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ABSTRACT

This application note introduces the newly released AMC0106M05 and AMC0106M25 functionally isolated
modulators. The M05 variant supports a £50mV, the M25 variant a £250mV linear input range. Both devices
come in a small, lead-less package. The AMC0106Mxx devices enable the design of an accurate and reliable,
shunt-based current-sensing subsystem for three-phase inverters with a small form-factor. Typical applications
are servo drives, and collaborative or humanoid robots powered from sub-60V power supplies. A circuit design
and layout example for a 48V 3-phase GaN inverter with boot bootstrap supply with a £50A linear current range
is presented. The design is based on the AMCO0106MO05 variant and 1mQ shunt. Test results are presented
showing that a measurement resolution up to 14 effective number of bits (ENOB) is achieved. Phase current
measurement is not affected by PWM switching, validating the high immunity against common-mode transients.
And finally, this has shown that ripple voltage caused by the bootstrap supply has no effect on the phase current
measurement for a wide range of PWM duty cycles.
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1 Introduction

High performance, three-phase inverters operated at 24V to 60V are gaining more traction in emerging industrial
applications such as high-efficiency servo drives, and collaborative, surgery, and humanoid robots. Accurate and
reliable phase current sensing is crucial in these applications to achieve smooth torque and precise position
control. These applications are highly space constrained and the 3-phase inverters are often integrated into the
motor. Therefore, a small design size with low profile and the ability to operate at high ambient temperatures

up to 125°C are important. In-phase, shunt-based current sensing as shown in Figure 1-1 provides the highest
resolution measurement of the motor current and is an industry standard design for high-performance motor
drives. TI's newly released AMCO0106Mxx functionally isolated modulators in a small, lead-less package enable
such measurement in a much smaller design size than what has been achievable so far.
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Figure 1-1. 48V, 3-Phase Inverter With Shunt-Based, In-Phase Current Sensing
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2 Design Challenges

In-line phase current sensing enables higher performance, continuous measurement, and more precise control
of the motor phase current over the entire PWM cycle compared to low-side shunt sensing. In a low-side shunt
sensing system, the current is discontinuous and the phase current can only be measured during part of the
PWM period, when the low-side power switch is turned on. These systems typically result in a less accurate
and lower bandwidth phase current closed-loop control. Therefore, in-line phase current sensing is typically
the choice for servo drives and robotic applications. However, the phase voltage is pulse-width modulated and
periodically switched between GND and the DC-bus voltage, typically 48V. The microcontroller is referred to
GND. This means that the phase current sense subsystem needs to handle a high common-mode voltage

and high common-mode transients. The slew rate of the common-mode transients are in the range of 10V/ns.
With emerging, fast switching GaN-FETs, slew rates are significantly higher. A digital interface between the
microcontroller and current sensor is preferable and improves signal integrity and eliminates issues from ground
bouncing during switching.

Figure 2-1 shows a simplified diagram of one of the motor phase currents and the corresponding PWM voltage
over one PWM cycle. For closed-loop control, it is sufficient to measure the phase current in the center of the
PWM. For small PWM duty cycles the rising or falling edge of the PWM switching falls into the sampling window
of the delta-sigma ADC. Duty cycle is defined as the ON-time of the high-side FET relative to the PWM period.

An alternative approach is to continuously sample the phase currents at a sampling rate much higher than the
PWM frequency. The individual samples are averaged to get an accurate measurement of the average current
and eliminate the inherent current ripple. This method also supports fast short-circuit and over-current detection
and sample rates up to 2.5Msps are not uncommon. An advanced use case for continuous oversampling is
predictive maintenance. For example, analyzing the phase current spectral signature allows detecting the onset
of bearing faults.
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For both approaches, PWM switching occurs during phase current sampling. Therefore, it is critical that the
phase current sensor is immune to high common mode voltage transients, and PWM switching and does not
impact measurement accuracy.
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Figure 2-1. Current Sampling for Closed-Loop Phase Current Control and Short-Circuit Detection

A current sense subsystem for a high-performance servo drives shall meet the following requirements:

* High accuracy: better than 1%

» High resolution: better than 12 effective number of bits (ENOB)

» Low propagation delay (latency): <20us

* High common mode voltage: >60V

* High common mode transient immunity (CMTI): >>10V/ns

* Fast short-circuit detection: <2us

» Adigital interface with high immunity against electromagnetic interferences such as conducted RF and fast
transient bursts

* Immunity to external magnetic fields

» Small PCB design size and low profile
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3 Design Approach

Several designs exist for in-phase current sensing in space constrained applications where a small form factor
and low height are critical. In-package Hall sensors, shunts with non-isolated amplifiers, and shunts with isolated
amplifiers or isolated delta-sigma modulators are just a few of them.

Shunt-based current sensing with a delta-sigma modulator offers the highest measurement resolution and is
the method of choice for high-performance motor drives. The digital interface to the microcontroller offers the
additional benefit of high EMC immunity. For <60V operation functional isolation is sufficient. Figure 3-1 shows a
simplified block diagram of a shunt, a 8-pin, functionally isolated, modulator, and a microcontroller connected to
the delta-sigma modulator through a two-wire interface for clock and data. The microcontroller contains a digital
low-pass filter, such as a sync3 filter, that also converts the 1-bit data stream at a high sampling rate into a
higher-bit data word at a lower rate (decimation).

Hot-side supply Cold-side supply
(3.3V or 5V) (3.3V or 5V)

I ? AVDD J) AMC0106M05 iDVDD ? MCU with integrated
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Figure 3-1. Isolated Phase Current Sense Subsystem with MCU Integrated Sync Filter

3.1 AMC0106Mxx Functionally Isolated Modulators

The AMC0106Mxx are precision, functionally isolated, second-order delta-sigma modulators designed for shunt-
based current sensing. The M05 version supports a linear input range of £50mV. The M25 supports a linear
input range of £250mV. The isolation barrier separates parts of the system that operate on different common-
mode voltage levels. A typical application is phase current sensing in high-performance servo drives. The
isolation barrier supports a working voltage up to 200Viys / 280Vpc and transient over voltages up to 570VRyys /
800Vpc.

The sigma-delta modulator on the hot side receives a clock from the cold side. The modulator translates the
analog input signal into a bit stream of digital ones and zeros that is synchronous to the clock. The digital
bit stream is transferred back to the cold side across the galvanic isolation barrier and output on the DOUT
pin. The time average of the bit stream is proportional to the analog input voltage. The block diagram of the
AMCO0106Mxx is shown in Figure 3-2.

Barrier

A% Modulator

INP CLKIN

Digital
Interface

TX/RX

INN DOUT

Isolation

DGND

RX/TX

Figure 3-2. AMC0106Mxx Block Diagram

The modulator bit stream contains high frequency quantization noise. Therefore the bit stream is processed by a
digital low-pass filter to increase measurement resolution. Many micro control units (MCUs) support delta-sigma
filtering with a dedicated peripheral block, such as the Sigma-Delta Filter Module (SDFM) integrated with the
C2000™ and Sitara™ microcontrollers. Alternatively, the digital filter is implemented in a field-programmable gate
array (FPGA).
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Isolates sigma-delta modulators have existed for many years and are an industry standard design for phase
current sensing in high-performance motor drives. However, most isolated modulators are designed for high-
voltage applications, are reinforced isolated, and come in packages with >8mm clearance distance. The
AMCO0106Mxx modulators are specifically designed for low-voltage applications, are functionally isolated, and
come in a small, 2.7mm x 3.5mm lead-less package with 1mm creepage and clearance. With the small package
size, the AMCO0106Mxx isolated modulators enable small PCB layouts that are essential for small form-factor
motor drives in robotic applications. Figure 3-3 shows a layout comparison between a AMC1306Mxx reinforced
isolated modulator and an AMC0106Mxx functionally isolated modulator. The AMCO0106Mxx layout consumes
only half the PCB area as it's AMC1306Mxx counter part.

AVDD DVDD
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>
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o | m to MCU (DOUT) to MCU (DOUT)
l o
0
Top Metal
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o Via (Reinforced Isolation) (Functional Isolation)

Figure 3-3. PCB Size Reduction AMC0106MO05 versus AMC1306M05

3.2 Circuit Design and Layout

Figure 3-4 shows the schematic of the phase current sense subsystem using the functionally isolated modulator
AMCO0106MO05 (U8) with a £50mV linear input voltage range, and a 1mQ, 3W shunt (R39). The 1mQ shunt value
determines that the linear input range is £+50A. The AMC0106MO05 has a +64mV clipping range, therefore the
maximum current range is £64A. The power dissipation in the shunt at 35Agys is 1.25W.
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Figure 3-4. AMC0106M05 Schematic Using the LMG2100R44 Bootstrap Supply

The differential anti-aliasing low-pass filter (R41=10Q, R45=10Q, C61=10nF) in front of the isolated modulator
has a cut-off frequency of 795kHz and helps to improve signal-to-noise performance of the signal path. The
purpose of the low-pass filter is to attenuate high-frequency input noise below the desired noise level of the
measurement. Without the input filter, noise close the sampling frequency (fc ki), or multiples of the sampling
frequency, is aliased to low-frequencies by the delts-sigma modulator and passes through the digital low-pass
filter. The capacitors C65=1nF and C66=1nF are optional and improve common-mode input voltage rejection at
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frequencies above 10MHz. C65 and C66 are sized 10x smaller than C61. For best performance, make sure C65
and C66 values match better than 5%. Mismatch between C65 and C66 causes differential input error during
common-mode transients. NPO-type capacitors offer low temperature drift and are preferred for common-mode
filtering.

The analog supply AVDD is decoupled with a 100nF capacitor, C56. AVDD is supplied by one of two bootstrap
supply options. The default option leverages the LMG2100R044 bootstrap supply with C40=4.7uF and a current
limit resistor R15=3Q. The bootstrap diode is integrated into the LMG2100R044 GaN-FET. The AMC0106M05
typically draws 6.6mA from the AVDD supply. This configuration allows for operating at PWM frequencies from
10kHz to 100kHz with a maximum continuous duty cycle of a round 95%. Refer to the test results for more
details.

The resistor R14=0Q is a configuration option to use a separate bootstrap supply. The resistor consists of an
ultra fast rectifier diode D1, a 4.7uF capacitor C57 and a 3Q current limit resistor R34, not populated with the
default option.

The digital supply DVDD is decoupled with the capacitors C58=2.2uF and C59=100nF. A series 0Q resistor
(R37) is a placeholder for an optional ferrite bead. Ferrite beads help reduce coupling of transient load current
spikes into the 3.3V plane and therefore improve EMI performance.

A 50Q series line termination resistor R40 at the AMC0106M05 DOUT pin improves signal integrity. An optional
capacitor C62=33pF allows for slew rate reduction of the modulator output bit-stream signal to further reduce
EMI. For more information on improving the digital interface from an isolated modulator to a microcontroller refer
to Achieving Better Signal Integrity with Isolated Delta-Sigma Modulators in Motor Drives and Clock Edge Delay
Compensation With Isolated Modulators Digital Interface to MCUSs.

Figure 3-5 shows the layout of the board with the shunt (R39) on the top-side of the PCB and the AMC0106M05
(U8) on the bottom side of the PCB. The shunt’s terminals are connected to through a Kelvin connection to the
two series input resistors R41 and R45 on the top layer. On the other side of the resistors, both signals are
connected through vias to the corresponding input pins of the AMC0106MO05 (INN and INP) that is placed on
the bottom layer. The decoupling capacitor C61 is placed as close as possible to the input pins INN and INP
and on the same layer as the AMC0106MO05. The shunt terminal facing to the U3 LMG2100R044 GaN-FET's
switch node (Ph-C) is connected through a via to the analog GND (AGND) pin of the AMC0106M05. The AVDD
decoupling cap C56 is placed on the bottom layer close to the AVDD pin and connected to the AGND trace on
the same layer.

PCB top layer (top view) PCB bottom layer (bottom view)

Figure 3-5. AMC0106MO05 Top and Bottom Layer PCB Layout
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3.3 Sinc? Filter Design

For testing, a sinc? filter was implemented on a TMS320F28379D Real-Time Microcontroller. A sinc3 filter is
a finite impulse response (FIR) filter with a constant propagation delay (group delay). The propagation delay
depends on the sinc filter order, the sample clock frequency, and the oversampling ratio (OSR). For example,
a sinc3 filter with an 20MHz sample clock frequency and an oversampling ratio of 64 has a propagation delay
of 4.8us and a cut-off frequency f_34g of approximately 80kHz. The corresponding magnitude response and
sampling window are shown in Figure 3-6 and Figure 3-7, respectively.
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Figure 3-6. Magnitude Response, f;,oq = 20MHz, Figure 3-7. Sinc® OSR64 Filter Coefficients

sinc3, OSR=64

An advantage of the delta-sigma approach is that short-circuit detection can be derived from the same modulator
bit-stream by implementing a second decimation filter with a lower OSR and therefore lower latency. For
example, a sinc? filter with an OSR of 8 running at a 20MHz sample rate, has a over-current response time
(settling time) of only 1.2ps, as shown in Figure 3-8.
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Figure 3-8. Step Response of a Sinc® OSR 8 Filter

For more details on how to implement sinc filters on a C2000™ microcontroller, see Sigma Delta Filter Module
(SDFM).
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4 Test and Validation

4.1 Test Setup

A picture of the test setup is shown in Figure 4-1. The left side shows the overall setup with the top side view of

the 3-phase GaN inverter. The right side shows the area on the bottom side of the PCB where the AMC0106M05
is placed.

In the following measurements phase notation U, V, W is used instead of the phase A, B, C notation used on the
PCB design and schematic. For example, phase C on the schematic equals phase W in the measurement.

Wires to 48V 48V 3-phase GaN-inverter: Zoom into

Pigtail probe TPP1000 DC supply AMC0106MO05 section (bottom side)

for switch node
voltage phase W

4 Phase W - —
' terminal AVDD measurement at

” TCMO0030 current
. probe (phase W)

C56 with TMDP0200
! differential probe

1mQ shunt

48V 3-phase GaN-
inverter TIDA-010936
(top-side)

C2000 MCU
¥ | aunchhpad

e
48V servo motor
(PMSM), 7.1Arms
cont. current

USB JTAG
interface

Figure 4-1. Picture of the Test Setup
4.2 Digital Interface

Figure 4-2 shows the timing of the digital interface. The AMC0106MO05 is clocked at 20MHz. A new data bit is
output on the rising edge of clock. The typical delay between the rising edge of clock to the rising (or falling)
edge of data is 22ns. For information on how to optimize the setup and hold timing with the microcontroller, refer
to Clock Edge Delay Compensation With Isolated Modulators Digital Interface to MCUSs.
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Figure 4-2. Digital Interface Timing
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4.3 DC Accuracy, Noise, and Effective Number of Bits

A series of tests was performed to quantify measurement noise and the corresponding effective number of bits
(ENOB) at different oversampling ratios and load currents. The ENOB was calculated from 1200 consecutive
samples measured at the center of the 10kHz PWM over 1200 PWM periods. The PWM vector was kept

constant during the test. The constant PWM vector produces constant phase voltage and DC current. The ENOB
was calculated as follows:

ENOB = (20 x log1o(50A / noisegys) — 1.76) / 6.02 (1)
where noisegrys equals the standard deviation of the 1200 measurements for a given OSR. Figure 4-3 shows the

histograms for OSR 32, 64, 128, and 256 measured at a 3A DC current. The resulting ENOB as a function of
OSR is shown in Figure 4-4.
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Figure 4-3. Phase Current Histograms for Different OSRs at 3A Phase Current
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Figure 4-4. Phase Current ENOB vs. OSR

At OSR=32 the design already provides a resolution of 11.1 bit. There is no measurable difference between zero
and 3A or 6A of current. As the OSR increases, the impact of system noise at larger phase currents becomes
visible. For example, the ENOB at OSR 128 increases to 13.7 bit for smaller currents while slightly degrading to
13.5 bit at 6A. Table 4-1 summarizes the ENOB, noise, and latency measured at 3A with different OSRs.

Table 4-1. AMCO0106M05 Measured Noise, ENOB and Latency vs OSR at 20MHz Modulator Clock

OSR 32 64 96 128 192 256
Noise(mAgums) 18.4 5.93 4.14 3.46 2.94 2.51
ENOB (bit) 1.1 12.8 13.3 13.5 13.8 14
Latency 24 48 7.2 9.6 14.4 19.2
(Ws)

A sinusoidal phase current measurement is shown in the next chapter using a high 100kHz PWM frequency to

demonstrate high measurement accuracy even during PWM switching.
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4.4 PWM Rejection

A series of tests was performed to quantify the impact of common mode voltage transients during PWM
switching on the measurement accuracy of the AMC0106MO05.

4.4.1 DC Phase Current Measurement Over One PWM Cycle

For this test, the AMC0106MO05 high-side supply (AVDD) was powered from the LMG2100R044 GaN-FET
bootstrap supply which is the default configuration shown in Figure 3-4.

Figure 4-5 and Figure 4-6 show the PWM-switched phase voltage W at 3A phase current, measured with a
current probe. The phase-W voltage equals the common mode voltage of the AMC0106M05 analog ground
(AGND) versus the digital ground (DGND). The higher slew rate of 13V/ns during the transition from 0V to 48V is
when the high-side GaN-FET is hard-switching, the lower slew rate of 2.7V/ns is during the transition from 48V to
0V, when the low-side GaN-FET is soft-switching (zero voltage switching). For more information on the switching
characteristics of the GaN-FET, refer to the LMG2100R044 data sheet.

1§l Trig'd 1§l Trigid
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Phase W current " Phase W current

dV/dt = 13V/ns
GaN-FET hard switching

38V
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Figure 4-5. Phase W Voltage Rising Edge at 3A Figure 4-6. Phase W Voltage Falling Edge at 3A
Current Current

GS/s [ D zs.ov}

Figure 4-7 shows a scope plot of the phase-W voltage, the phase current W (measured with a current probe)
and the supply voltage AVDD for the AMC0106MO05. The average phase-W current is 3A and the peak-to-peak
current ripple is 0.4App, a function of the servo motor's stator time constant.
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Figure 4-7. Phase W Voltage and Current Over One PWM Cycle
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For the first test, a static 3-space vector PWM with a constant phase (330 degree) and voltage magnitude was
impressed. The voltage magnitude was configured to force constant motor currents. For example, phase current
W was set to lyy = 0A or 3A, while phase U and V currents were Iy = Iy, =—=0.5 * ly.

To study the impact of PWM switching on the measurement accuracy of the AMC0106MO05, the start of
conversion of the sinc? filter was increased by 60ns for each new PWM period. The PWM frequency was

10kHz, the corresponding PWM period is 100us. The effective sampling point of the first conversion started 14us
after the start of the first PWM cycle. For the seconds PWM cycle, the effective sampling point was 14.06us. For
the 600t PWM period, the effective sampling point was 50us (center aligned to the PWM). And the last sampling
point, on the 1200t" PWM cycle, was set to 86ps. In a last step, the 1200 results were overlayed and plotted as a
single PWM cycle.

The results for 3A phase current are shown in Figure 4-8. Results for OA phase current are shown in Figure 4-9.
In both cases the OSR was 32. Phase current is plotted on the left axis, phase voltage on the right axis.

4.0 50 1.0 50
3.8 45 0.8 45
3.6 40 0.6 40
g 34 35 g g 0.4 35 S
z 32 m 30 & § 02 0 g
330 J %53 3 0.0 ety 253
Q [0 Q (o]
I % B b »}
’ = Phase Current W :
24 ——— Phase Voltage W 10 06 Phase Current W 10
2.2 Phase Voltage U, V 5 -0.8 Phase Voltage U, V, W 5
20 L [ T T T 1 0 1.0 [ T T T T T T 0
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Time (ps) Fig18 Time (us) Fig19
Figure 4-8. AMC0106M05 Phase Current ly with Figure 4-9. AMC0106M05 Phase Current |y with
OSR=32 at 3A Over one PWM Cycle OSR=32 at 0A Over one PWM cycle

At zero phase current there is no visible effect on the AMCO0106MO05 output signal during PWM switching of the
phase. Neither the falling edge of the PWM with a low slew rate of 2.7V/ns, nor at the rising edge with a high
slew rate of 13V/ns disturb the phase current measurement. This confirms the high common mode transient
immunity (CMTI) of the AMC0106MO05.

The AMC0106MO05 phase current measurement was compared to a measurement with a current probe to
validate the result. Both measurements are overlayed in Figure 4-10. Note that transient noise is seen with the
current probe measurement (black trace), but not with the AMC0106M05 measurement (red trace).
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Figure 4-10. AMC0106M05 Phase Current lyy with OSR=32 at 3A versus Current Probe Measurement Over
one PWM Cycle
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The test was repeated with a 64-times oversampling ratio. As expected, the measurement noise with 64-times
oversampling is significant lower. Even with this high-resolution measurement there is no effect visible of the
PWM switching on the AMC0106M05 measurement accuracy.

4.0 50 1.0 50
3.8 45 0.8 45
3.6 40 0.6 40
z 3.4 35 s z 0.4 35 S
3 3.0 25 B 3 00 255
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2.2 Phase Voltage U, V 5 -0.8 Phase Voltage U, V, W 5
20 [T T T T 1 0 . T T T T T 1 0
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Time (us) Fig21 Time (us) Fig22
Figure 4-11. AMC0106MO05 Phase Current Iy With ~ Figure 4-12. AMC0106M05 Phase Current |y with
OSR 64 at 3A Over one PWM Cycle OSR 64 at 0A Over one PWM Cycle

4.4.2 AC Phase Current Measurement at 100kHz PWM

For this test the PWM frequency was increased to 100kHz, with a corresponding PWM period of 10us. A
sinusoidal three-phase voltage with a frequency of 25Hz and a peak-to-peak PWM duty cycle of 10% was
impressed, as shown in Figure 4-13. The phase-W voltage was measured with a pigtail voltage probe, the phase
current with a current probe. The modulator clock frequency was 20MHz. The bitstream was filtered with a
sync3, OSR64 filter, which has a sampling window of 9.6us. The sampling window of the delta-sigma modulator
is almost as wide as the PWM period. Therefore PWM switching always occurs during the sampling time. Figure
4-14 shows the AMC0106MO05 phase current measurement. Again, there is no effect of the PWM switching
visible.

Sinc3 OSR 64 filter
samples at 20MHz
modulator clock fall into
rising and falling PWM
edge

| Weighing factor of sinc3 OSR64 filter |

W
sampling window

< »
< »
55% dut ;i
cycle 5.5us
50% duty }
cycle: 5us

Phase voltage W

45% duty
|+ cycle: 4.5us

24.75V
Mean 150.6mv

100V J[2.00ps S00MS/S @ 7/ 3860V
@ +Duty 52.02% 1>+0.000000 s _f| 10k points
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(2]

Figure 4-13. Scope Plot of Infinite Persistence Measurement of the Phase W Voltage
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Figure 4-14. AMC0106M05 Phase Current Iy, with OSR 64 at 100kHz PWM
4.5 Bootstrap Supply Validation and AVDD Ripple Rejection Tests

4.5.1 LMG2100R044 Bootstrap Supply With Low Voltage-Ripple

The following figures show the AVDD bootstrap supply voltage for a 10kHz and a 100kHz PWM at different
PWM duty cycles. The bootstrap supply is implemented with the LMG2100R044 integrated bootstrap diode, the
external bootstrap capacitors C41 (100nF), C40 (4.7uF) and the current limit resistor R15 (3Q). The bootstrap
supply drives the LMG2100R044 high-side GaN-FET, which has a typical gate charge of 7.3nC and supplies the
AMCO0106MO05, which has a typical supply current of 6.5mA at 5V.

The bootstrap supply was tested at 10kHz and 100kHz PWM, at 50% duty cycle and constant 95% duty cycle as
a worst-case condition.

Figure 4-15 and Figure 4-16 are generated from the csv files of the Tektronix MDO4104B-3 scope, using a
TMDPO0200 differential probe at a 75V sensitivity and 5MHz bandwidth.

The black trace shows the AVDD voltage referred to floating analog GND (AGND). The red trace shows the
AGND common mode voltage in respect to system GND. System GND also equals logic GND (DGND) of the
AMCO0106MO05 and the MCU GND.
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Figure 4-15. Bootstrap Voltage at 10kHz PWM, 50% Figure 4-16. Bootstrap Voltage at 10kHz PWM, 95%
Duty Cycle Duty Cycle
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Table 4-2. Bootstrap Voltage AVDD with R15 (3Q),C57 (4.7uF) vs PWM Frequency and Duty Cycle

PWM Frequency Duty Cycle AVDDyn (1 AVDDyax (M Aavop Mean (AVDD)(")
(kHz) (%) (\%) (V) (V) (V)
10 50 4.34 4.52 0.18 443
10 90 3.98 4.28 0.3 412
10 95 3.68 4 0.32 3.85
100 50 4.46 4.49 0.03 4.47
100 90 4.11 4.16 0.05 4.14
100 95 3.83 3.88 0.05 3.85
46 0.40
———  10kHz, R15=3Q
45 - 0.35 | ——  100kHz, R15=3Q
= ———  10kHz, R15=1.50Q
44 % 2030 oo Rremr 0 =
=~ z, R15=1.5
S 43 \\ 2 025 '//
[a] o [—
8 — S L
Z 42 S g 020 ——
g \ S
% 4.1 > 0.15
———  10kHz, R15=3Q \\ g
40 |e—— 100kHz, R15=3Q \ z 010
39 |—— 10KkHz, R15=1.50 0.05 —
100kHz, R15=1.5Q \ | | | |
38 0.00
50 60 70 80 90 100 50 60 70 80 90 100

PWM Duty Cycle

(%) Fig27

Figure 4-17. Mean AVDD Bootstrap Voltage

PWM Duty Cycle (%)

Fig28

Figure 4-18. AVDD Bootstrap Voltage Ripple

Figure 4-17 shows that for a given current-limiting resistor (R15) the average bootstrap voltage decreases with
lower PWM switching frequency. At lower PWM frequency, the boostrap capacitor has to support a longer
ON-time of the high-side FET and, therefore, the average voltage decreases. At high duty cycles, meaning long
ON-times of the high-side FET and short charging time of the bootstrap capacitor, the effect of R15 is visible.
R15 limits the charging current of the boostrap capacitor. Therefore, at long duty cycles, the boostrap capacitor

changes to a lower voltage. This effect can be compensated for by lowering the value of R15.

Figure 4-18 shows the peak-to-peak ripple voltage across the bootstrap capacitor as a function of duty cycle.
Again, the ripple voltage increases with PWM duty cycle due to the longer ON-time of the high-side FET and
the shorter refresh time of the bootstrap capacitor. For the calculation of mean bootstrap voltage the transient
over-and undershoot was ignored. Over- and undershoots are caused by the limited common mode rejection of
the differential voltage probe and not by the bootstrap supply.

The AMC0106M05 AVDD supply has a wide recommended operating range from 3V to 5.5V. Hence the
bootstrap supply shown in above figures always meets the AMC0106MO05 requirements. However, when
operating from the LMG2100R044 GaN-FET bootstrap supply, the LMG2100R044 UVLO function has a
maximum falling edge threshold 3.7V. The typical threshold is 3.0V. This needs to be considered for the desired
PWM frequency and the corresponding maximum PWM cycle.

A smaller bootstrap resistor can be used to increase the minimum bootstrap voltage at high duty cycles.
However, the bootstrap resistor has an impact on the peak charging currents. The LMG2100R044 internal
bootstrap diode signal path has a dynamic resistance of 1.85Q typical. The internal resistance has to be added
to the external bootstrap resistance R15 to get the effective bootstrap resistance.
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Table 4-3. Bootstrap Voltage AVDD with R15 (1.5Q),C57 (4.7uF) vs PWM Frequency and Duty Cycle
PWM Frequency Duty Cycle AVDDyn (1 AVDDyax (M Aavop Mean (AVDD)(")
(kHz) (%) (v) V) V) v)
10 50 4.35 4.51 0.17 4.44
10 90 4.05 4.33 0.28 4.19
10 95 3.83 413 0.3 3.96
100 50 4.44 448 0.04 4.46
100 90 4.2 4.25 0.05 4.23
100 95 3.93 3.98 0.05 3.96

(1) Does not include the transient undershoot and overshoot of 50mV during the falling edge of the phase-W voltage (bootstrap supply
common mode voltage)

4.5.2 Discrete Bootstrap Supply With High Voltage-Ripple

For this test, the discrete bootstrap option, shown in Figure 4-19 was used. The default bootstrap supply was
disconnected from the AMC0106M05 AVDD by removing R14. The discrete bootstrap supply consists of diode
D1, the bootstrap resistor R34=3(, and the bootstrap capacitor C57=470pF. A very small value was intentionally
chosen for C57 to generate a large bootstrap ripple voltage. The aim of the test was to evaluate how large AVDD
supply voltage ripple affects the measurement accuracy of the AMC0106MO05.

A%

Independent bootstrap supply (optional)

D1

Bootstrap supply option to
f | AVDD rippl R34
fZ;Ctee:tiség/i\/DD por\:epre 3.0 Note: Bootstrap supply from LMG2100

supply rejection disconnected by depopulating resistor R14.
C57
16V —— C56

470pF 0.1uF 55
1 > VC-MOTOR

3V3
T__R37 Ph-C
o I I Im 3W
C59 | AMC GND \M(é_ iy
C38 0.1uF U8 Functional isolation ‘ "
2.20F
8 i R41
= DVDD AVDD -
(
GND l ce1
CLK_PhC Z{ cLKIN e |2 10nF
R40 s 3 R45
DAT_PhC {4 DOUT INN T
T 50 10
X 2 DGND AGND %
AMCO106DENR
GND GND AMC GND AMC GND

Figure 4-19. AMC0106M06 AVDD Bootstrap Configuration for This Test

Figure 4-20 shows the scope plot of the AVDD bootstrap supply voltage at a 10kHz PWM with 92.8% duty cycle.
At this operating condition the off-time of the high-side GaN-FET, which equals the charging time of the bootstrap
capacitor, was only 7.2ps.

The phase current measured with AMCO0106MO05 is identical to the measurement with the current probe. There
is no performance degradation visible during the bootstrap charging time. The tolerance to high ripple voltage
allows the use of smaller bootstrap capacitors, or, more importantly, operating at 100% duty cycle for longer
periods of time.
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5 Summary

The newly released AMCO0106Mxx family of functionally isolated modulators are the smallest, galvanically
isolated modulators on the market today. The AMC0106Mxx come in a small, leadless package and enable
high accuracy, low noise phase current sensing in a much smaller design size than what has been achievable
so far. The AMC0106Mxx's high common mode voltage transient immunity, excellent power-supply rejection,
digital interface to the MCU, and the inherent immunity to magnetic stray fields, make sure of accurate

current measurement even during PWM switching. Supporting ambient operating temperature range up to
125°C, the AMCO0106Mxx is an excellent choice for space constrained, motor-integrated, sub-60V three-phase
inverter designs. Typical applications are 48V servo drives and collaborative or humanoid robots, where high
performance, robust current measurement and a small form factor is important.
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