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A reliable analog circuit guarantees proper operation within the parametric tolerances of the
active controlling IC and passive components. For a Hot Swap circuit to perform properly,
the minimum and maximum values of a number of parameters must be gathered from the
data sheets of all components. From these, the Hot Swap circuit’s behavior in the face

of various capacitive loads should be known. This article shows how critical capacitive
loads are calculated for Hot Swap circuits with foldback current limit characteristics.

OVERVIEW

For a Hot Swap circuit, as shown in
Figure 1, the critical parameters are
operating voltage (Vopgg) maximum cur-
rent limit (Ipr) timer period (T) and the
maximum output voltage slew rate (Sg),
which happens when the Hot Swap circuit
starts to operate with no-load. These
parameters are selected initially based on
the load requirements, supply limitations
and MOSFET’s drain-source on-resistance

(Rpsiony) and its safe operating area (SOA).

While slewing, the MOSFET acts as a source
follower so the maximum output voltage
slew rate, S, is the same as the GATE pin
slew rate Sg, and it is defined by the circuit
components (gate current divided by gate
to ground capacitance), and has a strong
influence on the power up transient. The
timer period, T, is the time allowed for

the Hot Swap circuit to operate in cur-
rent limit mode before a fault is gener-
ated. A successful power-up transient

is one that does not generate a fault.

The problem of proper operation over the
full variation of the circuit parameters is
relatively simple for a circuit with constant
current limit, 1y jpr- The relationship of
parameters of a purely capacitive load at

the constant current limit for time T is:
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Cloan = lumireT
LOAD ==, ——
Voper

For an r-c load it is easy to define a
surplus current, which is allowed for
the capacitive component of the load,
and select proper load capacitance.

There are two common problems
that require solutions when charg-

ing a load with a Hot Swap circuit:

e The maximum pure capacitive load

for a successful power-up transient.

e The maximum capacitive load, which
can be added in parallel to a resistive
load, Ry, for a successful power-up

transient.

A linear approximation of the foldback
characteristic is shown in Figure 1b. It is
used in all the following considerations.

The main points of this characteristic are:
e The operating voltage is Vopgg-

¢ The initial current limit value, when the

output voltage o < Vour < VinrTs 1S Iinrr

This current limit value persists until the
output voltage reaches vy (point A),
after which the current limit increases lin-
early, which occurs after the output volt-

age reaches vgx (point B). After point B the

current limit is constant (I jyr = constant).
The voltage vgx is lower than vgpgg.

The current limit value as a function of
the output voltage, shown in Figure 1b,
is expressed by three separate equations
for different output voltage levels:

lLoao(Vour) =liniT
when (1)

0=Vour = Vinir

ILoan(Vout) =i +oce Voyr (1)
when Viir < Vour = Vrix

LT =it
Veix = Vinir

where a.=

ILoao(Vour) =ILimir
when (3)

Vrix = Vout = Vorer

The value of the parameters marked on
Figure 1b, the timer period T value and the
slew rate Sg are all known, with tolerance,
and used in the following solutions. For
some circuits, the slew rate Sq is fast
enough that it has a negligible effect on
the inrush transient, and for others, it

is significant. The two loads above are
solved for these two cases of slew rate.



CALCULATING THE MAXIMUM PURE
CAPACITIVE LOAD

One important parameter to know for a
Hot Swap circuit is the maximum pure
capacitive load that a circuit can suc-

cessfully power up into without a fault.

Consider two critical capacitive loads:
Cno_rrr and Cppr. Cno prr is the maxi-
mum capacitive load with which the
circuit passes the power-up transient
without a fault for any possible combi-
nation of circuit parameters. Cg is the
minimum capacitive load with which
the power-up transient is always unsuc-
cessful, and a fault is generated. From
these, the capacitive load range can be
divided into three groups. The power-
up transient is successful for capacitive
loads from zero to Cyg prp- Power-up is
unsuccessful for loads larger than cg.
The power-up transient is unpredict-

able for loads from the Cyo g tO Cppp-

The following Hot Swap circuit param-
eters can be initially defined with tol-

erance: Vinrr, Verxo Iinrrs Iumrm T

The function 1; 5zp(Voyt) shown in

Figure 1b and equations (1-3) has three
distinct operating regions for current limit.
The slew rate, Sg, can either cause the cir-
cuit to leave a current limit mode in any of
these operating regions (before the timer
period T expires), or it can have no effect
(i.e., Sq is very fast). Each of these scenar-
ios, transients, should by analyzed for any
Hot Swap circuit. Each is described below.
Some transients allow finding an analytical

expression for the worst-case parameters.

Figure 1. (a) Major functional components of a
Hot Swap circuit and (b) linear approximation of
the foldback characteristic
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However, the general or universal solu-

tion can be obtained in a numerical form.

Case 1: Sg Never Limits Current

Suppose that natural slew rate Sq is
fast enough to keep the operating point
in current limit mode in all three por-

tions of the function 1, oap(Vour)-

In the first stage of the transient,

the current is 1,1 and the output
voltage rises linearly from zero to
Viner during the time t,. The capaci-
tive load ¢ pap; can be expressed as:

ClLoapt = ity (4)
Vinir

In the second stage of the transient, the
current increases linearly from 151 to

I vt according to (2) as the output volt-
age increases from Vi to Verx. Time

t, represents the duration of this stage,
completed when the output voltage
reaches Vpx. Vrx is usually set to (o.5 to
0.9)Voper (it must be lower than vpgr) by

proper selection of the resistive divider.

The output voltage as a function of time is:

1
CLoapf

t
Vour (1) = J1Loan(t)dt (5)
0

Substituting the expression (2)
in equation (5) produces:

Vour () =ﬁf[hmr +aeVour(h]dt  (6)
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lLmiT

(b)

liniT
ViniT VFIx Voper
Vour

or
dVour () _ it +o* Vour () )

dt Croap1
which leads to the first order
differential equation
Vour() _ &,y - r g (8)

dt CLoap1 CLoap1
with initial condition

It

Vour(0) = Viyir = =L 9)

Equation (8) describes voyr(t) from
the start of stage 2, t = o, to time
t,, when the current limit reaches

its maximum value, Ij ;v

The solution for Equation (8) is:

I t/C I
VOUT(t):(MH/lNlT)e(a/ tor) T (1)
o o
The output voltage at time t, is Vg
Vour (t2)=Vrix =
=(M+V|N|T)e(at2/CLOAD1) _ (1)
o o
The duration of interval t, is
i
+
t :(CLOAD1),| FIX a (12)
o V|N|T+ INIT
o

The third equation should describe how
CrLoapi 18 charged with current 1 g dur-
ing the interval t; from vgx to some

intermediate-level vintgriv Where the
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There are two common problems that require solution when charging a load
with a Hot Swap circuit: (1) the maximum pure capacitive load for a successful
power-up transient; and (2) the maximum capacitive load, which could be added
in parallel to a resistive load, R, for a successful power-up transient.
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Figure 2. (Case 1) Pure capacitive load. Operating
point leaves current limit mode in the third area,
where current limit is Iy jyT-

operation point leaves a current limit
mode because the MOSFET transconduc-
tance drops off in the triode region. When
this region is entered, successful start-up is
assured, but the point at which this region
begins is difficult to solve for because it
involves MOSFET parameters that may

not be available. This region is usually
small, so it makes sense to simplify the
description of this region with the assump-
tion that C; pap; is charged from vy to
Voper With Iy jyvr- In this case the time:

C V -V
tg= L0AD1(I opPer — VFix) (13)
LIMIT

according to (4)

C \/
t= Loixm INIT (14)
INIT

Taking into account T = t; + t, + t3, the

capacitive load could be expressed
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Figure 3. (Case 2) Pure capacitive load with a limited
So (natural output voltage slew rate). Operating
point leaves current limit mode in the first area,
where current limit is ljy-

Croapt= (15)
B T
- i
V AN
Vi, 1, FIx Ia .. Voper ~ Vix
im0y o INT Limi
o

The minimum value of ¢;gyp; from

equation (15) is obtained with Ty,

VinrT_MaX> Inrr_mins a0 Ve max- The
same parametric limits must be used

for expression of Cyo prr that follows.

Figure 2 shows this type of start-up

transient.

The output voltage slew rate range

for this case falls in the range:

linT

SLoAD1_MIN = CLonn (15a)
|
SLoAD1_MAX = % (15b)
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Figure 4. (Case 4) Pure capacitive load with a limited
So (natural output voltage slew rate). Operating
point leaves current limit mode in the second area,
where current limit rises linearly.

Case 2: Sg Limits Current at Point A

For the case where the slew rate
limit, S, causes the operating point
to leave a current limit mode exactly
at point A in Figure 1, the capacitive

load c;pap, can be expressed as:

ClLoap2 = T (16)
Vini

CrLoapz has a minimum with

Iinrrmins Tvin and Viner maxe

It should be noted that the maximum

output voltage slew rate in this case is

lini

16a
CLoaD2 (16e)

SLoAD2_MAX =

It is constant while the operating point

resides in the current limit mode.

Figure 3 shows this transient.
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Figure 5. R-C load without limitation for Sg.
Operating point leaves current limit mode in the third
area, where current limit is I jyT.

Case 3: Sg Limits Current at Point B

To produce an analytical expression of
CrLoaps for the case when the operat-
ing point leaves a current limit mode at
point B, assume that it happens exactly
as the output voltage reaches vgx.

The full duration of operation in cur-
rent limit mode, T, includes two inter-

vals t; and t,. According to (14) ty is:

CroapsViniT (17)

t1_3=
liniT

In a second part of this transient, the out-
put voltage changes according to expres-

sion (10) and the duration of interval t, is:

i
V NI
tz:(CL0A03)| e o (18)
a Vi + T
o

and from (17) and (18)
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Figure 6. R-C load with limited Sg. Operating point
leaves current limit mode in the first area, where
current limit is -

I
CLoap3 = I (19)
Vinr , 1, Ve~ a
T @ V|N|T+||NIT
o

From equation (19), the minimum

value of C;gap; is produced using Ty,

VINIT MAX> IiNrT_mins> aNd Ve maxe

The output voltage slew rate range
for this case can be defined as:

|

SL0AD3_MIN =% (19a)
[

SL0AD3_MAX = % (19b)

Case 4: Sg Limits Current Between
Points A and B

If the output voltage slew rate S is in the
range Syoap1_miN < So < SLoAD1_MaX» CUT-
rent limiting stops before the output volt-
age reaches vgx (before point B), meaning
that during the time t; 4 the output voltage
slew rate is a constant (due to Ijyr) and

during the time t, 4 it becomes equal to Sq.

The following method is recommended.

The output voltage rises from zero
to the vgx during the time t; 4, which
can be expressed from (16) as

t, 4 = GLoana *Vinir
liniT

The output voltage voyr(t, 4) should be
equal to the voltage on the second stage
of the characteristic Figure 1 (equation 2):

Ioap(tz_4)-hwir (20)
o

Vour(t2_4)=

Substituting Iy oap(t, 4) in (14) with
SoCroaps, taking into an account
thatt, 4 = T - t; 4, and placing the
equal sign between (14) and (11)

forms the following equation:

SoCLoan4
o

=("Ni+\/mn)e(“t/°m"“) (21)
(03

This transcendental equation (21) with
unknown C;pap4 can be solved with the
proper calculation software (Mathcad,
MATLAB, Mathematica) or LTspice.

Figure 4 demonstrates a successful
power-up transient, where the cur-
rent is limited for a time less than the
timer period at maximum slew rate.
As a result, the transient begins in cur-
rent limit mode and finishes the inrush
in slew rate limited operation.
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The derived expressions in this article and the approach
to the numerical solutions can serve as a basis for
a detailed optimization of Hot Swap solutions.

MAXIMUM CAPACITIVE LOAD
FOR SUCCESSFUL POWER-
UP TRANSIENT WITHOUT THE
LIMITATION OF THE OUTPUT
VOLTAGE SLEW RATE AND A
DEFINED RESISTIVE LOAD

If the passive load can be defined as a
resistive load R, and all Hot Swap circuit
parameters (Vopers VEixs TNt ILimrrs T)
are known, then the maximum capaci-
tive load should be found to ensure a
successful power-up transient. A success-
ful power-up transient is completed only
after the current reaches 1y 1, because
the slew rate is fast enough to stay in a

current limit for the entire transient.

The differential equation
for the first stage is:

dVout(t)  Vour(t
Cir1 M+ORU—I() =l (22)

dt

The equation (22) solution is:

Vout(t) =it *RL (1—e_t/CLR1RL) (23)

At the end of the first stage (t;) the
output voltage is equal to vyt and

linit R

) (24)
it *Re = Vini

t1=Crr1*Rioap -In(
The differential equation for the second
stage is:

Hourl), 00t -+ aur(t) - (25)

C
LRI 41 R

The first component on the left
side of equation (25) is a current
charging the capacitor; the second

one is a resistive current.
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The solution to equation (23) describes
the output voltage from the beginning
of this stage to the time t,, when

the output voltage reaches vgx.

Vour(t)=

(aRL—1)t
[y + R |o\CwR) [ NTRL |y (o5
aR -1 aR -1

The time interval t, could be expressed

as a function of ¢ gsp from (26) as:

iniTRL
Vepy 4+ INITARL
_RiCipi | X " aR -1
e 1 s (27)
aBRL =1y 4 NTRL
OLRL -1
The differential equation
for the third stage is:
dVoyut(t) = Vour(t
Clri WNour(t),, Your(®) =lumir (28)

dt RL

With the assumption that the output volt-
age slew rate, Sq, does not affect the tran-
sient, it is possible to say that the output
voltage is changing according to (28) up to

Voper- The solution for equation (28) is:
Vour(t)=

29
(Veix = lumimRe (29)

_YCLaR
)e( Vund L)+|LIMITRL

At the end of this stage:
Vour(t3)=Voper
And time t; equals:

t3=RLCLR1In( Veix = lumimRe ) (30)

Voper - ILimiTRL

Since T = ty + t, + t3, Croap for this case is:

RLIn( linirRL )+
linmRL = Vini
TR
R F|x+—”\F'{IT L1
+—L—In Lo
aR -1 v INITRL
INIT+aRL_1

CLp1=T+ +(31)

Veix = lumirRL )

+RLoap In(
Voper —lumimRL

Figure 5 shows measured results
for this case.

MAXIMUM CAPACITIVE LOAD

FOR SUCCESSFUL POWER-UP
TRANSIENT WHEN CURRENT IS
LIMITED BY THE OUTPUT VOLTAGE
SLEW RATE AND A DEFINED
RESISTIVE LOAD IS PRESENT

The value of the output voltage slew
rate, Sq, defines how long a Hot Swap
circuit should operate in the current
limit mode. This event (leaving the
current limit mode) can happen at any
moment of the three stages of the tran-
sient. For defined points A and B, dur-
ing the third stage it is possible to use
equations from the previous section. For
any intermediate points, it is possible

to use the approach demonstrated in
“Case 4” with a transcendental equation.

The transient in Figure 6 illustrates
this case, when the operating point
leaves the current limit mode in the
first stage of current limit area.

CONCLUSION

The derived expressions in this article
and the approach to the numerical solu-
tions can serve as a basis for a detailed
optimization of Hot Swap solutions. m



