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ABSTRACT

Applications such as high-side battery switching demands a power switch capable of bidirectional current
flow, bidirectional voltage blocking for proper power management. This application report starts with the
definition and V-1 characteristics of an ideal bidirectional power switch (BPS), followed by common circuit
configurations to achieve BPS characteristics.

This report highlights the challenges and limitations of existing implementations and discusses how eFuse
devices can be used to improve power path protection and control. At the end, test waveforms
demonstrating the performance and bidirectional power switch functionality of eFuse solution are

presented.
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1 What is a Bidirectional Power Switch?

A bidirectional power switch (BPS) is an active switch which can support bidirectional current flow when it
is in the ON condition and bidirectional voltage blocking when it is turned OFF. Figure 1 shows an ideal
representation of BPS with ‘A’ or ‘B’ as interchangeable input/output terminals. The characteristics of BPS
in the ON state, OFF state are illustrated in Figure 2 and Figure 3, respectively. In Power Electronics
terminology, bidirectional power switch is termed as a four-quadrant switch capable of conducting positive
or negative ON-state current and capable of blocking positive or negative OFF-state voltage.
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Figure 3. Bidirectional Power Switch — Characteristics in OFF State

Figure 4 through Figure 8 show common circuit configurations which can be used to realize BPS. As
shown in Figure 4, a simple P-channel MOSFET with a body bias selector circuit facilitates BPS function.
The circuit automatically biases the P-channel body to the most positive potential (source or the drain) to
maintain a reverse bias across the diode present between the source and the drain terminals. Similarly, an
N-channel MOSFET with its body connected to the most negative potential (Figure 6) in the circuit can
support BPS function. The back-to-back connected MOSFETS either in common source or common-drain
configuration as shown in Figure 5, Figure 7, and Figure 8, provides symmetrical OFF-state blocking
characteristics similar to bidirectional power switch.
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Figure 4. BPS Configuration — P-MOSFET Through Body  Figure 5. BPS Configuration — Back-to-Back Connected
Bias P-MOSFETs
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Figure 6. BPS Configuration — N-MOSFET Through Body  Figure 7. BPS Configuration — Back-to-Back Connected
Bias N-MOSFETs in Common-Source Configuration
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Figure 8. BPS Configuration — Back-to-Back Connected N-MOSFETs in Common-Drain Configuration

2 Bidirectional Power Switch Applications

In this section, some application use cases of bidirectional power switches are presented. Figure 9 shows
an application of a bidirectional power switch for charger demultiplexing. A single charger is utilized for
charging multiple battery units in a sequential manner. In this use case, the BPS should be able to block
voltage in OFF-state to avoid draining a charged battery or to avoid one battery from charging another
battery. Figure 10 illustrates the usage of BPS for high-side battery switching in portable products, where
one of the battery sources is selected to power the load.
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Figure 9. Charger Demultiplexing BPS Figure 10. High-Side Battery Switching BPS

Figure 11 shows another use case of BPS in a standby power system. The supervisory circuit monitors
the system status and disconnects the battery from the main circuit in sleep mode. This helps save
precious battery energy by avoiding leaking current from the battery. In this use case, the BPS should
draw very low shut-down current. When the battery is connected back to the main circuit, the BPS should
be able to provide inrush current protection.
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Figure 11. BPS in Standby Power System

As seen in these application use cases, the other performance-related requirements of bidirectional power
switch are:

» The BPS device should have flexibility to enable the power flow from either ‘A’ or ‘B’, which means the
device should be able to turn on the path when powered at terminal ‘B’, even if potential at ‘A’ =0 V.

* In battery-powered systems, the BPS should provide low on-state resistance R,, for tight voltage
regulation during charging phase and for better battery capacity utilization in back-up mode.

» The BPS device is always connected to the battery side, so it should draw very low shut-down current.

» When the battery is connected back to the system, momentary inrush current is expected on the

battery which can stress the BPS device. Any additional protection against inrush currents, overloads,
short circuit, and temperature enhances the reliability of the system.

3 BPS Discrete Implementations

Figure 12 shows a discrete implementation of a bidirectional power switch using P-channel MOSFETS. In
this solution, the body diodes of P-MOSFETSs assist in enabling the power flow from either ‘A’ or ‘B’. This
implementation is simple and an additional capacitor at the gate terminal helps in controlling the inrush
current in both the power flow directions. However the P-MOSFET solution is more expensive than N-
MOSFET to achieve same ON-state resistance. The circuit does not have thermal protection for the FETS,
S0, an oversized device needs to be considered for higher design margin.
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Figure 12. BPS Discrete Implementation Using Back-to-Back Connected P-MOSFETSs
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The discrete implementation of bidirectional power switch using back-to-back connected N-channel
MOSFETSs is illustrated in Figure 13. In this solution, an additional circuitry is used to support the power
flow either from terminal ‘A’ or ‘B’. The Schottky diodes MUX the supplies at terminals ‘A’ and ‘B’ to power
the charge pump circuit, which in turn provides enough gate drive to turn ON both the N-channel
MOSFETSs. Even though the implementation provides low R, with N-MOSFETs but the component-
intense complex drive circuit occupies more board space and also raises concern on circuit robustness.
Similar to Figure 13, this circuit also does not provide thermal protection for the FET, so oversized FETs
need to be considered for higher design margin.
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Figure 13. Discrete Implementation of BPS Using N-MOSFETSs

4 BPS Realization With eFuse Devices
Figure 14 shows realization of bidirectional power switch using TPS2595 eFuse devices. Two eFuse
devices are connected in back-to-back configuration to support OFF-state voltage blocking. When the
applied voltage at the 'A’ or 'B' terminal exceeds a minimum operating voltage of 2.7 V, the circuit
configuration establishes the power path connection.
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Figure 14. BPS Realization Using Back-to-Back Connected eFuse Devices
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Figure 15. Output Characteristics at the Terminals ‘A’ and ‘B’ of the eFuse Solution

The terminal characteristics of eFuse solution are symmetric at both the ports as shown in Figure 15.
Apart from supporting bidirectional current flow and OFF-state voltage blocking, the eFuse solution offers
additional protection which includes overcurrent limiting, short-circuit protection, and inrush current control,
and so forth. As seen in Figure 15, the terminal voltage decreases with the increase in the load current
due to ON-state voltage drop. Any further increase in load current beyond the programmed current trip
point I+ pushes the device into current-limiting mode. During current-limit mode of operation, the device
effectively regulates the output current to I, causing the terminal voltage to drop accordingly.

eFuse solution advantages follow:

 N-MOSFET offers superior ON-state resistance

* The wide operating voltage from 2.7 V to 18 V makes the TPS2595 device compatible to Li-lon, lead-
acid battery applications

» The integrated thermal protection ensures device operation to be within the Safe Operating Area
(SOA) limits

» Two back-to-back connected eFuse devices gives freedom to set independent forward and reverse
overload current limits

* The eFuse solution provides quick termination of transient short-circuit currents and offers robust short-
circuit protection

4.1 Setting Current Limit
The TPS2595 device monitors load current during start-up and the normal operation. When the load
current exceeds the current limit trip point I, programmed by the R, \, resistor, the device regulates the
current to the set limit I .- Use Equation 1 to find the R,,, value for a desired current limit.
2000
A p—
Limit— Y- (1)
4.2 Setting Slew Rate and Inrush Current Control
The inrush current during turn on is directly proportional to the load capacitance C; and rising slew rate.
Use Equation 2 to find the slew rate SR, required to limit the inrush current I,yzysy for a given load
capacitance.
vy | (mA)
SRy (_j _ INrusH
ms Cour (HF) ©)
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For loads requiring a slower rising slew rate, a capacitance C,, can be added to the dVdt pin to adjust
the rising slew rate and lower the inrush current during turn on. The required C,, capacitance to produce
a given slew rate can be calculated using Equation 3.

42000
Cdth (pF) =T 7 v\

Y]
SR —
oN (msj ©)

Use the TPS2595xx design calculation tool, for quick estimation of inrush currents for a given load, input
voltage conditions.

Test Results

In this section, test waveforms of an eFuse bidirectional power switch for several use cases are
presented. The circuit is configured for current limit of 600 mA in both the power path directions and the
slew-rate is set at 4.2 V/ms. Following are the parameter values of the circuit and the load:

» Battery voltage, V\y = 4.2V

* Ruw=Rymi1=Ryuum,=335kQ

*  Cavar = Cavar 1 = Cavar » = 10 NF

« CL =100 pF

« RL=1000Q

» X denotes charger is not connected to the system

Charger X ®

BPS T cL RL

Battery

Figure 16. System Start-up From Battery
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AV4
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Figure 18. Overload Protection for Battery

Figure 19. Overload Response of eFuse Solution When
Load Resistance is Changed from 100 Qto 5 Q
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Figure 20. Short-Circuit Protection for Battery
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Figure 21. Output Hot Short to GND Response
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Figure 22. Battery Current During Charger Plug-in Event
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Figure 23. Current Profile of the Battery Path During
Charger Plug-In
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Figure 24. Charger Demultiplexing for Two Batteries
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Figure 25. Current Profile of Battery #1, BPS #2 is in
Disable Mode
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6 Conclusion

The back-to-back connected eFuse configuration offers full functionality as a bidirectional power switch. In
addition to the power path control, the integrated protection features in the eFuse solution offers robust
power path protection which includes overcurrent limiting, short-circuit protection, and inrush current
control. These advantages make an eFuse solution as a favorable option in high-side battery-switching
applications.

7 References
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