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Abstract

Objectives. Battery-powered devices (e.g., wireless sensors, pacemakers, watches and other wrist-worn devices,
virtual reality glasses, unmanned aerial vehicles, robots, pyrometers, cars, DC/DC converters, etc.) are widely used
today. For such devices, it is highly important to ensure safe primary power supply connection, including protection
against reverse polarity. The conventional solution to the reverse polarity problem, involving the use of Schottky
diodes during system redundancy or increasing power by combining two or more power supplies in the OR-ing
circuit due to a large voltage drop, results in significant power losses at high currents, heat dissipation problems, and
anincrease in the mass and size of the equipment. For thisreason, it becomes necessary to develop efficient battery-
powered equipment protection against incorrect reverse polarity connection.

Methods. The problem is solved using circuit simulation in the Electronics Workbench environment.

Results. When protecting equipment against reverse voltage polarity, it is shown that the minimum level of losses
and low voltage drop are provided by “ideal diode” circuit solutions based on discrete components and microcircuits
of the “integrated diode” type with external and internal power metal-oxide—semiconductor field-effect transistors
(MOSFETSs). The circuit simulation of ideal diodes based on p- and n-channel transistors with superior technical
parameters allows the characteristics and voltage and power losses in the protected circuits to be specified along
with a presentation of the proposed technical solution simplicity. The contemporary component base of protection
devices is discussed in terms of efficiency.

Conclusions. Examples of equipment for protecting against reverse voltage polarity are given along with circuit
solutions based on discrete and integrated components. The simulation of the transfer characteristics of protection
devices shows the limit for the minimum input voltage value of around 4 V using a MOSFET transistor.
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Pesiome

Llenu. B HacTosiLLIEE BpEMS LLMPOKOE NMPUMEHEHME HaxoauT annapaTtypa ¢ 6atapeiHbiM nuTaHnem (6ecrnpoBodHbie
[AaTyYNKN, KapANOCTUMYNIATOPbI, «<yMHbIE» BPaCNETbl, O4KM BUPTYaNbHOM peanbHOCTW, 6ECnUNOTHbIE NeTatoLLmMe an-
napartbl, po60Tbl, NMPOMETpPbLI, aBToMobunn, DC/DC npeobpasosatenu n ap.). [Ans aTux ycTpoicTB NpUHUMNNasb-
HO BaXXHbIM BOMPOCOM sIBNSieTCA 6e3onacHoe NoAKMoYEHNE NEPBUYHBIX MCTOYHUKOB 3NEKTPOMUTAHUS U HaNnyYne
3aLMThl OT HAaNPsKeHUs 06paTHOM NONSPHOCTU. TpaaULMOHHOE peLLeHne NPoBEMbI «NepenositoCoBKM» (Mogadn
Ha NprMbop HanpsiXeHUst NUTaHUs 06pPaTHOM NONSIPHOCTKN) C MCMNOJSIb30BaHMEM Anonos LLoTTky npu pesepBurpoBa-
HUW CUCTEMbI UN YBENMYEHUSI MOLLLHOCTU NyTEM 00beAMHEHNS NCTOYHUKOB NuTaHus no cxeme UJ1N sBcnencteune
60nNbLIOro NafeHUs HanpsiXXeHUs NPUBOAUT K 3HAYUTENbHBLIM MOTEPSM MOLLHOCTU NPy BONbLUNX TOKaX, CNOXHOM
npobneme TENI00TBOAA U YBEJIMYEHUIO MaccorabapuTHbIX NapaMeTpoB. ITO nNpeaonpenenuno peanmsauunio ag-
dEKTUBHBIX CPeACTB 3allMThl annapaTypbl ¢ 6aTapeiHbiM NUTaHNMEM OT OLWMOGOYHOrO NOAKIIIOUYEHMS HANPSXXEHNS
06paTHOWN NONSPHOCTHN.

MeTogbl. 3agaya peweHa C MCMNONb30BAaHMEM CXEMOTEXHMYECKOrO MOAENMPOBaHuMA B cpepe Electronics
Workbench.

Pe3ynbTartsbl. [10ka3aHo, YTO MUHVMASbHBIM YPOBEHb NOTEPbL 1 MaJIOE NafeHue HanpsaXkeHns npu 3awmre annapa-
Typbl OT 06PATHON MONSIPHOCTM MUTAIOLLLErO HaMNpPsXXeHUs1 06eCcneYnBaloT CXEMHbIE PELLEHUS «MAeaNbHOro auona»
Ha OUNCKPETHbIX KOMMOHEHTax M MUKPOCXEMbl TUMa «MHTErPasibHOro AMoAa» C BHELWHUM WU BHYTPEHHUM CUII0BbIM
TpaH3nctopom MOSFET. CxeMOTEXHMYECKOE MOOENNPOBAHNE «MAEeasbHbIX ANOA0B» HA P- U N-KaHaNbHbIX TPAH3M-
CTOpax, KOTOPbIE OT/INYAIOTCH BbICOKMMU TEXHUYECKUMIN NapamMeTpamMmm, No3BONIUIIO YTOYHUTb XapakTePUCTUKK, NO-
TepU HaNPSAXKEHNSI N MOLLLHOCTU B 3aLUMLLI@EMbIX LLeNAX U NokKasaTb NPOCTOTY HEMNOCPELCTBEHHO CaMOro TEXHUYECKO-
ro pelueHus. B ctatbe o6cyxaeHbl BONpochl 3 deKTUBHOCTY 1 COBPEMEHHas afieMeHTHas 6a3a yCTPOMCTB 3alUnThl.
BbiBoapl. NprBEAEHbI NPUMEPLI 31EMEHTHOM 6a3dbl YCTPOMCTB 3aLUUThl OT «MNEPEnOoNOCOBKN» MCTOYHUKOB NuTa-
HUS1, BapMaHTbl 3aLUMThl annapaTypbl OT BO3LAENCTBUS HANPSXKEHUS 06paTHOM NONSIPHOCTY, @ TakKe CXEMOTEXHU-
YeCkue peLleHns Ha OUCKPETHbLIX U MHTerpasbHbIX KOMMOHeHTax. MogenvpoBaHue nepenarto4vHbiX XapakTepPUCcTUK
YCTPOICTB 3aLUMThl NOKA3as0 OrpaHUYEHE HA MUHUMaJIbHYIO BENMYMHY BXOOHbIX HANPSXXeHWI okono 4 B, o6ycnos-
neHHyto ncnonbdyembiMm MOSFET TpaH3uctopom.

KnioueBble cnoea: 3alimTa, 6atapenHoe anektponutadHne, MOSFET, amon LLUOTTKM, napasnTHbIM Anoa, «naeanb-
HbIli AMon», NOAK/YEeHMe, HanpsXKeHne, obpaTHas NONSPHOCTb

* Moctynuna: 02.02.2022 » flopa6oTaHa: 31.03.2022 ¢ MpuHaTta k onyonukosaHuio: 05.09.2022

Onsa uutupoBanus: babeHko B.I1., buTtiokoB B.K. 3awmTa annapatypbl ¢ 6aTaperiibiM MMTaHMEM OT OLIMOOYHOro NOA-
KJTIOYEHMS HanpsxeHusa obpaTHom nonapHocTu. Russ. Technol. J. 2022;10(6):52—-59. https://doi.org/10.32362/2500-
316X-2022-10-6-52-59

Mpo3payHocTb pUHAHCOBON AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aMHTEPECOBAHHOCTU B NPEACTaB/EH-
HbIX MaTepuanax uim MeToaax.

ABTOPbI 3a5BNSAIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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INTRODUCTION

In order to provide portability, functionality, and
usability of electronic equipment (wireless sensors,
pacemakers, “smart” bracelets, virtual reality glasses,
unmanned aerial vehicles, robots, pyrometers, cars,
DC/DC converters, etc.), a self-contained power supply
is required [1-6].

Since battery-powered devices may be damaged by
improper connection to the primary power supply, it is
advisable to provide protection against reverse polarity.
Although the battery compartments and contacts of the
battery-powered equipment are typically designed in
such a way as to exclude the possibility of misplacing
the power supply element, however, it is still possible
that battery terminals in automotive electronics, mobile
electric vehicles, telecommunications servers, storage
systems, server infrastructure equipment, and disk
batteries may be misconnected. With polarity reversal
or transients occurring during switching of inductive
loads, serious failures and damage of electronic systems
and units may occur. When the batteries of electric
vehicles are incorrectly connected, reverse polarity can
be dangerous due to possible generation of significant
currents of tens to hundreds of amperes for sustained
periods of time.

The use of circuit solutions and auxiliary electronic
components to provide protection against power supply
with wrong polarity in such cases forms the subject of
the analysis presented in this paper.

In order to better understand the processes and
factors affecting the characteristics of devices for
protection againstreverse polarity, circuits are simulated
in the Electronics Workbench (EWB) environment [7].
In addition to conventional Simulation Program with
Integrated Circuit Emphasis (SPICE) analysis, EWB
allows the connection of virtual controls and measuring
devices to the investigated circuit, which closely
approximate real devices. Along with a significant set
of methods for analyzing various characteristics of
electronic circuits, EWB offers an extensive built-in
library of analog and digital electronic components,
including powerful n- and p-channel metal—oxide—
semiconductor field-effect transistors (MOSFETSs)
from International Rectifier (USA) and Zetex
Semiconductors (United Kingdom), powerful p-n
junction diodes, and Schottky diodes (Motorola, USA).
Considerable experience of using EWB in various fields
of analog and digital electronics has been accumulated
in extensive literature [7, 8]. EWB provides convenient
use of two simulation methods supported by the
program:

e clectronic laboratory simulation implying virtual
measuring instruments similar to real devices are
installed in the electronic circuit while simulation

is started by the Activate Simulation switch on the
work panel;

e quasi-professional simulation implying the analysis
type is set from the Analysis menu, in which window
the analysis type and scheme nodes for which the
simulation result is viewed are set.

DIODE PROTECTION AGAINST REVERSE
VOLTAGE

The simplest methods of protecting equipment
against reverse voltage involve using diode VDI
(Fig. 1a) connected in series with load R1 [9].
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Fig. 1. Diode protection against reverse voltage:
(a) circuit, (b) transfer characteristic. MR2400—diode
(Infineon Technologies AG, Germany). Here and in
following figures, the designations of circuit elements
correspond to the designation system adopted
by GOST 2.710-81!

The transfer characteristic (the dependence of
output voltage U_ . on load R1 on input voltage U, ) is
shown in Fig. 1b. For convenient estimation of results
during simulation in the Analysis/DC Sweep mode,
the voltage source V1 determining input voltage U, is
varied within the range from —10 V to +10 V. Voltmeter
M1 shows voltage drop U}, across diode VD1 in forward
direction U, = 0.748 V with a load current /; of about
1 A flowing through it. In such a circuit, a power loss of
0.748 W in the protection diode is extremely undesirable
for battery-powered devices. Although Schottky diodes
slightly improve the diode protection characteristics at
voltage drop U, =0.3...0.4 V, even such a small voltage
drop may be unacceptable for low supply voltages of

1 GOST 2.710-81. Unified system for design documentation.
Alpha-numerical designations in electrical diagrams. Moscow:
Izd. Standartov; 1985 (in Russ.).
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the order of 3.3 V typically used for powering modern
integrated circuits (ICs) and microcontrollers.

In some cases, where special protection IC against
reverse polarity is not available, discrete component
circuits using cheap and available MOSFETs having
low channel resistance in the open state may be applied.
These circuits are often called the “ideal diode” or
sometimes “smart diode” for their characteristics?.

IDEAL DIODE BASED ON p-MOSFET

The p-channel MOSFET circuit performing the
function of protection diode is shown in Fig. 2a.3

53.22mv |-

VT1 IRF5210
i
14T
Ugs 71| VD!
Uy, GLL4738
+
Vi1 l R2 U R1
100Q
<>_10V -E:1 1kQ out
_OnF'

Fig. 2. Protection against reverse polarity
based on p-MOSFET:
(a) circuit, (b) transfer characteristic.
GLL4738—zener diode (Vishay, USA)

In the circuit, the drain of transistor VT1 is connected
to the positive voltage of the input voltage source V1.
Prior to the application of voltage U, , the transistor
channel is clamped due to the gate and the source having
ground potential along with the voltage Ug,g between

2 Basics of Ideal Diodes. Application Note. Texas Instruments
Incorporated. SLVAES7B — FEBRUARY 2021. 24 p. https://
www.ti.com/lit/an/slvae57b/slvae57b.pdf?ts=1639001451460.
Accessed January 10, 2022.

3 https://www.terraelectronica.ru/news/5444.
January 10, 2022 (in Russ.).

Accessed

gate and source being zero. When positive input voltage
U, is applied, current flows through forward biased
parasitic diode (body diode) in the MOSFET system
and load R1 resulting in a voltage drop close to U,,. The
parasitic diode is open until the transistor VT1 channel
opens (this occurs at voltage U; about 4.5 V). Due to
its low resistance, the open channel shunts the parasitic
diode to provide a small voltage drop in it, as can be seen
from the transfer characteristic shown in Fig. 2b [10, 11].
Voltmeter M1 measures voltage drop Upg = 53.22 mV
across the open transistor. At load current /; = 1 A,
this corresponds to open transistor channel resistance
"ps on = 0.053 Q being close to the value for the
IRF5210 transistor rg o = 0.06 Q. When reversing
the polarity of input voltage U, generated by source
V1, transistor VT1 clamps and blocks the load current
(second quadrant of the characteristic shown in Fig. 2b).

Zener diode VDI protects transistor VT1 against
exceeding the permissible gate-source voltage. The value
of stabilization voltage is selected equal to U =9...10'V,
so that the voltage is sufficient for reliable opening of
transistor VT1. Capacitor C1 smooths out negative
voltage surges across the possible load occurring when
the input voltage polarity reverses rapidly.

If input voltage U, does not exceed the permissible
voltage of the MOSFET switch (typically about 20V),
then protection against exceeding the permissible
voltage is not required. The circuit may be simplified
by excluding VDI, C1, and R2 with the transistor gate
being connected to ground.

In normal operation, the minimum input voltage
from which the circuit has minimal losses similar to that
of an ideal diode occurs with the unlocking transistor
voltage (about 4.5 V). At a lower voltage, the transistor
channel is clamped while only the parasitic diode remains
open, while the voltage drop across the switch is about
Up = 0.7 V (Fig. 2b). An example of the automotive
electronic equipment protection against reverse voltage
polarity is given in the relevant literature.*

The ideal-diode p-MOSFET circuit may be attractive
due to its simplicity, low voltage drops across the transistor
switch under normal operation and current blocking occur
in case of reverse polarity. However, other things being
equal, p-channel MOSFET is inferior to its n-channel
analogs in terms of such parameters as open channel
resistance, maximum current, input capacitance, and cost.

IDEAL DIODE BASED ON n-MOSFET

A similar protection circuit against reverse polarity
may be implemented on the basis of n-MOSFET
provided it is connected to the negative terminal of
voltage source V1 as shown in Fig. 3a [12].

4 https://www.terraelectronica.ru/news/5446.  Accessed

January 10, 2022.
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Fig. 3. Protection against reverse polarity based on
n-MOSFET: (a) circuit, (b) transfer characteristic

As in circuit above, the channel of transistor VT1 is
clamped before applying input voltage U, , since
Ugs = 0. When positive input voltage U, is applied,
the parasitic diode of transistor VT1 opens, and current
flows through load resistance R1. As can be seen from
the transfer characteristic (Fig. 3b), the channel of
transistor VT1 becomes conductive at voltage U, about
+4.5 V. The voltage drop across the open channel of the
transistor becomes minimal at 8.136 mV. At load current
about 1 A, this corresponds to the open channel resistance
pson = 8-136 mQ being close to the Datasheet’ data for
the IRF2505S transistor rg o = 0.008 Q. The scattered
power across transistor VT1 is insignificant being about
8 mW.

When the power supply is reverse polarized,
transistor VT1 clamps and blocks the reverse current
(second quadrant of the transfer characteristic, shown
in Fig. 3b). As in the previous circuit, zener diode
VD1 protects against exceeding the permissible
voltage of transistor VT1. The capacitor C1 = 10 nF is
necessary to smooth the negative voltage surge at the
output possible of occurring at the moment of reversing
polarity of the input voltage and damaging electronic
components. Increasing the capacitor C1 capacity,
the voltage rise time across the gate voltage may be

5 Datasheet IRL2505S International Rectifier. https://www.
alldatasheet.com/datasheet-pdf/pdf/84685/IRF/IRL2505S . html.
Accessed January 10, 2022.

increased, thus allowing implementing the “soft start”
function.

When input voltage U, is less than the voltage
permissible for transistor, the overvoltage protection
circuit between gate and source may be excluded by
eliminating elements VD1, C1, and R2. In this case, the
transistor gate is connected to the power supply “plus.”

Thus, the n-MOSFET circuit provides the most
effective protection against reverse polarity. However,
it may be someway inconvenient to build a large star
ground system due to the protection being included in
the ground bus.

INTEGRATED IDEAL DIODE

Electronic component manufacturers offer a fairly
wide range of high-efficiency ideal diode solutions.
This may be exampled by the LM74610-Q1°
integrated controller (Texas Instruments, USA) with
external n-MOSFET VT1 performing the ideal diode
functions; its connection circuit is shown in Fig. 4.
With the correct (positive) input voltage polarity,
the transistor opens to pass current. Here, power
dissipation is minimal due to low open channel
resistance. In the event of reverse polarity voltage
being applied to the circuit input, the controller shuts
down the transistor in less than 8 us. Like a common
diode, an ideal diode is connected to the power
line via the “Anode” and “Cathode” pins only. The
controller has no connection to the common output,
thus providing zero self-consumption current. The
charge pump circuit with external capacitor Veap is
used for controlling the external power transistor.

+y, VT +tUout

n

-— -8

Iyl

Gate Drive  Gate Pul Down
Anode LM74610-Q1 Catode

VcapH VcapL

-

cap

Fig. 4. Connection circuit for the LM74610-Q1 ideal
diode

The controller, which is designed for a wide range
of automotive applications, is capable of withstanding
reverse voltages up to 45 V. Values for current in the
circuit and power dissipation are determined by the
external transistor characteristics.

6 Datasheet LM74610-Q1 Texas Instruments. https:/www.
alldatasheet.com/datasheet-pdf/pdf/810348/T11/LM74610-Q1.
html. Accessed January 10, 2022.
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The LTC44117 and LTC4412% ideal diodes from
Linear Technology (USA) shown in Fig. 5 are oriented
towards using p-channel MOSFET. However, the
LTC4411 model (Fig. 5a) contains a built-in transistor
with open state channel resistance rg o = 0.14 €Q,
while the LTC4412 variant has an external transistor,
thus extending the range of currents it can control.

In normal operation of ideal diodes, the voltage
drop across transistor may be up to 28 mV at a current
of no more than 2.6 A with input voltages ranging from
+2.6 to +5.5 V. The IC chip has a thermal protection
device for blocking the current should the permissible
temperature be exceeded. The transistor also switches
off when the output voltage exceeds the input voltage
with the return current not exceeding 1 pA. The CTL
pin can be used to control on/off in response to external
commands. The status output STAT indicates the
redundant state where power is being supplied from an
alternate source, there is voltage across the load, and no
current flowing from the main power supply through the
ideal diode.

Based on the LTC4412, the LTC4412ES® power
management IC produced by the Linear Technology
company comprises an ideal diode with external
p-channel MOSFET and a built-in Schottky diode to
permit efficient OR-ing of multiple power supplies over
total load (Fig. 6).

+ Network . VD1
adapter A

Battery VT o oyt
15 tT L
£ LTC4412 TarnF
= Lvn GATE
? — CTL SENSE

GND STAT[—*

Fig. 6. Redundant power management circuit

In normal operation, the current is brought in contact
with the load from the network adapter via the Schottky
diode VD1. When external power failure occurs, the current
is supplied from the backup battery. The voltage drop across
external p-channel MOSFET is less than 20 mV.

The IC is designed for use in cellular phones, laptops,
digital camcorders, uninterruptible power supplies,
powerful USB peripherals, and alternative energy devices.
The reverse battery voltage protection circuit based on
specialized LTC4359'0 controller (Linear Technology)
with external n-MOSFET is shown in Fig. 7.

+U, VT1 +U,

+U. +U
<IN ouT|—"
LTC4411
*—CTL GND STAT[—*
I
(a)
Ui, VT1 +U,
- . .
1
LTC4412
vin GATE
«—CTL SENSE
F GND STAT [—*

(b)

Fig. 5. Ideal diode connection circuit:
(a) LTC4411, (b) LTC4412

The LTC4412 controller (Fig. 5b) controls the
external p-MOSFET (according to established rules, if
the transistor is external, then the control circuit is called
a controller). The maximum permissible input voltage
is up to 40 V, while the switching current is entirely
determined by the external transistor characteristics.
The SENSE and STAT outputs are used for switching or
sharing the load current under operation from multiple
power supplies. The gate driver includes an internal
voltage clamp for protecting the transistor gate.

7 Datasheet LTC4411 Linear Technology. https:/www.
alldatasheet.com/datasheet-pdf/pdf/94411/LINER/LTC4411.
html. Accessed January 10, 2022.

8 Datasheet LTC4412 Linear Technology. https:/www.
alldatasheet.com/datasheet-pdf/pdf/82845/LINER/LTC4412.
html. Accessed January 10, 2022.

in out
12V |vD1 Llj_l )
N
IN  SOURCE GATE OUT
- e C1
— SHDN LTC4359 = 47nF
RV
VD2 Vss
+
R1
1kQ

Fig. 7. Automotive equipment protection circuit against
the battery reverse polarity

Zener diodes VD1 and VD2 are used in conjunction
with resistor R1 to expand the range of possible input
voltages. The n-channel MOSFET BSC028NO6NS!
(Infineon Technologies AG, Germany) with channel
resistance rpg o = 2.8 mQ and current up to 132 A is

9 Datasheet LTC4412ES6 Linear Technology. https://www.
alldatasheet.com/datasheet-pdf/pdf/82846/LINER/LTC4412ES6.
html. Accessed January 10, 2022.

10 Datasheet LTC4359 Linear Technology. https:/www.
alldatasheet.com/datasheet-pdf/pdf/1039943/LINER/LTC4359.
html. Accessed January 10, 2022.

11" Datasheet BSC028NO6NS Infineon Technologies. https:/
www.alldatasheet.com/datasheet-pdf/pdf/470560/INFINEON/
BSC028NO6NS.html. Accessed January 10, 2022.
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recommended for use as external VT1 to ensure low
heat dissipation, low voltage loss, and small overall
dimensions. As well as meeting strict requirements
for automotive and telecommunication equipment, the
controller allows for redundant power management
(SHDN pin).

CONCLUSIONS

The component base of devices providing protection
against reverse polarity connection to power supply
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