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SENSING CURRENT FLOWING THROUGH A CAPACITOR
[0001] This disclosure relates in general to electronic circuits, and in particular to sensing
current flowing through a capacitor.
BACKGROUND
[0002] A DC-DC converter is an electronic circuit that converts a source of direct current from
one voltage level to another. DC-DC converters are widely used in portable electronic devices to
provide power from a battery or from an AC-DC converter, and are used generally in electronic
circuits to regulate an output voltage. For example, a DC-DC converter may compensate for
varying load current and/or variations in the input voltage.
[0003] Measuring current in a DC-DC converter is useful for a wide variety of control and
safety purposes, with minimal power loss and inexpensively. However, such measurements can
be difficult or require additional components, especially in switched power converters.
[0004] For example, an isolated switched converter, such as an LLC series-resonant converter,
has an input powered from a high-voltage DC source. The circuit includes a half-bridge power
stage, which is connected to the series elements of an LLC resonant circuit. The LLC resonant
circuit is formed by a series combination of a magnetizing inductance and a transformer, and a
combined capacitance on the output side of the bridge.
[0005] One solution for sensing the current adds a DC resistor in the primary circuit and senses
the voltage drop over the resistor. While this solution is inexpensive, it also creates additional
loss and reduces the overall efficiency of the power converter. Another solution incorporates a
Hall Effect sensor, which is a transducer that senses the magnetic field generated by a current-
carrying conductor and generates an output signal (voltage or current) in response to the
magnetic field. However, this solution is expensive and complex. Yet another solution uses a
capacitor connected to a capacitive node, but provides limited bandwidth and accuracy.
SUMMARY
[0006] In described examples of a method and circuit for sensing current, a first current flows
through a first capacitor. A second capacitor is coupled to the first capacitor to form a current

divider. A second current flows through the second capacitor and is proportional to the first
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current. A transimpedance amplifier is coupled to an output of the second capacitor and has a
voltage output that is proportional to the second current.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a circuit schematic of a primary side circuit for a half-bridge-based LLC
resonant isolated power converter.

[0008] FIG. 2 is a circuit schematic of a transimpedance amplifier for sensing current in the
circuit of FIG. 1.

[0009] FIG. 3 is a schematic block diagram of a current feedback amplifier for the circuit of
FIG. 2.

[0010] FIG. 4 is a circuit schematic of an integrated circuit that incorporates the
transimpedance amplifier of FIG. 2.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0011] This disclosure describes a circuit for sensing current in a capacitive network. For
example, a series-resonant DC-DC converter includes a resonant capacitor coupled (such as
connected) between a first node and ground. The resonant capacitor carries the primary current
to be measured. A sense capacitor is coupled to the resonant capacitor to form a current divider.
A sense current flows through the sense capacitor that is proportional to the primary current
through the resonant capacitor. A transimpedance amplifier is coupled to the sense capacitor and
generates a voltage output that is proportional to the sense current flowing through the sense
capacitor. In an embodiment, the transimpedance amplifier is implemented using a current
feedback amplifier.

[0012] FIG. 1 is a simplified circuit schematic of a primary side circuit for an isolated power
converter illustrating a conventional DC-DC converter 100. A PWM signal generating stage 101
generates logic voltage level PWM signals referenced to ground. A gate driver stage 102 is
coupled to the signal generating stage 101 and provides: a PWM signal to the gate of a high-side
power transistor 103; and an inverted, non-overlapping PWM signal to the gate of a low-side
power transistor 104. The signal generating stage 101 and the gate driver stage 102 can be
separate modules or fully integrated in a single control, logic and driver integrated circuit.

[0013] The drain of the high-side power transistor 103 is coupled to a voltage supply terminal,
to which the voltage Vi, is applied. The source of the high-side power transistor 103 is coupled

to the drain of the low-side power transistor 104 at a switching node 105. The source of the
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low-side power transistor 104 is coupled to a second voltage supply terminal, which is coupled to
ground. An inductor 106 has one end coupled to the switching node 105 and the other end
coupled to a primary winding of transformer 107. A capacitor 108 is coupled between the other
end of the primary winding of transformer 107 and ground and carries the primary current I, to
be sensed. In some embodiments, multiple capacitors may be coupled between the primary
winding of transformer 107 and ground, and the current I, is then the sum of currents through the
multiple capacitors. The secondary winding(s) of transformer 107 are connected to a rectifier
circuit (not shown) to generate an isolated DC voltage output from the current developed across
the inductor 106.

[0014] FIG. 2 is a circuit schematic of a transimpedance amplifier 240 for sensing current in
the circuit of FIG. 1, and shows the resonant capacitor 108 of circuit 100 coupled to a common
reference, such as ground, or a power rail with a DC offset from ground, or a voltage reference
or other voltage with a DC offset (and low impedance) from ground. A smaller sense capacitor
220 is coupled in parallel with the resonant capacitor at node 215 to form a current divider. The
sense capacitor 220 is an external component in many converter implementations, but it could
instead be integrated on chip. The sense capacitor 220 is not connected directly to a ground, but
instead is connected to a virtual ground or common reference in the form of a sense network. In
an embodiment, the sensing network is the transimpedance amplifier 240. The sense current I
from the sense capacitor 220 is fed into an amplifier module 240 having a transimpedance
configuration, where the output voltage V, of the amplifier module is proportional to the sense
current I input to the amplifier module. Preferably, the transimpedance amplifier configuration
is fully implemented “on-chip” as part of an integrated circuit for the power converter and/or
other relevant applications.

[0015] In an embodiment, the transimpedance amplifier 240 has a voltage feedback
configuration that includes an operational amplifier 230 having a series resistor 232 coupled in
series between the sense capacitor 220 and the inverting input of the op amp, a feedback resistor
234 coupled between the output and the inverting input of the op amp, and a voltage reference
Viet coupled to the non-inverting input of the op amp. In this configuration, the output voltage
Vo(s) is directly proportional to the resonant current 1., according to the following transfer

function:
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1 RC: |
X X
(RCjw +1) " (Cs+C) ~ F

Vo (s) =

where Rs is the value of the series resistor 232; Cs is the value of the sense capacitor 220; C; is
the value of the resonant capacitor 108; R is the value of the feedback resistor 234; and o is the
frequency in radians per second.

[0016] Voltage-feedback (“VFB”) operational amplifiers may suffer from bandwidth and
stability limits in this application. For example, VFB amplifiers are known to have a single
dominant pole above the crossover frequency (GWBP) that provides unity-gain stability, but also
numerous poles after the crossover frequency. The added zero in the feedback path reduces the
phase margin by 90 degrees and causes instability, unless Rs is large enough to create a
cancelling pole at a low enough frequency. Further, a substantial Rs reduces the current sense
bandwidth by several orders of magnitude below the amplifier GWBP.

[0017] FIG. 3 is a schematic block diagram of a current feedback amplifier (“CFB”) 330 for
replacing the VFB amplifier 230 of the transimpedance amplifier 240 (FIG. 2). The
non-inverting input of the CFB 330 is coupled to the input of buffer 301 inside the op amp 330.
The inverting input of the CFB is coupled to the output of buffer 301 inside the op amp 330. The
buffer 301 has an impedance Zgp represented by resistance 302, and a gain Gg. A current I is
developed through the impedance Zg and is known as an error current. The current feedback
amplifier 330 includes a voltage source 303 that develops voltage Z(I), a function of the current |
through buffer 301, which is buffered through output buffer 304 to generate an output voltage
Vour. The output buffer 304 has an impedance Zgyr represented by resistance 305.

[0018] The substitution of a CFB amplifier 330 for the VFB amplifier 230 allows the
transimpedance network of FIG. 2 to include the same components, but the bandwidth and
stability of the network is dramatically improved by using the CFB amplifier. Further, the series
resistor 232 is not needed for stability when a CFB amplifier is used and is therefore optional in
this embodiment. However, the presence of the series resistor 232 allows the bandwidth of the
network to be reduced to control noise at very high frequencies. The feedback resistor 234
controls the DC gain of the transimpedance amplifier circuit.

[0019] FIG. 4 is a circuit schematic of an application specific integrated circuit 400
implementing the transimpedance amplifier of FIG. 2. The application circuit 400 for a DC-DC

converter includes an integrated circuit chip 401 that provides pulse width modulation controller
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functions for the application circuit. For example, the integrated circuit (“IC”) chip 401
generates a first pulse width modulated signal DPWMOA output at pin 402 and a second pulse
width modulated signal DPWMOB output at pin 403. These pulse width modulated signals are
coupled to an external converter circuit, such as circuit 100. The first signal DPWMOA is
coupled to an isolation stage 411. The output of the isolation stage 411 is coupled to a gate
driver integrated circuit 413. The output of the gate drive circuit 413 is coupled to the gate of the
high-side transistor 103. The second signal DPWMOB is coupled to a gate driver IC 415, and the
output of the gate driver IC 415 is coupled to the gate of the low-side transistor 104.

[0020] In an embodiment, the sense capacitor 220 is coupled to node 215. The output of the
sense capacitor 220 is coupled as input to the controller 401 via pin 404, which is coupled to a
transimpedance amplifier that is formed on-chip as part of the controller 401. Resistor 320 is
used with a voltage amplifier to form a transimpedance amplifier. However, if a
trans-impedance amplifier is provided internally to the controller IC 401, then resistor 320 is
optional, as described above.

[0021] The transimpedance amplifier can also be implemented using a common-gate amplifier
stage or common-base amplifier stage as a first stage or input stage to a multi-stage transistor
amplifier. This method will reduce complexity of the amplifier and reduce power consumption
for a given bandwidth, but will reduce accuracy somewhat if feedback around the amplifier is not
used. The lack of accuracy can be acceptable if the current measurement is only used for
cycle-by-cycle current control, as well as fault and short-circuit protection.

[0022] Capacitive current sensing using a transimpedance configuration may be extended to
other forms of switching power converters. For example, the circuit can be useful for sensing
current in a voltage-doubler output stage in LLC and other isolated transformer topologies.
Capacitive current sensing may also be useful for detecting current reversal in an output stage to
turn on and off transistors for synchronous rectification purposes.

[0023] For accurately sensing current, this solution is relatively inexpensive, does not result in
significant power loss, and has a low component count. Using a current feedback amplifier as
the transimpedance amplifier significantly improves bandwidth and stability.

[0024] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A circuit for sensing current flowing through a capacitor, the circuit comprising:

a sense capacitor coupled to a first capacitor, the sense capacitor having a sense current
flowing through it that is proportional to a first current flowing through the first capacitor, the
first capacitor being coupled to a common reference; and

a transimpedance amplifier coupled to the sense capacitor, wherein a voltage output of
the transimpedance amplifier is proportional to the sense current flowing through the sense
capacitor.

2. The circuit of claim 1, wherein the transimpedance amplifier uses a common-gate

amplifier or a common-source amplifier as an input stage.

3. The circuit of claim 1, wherein the transimpedance amplifier is a current feedback
amplifier.
4. The circuit of claim 3, wherein the current feedback amplifier is an operational amplifier

having an inverting input, a non-inverting input, and an output, the sense capacitor is coupled to
the inverting input of the operational amplifier, a feedback resistor is coupled between the output
and the inverting input of the operational amplifier, and the non-inverting input of the
operational amplifier is coupled to the common reference.
5. The circuit of claim 4, wherein the non-inverting input of the operational amplifier is
coupled to a voltage reference.
6. The circuit of claim 5, further comprising: a series resistor coupled between the sense
capacitor and the inverting input of the operational amplifier.
7. The circuit of claim 1, further comprising a plurality of first capacitors coupled to a
common reference, wherein the first current equals a sum of currents through each of the first
capacitors.
8. The circuit of claim 1, wherein the transimpedance amplifier is formed as part of an
integrated circuit, and the sense capacitor is external to the integrated circuit.
9. A circuit for sensing current in a series-resonant DC-DC converter, the circuit
comprising:

at least one power capacitor of the converter, the power capacitor for carrying a primary

current and being coupled between a first node and a common reference;
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a sense capacitor having a first terminal and a second terminal, wherein the first terminal
is coupled to the first node, the sense capacitor having a sense current flowing through it that is
proportional to the primary current flowing through the power capacitor; and

a transimpedance amplifier having an input coupled to the second terminal of the sense
capacitor, wherein a voltage output of the transimpedance amplifier is proportional to a current
flowing through the sense capacitor.

10.  The circuit of claim 9, wherein the operational amplifier is implemented using one of a

common-gate amplifier and a common-source amplifier as an input stage.

11.  The circuit of claim 9, wherein the operational amplifier is implemented as a current
feedback amplifier.
12.  The circuit of claim 11, wherein the current feedback amplifier is an operational amplifier

having an inverting input, a non-inverting input, and an output, the second terminal of the sense
capacitor is coupled to the inverting input of the operational amplifier, a feedback resistor is
coupled between the output and the inverting input of the operational amplifier, and the
non-inverting input of the operational amplifier is coupled to the common reference.
13.  The circuit of claim 12, wherein the non-inverting input of the operational amplifier is
coupled to a voltage reference.
14.  The circuit of claim 13, further comprising: a series resistor coupled between the second
terminal of the sense capacitor and the inverting input of the operational amplifier.
15.  The circuit of claim 9, further comprising a plurality of power capacitors coupled in
parallel between the first node and the common reference, wherein the primary current equals the
sum of currents through all the power capacitors
16. A method for sensing current flowing through a capacitor, the method comprising:
providing a first capacitor having a first current flowing through the first capacitor and
coupled to a common reference;
coupling a second capacitor to the first capacitor to form a current divider, wherein a
second current flowing through the second capacitor is proportional to the first current; and
coupling a transimpedance amplifier to an output of the second capacitor, wherein a
voltage output of the transimpedance amplifier is proportional to the second current flowing
through the second capacitor.

17. The method of claim 16, wherein the transimpedance amplifier uses a common-gate
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amplifier or a common-source amplifier as an input stage.

18.  The method of claim 16, wherein the transimpedance amplifier is a current feedback
amplifier.
19.  The method of claim 18, wherein the current feedback amplifier is an operational

amplifier having an inverting input, a non-inverting input, and an output, the second capacitor is
coupled to the inverting input of the operational amplifier, a feedback resistor is coupled between
the output and the inverting input of the operational amplifier, and the non-inverting input of the

operational amplifier is coupled to the common reference.
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