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Abstract. This paper presents a precision over current protective function
integrated in a high side power switch. The accuracy improvement is based on
using a low offset, autozero amplifier for providing the same bias conditions for
both the power and the sense transistors.

Key-words: high side switches, current protection.

1. Introduction

Integrated switches tend to replace the classical relays in an increasing range of
applications. The main advantage of the integrated solutions is the possibility of inte-
grating the driving and protection functions together with the actual switch, making
the power device control much easier and increasing the application robustness.

A critical function is the protection against short circuit conditions. Many topolo-
gies have been implemented for measuring the load current and protecting the active
device, either by switch-off or current limitation. [1] The circuit accuracy and com-
plexity vary with the application requirements. Higher sensing accuracy is generally
needed for load diagnosis. This paper focuses on a precision over current protection
function integrated in a high side switch.

2. Current Sensing Topologies

In automotive applications, switches are used to connect different loads types to
the car battery. Load types vary from LED and relays to bulbs and d.c. motors,
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resulting in a wide range of required switch currents and resistances. An important
requirement is that the switch protects itself against any system malfunction.
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Fig. 1. Direct current measurement topologies.

The switch can be connected between load and ground, commonly referred to
as low side switch, or between supply and load, respectively referred to as high side
switch. In this paper, we only present the high side current sensing topologies, but
they can easily be adapted to low side switches as well.

A switch (in on state) is basically a resistor, so the power it dissipates is equal
to the square load current multiplied by its on state resistance P = R,,I?. As the
load current increases, the on state resistance must be reduced to limit the dissipated
power. As we move to higher current applications, the allowed switch voltage drop
becomes smaller.

In this section we discuss the changes suffered by the current sensing circuit in
order to adapt to the reduced switch voltage drop.

The easiest current sense method is to insert a sense resistor in the current path
and than measure the resulting voltage drop. This topology is presented in Fig. 1(a).
The main drawback of this solution is that the sense resistance is added to the total
switch on state resistance, at is it connected in series with the actual switch. Even
for moderate resistance switches, additional solutions must be searched.

A possible approach is presented in Fig. 1(b). In this case the switch is used as
a “sense resistor” as well. We measure the switch voltage drop and, based on it, we
estimate the load current. This solution implies no additional resistance in the load
current path and is quite easy implemented. However, the switch on state resistance
varies dramatically with temperature, process variation and supply voltage, making
this approach inaccurate.

Most current measuring topologies do not measure directly the output current but
use a sense transistor to conveniently “mirror” and “scale down” this current. Such
a topology is presented in Fig. 2(a). A sense transistor is connected in parallel to
the power switch and ideally its current is given by the output current divided by the
geometric ratio between power and sense transistors.

The sense resistor is connected in parallel to the sense transistor. As the sense
current is typically much lower then the output current, reasonable sense resistor
values can be used. We note that the sense transistor and resistor are connected in
parallel to the switch so they do not increase the total output resistance.
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Fig. 2. Sense transistor current measurement topologies.

We note that the voltage drop across the sense resistor appears as a mismatch
between power and sense transistors. This mismatch affects the mirroring accuracy,
so the voltage drop across the sense resistor must be small compared to the switch
voltage drop. For very low resistive switches, this condition cannot be fulfilled.

This problem is solved by the topology presented in Fig. 2.(b). The sense tran-
sistor voltage drop is controlled by a buffer that matches it to the power transistor.
For this configuration, the output and sense current paths are independent, and the
sense resistor voltage drop does not influence the mirroring accuracy.

3. Over Current Detection

The output current measuring topology used in this paper is presented in Fig. 3.
[2] A sense transistor, My, is added in parallel to the main power switch, M;, for
mirroring a sense current, Isense, that is then compared to a threshold.

My and M, have their gate and drain connected together. Amplifier A, forces
the source voltages of both transistors to be equal. As a result, transistors M; and
M,y are virtually connected in parallel, so the current densities are equal. The ratio
between the output and sense current is then given by the multiplicity ratio:

Iload :KILISIsen567 (1)

where typical Kjp ;g value is between 100 and 10 000, depending on power transistor
size.

The sense current is converted in a voltage, by applying it on a sense resistor,
Ryense, and then compared with a reference voltage, Vies.

‘/;ense = IsenseRsense~ (2)

A trimmed reference current is used to generate the comparison voltage, V¢, on
a reference resistance, R,.y, matched with the Rense.

When the load current crosses a certain threshold, the sense voltage becomes
higher than the reference, so As comparator signals over current conditions. The
threshold condition is:

‘/sense = IsenseRsense = Teeref = V!‘Ef' (3)
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The threshold output current results:

R,
Iload - KILIS;#IT@)“ (4)

sense

This equation highlights the factors influencing current sensing accuracy: the
power to sense transistors ratio, Krrrs, the Ry .f /Rsense ratio and the reference cur-
rent I, ;. Integrated resistors can be matched with accuracy below 1%, 80 Rye/Rsense
ratio is not a major concern for the overall accuracy. A typical integrated current
source has a spread of about 20% to 30%, so for precision current detection current
trimming is required.

The Krrrs ratio has the biggest impact on current sensing accuracy, as the two
matched devices have completely different size and geometry, typically work at dif-
ferent temperatures and the matching between power devices is generally poor (com-
pared to low voltage devices).

This paper focuses on presenting a circuit technique for providing the same “bias
condition” for the power and sense transistors, to achieve the best K ;g accuracy,
and consequently, a better current sensing accuracy.
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Fig. 3. Over current detection.

4. The A, amplifier offset effect

For accurate sense current mirroring, transistors M; and Ms should have the
same source voltage. These source voltages are kept constant by the feedback loop
controlled by the A; amplifier. The amplifier offset voltage appears as a mismatch
between the two sources voltages, resulting in a sense current error.

In this section we develop an analytical model for the A; amplifier offset voltage
influence on sense current mirroring precision.
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For both, power and sense transistors, we use the linear region model:

VBS load
Dioad = Kioad - | (Vas,ioad — V1) - VDS 10ad — — | (5)
VDQS sense
Isense = Ksense . (VGS,sense - VT) . VDS,sense - 72 . (6)

The A; amplifier offset affects both the gate-source and drain-source voltages.
However, the gate-source voltage is much larger than the offset voltage so we can
consider the two gate voltages equal in a first approximation.

VGS,load = VGS,sensea
VGSJoad - VT = VGS’,sense - VT = VOV- (7)

We take into account the offset voltage mismatch between power and sense tran-
sistors drain-source voltages.

VDS,load = VDS,sense + Vos. (8)

We use the output to sense current ratio (Kjrs) to measure the sense current
accuracy. From equations (5), (6) and (7) we get:

2

I L1044 Kioaa  Vov - Vbsjoad = Vs ioaa/2
ILIS = = . 5 .
Tsense Ksense Voo VDS,sense - VDS,sense/Z

9)

Also taking into account equation (8), we get the current ratio expression of the
two transistors depending on the amplifier’s offset voltage.

K _ Kload 1
[ELs = Ksense 1_ VOV : Vos - VDS,load . Vos + Vo%;/Q -

(10)

2
Vov - Vbs,ioad — VDs’load/Q

As V,s and Vpg ioaa are very small, we can neglect the second order effects, re-
sulting in:

Iload Kload 1
KILIS Isense Ksense 1- %S/VDS,lOad . (11)

This result shows that the K ;s accuracy is determined by the power and sense
transistor matching (described by Kjoqa/Ksense) and by the A; offset voltage induced
error. For achieving a high Kr1rg accuracy, the Vs /Vpg ioad ratio should be reduced
as much as possible.

The voltage Vps,ioad is given by the on state resistance multiplied by the current
threshold, so the V,s/VDsg 10aa ratio can only be reduced by decreasing the offset. We
also note that the offset error is more important at detecting lower currents, when
VDS i0aa is smaller.
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5. K 115 dependence on output current level

In some applications, it is needed to measure the current level, not only detect a
specific current threshold. The A; amplifier offset voltage introduces a K s ratio
dependence on the power transistor drain — source voltage, as given by equation
(11). At high current levels, the voltage drop on the power transistor is also higher,
making the offset voltage induced error negligible. As the load current decreases, the
1-V4os/VDS,10aa term contribution becomes more important.

The Kjrrs accuracy dependence on output transistor drain — source voltage is
presented in Fig. 4. We considered a given, process induced, mismatch between the
power and sense transistor (independent on applied drain — source voltage). This
process mismatch is multiplied by the offset induced error determined in the previous
section.

The maximum and respectively minimum K¢ ratios are given by:

Kiq(1+ ) 1
Kyrar = . , 12
M K; 1—Vos/VDS,i0ad (12)
Kid(l — a) 1
Kyrin = : ) 13
M K; 1= (—Vos)/VDS,10ad (13)

where K4 is the ideal Ky g ratio, given by the power to sense transistors geometry
ratio and « is the technological maximum Kj;rrs spread. We have considered the
worst case offset voltage for each case (+V,s for Kprar and —V,s for Kpzin).

From Fig. 4 we can see that, at high Vi i0aq values, the offset error contribution
is negligible and the Ky g deviation is given by the technology mismatch, «. For the
lower Vgs,10aq Tange, the offset voltage contribution increases the total Kyrrs error.

KILIS error
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Fig. 4. Kjp1s accuracy dependence on output transistor drain — source voltage.
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As a rule, we consider the offset error negligible for a minimum Vs ;044 voltage
at least ten times larger than the V,s. The minimum output current that does not
introduce significant Ky g error is:

VO S

Iloa,d.min =10 .
/ RDS,on

(14)
We compared the K g error introduced by two different offset voltage levels. A
lower offset voltages means that the offset voltage error will be negligible for a lower

Vds,load-

6. Autozero Amplifier Implementation

For obtaining an optimal current mirroring accuracy, the A; amplifier offset volt-
age is reduced using the autozero technique. In this section, we present the amplifier
topology and estimated residual offset. [3, 4]

The autozero technique works in two phases: sampling phase and signal processing
phase.

N
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Fig. 5. The autozero topology.

During the sampling phase, the switches K7, K3 and K, are on and the switch Ko
is off. During this phase, the g,,1 stage input voltage is its offset voltage, Vog1. Due
to gm2 and Az negative compensation loop action, the output voltage is driven to zero
by developing on the hold capacitor the compensation voltage, V. At the end of the
sampling phase, by turning off the switch K7, the appropriate compensation voltage
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that produces a zero voltage output for a zero differential input signal is stored on C},
capacitor.

The circuit then switches to the signal processing phase. The amplifier is connected
to the signal path and the correction voltage sampled during the previous phase is
applied on the negative input of the correction amplifier.

Based on circuit operation equations:

Il = gmlvOS 15 (15)
The current I5:
12 =dm2 " (A4 : ‘/ref - VC)a (16)
The output voltage:
Vo =Ry (I + I2), (17)
The compensation voltage:
Vo = A3V, (18)
The compensation voltage results:
A39m1RL ~ 9Im1

Ve —Vos1 (19)

= ——Vos1 =
1+ AzgmaRr AsgmiRL>1  Gm2

During the signal processing phase, the Ky, K3 and K, switches are turned off
and K> is on.

During this phase transition, the voltage stored on the capacitor during the sam-
pling phase is affected by the charge injection effects.

The AZT amplifier voltage gain, Ay, is:

A1 = gm1 Re, (20)

where Ry, is the load impedance.
Considering all these effects, the output voltage of the amplifier in this phase will
become:

Az A3 Qi — Qi
Vour = A1 | V] Vos — ———V, — A, T 21
t 1( IN + Vos 11 AyA, os) 2 Ch (21)

The input referred residual offset, V,s,e., is defined as the output voltage corre-
sponding to V;,=0 divided by the differential voltage gain.

Vo

Ar A4y g G

- Ve i
VOS,rez = Vin=0 051 - gﬂ%m (22)

The residual offset voltage has two components. The first component is given by
the loop gain finite value (the input stage offset is not completely eliminated but only
divided by the loop gain). The second component corresponds to the charge injection
error.
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Fig. 6. Sense current without the S/H circuit.

7. Practical implementation

The autozero amplifier described above is used for controlling the sense current
feedback loop. A standard comparator topology is used for comparing the sense
voltage with the reference.

The autozero amplifier, A;, compares the source voltages of the power and sense
DMOS transistors and controls a feedback loop designed to keep the two source volt-
ages equal. However, as discussed in the previous section, the amplifier is active only
during the signal processing phase.

During the offset sampling phase, the amplifier output is brought to an internal
reference value, independent of the input voltages. During this phase, the sense
current control loop is broken.

To solve this problem, a sample and hold circuit was added to the A; amplifier
output. This act as a current sample and hold circuit on the sense current as the A;
output controls the sense transistor drain voltage through Ms transistor.
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Fig. 7. Sense current with the S/H circuit.
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Figure 6 shows the sense current behavior without the S/H circuit (autozero am-
plifier output is connected to M5 gate). The sense current has the correct value
during the signal processing phase, but jumps to an arbitrary value during the offset
sampling phase. In Fig. 7 the S/H circuit was added. The sense current follows the
output current (divided by Kjrrs) during the signal processing phase and remains
constant during the offset sampling phase.

This approach introduces a delay in the current sensing process. If an over-current
event occurs during the offset sampling phase, it will not be detected until the signal
processing phase. However the over current signal is filtered against spikes, so the
additional delay is not important.

8. Design flow

The target over current threshold is 1 A. Choosing a K7 ratio of 100, results in
a sense current threshold, Isepnse, of 10 mA. A 5 V supply voltage is used. For testing
the over current threshold, the load current is swept between 0 and 1 A in a 1 ms
time interval, (see Fig. 8a). [5]

The A; autozero amplifier output and the sample and hold output signals are
presented in Fig. 8b. The autozero output switches between the correct feedback
signal (in signal processing phase) and the internal reference (in offset correction
phase). The sample and hold circuit filters the autozero switching and provides the
appropriate feedback signal on both phases.

Fig. 5c presents the Ao comparator inputs: the sense voltage, obtained by applying
the sense current on Rg resistor and the comparison reference. It can be seen that
the sense voltage still has some spikes induced by the sample and hold process. The
reference voltage should be inside A; common mode input voltage range, and should
also be much larger than its offset voltage. To achieve this, we choose a 2.5 V reference.

When the sense voltage crosses the reference, the over current condition is de-
tected, as shown in Fig. 5d. This happens at a load current of 1 A, as predicted by
the equation (20).

R,. 25V
Tioad = K =" T..5 = 100 -

—— =1A. 2
Rsense 250 Q2 ( 3)

The power transistor drain-source voltage drop at the transition point, Vpsg ioad,
is given by the device on state resistance multiplied by the current threshold. In our
case, Rpg on = 200 m{2 resulting in a 200 mV drain-source voltage drop.

Taking this into account, we can evaluate the residual offset effect on the Kjy ;g
accuracy. Using equation (11), and consider a perfect power to sense transistor match-
ing (Kjoad/Ksense = 100) we get a Ky s value of 100.05 so the residual offset error
is about 0.05%.

This result should be compared with the case a standard A; amplifier topology is
used. In this case, for a standard MOS process, the offset voltage is around 10 mV.
This results in a Ky s value of 105.3, leading to a 5.3% error.
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The A; autozero amplifier residual offset voltage, taking into account both the
charge injection and base amplifier offset contributions, resulted below 100 puV.
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Fig. 8. The output response.

9. Conclusions

This paper presents a high precision over-current protective concept, implemented
in a high side power switch. The load current is detected using a sense transistor,
matched with the power switch. The same bias conditions for devices are provided
by a feedback loop.

The current mirroring accuracy is strongly dependent on the main amplifier offset
voltage, especially for low current threshold or low on state resistance, as the offset
introduces a mismatch between main and sense transistors drain — source voltages.

For achieving good accuracy, the main amplifier offset voltage is reduced by im-
plementing the autozero technique.

The autozero technique involves a two-phase functionality; one phase for sampling
the offset and the other one for processing the signal.

The main amplifier can be connected in the feedback loop only during the signal
processing phase, when it provides a valid output voltage. To this end, a sample
and hold circuit controls the sense current while the main amplifier is in the offset
sampling phase.
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