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(57) Abstract: Circuits and methods relating to shunt current sensing are provided. A shunt current sensing circuit comprises a shunt
resistor for receiving a shunt current. A filtering stage is connected to the shunt resistor and is configured to filter the shunt current.
A current sense amplifier is connected to the filtering stage and is configured to receive the filtered shunt current from the filtering
stage. The current sense amplifier is contigured to sense the filtered shunt current to produce an output voltage. The filtering stage is
configured to filter the shunt current such that the output voltage produced by the current sense amplifier (U2) is substantially pro -
portional to the shunt current.
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CIRCUIT AND METHOD FOR SHUNT CURRENT SENSING

BACKGROUND

1. Field of the Invention
[0001] The subject invention relates to circuits and methods for shunt current
sensing.
2. Description of Related Art

[0002] Electrical or electronic systems commonly sense and control electrical
current flow. For example, a battery charger controls a charging current provided to a
charging battery. Overcharging of the battery may damage the battery or reduce
battery life. A precision current sense amplifier is typically employed in the battery
charger circuit to monitor charging current provided to the battery. Typically, a shunt
resistor is placed between the battery charger circuit and the battery for monitoring
the charging current. The voltage across the shunt resistor is measured and the
current sense amplifier amplifies such voltage to provide a feedback signal (output
voltage) corresponding to the charging current.

[0003] One major limitation in such conventional shunt current sensing techniques
is that sensing works properly only when the current through the shunt resistor is
constant or changes with only low or minimal speed (dl/df). Fast current switching,
such as current switching used in high frequency Pulse Width Modulation (PWM),
disturbs the voltage across the shunt resistor by introducing parasitic inductance and
capacitance. Such parasitic inductance reactions cause voltages spikes in the shunt
resistor voltage and LC resonance reactions cause unwanted oscillations in the shunt

resistor voltage. This, in turn, disrupts the output voltage produced by the current
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sense amplifier. Notwithstanding these issues, conventional circuits rely on the
output voltage waveform to be an amplified version of the shunt resistor voltage
waveform, thereby exacerbating the problem.

[0004] Moreover, an outputted amplitude resulting from the aforementioned
parasitic reaction is much greater than the shunt resistor voltage (I*Rshunt) in high-
speed current switching applications, such as electric motor driving systems.

[0005] Furthermore, a voltage pulse waveform outputted by the shunt resistor
distorts during a certain period after a rise due to ringing resulting from the switching.
Consequently, measurement of a phase current cannot occur until after waiting for a
predetermined time until the voltage stabilizes. This stabilization period is
conventionally known as the (/*Rshunt) voltage setting time or current sense
amplifier output voltage setting time. The setting time can be many microseconds and
decreases effectiveness of the sensing circuit.

[0006] In high frequency PWM, multiphase, and DC/DC power switching
applications, an impulse time of the load voltage, and consequently the impulse time
of the load current, is usually less than the setting time. In other words, the load
operates faster than the current sensing circuit can handle.

[0007] To resolve this problem, conventional techniques have attempted to lower
the PWM frequency to lower the rate of change of the current. However, lowering
the PWM frequency is impossible or impractical in many cases. For example, a
PWM frequency below 20 kHz is audible and should be avoided.

[0008] Alternatively, conventional techniques have attempted to set a special

current detection period for to compensate for the load current impulse time.
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Unfortunately, setting the special current detection period disturbs PWM control flow
and increases torque ripple. Such conditions are unacceptable in certain systems, such
as electronic power steering (EPS) systems, and the like.
[0009] As such, there are opportunitics to address at least the aforementioned
problems.

SUMMARY
[0010] One embodiment of a shunt current sensing circuit is provided. The circuit
comprises a shunt resistor (Rshunt) for receiving a shunt current. A filtering stage is
connected to the shunt resistor (Rshunt) and is configured to filter the shunt current.
A current sense amplifier (U2) is connected to the filtering stage and is configured to
receive the filtered shunt current from the filtering stage. The current sense amplifier
(U2) is configured to sense the filtered shunt current to produce an output voltage.
The filtering stage is configured to filter the shunt current such that the output voltage
produced by the current sense amplifier (U2) is substantially proportional to the shunt
current.
[0011] One embodiment of a circuit is provided. The circuit comprises a shunt
resistor (Rshunt) configured to receive a shunt current. A filtering stage is connected
to the shunt resistor (Rshunt) and comprises a first amplifier (U1) being configured to
filter the shunt current. An amplification stage is connected to the filtering stage and
comprises a second amplifier (U2) being configured to sense the filtered shunt
current.
[0012] One embodiment of a method of operating a shunt current sensing circuit is

provided. The circuit comprises a shunt resistor (Rshunt), a filtering stage connected
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to the shunt resistor (Rshunt), and a current sense amplifier (U2) connected to the
filtering stage. The method comprises receiving a shunt current with the shunt
resistor (Rshunt). The shunt current is filtered with the filtering stage. The filtered
shunt current is received from the filtering stage with the current sense amplifier (U2).
The filtered shunt current is sensed with the current sense amplifier (U2). An output
voltage is produced with the current sense amplifier (U2) based on the sensed and
filtered shunt current such that the output voltage is substantially proportional to the
shunt current.

[0013] The circuits and methods provide high precision shunt current sensing for all
switching (fast, slow, constant) speeds (dl/dr) of the shunt resistor current. The circuit
thereby provides increased versatility because the circuit can be utilized for high-
frequency current switching schemes, such as PWM, multiphase, and DC/DC power
switching applications. Thus, systems utilizing the circuit can operate at much higher
frequencies than previously practical.

[0014] Filtering the shunt current with the first amplifier (U1) such that the output
voltage produced by the current sense amplifier (U2) is substantially proportional to
the shunt current provides tremendous benefit. The output voltage of the current
sense amplifier closely resembles (directly or inversely) the shunt current and is free
of undesired artifacts on the voltage across the shunt resistor. That is, the output
voltage is without parasitic voltage peaks, unwanted oscillations, and ringing. This
provides increased precision and robustness in the output voltage produced by the

current sense amplifier.
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[0015] Furthermore, the reduction of such voltages peaks and ringing in the amplifier
output voltage virtually eliminates any setting time because the phase current
stabilizes rapidly. As such, sampling or measurement of the phase current may be
performed at any desired time. This further allows the circuit and method to
effectively handle load impulses in high frequency current switching sensing because
the setting time is virtually eliminated. In other words, the load current impulse time
exceeds the setting time because the setting time is substantially reduced to zero.

[0016] Therefore, the techniques described herein eliminate the need to lower the
PWM frequency to lower the rate of change of the current or to set a special current
detection period for to compensate for the load current impulse time. Those skilled in
the art appreciate that the circuit and method may provide additional advantages

beyond those described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Advantages of the present invention will be readily appreciated, as the same
becomes better understood by reference to the following detailed description, when
considered in connection with the accompanying drawings.

[0018] Figure 1 is a schematic diagram of a shunt current sensing circuit comprising
a shunt resistor, a filtering stage and an amplification stage, according to one
embodiment.

[0019] Figure 2 is a schematic diagram of an equivalent representation of the shunt
resistor and filtering stage of the shunt current sensing circuit of FIG. 1, according to

one embodiment.
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[0020] Figure 3 is a method of operating the shunt current sensing circuit of FIG. 1,
according to one embodiment.
[0021] Figure 4 is a chart comparing a current (Ishunt) through the shunt resistor
and an output (Vout) of a current sense amplifier (U2) from the amplification stage,
according to one embodiment.
[0022] Figure 5 is a method of operating the shunt current sensing circuit according
to another embodiment.

DETAILED DESCRIPTION
[0023] Referring to the Figures, wherein like numerals indicate like or corresponding
parts throughout the several views, a circuit 10 and a method 100, 200 of operating the
same are provided.
[0024] The circuit 10 is utilized for shunt current sensing. As such, the circuit 10
may also be referred to as a shunt current sensing circuit. Generally, shunt current
sensing involves measuring current through a shunt resistor (Rshunt), as shown in
FIG. 1. The shunt resistor (Rshunt) receives a shunt current (Ishunt) that flows
through the shunt resistor (Rshunt).
[0025] The shunt resistor (Rshunt) is disposed in series with a load (L). This allows
current flowing through the load (L) to also flow through the shunt resistor (Rshunt).
As such, the shunt resistor (Rshunt) effectively senses the load (L) current. In this
sense, the shunt resistor (Rshunt) is effectively a current-sense resistor. The shunt
current (Ishunt) is analogous to the load current. The shunt current (Ishunt) may have
any ampere value suitable for current detection. In one example, the shunt current

(Ishunt) is between 1 A and 20 A.
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[0026] The circuit 10 connects to a voltage source, such as a DC voltage source
(Vdc). The voltage source (Vdc) may connect to any suitable power source, such as a
vehicle battery, or the like. The voltage source (Vdc) may have any suitable voltage,
such as 12 volts, 26 volts, or the like. The shunt resistor (Rshunt) includes a high side
20 and a low side 22. As shown in FIG. 1, the high side 20 of the shunt resistor
(Rshunt) connects to the voltage source (Vdc) and the low side 22 of the shunt resistor
(Rshunt) connects to ¢lectrical ground (Gnd). Because the shunt resistor (Rshunt) is
positioned between the load (L) and ground (Gnd) in FIG. 1, the circuit 10 employs
low-side sensing of the load (L). However, it is to be appreciated that the shunt
resistor (Rshunt) may alternatively be positioned between the load (L) and the voltage
source (Vdc) such that the circuit 10 employs high-side sensing of the load (L).

[0027] The shunt resistor (Rshunt) may have any suitable configuration for
facilitating precision current sensing. In one embodiment, the shunt resistor (Rshunt)
is a manganin resistor having an accurately predetermined resistance. The shunt
resistor (Rshunt) may also have any suitable resistive value for providing precision
current sensing. However, to minimize circuit disruptions, the resistance of the shunt
resistor (Rshunt) is normally very small, such as on the order of milli-Ohms. In one
example, the shunt resistor (Rshunt) is in a range between 1 to 100 milli-Ohms.

[0028] As the shunt current (Ishunt) flows through the shunt resistor (Rshunt), a
voltage drop occurs across the shunt resistor (Rshunt). This voltage drop is
proportional to the shunt current (Ishunt) and may also be known as the sense voltage

or shunt voltage (Vshunt). The shunt voltage (Vshunt) is measured in FIG. 1 between
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(Input+) at the high side 20 point of the shunt resistor (Rshunt) and (Input-) at the low
side point 22 of the shunt resistor (Rshunt).

[0029] Because the resistance of the shunt resistor (Rshunt) is accurately
predetermined, the techniques and circuitry described in detail below filter and scale
the voltage drop (Vshunt) to accurately detect the shunt current (Ishunt).

[0030] As shown in FIG. 1, a first stage, or filtering stage 30, connects to the shunt
resistor (Rshunt). The filtering stage 30 is provided for filtering the shunt current
(Ishunt) to provide a filtered shunt current. It is to be appreciated that the filtering
stage 30 may additionally or altematively filter the shunt voltage (Vshunt) resulting
from flow of the shunt current (Ishunt) through the shunt resistor (Rshunt).

[0031] In one embodiment, as shown in FIG. 1, the filtering stage 30 comprises an
RC network or RC filter 32. The RC filter 32 comprises a resistor—capacitor circuit
(RC circuit) driven by the voltage source (Vdc). Specifically, in FIG. 1, the RC filter
32 comprises a first resistor (R1), a second resistor (R2), and a capacitor (C).

[0032] The first resistor (R1) connects to the high side 20 of the shunt resistor
(Rshunt). As such, the load (L), the high side 20 of the shunt resistor (Rshunt), and
the first resistor (R1) connect to a common node. The first resistor (R1) may have
any suitable resistance value. In one embodiment, the first resistor (R1) is
approximately 10 Q.

[0033] The second resistor (R2) connects to the low side 22 of the shunt resistor
(Rshunt). As such, the low side 22 of the shunt resistor (Rshunt), the second resistor

(R2), and ground (Gnd) connect to a common node. The second resistor (R2) may
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have any suitable resistance value. In one embodiment, the second resistor (R2) is
approximately the same as the first resistor (R1),e.g., 10 Q.

[0034] A high side of the capacitor (C) connects to the first resistor (R1) at a first
node (N1). A low side of the capacitor (C) connects to the second resistor (R2) at a
second node (N2). As such, the capacitor (C) is disposed in parallel with the shunt
resistor (Rshunt). A voltage potential (Vc¢) is defined across the capacitor (C) as
current (Ic) flows through the capacitor. The capacitor (C) voltage potential (Vc) is
substantially proportional to the shunt current (Ishunt). As such, the capacitor voltage
(Vc) may be the subject of filtering by the filtering stage 30. The capacitor (C) may
have any suitable capacitance value. In one embodiment, the capacitor (C) is
approximately 1 nF.

[0035] In one embodiment, the RC filter 32 functions as a low-pass filter. That is, the
RC filter 32 defines a cut-off frequency (fc) allowing only low frequency signals e.g.,
from OHz to the cut-off frequency (fc), to pass, while blocking or filtering frequency
signals that are higher than the cut-off frequency (fc). To implement this cut-off, a
reactance (Xc) of the capacitor (C) varies inversely with frequency, while the value of
the resistor(s) (R1/R2) remains constant as the frequency changes. At low
frequencies the capacitive reactance (Xc¢) is much greater compared to the resistive
value of the resistor(s) (R1/R2). As such, the voltage potential (Vc) of the capacitor
(C) becomes much greater than a voltage drop (Vr) developed across the resistor(s)
(R1/R2). At high frequencies, the inverse occurs, wherein (Vc) is small and (Vr) is

large due to the change in the capacitive reactance value (Xc).
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[0036] Those skilled in the art appreciate that the configuration of the RC filter 32 is
not limited to the specific configuration of R1, R2, and C as shown in FIG. 1. That is,
alternative or additional components may be utilized. Furthermore, the RC filter 32
may employ other types of filtering besides low pass filtering. For example, the RC
filter 32 may implement high-pass or band-pass filtering.

[0037] Advantageously, the filtering stage 30 comprises a first amplifier (Ul) and a
third resistor (R3), which are provided for advanced filtering of the shunt current
(Ishunt) and/or shunt voltage (Vshunt), as will be described in detail below. In one
embodiment, the filtering stage 30, via at least the first amplifier (U1) and the third
resistor (R3), is configured to filter and/or convert the shunt voltage (Vshunt) to a
waveform that corresponds directly to the shunt current (Ishunt).

[0038] The first amplifier (Ul) comprises a first input (U1 -), a second input (U1 +)
and an output (U1 out). The first amplifier (Ul) may be any suitable amplifier, such
as an operational or differential amplifier. The third resistor (R3) connects to the first
input (Ul -). The second node (N2) connects to the second input (Ul +) of the first
amplifier (Ul). The output (Ul out) of the first amplifier (U1) connects to a third
node (N3) shared among the third resistor (R3) and the first input (U1 -). The third
resistor (R3) connects between the input (U1 -) and the third node (N3). The first
amplifier (U1) and the third resistor (R3) collectively connect across the capacitor (C)
in a parallel manner.

[0039] As shown in FIG.1, an amplification stage 40 connects to the filtering stage 30
and comprises a second amplifier (U2), which is hereinafter referred to as the current

sense amplifier. The current sense amplifier (U2) is configured to receive the filtered
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shunt current (Ishunt) and/or shunt voltage (Vshunt) from the filtering stage 30 and to
sense the same to produce an output voltage (Vout). The output voltage (Vout) is
used for shunt current (Ishunt) sensing, comparison, or feedback.

[0040] The current sense amplifier (U2) comprises a first input (U2 -), a second input
(U2 +) and an output (U2 out). The output voltage (Vout) is provided at the output
(U2 out) of the current sense amplifier (U2). The current sense amplifier (U2) may
exhibit any suitable gain (K). Additionally, the current sense amplifier (U2) may be
any suitable amplifier type, such as an operational or differential amplifier. In one
example, the current sense amplifier (U2) is a linear op-amp implemented in a surface
mounted integrated circuit.

[0041] With linear amplification, the output voltage (Vout) of the current sense
amplifier (U2) is substantially proportional to the input into the current sense
amplifier (U2). As described, the shunt resistor (Rshunt) converts the load current to
the shunt voltage (Vshunt), which is very low due to the resistance of the shunt
resistor (Rshunt). In one embodiment, the shunt voltage (Vshunt) may be in the range
between 1 mV to 100 mV, despite the presence of very large common-mode voltages.
As such, the current sense amplifier (U2) may exhibit low input offset voltage and a
high common-mode rejection ratio (CMRR). The current sense amplifier (U2)
amplifies the shunt voltage (Vshunt). Therefore, the current sense amplifier (U2) may
also comprise a high input impedance to minimize loading on the shunt resistor
(Rshunt) and other components of the circuit 10.

[0042] The amplification stage 40 further comprises a fourth resistor (R4) and a fifth

resistor (R5). The fourth resistor (R4) connects between the first node (N1) and the

11
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first input (U2 -) of the current sense amplifier (U2). The fourth resistor (R4) may
have any suitable resistance value. In one embodiment, the fourth resistor (R4) is
approximately 100 Q.

[0043] The fifth resistor (R5) connects to a fourth node (N4) shared among the
second input (U1l +) of the first amplifier (U1) and the second node (N2). The fifth
resistor (R5) may have any suitable resistance value. In one embodiment, the fifth
resistor (R5) is the same as the fourth resistor (R4), ¢.g., 100 Q.

[0044] The fourth resistor (R4) and fifth resistor (RS) are respective input resistors to
the first input (U2 -) and second input (U2 +) of the current sense amplifier (U2). As
such, the first node (N1) is effectively coupled to the first input (U2 -) while the
second node (N2) is effectively coupled to the second input (U2 +).

[0045] The amplification stage 40 further comprises a sixth resistor (R6) that
connects to a fifth node (N5) shared among the firth resistor (R5) and the second input
(U2 +) of the current sense amplifier (U2). The sixth resistor (R6) also connects to
electrical ground (Gnd). The sixth resistor (R6) may have any suitable resistance
value. The amplification stage 40 further comprises a seventh resistor (R7) that
connects between the output (U2 out) of the current sense amplifier (U2) and a sixth
node (N6) shared among the fourth resistor (R4) and the first input (U2 -) of the
current sense amplifier (U2).

[0046] With reference to the circuit 10 configuration described above, additional
operation of the circuit 10 to provide advanced filtering of the shunt current (Ishunt) is

described below.

12
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[0047] The circuit 10 is configured to provide high precision detection of the shunt
current (Ishunt) for any suitable application involving current switching. Current
switching involves alternating the load current, and consequently the shunt current
(Ishunt), between high value and a low value. Typically, the shunt current (Ishunt)
exhibits a ramping up to reach the high value and a ramping down to reach the low
value. The slope of the shunt current (Ishunt) over time is also known as the speed of
the shunt current (Ishunt) and is herein expressed as dl/dr, i.¢., the derivate of the
shunt current (Ishunt) with respect to time. The circuit 10 may provide high precision
detection of the shunt current (Ishunt) in low-frequency switching applications. The
circuit 10 may provide high precision detection of the shunt current (Ishunt) in high-
frequency current switching schemes, including, but not limited to PWM, multiphase,
and DC/DC power switching applications. The circuit 10 may also detect the shunt
current (Ishunt) when the shunt current (Ishunt) is constant, i.., does not switch.

[0048] With reference to FIG. 2, an equivalent schematic of the shunt resistor (Rshunt)
and the filtering stage 30 are provided. The shunt resistor (Rshunt) is expanded into an
ohmic resistance component of the shunt resistor (Rshunt) and a shunt parasitic
inductance (Lshunt) being disposed in serial connection. The shunt parasitic inductance
(Lshunt) reaction is the unwanted result of fast current switching, such as current
switching used in high frequency Pulse Width Modulation (PWM). Such fast current
switching disturbs the shunt voltage (Vshunt) by introducing voltages spikes or
unwanted oscillations in the shunt voltage (Vshunt). As such, reducing the shunt
parasitic inductance (Lshunt) is one major focus of the filtering provided by the circuit

10, and more specifically, the filtering stage 30. The shunt voltage (Vshunt), i.e., the

13
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voltage between points “Input+” and “’Input-*’is expressed with respect to the

equivalent circuit in FIG. 2 as follows:

dIS Uun
[0049] [1]  Vinune = lsnuns * Ronune + Lonune * (F22)

[0050] The first amplifier (U1) and the third resistor (R3) are presented in an equivalent
schematic as an equivalent current source 50 with output current depending on the
voltage (Vc) across the capacitor (C). The output current (Is) of the equivalent current
source 50 is equivalent to the current through the third resistor (R3) in FIG. 1. This
output current (Is) is expressed in relation to the voltage across the capacitor (V¢) as

follows:

[0051] [2] [ =-%

[0052] In the equivalent schematic of FIG. 2, the shunt voltage (Vshunt) can therefore
be computed by the sum of three voltages, i.¢., the voltage (VR1) of the first resistor
(R1), the voltage (Vc) of the capacitor (C) and the voltage (VR2) of the second
resistor (R2). Accordingly, given the output current (Is) of the equivalent current
source 50, the shunt voltage (Vshunt) can be expressed as follows, wherein (Ic) is the
current through the capacitor (C):

[0053] [3] Vei + Ve + Vigy

Ri*(Ue + 1)+ Ve + Ryl

Reefe () GOl ver mes oo ()
*k *k —_— *k *k
! dt Rs crn2 dt

[0054] Equations [1] and [3], both defining the shunt voltage (Vshunt), can be

expressed in combination as follows:

14
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[0055] [4] Ishunt * Rshunt + Lshunt * (%) = Rl * [C * (%) + (‘;’_:)] +

Ve+ R+ C+(25)

[0056] Equation [4] can be resolved to present the equivalent capacitor voltage Vi +

Ve ~ ar
( d:) as function of shunt current Ly, * (%) as follows:

[0057] [5] Ishunt * Rshunt + Lshunt * (%) = Rl * [C * (%)] + Rl *

(§)+ Ve + RZ*C*(%)=VC(1+§—:)+C*(R1+R2)(%)

[0058] From equation [5], a constant component of the shunt voltage (Vshunt) is

expressed as follows:

R
100591 6] Lgpume * Ropume = Ve (1 +22)

3

[0060] Equation [6] can be expressed alternatively with respect to the capacitor

voltage (V¢) as follows:

[0061] [7] V= lshunt* Rshunt

(-2)

[0062] A changing component of the shunt voltage (Vshunt) is expressed as follows:

[0063] (8] Lopume * (222) = €+ (R, + R,) (25)

“dt
[0064] Equation [8] can be expressed alternatively with respect to the equivalent

. d
capacitor voltage (%) as follows:

ave\ (dlsggnf)*Lshunt
[0065] [9] (7) T T G (RitRD

[0066] From here, a gain (K) for the filtering stage 30 is expressed as follows:

_ Rshunt _ Lshunt
[0067] [10] K = (1B) T CuRatRy)

15
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[0068] In effect, the capacitor voltage Vi + (%) is functionally proportional to the
shunt resistor current (Ishunt) wherein this relationship and expressed as follows:

av, dlshun
[0069] [11] Ve + (%) = K [Lgpume + (H2222 )]
[0070] Accordingly, the filtering stage 30 provides the first amplifier (U1) and third

resistor (R3) such that the output current (Is) of the current source 50 depends on the
voltage across the capacitor (C). This allows the capacitor voltage V. + (%) to be

proportional to the shunt resistor current (Ishunt). The voltage across the capacitor
(C) provides input voltage for the current sense amplifier (U2). The current sense
amplifier (U2) produces the output voltage (Vout) based on the input voltage received
by the current sense amplifier (U2). Therefore, the filtering stage 30 is configured to
filter the shunt current (Ishunt) such that the output voltage (Vout) produced by the
current sense amplifier (U2) is substantially proportional to the shunt current (Ishunt).

[0071] Figure 3 illustrates the steps of one embodiment of the method 100 of
operating the shunt current sensing circuit 10 comprising the shunt resistor (Rshunt),
the filtering stage 30 connected to the shunt resistor (Rshunt), and the current sense
amplifier (U2) connected to the filtering stage 30.

[0072] At step 102, the shunt resistor (Rshunt) receives the shunt current (Ishunt).
The shunt current (Ishunt) is filtered with the filtering stage 30, at step 104. At step
106, the current sense amplifier (U2) receives the filtered shunt current (Ishunt) from
the filtering stage 30. At step 108, the filtered shunt current (Ishunt) is sensed with
the current sense amplifier (U2). At step 110, the current sense amplifier (U2)

produces the output voltage (Vout) based on the sensed and filtered shunt current
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(Ishunt) such that the output voltage (Vout) is substantially proportional to the shunt
current (Ishunt).

[0073] Figure 4 provides a chart illustrating the results of filtering the shunt current
(Ishunt) in accordance with the techniques and circuits 10 described herein. Figure 4
demonstrates that the output voltage (Vout) waveform is substantially proportional to
the shunt resistor (Rshunt) current waveform (Ishunt). As used herein, the term
“proportional” means that the output voltage (Vout) and the shunt current (Ishunt)
waveforms are noticeably similar in shape or form. As will described below, such
noticeably similar shapes or forms may be inverted versions of one another in some
configurations. Mainly due to practical limitations, substantially proportional does
not require that the waveforms of the output voltage (Vout) and the shunt current
(Ishunt) be identical in shape. Mainly, the output voltage (Vout) and the shunt current
(Ishunt) waveforms may be defined with respect to different units. For example, the
output voltage (Vout) in FIG. 4 is defined with respect to milli-volts (mV) while the
shunt current (Ishunt) is defined with respect to Amps (A). Additionally, the output
voltage (Vout) and the shunt current (Ishunt) waveforms may be substantially
proportional but be of different quantity or value such that the waveforms are not of
identical quantity. For example, in FIG. 4, the output voltage (Vout) at 68 mV may
correspond to and be substantially proportional to the shunt current (Ishunt) at 21
Amps.

[0074] In FIG. 4, the shunt current (Ishunt) waveform (top) was measured using a
Rogowsky Coil. The current sense amplifier (U2) output (Vout) waveform (second

from top) was measured using a differential probe. Phase A waveform (third from
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top) and Phase B waveform (bottom) are functions of the current switching applied to
the load (L) via phase commutations, or the like. It is to be appreciated that sampling
may be performed at any time after phase commutations.

[0075] Comparatively, the waveform of the current sense amplifier (U2) output
(Vout) noticeably corresponds to the shunt resistor (Rshunt) current waveform
(Ishunt). In one embodiment, the output voltage (Vout) waveform is substantially

proportional to the shunt resistor (Rshunt) current waveform for all possible values of

Alshunt

a derivate of the shunt current (Ishunt) with respect to time, i.c., In other

words, the output voltage (Vout) waveform is substantially proportional to the shunt
resistor (Rshunt) current waveform for any shunt current (Ishunt) waveform value.
[0076] In FIG. 4, the output voltage (Vout) waveform is inversely related to the shunt
current (Ishunt) waveform. In other words, as the output voltage (Vout) waveform
value decreases, the shunt current (Ishunt) waveform increases, and vice-versa. As
such, the shapes of the waveforms are noticeably similar but mirror images of one
another in FIG. 4. The waveforms may opposingly increase or decrease at the same
rate in this embodiment.

[0077] To illustrate this relationship in FIG. 4, the shunt resistor (Rshunt) current
waveform is constant when Phase A and Phase B are high. The waveform ramps up
when Phase B switches low, and continues to ramp up until phase A also switches
low. The shunt resistor (Rshunt) current waveform is constant when Phase A and
Phase B are both low. The waveform ramps up when Phase A switches high, and
continues to ramp up until phase B switches high. This cycle continues as the current

continues switching over time.
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[0078] In this example, changes in the output voltage (Vout) waveform behave
inversely from the shunt resistor (Rshunt) current waveform. Similar to the shunt
current (Ishunt) waveform, the output voltage (Vout) waveform is constant when
Phase A and Phase B are high. However, when the output voltage (Vout) waveform
ramps down when Phase B switches low, and continues to ramp down until phase A
also switches low. The output voltage (Vout) waveform is substantially constant
when Phase A and Phase B are both low. The output voltage (Vout) waveform ramps
down when Phase A switches high, and continues to ramp down until phase B
switches high.

[0079] Alternatively, the output voltage (Vout) waveform may be directly related to
the shunt current (Ishunt) waveform. In other words, as the output voltage (Vout)
waveform value decreases, the shunt current (Ishunt) waveform decreases, and vice-
versa. Similarly, as the output voltage (Vout) waveform value increases, the shunt
current (Ishunt) waveform increases, and vice-versa. As such, the shapes of the
waveforms are noticeably similar to one another (without inversion). The waveforms
may commonly increase or decrease at the same rate in this embodiment.

[0080] Notably, the output voltage (Vout) waveform is not a filtered and amplified
version of the shunt voltage (Vshunt) waveform. Having the output voltage (Vout)
waveform correspond to the shunt voltage (Vshunt) waveform causes many of the
aforementioned problems in the related art. Instead, the output voltage (Vout)
waveform, produced according to the techniques described herein, is related directly
to the shunt current (Ishunt) waveform. Accordingly, as demonstrated in at least FIG.

4, the output voltage (Vout) waveform is free of undesired artifacts, i.e., parasitic
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voltage peaks, unwanted oscillations, and ringing. This provides increased precision
and robustness when using the output voltage (Vout) for sensing, feedback, or the
like.

[0081] Figure 5 illustrates the steps of another embodiment of the method 200 of
operating the shunt current sensing circuit 10. At step 202, the load (L) is operated.
Current through the load (L) passess through the shunt resistor (Rshunt) such that the
shunt resistor (Rshunt) receives the shunt current (Ishunt), at step 204. At step 206,
the current source 50 is provided having the output current (Is) depending on voltage
(Vc) across the capacitor (C) using amplifier (U1) and resistor (R3). The current
source 50 provides the voltage (Vc) across the capacitor (C) such that (Vc) is
substantially proportional to the shunt current (Ishunt) at step 208. At step 210, the
current sense amplifier (U2) receives the voltage (Vc) across capacitor (C) as input.
The current sense amplifier (U2) senses the voltage (Vc) across capacitor (C) at step
212. At step 214, the current sense amplifier (U2) produces the output voltage (Vout)

having the voltage waveform being substantially proportional to the current waveform

shunt

of shunt current (Ishunt) for all possible values of 4 "

[0082] The circuit 10 and methods 100, 200 provide high precision sensing for all
switching (fast, slow, constant) speeds (dl/df) applied to the shunt resistor current
(Ishunt). The circuit 10 thereby provides increased versatility because the circuit 10
can be utilized for high-frequency current switching applications. Thus, systems
utilizing the circuit 10 can operate at much higher frequencies than previously
practical where the output voltage (Vout) waveform is otherwise derived from the

shunt voltage (Vshunt) waveform.

20



WO 2017/149359 PCT/IB2016/051210

[0083] Furthermore, the reduction of such voltages peaks and ringing in the output
voltage (Vout) waveform virtually eliminates any setting time because the waveform
rapidly stabilizes. This allows sampling or measurement of the shunt current (Ishunt)
to be performed at any desired time.

[0084] Additionally, the circuit 10 and methods 100, 200 effectively handle load
impulses in high frequency current switching sensing or in over-current protection
schemes, such as closed circuit protection and shoot-through protection applications.
Since the setting time is virtually reduced to zero, any load current impulse time will
exceed the setting time. Therefore, the circuit 10 and method 100, 200 eliminate the
need for additional configurations or techniques to compensate for the load current
impulse time.

[0085] Those skilled in the art appreciate that any additional components not
specifically recited herein may be added to the circuit 10 as described herein. Such
components may include, for example, a comparator connected to the current sense
amplifier (U2) for comparing the output voltage (Vout) to a threshold voltage or
current, or the like.

[0086] Furthermore, the circuits 10 and methods 100, 200 described herein be utilized
for any suitable application whereby shunt current detection is desired or needed. For
example, such applications may include battering current sensing, hall effect sensing,
or the like. Additionally, the circuits 10 and methods 100, 200 may be utilized as a
sub-component of any system in a vehicle, such as power steering systems, position
detection systems, seat systems, shifter assemblies, clutch position detection systems,

motor driving systems, or the like. Those skilled in the art appreciate that the circuits
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10 and methods 100, 200 may be used with any other application or system not
specifically described herein.

[0087] The many features and advantages of the invention arec apparent from the
detailed specification, and thus, it is intended by the appended claims to cover all such
features and advantages of the invention which fall within the true spirit and scope of
the invention. Further, since numerous modifications and variations will readily
occur to those skilled in the art, it is not desired to limit the invention to the exact
construction and operation illustrated and described, and accordingly, all suitable
modifications and equivalents may be resorted to, falling within the scope of the

nvention.
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CLAIMS
What is claimed is:
1. A shunt current sensing circuit comprising:
a shunt resistor (Rshunt) for receiving a shunt current;
5 a filtering stage connected to said shunt resistor (Rshunt) and being configured to

filter said shunt current; and

a current sense amplifier (U2) connected to said filtering stage and being
configured to receive said filtered shunt current from said filtering stage and to sense
said filtered shunt current to produce an output voltage;

10 wherein said filtering stage is configured to filter said shunt current such that said
output voltage produced by said current sense amplifier (U2) is substantially proportional
to said shunt current.

2. The shunt current sensing circuit of claim 1 wherein said output voltage is
further defined as being substantially proportional to said shunt current for all possible

15  values of a derivate of said shunt current with respect to time.

3. The shunt current sensing circuit of any preceding claim wherein said
output voltage is further defined as being inversely related to said shunt current.

4, The shunt current sensing circuit of any preceding claim wherein said
output voltage comprises a voltage waveform and wherein said shunt current comprises a

20 current waveform and wherein said output voltage being substantially proportional to
said shunt current is further defined as said voltage waveform of said output voltage

being substantially proportional to said current waveform of said shunt current.
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5. The shunt current sensing circuit of any preceding claim wherein said
filtering stage further comprises a capacitor (C) disposed in parallel with said shunt
resistor (Rshunt) and wherein a voltage is defined across said capacitor (C).

6. The shunt current sensing circuit of claim 5 wherein said voltage across

5 said capacitor (C) is substantially proportional to said shunt current.

7. The shunt current sensing circuit of any one of claims 5 and 6 wherein
said voltage across said capacitor (C) is provided as input for said current sense amplifier
(U2).

8. The shunt current sensing circuit of any one of claims claim 5-7 wherein

10 said filtering stage further comprises an amplifier (Ul) and a resistor (R3) connected
across said capacitor (C).

9. The shunt current sensing circuit of claim 8 wherein said amplifier (U1)
and resistor (R3) are schematically equivalent to a current source having an output
current depending on said voltage across said capacitor (C).

15 10.  The shunt current circuit of any preceding claim wherein said current
sense amplifier (U2) is configured to sense said filtered shunt current in a switching
pulse width modulated (PWM) mode.

11.  The shunt current sensing circuit of any preceding claim wherein a load
connects between a voltage source and said shunt resistor (Rshunt) and wherein said

20 shunt resistor (Rshunt) connects to electrical ground such that said current sense
amplifier (U2) is a low-side current sense amplifier.

12. A circuit comprising:

a shunt resistor (Rshunt) configured to receive a shunt current;
24



WO 2017/149359 PCT/IB2016/051210

10

15

20

a filtering stage connected to said shunt resistor (Rshunt) and comprising a first
amplifier (U1) being configured to filter the shunt current; and

an amplification stage connected to said filtering stage and comprising a second
amplifier (U2) being configured to sense the filtered shunt current.

13. The circuit of claim 12 wherein a high side of said shunt resistor (Rshunt)
connects to a voltage source and wherein a low side of said shunt resistor (Rshunt)
connects to electrical ground.

14.  The circuit of claim 13 wherein said filtering stage further comprises an
RC filter comprising a first resistor (R1), a second resistor (R2), and a capacitor (C).

15. The circuit of claim 14 wherein said first resistor (R1) connects to a high
side of said shunt resistor (Rshunt) and wherein said second resistor (R2) connects to a
low side of said shunt resistor (Rshunt).

16.  The circuit of claim 15 wherein a high side of said capacitor (C) connects
to said first resistor (R1) at a first node (N1) and wherein a low side of said capacitor (C)
connects to said second resistor (R2) at a second node (N2) such that said capacitor (C)
is disposed in parallel with said shunt resistor (Rshunt).

17.  The circuit of claim 16 wherein said filtering stage further comprises a
third resistor (R3) that connects to said first node (N1).

18.  The circuit of claim 17 wherein said first amplifier (U1) further comprises
a first input (U1 -) and a second input (U1 +) wherein said third resistor (R3) connects to
said first input (U1 -) and wherein said second node (N2) connects to said second input

(U1 +) of said first amplifier (U1).
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19.  The circuit of claim 18 wherein said first amplifier (U1) further comprises
an output (U1 out) that connects to a third node (N3) shared among said third resistor
(R3) and said first input (U1 -) of said first amplifier (U1).

20.  The circuit of claim 19 wherein said second amplifier (U2) comprises a
first input (U2 -), a second input (U2 +) and an output (U2 out) and wherein said
amplification stage further comprises a fourth resistor (R4) and a fifth resistor (R5).

21. The circuit of claim 20 wherein said fourth resistor (R4) connects between
said first node (N1) and said first input (U2 -) of said second amplifier (U2) and wherein
said fifth resistor (R5) connects to a fourth node (N4) shared among said second input
(U1 +) of said first amplifier (U1) and said second node (N2).

22.  The circuit of claim 21 wherein said amplification stage further comprises
a sixth resistor (R6) that connects to a fifth node (N5) shared among said firth resistor
(R5) and said second input (U2 +) of said second amplifier (U2), and wherein said sixth
resistor (R6) connects to electrical ground.

23.  The circuit of claim 22 wherein said amplification stage further comprises
a seventh resistor (R7) that connects between said output (U2 out) of said second
amplifier (U2) and a sixth node (N6) shared among said fourth resistor (R4) and said first
input (U2 -) of said second amplifier (U2).

24. A method of operating a shunt current sensing circuit comprising a shunt
resistor (Rshunt), a filtering stage connected to the shunt resistor (Rshunt), and a current
sense amplifier (U2) connected to the filtering stage, said method comprising:

receiving a shunt current with the shunt resistor (Rshunt);

filtering the shunt current with the filtering stage;
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receiving the filtered shunt current from the filtering stage with the current sense
amplifier (U2);

sensing the filtered shunt current with the current sense amplifier (U2)

producing an output voltage with the current sense amplifier (U2) based on the

5 sensed and filtered shunt current such that the output voltage is substantially proportional
to the shunt current.

25.  The method of claim 24 wherein the step of producing the output voltage
is further defined as producing the output voltage such that the output voltage is
substantially proportional to the shunt current for all possible values of a derivate of the

10 shunt current with respect to time.

26.  The method of any one of claims 24 and 25 wherein the step of producing
the output voltage is further defined as producing the output voltage such that the output
voltage is inversely related to the shunt current.

27.  The method of any one of claims 24-26 wherein the output voltage

15 comprises a voltage waveform and wherein the shunt current comprises a current
waveform and wherein the step of producing the output voltage is further defined as
producing the output voltage such that the voltage waveform of the output voltage is
substantially proportional to the current waveform of the shunt current.

28.  The method of any one of claims 24-27 wherein the filtering stage further

20 comprises a capacitor (C) disposed in parallel with the shunt resistor (Rshunt) and further
comprising the step of providing a voltage across the capacitor (C) that is substantially

proportional to the shunt current.
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29.  The method of claim 28 further comprising the step of providing the
voltage across the capacitor (C) as input for the current sense amplifier (U2).
30.  The method of any one of claims 28 and 29 wherein the filtering stage
further comprises an amplifier (U1) and a resistor (R3) connected across the capacitor
5 (C) and further comprising the step of configuring the amplifier (U1) and resistor (R3)
to be schematically equivalent to a current source having an output current depending on
the voltage across the capacitor (C).
31. The method of any one of claims 24-30 wherein the step of sensing the
filtered shunt current is further defined as sensing the filtered shunt current in a

10 switching pulse width modulated (PWM) mode.
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Shunt resistor (R shunt) receives shunt carrent (Ishunt)

Shunt current (Ishunt) is filtered at filtering stage
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Current sense amplifier (U2) receives filtered
shunt current (Ishunt) from filtering stage

3

Filtered shunt current (Ishunt) sensed
with corrent sense amplifier (U2)

g

Current sense amplifier (U2) produces output voltage (Vout)
being substantially proportional to shunt carrent (Ishunt)
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