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Hardware in context

The Arduino HV power supply system has been specifically designed as an affordable alternative to commercially avail-
able high voltage power supplies for use with Ion Mobility Spectrometry (IMS) [1,2], especially PCB-IMS system in modern
use [3-5]. IMS cells typically consist of 20-60 individual, stacked, electrically separated, ring-shaped electrodes connected
through a resistor chain on the order of 50 MQ. Application of high voltage at the front of the tube and ground to the
end of the resistor chain produces an electric field into which gas-phase ions may be introduced and separated according
to their size-to-charge ratios [6,7]. These separations allow parts-per-billion level detection limits of analytes and IMS is
especially useful within military and security applications in the detection of trace levels of explosives [2,8], narcotics
[9,10], and chemical warfare agents [11].

The operation of an IMS cell requires a highly stable High Voltage (HV) power supply with minimal ripple and pro-
grammable output to account for atmospheric conditions and optimal separation characteristics in the IMS experiment
[12-15]. While such power supplies are commercially available, the advent of low-cost IMS cells through the application
of printed-circuit boards (PCB) for the IMS cell and associated electronics [3] has resulted in an IMS cell that costs less than
$1,000 for everything except the HV power supply. The application of PCB’s to IMS has recently produced a numerous mod-
ifications to the IMS experiment, especially low-cost portable systems [16], cyclic IMS [17], PEEK-based stacked IMS cells
[18], and Structures for Lossless ion Manipulations (SLIM) [19,20]. While SLIM and cyclic IMS systems require custom power
supplies and circuit design, a typical drift-time IMS cell requires two HV supplies, one to power the IMS cell and a second to
provide a potential bias to an ionization source. Select configurations exist that allow for the source power supply to float on
the HV used for the IMS, however, in most applications two supplies are generally required. The high cost of such commercial
supplies (over $5,000) makes this the single most expensive portion of a drift-time IMS experiment.

This work demonstrates an Arduino-controlled power supply using commercially available HV power supply modules at
a fraction of the cost of a typical HV supply for the IMS cell or ionization source. This is a dual-mode supply that allows for
the rapid switching of polarity (positive or negative) from a single supply source.

Hardware description

The hardware described herein is intended as a multipurpose high voltage power supply system with digital control over
the output potential from commercially purchased high voltage supply modules. Designed originally for use with lon Mobil-
ity Spectrometry (IMS), this supply design will work for any high voltage, low current applications and allow rapid and sim-
ple potential and polarity adjustments in an inexpensive package. The safety controls and circuit are not designed for user safety
in a high current application. Any modification to a high current application should be performed with care and under the guidance
of experienced high energy consultants. The HV modules used herein are factory limited to a maximum of 1 mA output with a max-
imum of 1,000 pF output capacitance and 0.2 | stored energy; sufficient for application to IMS while ensuring user safety below the
safety threshold of 10 J. This system does demonstrate a shock hazard due to its output greater than 50 Vs [21].

The front panel and LCD screen provide a user interface for potential selection and control of high voltage output from the
supply in either positive or negative modes. A simple user interface utilizes a rotary encoder to select menu items, set output
potentials, view output voltage, and initiate or disable high voltage output. For safety, the front panel includes a high voltage
enable/disable switch and a rapid shutdown button in the center with a latching action. If this button is pushed (from any
screen on the user interface), internal relays immediately close, grounding the power supply modules voltage adjustment
pins and disabling all external high voltage, resulting in the power supply discharging to ground as rapidly as possible
through the applied load. With the exception of this mode, enabling or disabling power supplies results in a 1,000 V/s ramp
rate to protect both internal and external circuits from sudden onset of high voltage. The ramp rate is adjustable within the
Arduino software (it is not editable from the user interface). Dual polarity is provided through the utilization of two internal
power supply modules, one positive, one negative, with identical output characteristics. A front panel switch allows user
selection of either mode with LED indicators on the front and rear panels to demonstrate which mode and connectors to
use for the external equipment. Changing polarity requires both switching the front panel switch and swapping the rear
cable between outputs. Alternative hardware designs to position these HV connectors on the front panel for applications
where polarity is frequently changed are provided.

Digital control is produced through an Arduino Uno R3 microcontroller manipulating a digital analog voltage converter
(DAC) (Adafruit MCP4725). The DAC allows 12-bit control in the range of zero to maximum (5) volts, corresponding to zero
to 100 % of the output capability of the power supply modules. EEPROM memory algorithms allow microcontroller recall of
the prior HV setting. While the absolute value of the electric field is essential for IMS, reproducibility of the setting is equally
important during experimentation. The capacity to return to the same setting digitally provides an additional level of repro-
ducibility that is difficult to achieve using analog-only controls. Connection from the DAC to the HV modules (ESD-EMC
HVM-A-203.13 P24) is routed through a pair of relays (Sainsmart 2-Channel 5 V Relay Module) independently controlled
by the Arduino. When the user selects positive mode, the positive relay switches to state 1 and DAC potentials are routed
to the voltage adjustment pin of the positive HV module. Conversely, the negative mode relay is switched to state 2 where
ground is permanently wired, disabling the negative HV module while the positive module is in use. User selection of neg-
ative mode has the opposite effect, where the positive supply’s adjustment pin is grounded and the negative supply’s pin is
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routed to the DAC output. For use with IMS, only one polarity is required at any given time, so the use of the supply in both
simultaneously was purposefully disabled. Rapid shutdown mode places both relays in state 2 immediately and disables all
HV output until the switch is released. Upon release, the power supply is set back to a default, HV off condition and has the
same programmatic effect as power cycling the unit.

The system is powered by an internal 24 V, 2.71 A AC/DC power supply (Mean Well EPS-65-24-C). This +24 V rail is used
to power the HV modules, a pair of internal cooling fans, and an LM2596 buck converter set to +9 V output. The +9 V rail is
used to power the Arduino controller. All [2C components (Rotary Encoder, LCD screen, and DAC) are connected to the Ardu-
ino through a Grove (Seeed Studio Grove Base Shield V2.0) quick-connect shield and are powered by the +5 V rail provided by
the Arduino. All LED’s and switches are powered by this +5 V rail through digital control channels of the Arduino. External HV
connecters use an Alden style plug and receptacle for high voltage isolation and safety and a rear panel grounding stud
allows HV return to the modules’ sinks. Each connector is labeled with color-coded LED indicators for user clarity on the
active module at any given time. A rear panel HV active LED provides for user safety when switching polarities to avoid con-
nector removal while HV is active.

e High voltage digitally controlled through an MCP4725 digital analog converter. This provides 4,096 steps along the range
of voltages produced by the power supply module. For a 20 kV supply, this provides a minimum voltage change of 4.88 V
per delineation.

e Arduino control allows for customizability in both hardware and software.

e Grove connectors provide rapid plug and play connectivity.

o Internal power supplies provide +24 and +9 V rails to the Arduino and HV power supply modules. Arduino outputs pro-
vide a +5 V rail for 12C and LED components.

o Internal relays pull adjustment pins of power supplies to ground when not in use to disable them.

Design files summary

Design file name File type Open source license Location of the file
Arduino PS 2.0.sch Eagle Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo0.7221871
Schematic United States
Arduino_Control_4.0. Arduino Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo.7221871
ino Program United States
Bottom Panel.ipt Inventor Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo.7221871
Bottom Panel.dwg Design File  United States
Front Panel.ipt Inventor Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo.7221871
Front Panel.dwg Design File  United States
Rear Panel.ipt Inventor Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo0.7221871
Rear Panel.dwg Design File  United States
Side Panel.ipt Inventor Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo0.7221871
Side Panel.dwg Design File  United States
BOM.xIsx Excel File Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo0.7221871
United States and Supplementary materials
Combined Design Zip File Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo.7221871
Files.zip United States
Alternative Design. Zip File Creative Commons Attribution 3.0  https://doi.org/10.5281/zenodo.7221871
Zip United States

Arduino PS.sch - Schematic of modular high voltage power supply. Also pictured as Fig. 5.

Arduino_Control _4.0.ino - Arduino code for uploading firmware to microcontroller. Will require the Arduino application
or online account with Arduino for flashing firmware.

Bottom Panel.ipt - Design schematic for bolt pattern layout of the bottom panel of the power supply box. Created using
Autodesk Inventor 2022. Also pictured in Fig. 3.

Front Panel.ipt - Design schematic for bolt pattern layout of the front panel of the power supply box. Created using Auto-
desk Inventor 2022. Also pictured in Fig. 2.

Rear Panel.ipt - Design schematic for bolt pattern layout of the rear panel of the power supply box. Created using Auto-
desk Inventor 2022. Also pictured in Fig. 2.

Side Panel.ipt - Design schematic for bolt pattern layout of the side panels of the power supply box. Created using Auto-
desk Inventor 2022. Also pictured in Fig. 4.
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Fig. 1. Assembled HV power supply.

BOM.xIsx - Bill of materials itemized list. Also uploaded to Supplementary Materials.

Combined Design Files.zip — Compressed (ZIP) file containing all files listed above, plus *.dwg and *.pdf files for the inven-
tor files to allow printing.

Alternative Design.zip - Compressed (ZIP) file containing alternative versions of the *.ipt files described above for front
panel outputs.

Bill of materials summary

Bill of Materials attached in supplementary material and provided in Zenodo Repository.

Build instructions

In this section, assembly of the dual polarity HV power supply as shown in Fig. 1 is described. This is broken into 3 distinct
sections: 2U Rack Mount Enclosure Preparation, Internal Wiring, and Software Setup.

2U Rack Mount Enclosure Preparation:

Before the circuit may be constructed, the rack mount box must be modified to allow for the connectors, ports, and user
interface modules to pass through to the internals of the box. This includes both front and rear panel openings which must be
created in the metal box. Fig. 2a provides schematics of the front panel and Fig. 2b provides schematics of the rear panel. A
label maker or laser engraver may be used to label each control as desired. A drill with standard indexed bits may be used for
all round holes (LED, switches, buttons, and fuses). A rotary cutoff tool may be used for the square openings (LCD, power
switch, and power in). LED’s (colors overlaid in the label images in Fig. 2) are held in place with LED panel mount holders
(BOM Line 4), switches, buttons, encoders, and fuses are threaded using included hardware, the power switch is held in place
with integrated friction connectors, and the power in and HV out connectors are attached with external hardware. All
designs are set for either #6 (power in) or #8 (HV out connectors) ANSI hardware. The grounding stud is an ANSI % — 20
bolt. We found it advantageous to use a small amount of hot glue to protect the exposed leads internally and prevent
any movement of the LEDs once mounted.

With the front and rear panels drilled and all components installed, the bottom and side panels were prepared for bolting
all internal components. Fig. 3 demonstrates the bottom panel drilling diagram and a top-down view of the assembled power
supply with all internals. The HV power supplies are attached to the bottom panel using #8 ANSI hardware. The Arduino and
relay module are attached to the bottom panel using #6 ANSI hardware. Finally, the 24 V power supplies are attached to the
bottom panel using M3x4mm screws.

The side panels should be prepared according to Fig. 4 to allow mounting of cooling fans for the internal components. The
60 mm hole may be cut using a rotary cutting tool or large step, while the mounting holes are designed for #8 ANSI hard-
ware; 1.5 in. bolts are necessary to extend through the fans for mounting purposes. Two panels should be prepared, mirror
images (200 mm from the front of the supply for each fan). Fan guards are placed on the outside, fans on the inside with one
fan as an inlet and the second as an outlet to ensure air movement across all internal components. Once all components have
been installed, assemble the box according to manufacturer instructions, leaving the top cover off for access.
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Fig. 2. Panel labeling (top), cutout (middle), and photograph of completed panel (bottom) for both Front (A) and Rear (B) panels.

Circuit preparation

Depending on options selected when purchased, the 12C encoder may require assembly. Please follow manufacturer’s
directions for soldering the rotary encoder to the provided PCB board. Once attached, use solder to jumper the connections
on the bottom of the PCB at the points AO, A5, and A6 to set the encoder’s I,C address. With these soldered connections, the
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Fig. 4. Side panel for HV power supply. Two panels (left and right) should be prepared.

I,C addresses are set as follows: LCD I,C address: 0x51 (default); Rotary Encoder I,C address: 0x61 (A0, A5, and A6 jumpers
soldered); MCP4725 I,C address: 0x62 (default).

Internal wiring

With all internal components in place, wiring should be accomplished according to the schematics detailed in Fig. 5. An
image of the completed device internals is shown in Fig. 3. The LCD display may be connected to the Arduino using a Grove
connector (BOM Line 20) while the rotary encoder (BOM Line 3) and digital potentiometer (BOM Line 16) are attached with a
Grove to Molex pin adapter (BOM Line 19). All other connections are soldered and joins are protected with heat shrink tubing
(BOM Line 29). The wiring shown made heavy use of modified Grove to Molex connectors to connect each device to the pin-
outs of the Arduino Grove Shield (BOM Line 19). In this application, the Molex connectors were cut off and components were
directly soldered in place for secure connections. All soldered connections should be covered with an appropriate heat shrink
tubing (BOM Line 29). Wiring order is most easily performed as outlined below:
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Fig. 5. Schematic of Power Supply Wiring. All connections made should either be soldered or using Grove Connectors for electrical safety. HV outputs must
use appropriately shielded HV rated connectors.

Wiring Order:

1. AC Line in (hot and neutral) wired to front switch (DPST) (BOM 12).
2. AC Line in, Neutral, and ground connections to 24 V power supply (BOM 8)
a. Both Line in and Neutral are switched by the DPST before the 24 V supply.
b. Line in should be wired in series with the fuse (BOM 11 and 25).
c. Line in and Neutral connections are made through a VHR-3 N (BOM 35) connector using a SH connector contact
(BOM 37) crimp connected to the neutral line.
d. Ground is connected to the chassis of the 24 V supply using an M2 screw
3. Wire line in ground to the grounding stud
4. From 24V supply using VHR-4N connector (BOM 36) and VH connector contact (BOM 37).
Connect (+) to red on both fan (solder)
Connect (+) to (+) input on an LM2596 buck converter (BOM 14) (9V rail output)
Connect (+) to Vin (Red pin) on HV power supply
Connect (-) to black on both fans (solder)
Connect (-) to (-) input on buck converter.
. Connect (-) to HV power supply V-in GND
. Flash control software onto the Arduino according to instructions provided with the Arduino microcontroller.
. Solder a Molex connector to the (+) and (-) output terminals of the LM2596.
. Attach standoffs to the Arduino UNO (BOM 6)
. Attach a standoff to the rearmost connection hole on the Grove shield (BOM 17). Connect the LM2596 to this standoff
and plug the LM2596 outputs into the “Vin and Gnd” terminals of the Arduino Grove shield.
9. Affix the Grove shield to the Arduino Uno.
10. Install Arduino onto base plate using screws into the bottom of the standoffs (BOM 34).
11. Solder HV output lines to the respective HV connectors (BOM 13). Care must be taken with this high voltage con-
nection. Use multiple layers heat shrink tubing rated for high voltage applications. Fig. 3 demonstrates using poly-
imide film tape (yellow) as a high voltage barrier (BOM Line 32).
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12.

13.
14.
15.
16.
17.

18.

19.
20.

21

24.
25.
26.
27.

28.
29.
30.
31.
32.
33.

34.
35.
36.

Attach both HV modules to the baseplate using #6 ANSI screws through the previously drilled holes. It is helpful to
detach the control pin output from the HV supply at this step so wiring may occur externally.

Attach HV connectors to the rear panel using #6 ANSI screws through the previously drilled holes.

Use Grove cable to connect from one 12C port to the LCD screen

Use Grove to Molex cable to connect from another 12C port to the rotary encoder (pay attention to the pinout diagram).
Use a female to male Molex connector (BOM 31) to connect the encoder pin “int” to A3 on the Arduino.

Install standoffs onto the relay module (BOM 34). One standoff near the output pins of the relay should be connected
through an upper standoff for connecting the MCP4725 (BOM 16) to the relay module.

Solder output wires onto the “Optional Output” pins of the MCP4725. These provide ground (referenced to the Arduino
Gnd pin) and output voltage to supply the relay.

Attach the MCP4725 to the relay module standoff previously installed.

Use a Grove to Molex cable to connect from Grove Shield D6 to the relay box. IN1 should be connect to D7, IN2 should
be connected to D6.

. Connect (+) output of the MCP4725 to pins 6 and 9 on the relay circuit
22.
23.

Connect (-) output of the MCP4725 to pins 5 and 8 on the relay circuit.

Connect GND from each HV supply to pins 5 and 8 on the relay circuit to reference the Arduino ground to the HV sup-
ply ground.

From the bottom relay (K1), connect the center pin (10) to VAD] of HV Power Supply 2 (Negative)

From the top relay (K2), connect the center pin (7) to VAD] of HV Power Supply 1 (Positive)

Use a Grove to Molex cable to connect from an Arduino 12C port to the MCP4725.

Attach the Relay/MCP4725 module to the bottom plate using the previously drilled holes and appropriate screws for
the standoffs used.

Connect HV GND on both power supplies to the grounding stud internally.

Connect Vdis on the positive HV supply to pin A0 on the Arduino.

Connect Vdis on the negative HV supply to pin Al on the Arduino.

Insert the wired connector back into each HV supply.

Solder 220 Q resistors (BOM 21) onto the anode of each LED.

Solder from the resistor on each LED to the respective digital Arduino channel (see schematics). Grove connectors may
be used to connect to the respective digital I/O pins as desired.

Wire each LED cathode to the Arduino ground rail.

Connect one side of each switch (Rapid Shutdown, HV Enable, and Polarity) to Arduino ground rail.

Connect the second side of each switch to the respective digital Arduino channel (see schematics).

Once all wires are connected, zip connectors should be used to combine cables into bundles to allow proper airflow
through the combined unit. Once complete, the system will need to be tested to ensure accurate wiring and proper HV con-
trol according to the following procedure. Warning, this step requires the ability to measure high voltages safely. Ensure
appropriate engineering controls to protect users and equipment from high voltage exposure. The procedure outlined
below assumes correct values at each step before proceeding to the next step. If an erroneous result is observed, immediately stop
the test and correct any circuit errors before proceeding.

1.

2.
3.

I

O oo~ WU

10.

11.
12.

13.
14.
15.

Internally, disconnect the supply connectors (green) to both HV supply modules to prevent their activation during ini-
tial testing.

Plug the supply into building power, turn on the supply, and wait for the home screen to appear.

Disable HV power supplies via the front panel switch and observe the relays. Both relays should show a red (state 2)
light.

. Enable HV power supplies via the front panel switch and observe the relays. One should be in state 1 (red LED off on

the relay) and the other should be on, corresponding to the selected polarity.

. Switch the polarity and ensure the relays change to the appropriate states for the second supply.

. Press the “rapid shutdown” button and observe the relays; they should both indicate State 2 (red LED active).

. Release the rapid shutdown switch before proceeding.

. Using a DMM, measure the output of the MCP4725. It should read 0.00 V if the HV output has not been activated.

. Set a potential of 10,000 V, enable HV, and note the MCP4725 output. It should read 2.5 V. Repeat for a series of set

potentials and observe the output with reference to a 0-5 V control potential.

Set output to 100 V, turn off HV, turn off the main power switch, and unplug the supply from building power. Wait
several minutes to ensure all power supplied have discharged.

Reconnect the green HV connectors to the HV modules.

Connect the Positive HV output to an appropriate load and attach a measuring device. A grounded Fluke 80K-40 high
voltage probe (or similar) attached to a DMM will work for this process. If no such probe is available, do not proceed.
Plug in and power on the supply.

Enable and engage high voltage output and record the output potential (both on the screen and on the multimeter).
Change through a series of HV outputs and record the output potential to ensure accuracy on both HV modules.
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Software edits

Depending on the maximum output of the high voltage power supply used, some edits within the Arduino software may
be required for correct operation. These editable items are described in the code and found at lines 91, 92, and 93. Line 91
should be edited for any supply with a maximum output potential other than +20 kV. Line 92 may be edited to alter the ramp
rate of the power supply; higher values will ramp the supply faster, with 4096 removing the ramping feature entirely. Line
93 may be edited for older Arduino units as the EEPROM memory ages and becomes unstable after 100,000 uses. Edit in mul-
tiples of 8 to set to a new memory block within the EEPROM.

Software troubleshooting

If the DAC is reading correctly per the test outlined above but the output is not what is expected, uncomment line 413.
After uploading the software, the HV Ramp Up screen will now report the DAC output setting below the potential output. The
system may be operated normally with this line uncommented, but it is suggested to disconnect the HV modules and test the
output from the DAC in this mode to ensure it matches the desired output from the setting shown in the HV Ramp Up screen.

Operation instructions

Safety Warning: Exercise extreme caution when operating and working around the high-voltage (HV) power supply sys-
tem, especially during assembly and with the cover removed. Be vigilant regarding the voltage potentials used and the cur-
rent the unit can produce. Establish appropriate safety controls to shield the system during construction and operation.
Always dissipate any residual voltages through an appropriate load to ground before servicing.

During assembly, care must be taken to always maintain the system in an off state. Follow the assembly instructions as
provided to minimize possibility of electrical shock during assembly. Always work with another person in case an emergency
occurs and stand on an insulating pad. Work one handed when possible and sink all components to ground after unplugging
prior to maintenance to ensure operator safety.

During operation, with the cover closed, no high voltages are present outside of the grounded box. However, rear ports do
allow access, with appropriate connectors, to both positive and negative HV potentials. Appropriate precautions should be
taken regarding connecting this device to the unit to be controlled and appropriate shielding should be in place prior to oper-
ation. The rapid shutdown switch is positioned on the front of the HV unit to immediately close the internal relays to bring
control potentials to zero as quickly as the supply module may sink the potential through the external load.

Assembly of this supply as detailed above requires knowledge in basic circuits, soldering, high voltage safety, and basic
metal working experience and tooling.

Operation

Connect the power supply unit to the external device to be powered from one of the two rear connectors prior to pow-
ering on the unit. Ensure the HV enabled switch is set to disabled and the polarity switch is set to the desired polarity. After
powering on, the front screen should display as shown in Fig. 6 (all figures demonstrated with Negative mode active).

From the main screen, all user-operated controls may be selected by rotating the rotary encoder to select options 1-3.
Option 1 will ramp the applied potential from zero to HV setting at the ramp rate selected in the setup process described
above if selected while HV STATUS is in the OFF state. If selected when HV STATUS is in the ON state, the system will ramp
the potential down from HV Setting to zero volts. Fig. 7 demonstrates the screens displayed through this process. If HV On is
selected while the system is in DISABLED mode (front switch is in the disabled position), an error message will be displayed
to the user for 5 s to change front panel switch to enable HV output before returning to the home screen.

If Option 2 is selected (Set Voltage), the screen will display as shown in Fig. 8. From this screen, the prior setting is dis-
played at the top and the cursor will begin blinking in the “ones” place on the screen. Rotating the encoder will change these
values from 0 to 9 for a given space. Clicking the encoder moves between spaces and will cycle until “BACK” is selected. At
this point, the user may rotate the encoder between BACK, OK, and CANCEL and clicking the encoder button will select the
highlighted option. BACK will return to the “ones” place where the potential may be set if a mistake was made. CANCEL will
return the user to the main screen without altering the HV setting. Finally, OK will save the new setting to the EEPROM of the
device, after which one of three options may occur. (1) if HV is OFF or DISABLED, the user will be returned to the main screen
with the new HV setting displayed. (2) if HV is ON and the new potential is higher than the previous setting, the HV ramp up
screen will be displayed until the new setting has been established. Finally, (3) if HV is ON and the new potential is lower
than the previous setting, the HV ramp down screen will be displayed until the new setting has been established.

Front panel options

There are four controls accessible to the user on the front panel (besides the main power switch). These include the rotary
encoder and its use as described above. Also included are the HV enable switch, the polarity switch, and the latching rapid
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HV STATUS: DISABLED
Polarity: Neg

HV Setting: 2000

HV Output: 0

. Turn on/Off HV

Set Voltage

Reset to default

Current Selection:

= O3 N =

HV STATUS: OFF
Polarity: Neg
HV Setting: 2000
HV Output: 0

Turn on/Off HV

Set Voltage

Reset to default

Current Selection:

ph END =

HV STATUS:
Polarity:

HV Setting:
HV Output:

ON
Neg

2000

2024

1. Turn on/Off HV

2. Set Voltage

3. Reset to default

4. Current Selection:

Fig. 6. Home screen of HV power supply when potential output is disabled (top left), enabled and off (top right), and active (bottom).

HV Ramping Up:

HV called: 2000
HV setting: 400

HV Ramping Down:

HV called: O
HV setting: 1600

Fig. 7. High Voltage ramping (up or down) user displays. In each mode, the HV setting is what is currently being sent to the power supplies while HV called
is the final setting desired through the given mode. The ramp rate is determined by steps per second as set in the setup process. These screens are also
utilized if HV settings are changed while output is engaged.

%k %k %k %k *k Set Outputsk %k %k %k 5% %k
Prior Setting: 2000
000 0f Volts

BACK OK CANCEL

Fig. 8. HV setting display screen. When numbers are selected, rotating the encoder will cycle the numbers between 0 and 9 and clicking will advance to the
next number. When BACK is highlighted, rotating the encoder will change between selecting BACK, OK, or CANCEL and clicking will select the highlighted
option.
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shutdown button. The use of the HV enable switch as it related to the main screen is described above. However, if this switch
is switched from enabled to disabled while the high voltage is active, the system will automatically switch into HV ramp
down mode and reduce all potentials to 0 V before disabling the system at the relays as a safety mechanism. Note that this
is a controlled ramp-down procedure, not a rapid shutdown for safety.

If at any time, the user presses the Rapid Shutdown button on the front panel, the system will immediately close both
relays and display the screen demonstrated in Fig. 9. The internal HV will also be set to the OFF state via both relays shunting
to State 2 and driving the HV module adjust pins to ground. This will immediately cause the power supply to sink current at
the highest rate possible from the load. Such use may reduce the lifespan of the high voltage supply or damage connected
equipment and so should not be used for routine shutdowns. The screen shown in Fig. 8 will remain until the switch is
pressed again, after which the software will undergo a full reset, ensuring user safety.

The polarity switch allows user selection of the power supply used for HV output. This switch may be changed at any time
during operation. If HV output is OFF, changing the polarity switch will only result in changing the main screen between
“NEG” and “POS” displays and the illumination of the appropriate LED’s on the front and back of the unit. If HV output is
on when this switch changed, HV ramp down is called and the potential reduced to zero on the output line before the polar-
ity light indicators are changed to inform the user when it is safe to work with the attached equipment.

Validation and characterization

Operation of the HV power supply was confirmed through direct measurement of the output through a Fluke 80 K-40 HV
probe (Fig. 10) and application of the supply to an Ion Mobility Spectrometry cell requiring a steady potential of = 10 kV on
the first ring for normal operations (Fig. 11). The modular HV supply was compared to a commercially available power
supply (XP Power, Sunnyvale CA, FJ20R040) operated via front-panel controls.

% %k k RAPID SHUTDOWN %k %k %
All HV disabled

Press Switch again to Reset

Fig. 9. Rapid Shutdown mode user screen display.
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Fig. 10. Measured vs Called potential for negative power supply module in HV power supply. Black trace indicates 1:1 ideal. The maximum deviation from
ideal is <100 V relative to Earth ground, within the +0.5 % load regulation parameters of the HV module.
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Fig. 11. Ion Mobility spectra in the positive (A) and negative (B) modes. Black traces were obtained with an XP Power FJ20R040 supply, Red traces with the
supply as described. Both the commercial and custom supplies provided sufficient and stable potentials to obtain consistent IMS spectra, though the custom
supply did demonstrate slightly higher levels of background noise. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

When operated with 1000 V increments, the supply demonstrated an average accuracy of * 1.3 % across the range of the
supply, within the combined errors of the dependent devices (Arduino, MCP4725, LM2596, 24 V supply, etc.). The greatest
deviations occurred at the extreme ends of the requested curve (highest and lowest voltages), consistent with the stated lim-
itations of the MCP4725 board used for DAC control. This resulted in a linear correlation to called vs output (Fig. 10) with an
R? of 0.999994. This supply was also maintained at 20 kV (supply maximum) for 24 h, demonstrating a standard deviation
of £ 15 V (0.07 %) when measured to 0.01 V at a 2 Hz sampling rate. Data demonstrated in Fig. 10 were obtained from the
negative power supply and are displayed as absolute value for clarity.

Fig. 11 demonstrates the recorded IMS spectrum for the positive mode (A) and negative mode (B) 50 average reactant ion
peaks for a corona discharge ionization (CDI) source biased at 3.5 kV above the first ring. In IMS, reactant ions are always
present and multiple peaks for a CDI source are not uncommon. A standard deviation of the baseline was obtained across
a 2 ms range where no peaks were observed for direct comparison between the commercial and built power supplies. For
both positive and negative modes, the noise level was slightly higher for the modular supply than the commercial supplies.
However, general peak shapes, resolution, and drift times were identical, demonstrating a consistent, stable output across
the averages obtained. It should be noted that variances in relative peak heights for reactant ions from a CDI source in
IMS are variable within a short period depending on humidity, pressure, and temperature, so the different peak heights
demonstrated in this data are not due to differences between the power supplies used but between the time required to
transition the instrument between HV supply sources and obtain the displayed data.

It should also be noted that while the XP Power supplies are sold as reversible high voltage supplies, changing potential is
a tedious process involving swapping entire internal modules. This process requires approximately 30 min to complete. The
ability to rapidly change polarities as provided by the described supply is highly advantageous when working with samples
that require both polarities. Finally, while some commercial supplies do ramp potentials, many commercial supplies either
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do not provide this functionality or will only ramp up in potential. As IMS relies upon a series of highly sensitive electronics
attached to the HV portion of the instrument, a moderated ramp is desired for turning the instrument on and off to protect
these devices.

Capabilities:

o Flexible, stable high-voltage output in both the positive and negative modes.

e Rapid switching between polarities via a front-panel switch (though a cable change is required)

e Ramp up and Ramp down of high voltage potentials to protect attached equipment.

e Rapid shutdown mode allows rapid discharge of applied potentials to protect the user and equipment.

Limitations:

e DAC 12-bit resolution limits the minimum potential difference between settings to 4.88 V (assuming a 20 kV HV module).
e Output potential demonstrates slightly higher noise levels than commercially-available power supplies.
e Output limited to 1 mA current
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