycle.

1) MPPT Algorithm
Every 4000 loop checks, we ran our MPPT algorithm, which
led to an adjusted input voltage setpoint and a corresponding
downstream alteration of voltage commanded to the loads.
We heuristically found this to be a stable time period be-
tween MPPT algorithm checks; if we operated too quickly,
the MPPT could become unstable because the input voltage
tracking PID loop may not reach and settle at the MPPT
setpoint quickly enough. This operation was conservatively
slow, but still had the ability to prove our control scheme—
which combines the MPPT operation with independent goals
of downstream converters—is possible.
Our maximum PV voltage tracking setpoint was 26 VDC,

to ensure we did not exceed the pumps’ maximum rated volt-
ages (24 VDC). The minimum PV voltage tracking setpoint
was 18 VDC. We adjusted the algorithm in increments of
0.5 V due to current sensor noise; we needed a large enough
change in overall power, above the noise floor, such that
the MPPT can properly interpret the impact of its changes.
We implemented a simple perturb and observe algorithm, as
discussed earlier in Fig. 11. Input voltage and current sensors
were averaged over 1000 readings, to aid with stability and
noise.
We utilized a PID feedback loop with 8-bit resolution to

alter the overall duty signal (D1 in Fig. 4) to track the input
voltage and match it to our voltage setpoint, set by the MPPT.
This value is initialized as 18 VDC (just above the minimum
operating voltage). The PID coefficients were:Kp = 10,Ki =
1,Kd = 0.
Square waves with differing duty cycles were created and

digitally driven using interrupts to ensure consistency at a
frequency of 10 kHz. We implemented a dead time fraction
of 10% of the total period, approximately 10 µS.

2) Optimal Desalination Algorithm
Every cycle we read the flow and conductivity sensors. These
readings were averaged over 100 readings to eliminate noise
for the limiting current calculation. The flow meter was read
using frequency (analog input translated to digital pulses if
above and below a threshold) and the conductivity sensor was
read with a linearly scaling analog input. The limiting current
calculation was accomplished using a simple model [11]
involving the multiplication of empirical fitting coefficients
and the read flow and conductivity values. These coefficients
are commonly empirically determined for different electro-
dialysis stacks. For the stack utilized (PC Cell, 20 cell pairs),
these coefficients were determined to be A = 1e − 5 and
B = 0.4. More details can be found in Appendix C.
The current commanded to the stack had its own dedicated

PID loop to bias the duty cycle from the MPPT, D1, by a
weighting factor which was limited to a range, 0 < α ≤ 2.
The range was heuristic, and physically meant that the elec-
trodialysis stack duty could be no more than two times the
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FIGURE 6. Labeled photograph of the experimental system setup, including details of the PCB and of the electrodialysis system.

duty commanded to the pumps’ converter. The PID coeffi-
cients were: Kp = 100,Ki = 100,Kd = 0.

D. EXPERIMENTATION
1) Experimental hardware setup
The board was connected to a hydraulic rig (Fig. 6). The elec-
trodialysis system was configured and operated in continuous
mode, with one input feed stream and two output streams. The
desalinated output water (diluate) and concentrated (brine)
waste water were both sent to the feed water beaker (storage
tank) in the end, allowing them to mix, return to their orig-
inal concentration, and be reused as feed water. Water was
transported from the beaker via the main pump and electrode
rinse pump through sediment filters, valves, and then into
the electrodialysis stack. The electrodialysis stack we utilized
was a PC Cell 64002 with 20 cell pairs. After passing through
the electrodialysis stack, the desalinated water and waste
water exited via output valves into separate streams that were
remixed into the feed water tank. Flow rate and conductivity
were monitored immediately after the output valves. Addi-
tional analog manometers and digital conductivity sensors
were placed immediately before and after the stack on both
the product and brine streams, however, data from these were
not required or recorded; they served as redundant sensing for
troubleshooting during construction. The combined hydraulic
layout is detailed in a block diagram in Fig. 7.

2) Experimental design
We conducted a series of tests with three replicates, using a
combined power supply / solar simulator (Chroma 62120D-
1200) to mimic the procedure detailed in EN 50530:2010
Sequence A, which examines the overall efficiency of grid
connected photovoltaic inverters by stepping between a min-
imum and a maximum power available several times. The
test is typically conducted with a ramp and has a controlled
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FIGURE 7. Experimental block diagram which includes the interfaces
between the electronics and hydraulic architectures. Power flows are
indicated in bold arrows. Sensing traces are denoted in gray. The sensors
include voltage (V ), current (I), conductivity (C), and flow rate (Q).

amount of time between ramps up and down. In our case, we
unfortunately did not have access to the software to do this test
exactly on the power supply; however, wewere able to operate
in a constant solar panel simulator environment and directly
set the voltage maximum power point (VMP), the maximum
power output (PMP), and the irradiance (IRR) to generate
equivalent open circuit voltage (EQVOC ), equivalent maxi-
mum power voltage (EQVMP), equivalent short circuit current
(EQISC ), and equivalent maximum power current (EQIMP).
We conducted a series of successive step responses in roughly
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FIGURE 8. Characteristic solar panel current-voltage curves for the two
different maximum power points (VMP1, IMP1 and VMP2, IMP2) used in
experimental validation. The shaded areas indicate regions outside of the
system operating window. The lower bound operating voltage is
constrained by the POL converters’ minimum input voltage from the solar
array (17 VDC). The upper bound voltage is constrained by a maximum
operating voltage set in software (26 VDC). This voltage is set so that we
operate under the maximum voltage of the pumps (24 VDC) when at
maximum duty (0.9).

twominute intervals (manually, with a timer) between the two
simulated solar panel profiles shown in Figure 8.

The physical intuition in lowering available voltage and
increasing available current (and vise versa) on the solar
simulator is related to the case of a solar panel undergoing
reduced irradiance (lowering the short circuit current) and
reduced temperature (increasing the open circuit voltage); this
for instance could occur as a cloud passes over the panel, or
as the sun sets. Characteristic IV curves are further discussed
in Appendix A.

Our experimental bench-scale hardware limited the power
bandwidth (see shaded region of Figure 8). The low setpoint
point was a sufficient voltage to operate the POL converters
and operate the pumps (Singflo 2401) and stack. The high
setpoint was not set excessively high to avoid saturating the
buck converters’ duty cycle. The highest operating power
was limited by the power consumption of the two pumps
in parallel (24 VDC, 1A for each pump) and by the stack’s
limiting current. Our limitations in conductivity sensor range
(1000 ppm maximum) constrained the limiting current (and
thus applied current) to the ED stack, and the stack power
was thus small relative to the pumps. The small stack area
relative to industrial-scale applications also constrained the
overall current applied.

Observing the overall system power and confirming its
convergence to the maximum power point allowed us to
confirm the functionality of the MPPT. Specifically, validat-
ing that the algorithm commands a voltage setpoint close to
the maximum power voltage setpoint and that the controller
draws the maximum current at that setpoint, ensures the

MPPT is drawing the maximum power from the simulated
solar array. Observing the commanded electrodialysis stack
current and confirming its convergence to the limiting cur-
rent allowed us to validate that the system was operating at
the optimal desalination point. Accomplishing both of these
objectives simultaneously validated the feasibility of the pro-
posed multi-converter MPPT hardware and control scheme.

IV. RESULTS
A. MPPT TRACKING PERFORMANCE
Step responses of the multi-converter MPPT on the lab-scale
electrodialysis system are shown in Figure 9. The response of
voltage over the experiment is shown in Figure 9A, where the
maximum power point voltage, VMP, is stepped up and down,
simulating EN 50530:2010 Sequence A. The multi-converter
MPPT algorithm is shown altering the setpoint, Vsetpoint to
track the maximum power point. The overall system voltage
drawn, VPV , is shown responding as the downstream con-
verters accordingly adjust to track the setpoint, VSetpoint . The
MPPT algorithm is able to identify the voltage at the maxi-
mum power point, shown by the controller voltage setpoint,
VSetpoint , eventually identifying and tracking the maximum
power point voltage, VMP. The actual commanded voltage
tracks the maximum voltage setpoint to a mean absolute
percentage error (MAPE) of 4.1±0.5%. In summary, VSetpoint
is properly, algorithmically tracking VMP, and the actual sim-
ulated solar panel voltage, VPV is tracking the desired control
setpoint, VSetpoint .

The behavior of simulated solar panel currents are shown
in Figure 9B. The maximum available current, IMP, shifts up
and down converse to the voltage to maintain the constant
overall power level (Fig. 8). The actual current drawn from
the simulated PV panel by the entire system, IPV , responds
by approaching and similarly tracking themaximum available
current. The actual commanded current tracks the maximum
current setpoint to a mean absolute percentage error (MAPE)
of 14.1± 3.0%.

The convergence of VPV to VMP (Fig. 9A) and convergence
of IPV to IMP (Fig. 9B) indicate the overall system is track-
ing the maximum available power and thus the maximum
power point tracker portion of the controller is functioning
as intended. The algorithm was relatively slow to find the
maximum power point, in contrast to commercial MPPTs,
but this was because we aimed for stability within our lower-
level, individual converter control loops and did not aim for
maximizing speed. We used conservative loop gains, were
limited in bandwidth and speed by our actuators, and were
limited in resolution and signal-to-noise ratio by the lower-
cost sensors we utilized. Furthermore, we applied relatively
large increments in Vsetpoint that resulted in hysteresis about
the maximum power point; this hysteresis can be seen in the
oscillations of VPV about the maximum power point, VMP in
Figure 9A. Lastly, the loop speed at which we adjusted the
maximum power point, Vsetpoint , was also limited in speed
due to the need to wait for the internal, cascaded feedback
controllers to respond to a new setpoint at a faster internal

VOLUME 11, 2023 9



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

100 200 300 400 500 600 700 800
Time (s)

18

20

22

24

O
ve

ra
ll

Sy
st

em
 V

ol
ta

ge
(V

)

100 200 300 400 500 600 700 800
Time (s)

0.4

0.6

0.8

O
ve

ra
ll

Sy
st

em
 C

ur
re

nt
(A

)

100 200 300 400 500 600 700 800
Time (s)

400

420

440

460

480

Fl
ow

 R
at

e
(m

L
/m

in
)

100 200 300 400 500 600 700 800
Time (s)

960

1000

1040

1080

C
on

du
ct

iv
ity

(
S/

cm
)

100 200 300 400 500 600 700 800
Time (s)

0.015
0.02

0.025
0.03

0.035

St
ac

k 
C

ur
re

nt
(A

)

0.2

0.4

0.6

St
ac

k 
B

ia
si

ng
, α

(-
)

100 200 300 400 500 600 700 800
Time (s)

5

10

O
ut

pu
t 

L
oa

d 
V

ol
ta

ge
s

(V
)

0

0.5

1

O
ut

pu
t D

ut
y

(-
)

A

B

C

D

E

F

V
PV

V
MP

V
Setpoint

I
MP

I
PV

Feed
Diluate

Stack Biasing, α

Commanded CurrentApplied Current

V
1, Pump

D
1, Pump

D
2, Stack

V
2, Stack

FIGURE 9. (A) Step responses of the multi-converter MPPT on the lab-scale electrodialysis system, including the response of voltage over the experiment,
where the maximum power point voltage, VMP , is stepped up and down. The multi-converter MPPT algorithm alters the setpoint, Vsetpoint to track the
maximum power point. The downstream converts adjust accordingly to draw an overall voltage, VPV . Maximum available current, IMP , in (B) is stepped up
and down opposite voltage to maintain a constant power and the response of the actual overall current draw, IPV , from the simulated solar panel is
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current, stack current command, and stack biasing coefficient. (F) presents the output voltage responses of each converter as solid lines, and the
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loop speed. In practice on a full-scale system, increasing the control loop sampling frequencies, optimizing the controller
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TABLE 3. Tracking Error Summary

Maximum Power Point Max Desal. Rate
Error
Metric

Voltage (V)
f (VMP,VPV )

Current (A)
f (IMP, IPV )

Power (W)
f (PMP,PPV )

Current (A)
f (Ilim, Istack)

MAE 0.86± 0.11 0.08± 0.01 1.7± 0.2 0.0022±0.0001
RMSE 1.2± 0.2 0.13± 0.01 2.6± 0.2 0.0032±0.0001
MAPE 4.1± 0.5% 14.1± 3.0% 14.3± 2.3% 10.3± 0.3%
MAE = Mean Absolute Error, RMSE = Root Mean Squared Error,
MAPE = Mean Absolute Percentage Error, where the error is cal-
culated from the inputs as a function of the optimum and measured
values: f (optimum,measured). Error from n = 3 trials reported
with standard deviation.

gains, and choosing alternative actuators would improve the
maximum power point tracking and response speed.

A full summary of tracking errors over the trials can be
found in Table 3.

B. INDEPENDENT LOAD REGULATION
Figure 9C shows the flow rate of the system during the ex-
periment. The flow rate plotted was smoothed with a moving
average with a span of 1000 samples. The flow rate remains
roughly the same throughout experiment, with perturbations
during maximum power point step changes. We only track
the diluate flow rate, but with the channels being equal in
hydraulic resistance, the concentrate stream should be ap-
proximately the same flow rate. The flow rate informs the
limiting current of the electrodialysis system.

Figure 9D shows the conductivity of the feedwater stream
and diluate water stream. The feed remains relatively constant
and the diluate does not continue to decrease over time be-
cause of the brine and diluate streams remixing to reconstitute
the feed and the continuous operation of the system. The
concentrations were expected to remain constant with the
exception of responses to any perturbations during maximum
power point tracking. The diluate output conductivity fluctu-
ations are closely related to the flow rate and current applied.
The greater the applied current, the proportionally lower the
output conductivity. Slower flow rates create longer residence
times within the stack, which also lower output conductivity.
Because the flow rate and applied electrodialysis stack current
were relatively stable throughout the experiment, the fluctua-
tions in diluate conductivity were not dramatic.

The diluate conductivity and flow rate influence the limit-
ing current and thus the commanded current to the electrodial-
ysis stack in Figure 9E. This commanded current was roughly
constant throughout the experiment because the flow rate and
diluate conductivity were also relatively constant. There are
the exception of a few perturbations influenced by the initial
drop in diluate conductivity and a separate brief spike around
400 seconds likely due to sensor noise. The current command
setpoint was achieved by altering the stack biasing factor, α,
which in turn affected the stack power converter’s duty cycle.
The stack biasing factor fluctuated in response to MPPT volt-
age setpoint changes. The applied current correspondingly
matches the commanded current once settled, despite the
fluctuations in the input voltage for the ED stack converter.

The applied current, (istack ), tracks the optimal current (ilim)
with a MAPE of 10.3 ± 0.3% over the entire experiment of
perturbations. This indicates that this downstream converter is
able to accomplish its individual objective, maximizing and
tracking limiting current, while simultaneously adapting to
maximum power point changes.
Lastly, the duty cycle signals for both of the converters and

their output voltages can be seen in Figure 9F. The duty cy-
cles,Dpump,Dstack , directly affected the voltages on the pump,
Vpump, and stack, Vstack , and were changing in response to the
alterations in VMP. Perturbations in the maximum power point
consistently initially dropped the duty commanded for both
the pump and stack, before the duty increases appropriately
and the optimal voltages were commanded. The independent
duty cycles show that the two downstream converters have
independent load control, while still tracking the maximum
power point.
These results demonstrated that the simultaneous tracking

of the maximum power and the optimal allocation of power to
independent, downstream loads is feasible using the proposed
control scheme and architecture.

V. DISCUSSION
Practically, by embedding MPPT directly into the control
logic of multiple downstream converters, this approach elimi-
nates the need for both an upstream DC/DC converter, which
is often used as a centralized MPPT stage, as well as elim-
inates the need for battery storage. In conventional off-grid
systems, a dedicated MPPT DC/DC converter and energy
storage can represent a substantial portion of system cost.
Eliminating this hardware not only reduces capital expen-
diture and system complexity, but also improves reliability
by removing a critical point of failure. This contributes to
a simpler, more resilient architecture, ideal for remote or
resource-constrained environments.
However, our results were constrained by several hardware

limitations. The low-cost sensors used for flow rate, conduc-
tivity, and current introduced signal noise, reduced dynamic
response, and restricted operation to low salinities. These
limitations, along with the narrow voltage range of the pump
and the brackish-range conductivity sensor, resulted in the
pumping energy being a much higher proportion of overall
energy consumption than would typically be expected in
larger-scale or seawater-based implementations. In practice,
ED stacks operating at higher salinities often consume power
at levels comparable to or even exceeding those of pumps. Our
constrained power bandwidth also precluded outdoor testing
with real solar panels, as the system would have quickly sat-
urated under higher irradiance, limiting the ability to evaluate
dynamic MPPT performance throughout the day.
Future work should explore higher-performance hardware,

including variable frequency drives (VFDs), high-dynamic-
range sensors, and broader power range actuators. Testing
the algorithm with seawater salinity feeds, higher current
densities, and scaled-up stacks would provide more realistic
insights into system-level tradeoffs. Additionally, incorpo-
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rating multiple ED stacks or entirely different loads—such
as temperature-differentiated refrigeration units—would al-
low exploration of power distribution strategies across varied
electrochemical or thermal applications. Alternative control
algorithms beyond traditional feedback loops may also yield
improved performance in more complex applications.

Overall, this work presents a foundational step toward
fully eliminating energy storage in renewable-powered de-
salination and other electrochemical processes. While this
study focused on desalination, the underlying control strategy
is closely applicable to other solar-powered electrochemical
systems, such as carbon dioxide electroreduction, electrolysis
for chemical synthesis or hydrogen production, wastewa-
ter electro-oxidation, and electrowinning, where maximizing
throughput under variable solar input is essential. This work
provides a practical control strategy for direct-drive, multi-
objective solar systems, offering a path toward higher effi-
ciency, lower cost, and more sustainable off-grid infrastruc-
ture.

VI. CONCLUSIONS
This work demonstrates a novel architecture and control
strategy for direct-drive photovoltaic (PV) systems supplying
multiple independent loads without energy storage. We de-
veloped and experimentally validated a multi-converter max-
imum power point tracker (MPPT) that dynamically allocates
power between an electrodialysis (ED) desalination stack and
a hydraulic subsystem.Our nested feedback control algorithm
adjusts power allocation using a continuously updated biasing
factor on the ED stack converter’s duty cycle. Using a lab-
scale prototype, we achieved real-timemaximum power point
tracking while independently regulating load behavior; the
system maintained operation at the ED stack’s limiting cur-
rent while tracking the PV module’s maximum power point,
demonstrating optimal desalination throughput and solar uti-
lization without any form of energy storage or buffering.
This is a step toward simple, low-cost, solar-powered water
treatment.

APPENDIX A
CHARACTERISTICS OF PHOTOVOLTAIC PANEL IV CURVES
Photovoltaic panels have current-voltage (IV) curves which
are characterized by a relatively constant short-circuit panel
current which drops rapidly close to the open circuit panel
voltage (Fig. 10). As solar irradiance increases during the
day, the incident sunlight increases the amount of available
current; however, the panel remains voltage limited by its
open circuit panel voltage. Even early on in the day, with
limited sunlight, the panel will reach its open circuit voltage
quickly - but will be limited in that very little current can be
drawn before rapidly dropping the panel voltage.

Aside from the variations in IV curves due to irradiance,
there are variations in panel behavior due to temperature.
Decreasing the temperature of the photovoltaic array will
increase the open circuit voltage, and thus the power avail-
able for a panel of equivalent available current. Conversely,

increasing the temperature increases losses via resistance in
the system and in the crystal lattice of the doped silicon. This
is why many panels on larger or more complex arrays may be
actively or passively cooled [18].
Additionally, the solar panel array configuration affects the

characteristic IV curve seen downstream of the system. An
array in series increases the open circuit voltage, but does not
effect the short circuit current. An array in parallel increases
the short circuit current, but does not increase the open circuit
voltage. This translates to a shifting of the IV curve upward
(parallel) or to the right (series).
Other effects which affect IV curves include mismatch

losses such as partial shading of solar arrays, soiling of the
array, and damaged cells. These are particularly challenging,
in that they create multiple local optima for maximum power
[19]. Additional characteristic features of the IV curve for a
PV panel are caused by series and shunt resistances. Series
resistances will decrease the trailing edge slope, and shunt
resistances will increase the leading edge slope.
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FIGURE 10. Conceptual Characteristic Current-Voltage (IV) Curves for a
solar panel, not drawn to scale, where A) demonstrates a canonical IV
curve for a photovoltaic panel including Vmp, Imp, the voltage and current
at which maximum power, Pmp exists. Isc and Voc are the operational
extremes of short circuit current and open circuit voltage, respectively.
Rseries and Rshunt are the parasitic series and shunt resistances within the
photovoltaic panel which characterize the leading and trailing edge IV
curve slopes, respectively. B) demonstrates the increasing Isc with
irradiance, C) shows the effects of array shading on the IV curve and
multimodal power curve, and D) shows the increasing shift of Voc with
decreasing temperature.

APPENDIX B
MAXIMUM POWER POINT TRACKERS
Maximum power point trackers are algorithms that can pull
themaximumpower from a solar array despite intermittencies
and variations due to the aforementioned factors altering the
characteristic IV curves. They function by algorithmically
determining the optimal amount of voltage and current to
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draw from the PV panel. MPPTs are often coupled with a
power converter, which converts the photovoltaic panel volt-
age to an applied load, often a battery in off-grid scenarios.
The output voltage of this converter to the battery is rela-
tively constant and steady, while the input voltage from the
photovoltaic panel can vary depending on the current drawn
from the panel. This current varies based on the duty cycle
to switches in the converter, which are often metal oxide
field effect transistors (MOSFETs) or insulated-gate bipolar
transistors (IGBTs), though alternatives are under research
and development (e.g., GaN [20]).

A wide gamut of MPPT algorithms exist; however, two
common and conceptually simple algorithms include frac-
tional open circuit voltage (FOCV) and perturb & observe
(P&O). FOCV is a conventional, indirect method that mea-
sures only the panel voltage. It aims to keep the panel voltage
at a fixed fraction of the known, open circuit voltage. This
method is quite simple and highly robust, but fails to track the
maximum power point - especially with changes in temper-
ature or shading. FOCV can be implemented with a simple
feedback loop with reference on the target fractional panel
voltage and process variable on the measured panel voltage.
P&O is another common technique which is a hill-climbing
method (Fig. 11). It iteratively compares the power to the
previous timestep to see if there is an increase or decrease,
and then compares the voltage to the previous timestep to
determine the direction in which the algorithm had been
traveling. It takes these two factors into a simple decision
tree and then incrementally changes the duty cycle directly on
the power converter (or can alternatively change the reference
voltage, which is fed back into a FOCV algorithm).

Read PV Panel

Yes No

Yes No Yes
No

FIGURE 11. Flowchart of an example MPPT algorithm: perturb and
observe, also known as a hill climbing method. Where, V (t), I(t) represent
the sensed panel voltage and current, respectively, and P(t) represents
the panel power at time t . The change in power, ´P and change in voltage,
´V at each iteration is used to determine the increase or decrease in duty,
D by a preset increment, ´D. Though, algorithms may exist which can
adaptively change this duty cycle.

Generally, MPPT algorithms can measure voltage, current,
solar irradiance the panel array temperature, as well as in
more complicated cases make weather predictions, and dis-
cretize these measurements into pieces of a broader array.
Many more complex MPPT algorithms have been proposed
[21].

APPENDIX C
LIMITING CURRENT FITTING
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FIGURE 12. Current-voltage curve for the electrodialysis stack, consisting
of the ohmic and limiting regions. Where in the ohmic region at relatively
low voltages, the current increases linearly. In the limiting region, the
current increases at a decreased rate with increases in voltage. Three
curves are shown at different water flow rates of 379, 1010, and 1250
mL/min, corresponding to pump voltages of 6.4, 10, and 14.4 VDC,
respectively. The diluate concentration measured for each of these
readings was 690 +/- 107 mg/L from a feedwater of 922 +/- 2.8 mg/L.
Reported values are the average, with standard deviation as the
measurement of error.

To operate at the optimal (fastest) desalination rate in
direct-drive electrodialysis [13], the system must operate at
or near the constraint of limiting current. The limiting current
occurs when the boundary layer adjacent to the membrane is
completely depleted of solute; at this point, any excess voltage
begins to cause some dissociation of thewatermolecules [22].
The limiting current varies nonlinearly with both the con-

centration of the solution in the diluate compartment and
the water flow velocity. This nonlinear relationship is often
determined empirically, by examining current-voltage curves
(CVCs). Themembranes, spacer geometry,materials, number
of cell pairs, and water composition all also affect the CVC
behavior, which is why limiting current models are almost
always empirically derived.
In the CVC, the transition between the ohmic and limiting

region is traditionally marked as the limiting voltage and
current for the given concentration and flow rate. Examining
several of these points can allow the empirical fit of several
different models which describe the limiting current at differ-
ent concentration and flow rates. For this work, we utilize the
Equation 5.
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ilim = α ∗ C ∗ Qβ (5)

Where α and β are fit coefficients, C is the concentration
of the solution in mg/L, and Q is the flow rate in mL/min.
The units of concentration and flow rate for the fitting are ar-
bitrary, so long as they are consistent with the sensor readings
in practice.

Figure 12 shows the CVC for our electrodialysis stack. In
this case, we determine the limiting voltage to exist roughly at
11 VDC for all of curves, but with varying limiting currents of
0.08, 0.10, and 0.12 A for each of the flow rates in increasing
order. Using a numerical solver, we identify fitting constants
of α = 1e− 5 and β = 0.4, for our setup. This limiting current
equation was utilized within the "Electrodialysis Limiting
Current Model" block shown in Figure 4.

APPENDIX D
DUAL BUCK MPPT CONVERTER BLOCK DIAGRAM
Figure 13 shows a block diagram of the components utilized
in the experimental prototype. The input PV voltage bus feeds
several downstream converters. These consist of constant
voltage converters for the drivers, controllers, and sensors as
well as the higher power converters that drive the dominant
actuators: the pump and electrodialysis stack. The controller
sends pulse width modulated (PWM) signals to the respective
buck converter, which consists of a FET driver and lowpass
output LC filter. Several general purpose sensor inputs were
made available for voltage sensing to accomodate the low-
cost sensors; however, some drawbacks include that these
were susceptible to noise (in contrast to current sensing).
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