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Low-voltage high-current inverter motor board

Introduction

This STDES-LVHPO1 reference design is a power board dedicated to driving a three-phase motor with different possible
sensorless strategies:

FOC (ZeST) with three shunts
FOC single shunt
Six steps

The main characteristics of this board are:
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Input voltage (battery) from 18 V up to 48 V

Output current per phase up to 50 A rms continuous (refer to temperature limitations section)

PWM frequency from 10 kHz up to 70 kHz (refer to temperature limitations section)

Hardware dead time set at 250 ns

Hardware overcurrent protection and built-in overvoltage detection

This board must be coupled with a dedicated ZeST Discovery board controller (B-G473E-ZEST1S) through the PCI port.

Figure 1. 3D view of low-voltage high-current inverter motor board
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1 Features

. Input voltage (battery) from 18 V up to 48 V

. Output current per phase up to 50 A rms continuous (refer to temperature limitations section)

. PWM frequency from 10 kHz up to 70 kHz (refer to temperature limitations section)

. Hardware dead time set at 250 ns

. Hardware overcurrent protection fixed at 152 A or 236 A. A lower overcurrent value is possible through an
onboard variable resistance.

. Overvoltage detection fixed at 48 VV or 96 V. A lower overvoltage value is possible through an onboard

variable resistance.

. This board must be coupled to a dedicated ZeST Discovery board controller through the PCI port. Refer to
B-G473E-ZEST1S.

Figure 2. ZeST Discovery board controller
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. Possible sensor-less strategies:
- FOC 3 x shunts with integrated OPAMP in MCU for current sensing
- FOC 3 x shunts with external OPAMP for current sensing
- FOC single shunt with integrated OPAMP in MCU for current sensing
- FOC single shunt with external OPAMP for current sensing
- Six steps with single shunt and integrated amplifier in MCU for current sensing
- Six steps with single shunt and external amplifier (pregain) for current sensing
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2 Quick setup

2.1 Connections

Figure 3. Power supply (battery) and motor wiring connection
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2.2 Jumper configuration

Power supplies

The power board provides a +5 V power supply to the ZeST Discovery board through the PCI connector.
The 3.3 V power supply for analog features can be provided in two ways:

. 3.3 Vis derived from 5 V present on the power board.

. 3.3 Vis provided by the Discovery board through the PCI connector.

A jumper must be placed in position JP1 depending on the option selected (refer to Figure 4):

. For 3.3 V on-board, place the jumper on the left side (red rectangle).
. For 3.3 V coming from the Discovery board, place the jumper on the right side (blue rectangle).
Note: By default, use the 3.3 V provided on-board.

Figure 4. 3.3 V jumper setting

3V3 Power— JP1 —3V3 PCI

C150-0 " ' |

Overcurrent

To set the hardware overcurrent ON or OFF for OCux (x = U, W, V), use respectively JP5, JP6, and JP7.
The example shown in Figure 5 illustrates the JP6 settings for OCuW:

. To enable overcurrent protection for OCuW, place the jumper in the position of the blue rectangle.
. To disable overcurrent protection for OCuW, place the jumper in the position of the red rectangle.

Figure 5. Onboard overcurrent jumper setting

The default configuration with JP9 is left OFF and a jumper on JP8 in the position illustrated by the yellow
rectangle gives an overcurrent threshold value of 152 A.

Figure 6. Overcurrent threshold jumper setting

Overcurrent JP9 - e
Not fitted = 152A [EREIN{ERFARY
Fitted = 236A N EIRI-TRRIN

OC_Bias @ =[]
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Overvoltage

Placing a jumper on JP11 in the position illustrated by the red rectangle (refer to Figure 7) gives a fixed
overvoltage value.

For JP12:

If the power supply (battery) is lower or equal to 24 V, let JP12 OFF and the overvoltage threshold value to
48.5 V.

If the power supply (battery) is higher or equal to 24 V and lower or equal to 48 V, set JP12 ON and the
overvoltage threshold value to 94.4 V.

Figure 7. Overvoltage threshold jumper setting

Overvoltage JP12
Mot fitted : 24V, Ov

If the power stage is configured (refer to Figure 8):

. FOC mode — Place a jumper on JP14 between Ref. PCl and the center pin (red rectangle).
6-step mode — Place a jumper on JP14 between Ref. 6S and the center pin (blue rectangle).

Figure 8. Onboard bias voltage jumper setting
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For power supply voltage (battery) sensing, JP16 must be configured as follows (refer to Figure 9):
. If the power supply (battery) is <24V, let JP16 OFF.
. If the power supply (battery) is =224 V and <48 V, set JP16 ON.

Figure 9. Power supply (battery) sensing jumper setting

JP16 :
Not fitted <= 24V
Fitted <= 48V

If the power stage is configured (refer to Figure 10):
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. FOC mode
- If the power supply (battery) is <24V, let JP10, JP13, and JP15 OFF.
- If the power supply (battery) is =224 V and <48 V, set JP10, JP13, and JP15 ON.

Warning: Even if they are relevant to the 6-step mode, to avoid any potential failure on 3.3 V LDO
when the power supply is above 28 V, close JP2, JP3, and JP4. However, if 6-step
mode is not used, R18, R19, and R20 can be removed safely.

. 6-step mode (JP10, JP13, and JP15 are not relevant)
- If the power supply (battery) is <24V, let JP2, JP3, and JP4 OFF.
- If the power supply (battery) is 224 V and <48V, set JP2, JP3, and JP4 ON.

Figure 10. Phase motor voltage sensing jumper setting

JPd, JPS :I JP3. P13 r‘} Py 4 \ JPZ. JP1G
Mat Tited <= 24V 2 M finad <= 24V e E i - Mat n1IMI .;. 24..!
§ Fitted <= JEV Fithe-d £u LHY i 38 ) Fitted

Verify on JP2 (ZeST Discovery board) that only P5V is populated (refer to the green rectangle in Figure 11)

Figure 11. ZeST Discovery board JP2 configuration

2.3 FOC with three shunts and internal MCU OPAMPs for current sensing

The following table shows how to set the power board for this configuration.

Table 1. Components configuration for FOC with three shunts and internal MCU OPAMPs

T s oo

J1,J4

C74, C81, C87, C95, C104, C108, C109, C124, C125 X -
R116, R127, R134, R145, R159, R161, R163, R181, R182

J2,J3, J5, J6

R21, R22, R23, R114, R122, R132, R152, R155, R156, R165, R166, R170, R172, R174, R176
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On the ZeST Discovery board:
. By default, the board is configured for this mode.
. Make sure that:

— SB75, SB76, and SB81 are ON while SB73, SB77, and SB80 are OFF for phase voltage
measurement (refer to Figure 12).

- SB11, SB22, SB32, SB35, SB38, and SB39 are ON, while SB21, SB31, and SB37 are OFF for shunt
current measurement (refer to Figure 13).

Figure 12. Bottom layer ZeST Discovery board Figure 13. Top layer ZeST Discovery board ball
solder ball setting setting

24 FOC with three shunts and external OPAMPs for current sensing
The following table shows how to set the power board for this configuration.

Table 2. Components configuration for FOC with three shunts and external OPAMPs

I 1

J1, J4
C74, C81, C87

R116, R127, R134, R145, R159, R161, R163, R181, R182, R152, R155, R156, R165, R166, R170, R172, R174,
R176

J2,J3, J5, J6
C95, C104, C108, C109, C124, C125 - X
R21, R22, R23, R114, R122, R132, R145, R159, R161, R163, R181, R182

On the ZeST Discovery board:
. Modify the default configuration as:

- No change: SB75, SB76, and SB81 are ON while SB73, SB77, and SB80 are OFF for phase voltage
measurement (refer to Figure 14).

- SB11, SB22, SB32, SB35, SB38, and SB39 are OFF and SB21, SB31, and SB37 are ON for shunt
current measurement (refer to Figure 15).
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Figure 14. Bottom layer ZeST Discovery board Figure 15. Top layer ZeST Discovery board solder
solder ball setting ball setting

25 Six steps and internal PGA for current regulation
The following table shows how to set the power board for this configuration.

Table 3. Components configuration for six steps and internal MCU PGA

T N T

J2,J3, J5, J6

C95, C104, C108, C125 X -
R21, R22, R23, R152, R156, R161, R165, R166, R174, R176

J1, J4

C74, C81, C87, C109, C124 - X
R114, R116, R122, R127, R132, R134, R145, R155, R159, R163, R170, R172, R181, R182

On the ZeST Discovery board:
. Modify the default configuration as:

- SB75, SB76, and SB81 are ON while SB73, SB77, and SB80 are OFF for phase voltage
measurement. In case of need, C68, C71, C75, R62, R66, and R68 are on the bottom layer (refer to
Figure 16).

- SB11, SB21, SB22, SB31, SB35, SB37, SB38, and SB39 are OFF and SB32 is ON for shunt current
measurement. Remove R17 (refer to Figure 17).

Figure 16. Bottom layer ZeST Discovery board Figure 17. Top layer ZeST Discovery board solder
solder ball setting ball setting
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2.6 Six steps and an external amplifier for current regulation
The following table shows how to set the power board for this configuration.

Table 4. Components configuration for six steps and an external amplifier

S

J2,J3, J5, J6

C95, C104, C108, C125 X -
R21, R22, R23, R152, R156, R165, R166, R170, R174, R176

J1,J4

C74, C81, C87, C109, C124 - X
R114, R116, R122, R127, R132, R134, R145, R155, R159, R161, R163, R172, R181, R182

On the ZeST Discovery board:
. Modify the default configuration as:

— SB75, SB76, and SB81 are ON while SB73, SB77, and SB80 are OFF for phase voltage
measurement. In case of need, C68, C71, C75, R62, R66, and R68 are on the bottom layer (refer to
Figure 18).

- SB11, SB21, SB22, SB31, SB35, SB37, SB38, and SB39 are OFF and SB32 is ON for shunt current
measurement. Remove R17 (refer to Figure 19).

Figure 18. Bottom layer ZeST Discovery board Figure 19. Top layer ZeST Discovery board solder
solder ball setting ball setting
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2.7 FOC with one shunt and internal MCU OPAMPs for current sensing

The following table shows how to set the power board for this configuration.

Table 5. Components configuration for FOC with one shunt and internal MCU OPAMPs

e s o o

J2,J3, J5, J6

C74, C81, C87, C95, C104, C108, C109, C124, C125 X -
R116, R127, R134, R152, R156, R161, R166, R176, R181

J1, J4

R21, R22, R23, R114, R122 R132, R145, R155, R159, R163, R165, R170, R172, R174, R182

On the ZeST Discovery board:
. By default, the board out of the box can be used for this mode.
. Make sure that:

- SB75, SB76, and SB81 are ON while SB73, SB77, and SB80 are OFF for phase voltage
measurement (refer to Figure 20).

- SB11, SB22, SB32, SB35, SB38, and SB39 are ON while SB21, SB31, and SB37 are OFF for shunt
current measurement (refer to Figure 21).

Figure 20. Bottom layer ZeST Discovery board Figure 21. Top layer ZeST Discovery board solder
solder ball setting ball setting

UM3489 - Rev 2 page 10/45



r UM3489
,’ Quick setup

2.8 FOC with one shunt and external OPAMPs for current sensing
The following table shows how to set the power board for this configuration.

Table 6. Components configuration for FOC with one shunt and external OPAMPs

S

J2, J3, J5, J6

C74, C81, C87 X -
R116, R127, R134, R152, R156, R165, R166, R170, R174, R176

J1, J4

C95, C104, C108, C109, C124, C125 - X
R21, R22, R23, R114, R122, R132, R145, R155, R159, R161, R163, R172, R181, R182

On the ZeST Discovery board:
. Modify the default configuration as:

— No change: SB75, SB76, and SB81 are ON while SB73, SB77, and SB80 are OFF for phase voltage
measurement (refer to Figure 22).

- SB11, SB22, SB32, SB35, SB38, and SB39 are OFF and SB21, SB31, and SB37 are ON for shunt
current measurement (refer to Figure 23).

Figure 22. Bottom layer ZeST Discovery board Figure 23. Top layer ZeST Discovery board solder
solder ball setting ball setting
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3 Feature explanations
3.1 Voltage sense
3141 Phase voltage sense schematic (FOC mode)

The three phases have the same schematic. R114, R122, and R132 are OFF. These resistors add a slight offset if
necessary (refer to Section 3.7: Utility of R114, R122, and R132).

Figure 24. Phase voltage sensing schematic in FOC mode

trad
5K

Jumpers
Mot frted -> Viat = 1%, Raio = 0128, for VX
auipar, ME carlT Irequesdy = S01HE

ELEE Fited > Vit = 5%, Ratie = 8043, far VX
’_i{rr:em oy sutpats, -ME cat-aff frequansy = S10Hz

Take U phase output for example:
When JP10 is OFF (24 V mode)

R117
R115 + R117

VU = VoutU = 0.1279 x VoutU, when VoutU =24 V, VU = 3.07 V

C75 acts as a first-order low-pass filter with -3 dB cutoff frequency.

_ 1 o o R115 X R117 .
Fsis = g Rmtx c75 WIth Rint = pi15 3 giq7 9'ves S02Hz

When JP10 is ON (48 V mode)
R117 X R118
VU = Vouty—LR117 1 R118 = 0.06299 X VoutU, when VoutU = 48 V, VU = 3.023 V

RI17 x R118
R115 + 23175 r118
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C75+C76 acts as a first-order low-pass filter with -3 dB cutoff frequency:

R115 x R117 xR118
I _ RI17 + R118
with Rint2 = R115 5 RLT>AIIS gives 510 Hz.
RI17 + R118

_ 1
Fosas = 5 Rinez x (C75 +C76)

Of course, one can use the 48 V mode with 24 V, but the opposite is impossible.

3.1.2 Schematic on the ZeST Discovery board (FOC mode)

Figure 25. Phase voltage sensing schematic on the ZeST Discovery board

Ml voL+ U ¢ Rdd 76 M1 VOL+ U

Ml VoL+ v ¢ 2 75 M1 VOL+ V
2R _| .0

M1 voL+ w ¢ Ra8 81 Ml VOL+ W

With VU = M1_VOL+_U_C, VV = M1_VOL+_V_C, VW = M1_VOL+_W_C. M1_VOL+_U/V/W are connected to
MCU ADC inputs.

The first-order low-pass filter formed by R66(R62, R68) and C71(C68, C75) has a -3 dB cutoff frequency
_ 1
fe= = Re6x 71

With R66 =220 Q and C71 = 100 pF, fc = 7.23 MHz. 7.23 MHz is very high for a motor control application, but
C71 (C68, C75) acts as a kickback capacitor to counteract the effects of the ADC sampling capacitor.
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313 Phase voltage sense schematic (six-step mode)
Figure 26. Phase voltage sense schematic in six-step mode
outs 3\'3.-1310% r_power - 3V3_analog power 3 ~outW
o e oo £
11%4 :%s —J:JCUZ:F Iltlz(s 111]? IfgsF 11%8
mE 6 Steps Phas:\'/:;age Measurement uE
The three phases have the same schematic.
For example, for U phase output:
When JP2 is OFF (24 V mode)
_ R25 _
VU = VoutU—R18 TR = 0.1282 x VoutU
When JP2 is ON (48 V mode)
R24 x R25
_ R24 + R25 _
VU = VoutU AT = 0.0685 x VoutU
R24+ R25
Of course, one can use the 48 V mode with 24 V, but the opposite is impossible.
On the ZeST Discovery board, it is the same schematic as FOC mode with VU = M1_VOL+_U_C, VV =
M1_VOL+_V_C, VW =M1_VOL+ W_C.
M1_VOL+_U/V/W are connected to MCU ADC inputs.
Looking at U phase, the worst constant time is with 24 V mode and is approximately:
_ (R18 X R25 _
T= (—R18 xRS 4 R66) x €71 =011 ps
To get an idea of the rising/falling time, a first approximation consists of multiplying 1 by 3. With the previous
values, the rising/falling time is about 0.33 ps.
For many motors, a PWM frequency of about 20 kHz (so a period of 50 ps) is good enough. So, 31 =0.33 s is
less than 1% of 50 ps and this gives a good operating margin. If a higher PWM frequency is required, consider
reducing the value of C71(C68, C75), but not below 22 pF.
314 Battery voltage sense schematic

Figure 27. Power supply (battery) voltage sense schematic

V3 _anak

Batterie Voltage Sensing

Vec_BW
RiH
5 {Telw |
i o
T
@D
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Vcc_power is the image of battery voltage. This voltage is first scaled to the ADC input range by:
. R143+R150 if JP16 is OFF.
. R143+R150//R151 if JP16 is ON.
Note: This signal is first-order low-pass filtered by C100 if JP16 is OFF and by C100+C101 if JP16 is ON.

Vcc_Pw is connected to the Discovery board through PCI connector M1_VBUS_C and then first-order low-pass
filtered by R14 and C16 before entering ADC port PB13.

Figure 28. Power supply (battery) sensing schematic on the ZeST Discovery board

Ml VBLUS C Rl4 M1 VBUS
EMIEM (FE13]

2 2nF

When JP16 is OFF (24 V mode)

_ R143 _
Vee Pw = Vcc_power—R143 T RIS0 — 0.061 X Vcc_power

. When Vcc_Power =24V, Vec_ Pw = 1.464 V
. When Vcc_Power =48V, Vec_ Pw =2.928 V

R143 x R150 dd= Reql x C100 + Reql x C16 + R14 x C16 then

Reql = s X200
€4 = R143 + R150 2y/Reql x C100 X R14 X C16
1
fn

~ 2nyReql x C100 x R14 % C16
So:

fzap = fnx «/1 —2d* +4d" — 4d* + 2, f.345 at PB13 = 1.36 kHz

When JP16 is ON (48 V mode)
R150 X R151
Vce_Pw = Vcec_power R150 + R151 = 0.029 X Vcc_Power

R150 x R151
R143 + R150 + R151

. When Vcc_Power =48V, Vec_Pw = 1.392 V
. When Vcc_Power = 96 V, Vcc_Pw =2.784 V

R143 x R150 X R151
RISO4RIST .y 4 = R€42X (€100 + C101) + Req2 X C16+R14 X €16

R150 x R151

1
fn =
2myRe g2 X (C100 + C101) X R14 X C16

SO f_zap = fn \/1 —2d% +\4d* — 4d® + 2, f 395 at PB13 = 1.51 kHz

Reg2 =
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3.2 Current sense

3.21 In FOC mode and internal MCU op amp, current sense amplifier circuitry is located on the ZeST
Discovery board:

The three phases have the same schematic.

Figure 29. Three shunts ZeST Discovery board internal MCU OPAMPs current sensing schematic

OPREF

~. Ml SHUNTI+ ==%B21

10pAmp3~~, _PB1
it

M1 SHUNT1+
=—=5B22 R13 PDI1

220R

-

C17

-~

M1 SHUNTI- kT = Ril 30K 0.1%

R79 30K 0.1%

ARM
Wiy

OPREF

M1 SHUNT2+ r==pB3l

B35

30K 0.1%

ARA

30K 0.1%

OFREF

R26
30K

~
~

B39

OpAMpPS .,

=

“w.. Ml _SHUNT3+ ==fB37

-

1oF 0.1%] i, €25
ML _SHUNT3- R37  — R33 .. 30K 0.1%
1K
0.1% R83 30K 0.1%

ARA

For example, M1_Shunt1 (ADC input PD11). The RSU shunt from the power board is connected to the
M1_Shunt1x pins through 10 Q resistors R145 and R159. ShuntU+ = M1_SHUNT 1+ and ShuntU- =
M1_SHUNT1-
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Figure 30. Shunt path to ZeST Discovery board in internal MCU OPAMPs

With:
. R6 + R145 =R7 + R159 = Ra
. R5=R78 =R11=R79=Rb

OPREF BB X (Mshunet + ~ Mspune1 —) With (Mshuntt+ - M1suntr-) = RShunt x Imotorphase =

RSU x Imotorphase
PD11 (ADC input) is PB1 output filtered by a first-order low-pass filter with a -3 dB cutoff frequency
1

PB1 =

2m X R13 X C17°
Numerical application:

Ra =1.01 kQ, Rb = 30 kQ, R13 =220 Q, C17 = 2.2 nF, Rshunt on power board RSU = 1 mQ, OPREF =
3.3V

PB1 =1.65V + 14.85 mQxImotorphase and f.34g = 328 kHz

If a 12-bit ADC is used with a reference voltage of 3.3 V, the LSB is 805 pV in single-ended mode.
The “AC” component of PB1 is 14.85 mQxImotorphase.

Imotorphase = 1A gives 14.85 mV.

14.85 mV is 18LSB, and then 18LSB per Amp, therefore 1LSB represents 55 mA.

For 50 Arms (70 A peak), PB1 =1.65V +/-1.05 V = 2048LSB +/-1304LSB

3.2.2 External OPAMP current sense schematic (FOC mode)
The three phases have the same schematic.

Figure 31. External OPAMP current sense schematic

External Opamps Phase Current Sensing

ShuntlT+
R155
102
100pF
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For example, for phase U:
. R152 + R153 = R156 + R157 = Ra
. R146 = R158 = Rb

Shunty . = Bias + g—z X (Iowtw + — Toutv -)

Vref_pci

> and

with Bias =
ShuntU+ is connected to M1_Shunt1+.PD11 (ADC input) is ShuntU+ filtered by a first-order low-pass filter with a

1
-3 dB cutoff frequency 27 % (R13 + R154) % C17'

Figure 32. External OPAMP current sensing schematic on the ZeST Discovery board

M1 SHLINTI1+

IR,
| 22aF

Note: Low pass filter R154 + C102 can be neglected because the cutoff frequency is 159 MHz.

Numerical application:

Ra =570 Q, Rb =10 kQ, R13 + R154 = 230 Q, C17 = 2.2 nF, Rshunt on power board = 1 mQ, Vref_pci =
3.3V

PD11=1.65V + 17.54 mQ x Imotorphase and F_3qg = 314 kHz

If a 12-bit ADC is used with a reference voltage of 3.3 V, the LSB is 805 pV in single-ended. The “AC”
component of ShuntU+ is 17.54 mQ x Imotorphase.

Imotorphase = 1 A gives 17.54 mV.
17.54 mV is 21 LSB and then 21 LSB per Amp, or 1 LSB represents 47 mA.
For 50 Arms (70 A peak), ShuntU+ = 1.65 V +/-1.2278 V = 2048 LSB +/-1525 LSB

3.23 Internal OPAMP current sense amplifier circuitry on the ZeST Discovery board (six-step mode)
The six-step mode is a single-shunt mode. On the power board, RSV is used as a single shunt.

RSV positive sense is connected to M1_Shunt2+ on the Discovery board through a 10 Q (R161). The negative
sense of RSV is left open.

Figure 33. ZeST Discovery board internal MCU op OPAMPs current sensing schematic for the six-step
configuration

OPREF

~

1OpAmp4™~, _PBI ==5B33

13_15312 PBI0 | P 220R
| o -
0.1% [l €21
‘ 2.20F
M1 SHUNT2- R = R22 ... 30K 0.1%

1K
0.1% R81 . 30K 0.1% ==
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R17 is removed and the shunt voltage is applied to pin PB11 via a bridge divider R18 + R80.
The calculated value of PB11:

R80
R18 + R161 + R80

PB11 is the positive input of the internal MCU PGA.

Then, the voltage output of the internal PGA is: PGAout = PGAgainset x PB11 with Imotorphases = (IU+IV+IW)
Numerical application:
R18 = 1 kQ, R80 = 30 kQ, R161 =10 Q, RSV =1 mQ
PB11 = 0.967 mQ x Imotorphases and PGAout = PGAgainset x 0.967 mQ x Imotorphases

PB11 = RSV X Imotorphases

3.24 External OPAMP (six-step mode)
The six-step mode is a single shunt mode and, on the power board, it is the RSV shunt that is used.
RSV shunt is connected to loutV+ and loutV-

Figure 34. Six-step external OPAMP current sensing schematic

GND Bias 3V3_analog_power

U4
TSVTIILT
R167
H6OR
R174 R175
10R. 560F
C120
! 1nF
GND 10pF
Ref Current 68

U1z Bias
TSVIILIILT
R138

OPREF

= R22 30K 0.1%

R81 ... 30K 0.1%
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ShuntV+ is connected to M1_Shunt2+ and then to PB11 through R18 = 1kQ and R80 = 30kQ. JP14 is ON
between pins 2 and 3.

R165 + R167 = R174 + R175 =Ra, R162 =R179 =Rb

R80
R18 + R169 + R80

PB11 =

X (Bias + g—g x (ToutV, — IoutV_))

The voltage output of the internal PGA is then: PGout = PGAgainset X PB11 with Bias = w
and (ToutV, — IoutV_) = RSV X Imotorphases with
Imotorphases = Imotorphaseq = (IU+1V +I1W)
Numerical application
R169 =10 Q, RSV =1 mQ, Ra =570 Q, Rb =10 kQ, R18 = 1 kQ, R80 = 30 kQ
PB11 = Ref_Current_6S+2 + 16.96 mQ x Imotorphases
Note: Ref_Current_6S is a DAC output. The DAC must be set in buffer mode ON and, referring to the datasheet
of STM32G4 products, Ref_Current_6S varies from 0.2 V to Vrref - 0.2 V. To reach a bias of about 0 V, the
DAC output must be set in buffer mode OFF.

3.25 Internal OPAMP current sense amplifier on the ZeST Discovery board (single-shunt FOC mode)
The single-shunt FOC mode uses a single shunt and, on the power board, an RSV shunt is used.

RSV positive sense is connected to M1_Shunt2+ on the Discovery board through a 10 Q (R161). RSV negative
sense is connected to M1_Shunt2- on the Discovery board through a 10 Q (R181).

Figure 35. Single shunt ZeST Discovery board internal MCU OPAMPs current sensing schematic

OPREF

R17
30K i“~.. Ml SHUNT2+ ==gB3l
M1 _SHUNT2+ I [
1OpAmp4™~, _PBI —5B35 R19 PD12
R8O PBE10 ! ,/' 170R.
30K o
0.1% [ c21
2 2nF
M1 SHUNT2- T Ri4  — R22 .. 30K 0.1%
IK
0.1% R81 .. 30K 0.1% =

R18 + R161 = R24 + R181 = Ra, R17 = R22 = R80 = R81 =Rb

OPREF Rb

PB12 = 2 + TRa X (MlshuntZ + = MlShuntZ —)

with (M1gpune2 + — M1ghunez — ) = RSV X Imotorphases with Imotorphases = (IU + IV + IW)
PD12 (ADC input) is PB12 output filtered by a first-order low-pass filter with a -3 dB cutoff frequency
1

2m X R19 x C21
Numerical application
Ra =1.01 kQ, Rb =30 kQ, R19 =220 Q, C21=2.2nF
Rshunt on power board RSV = 1 mQ, OPREF =3.3V
PB12 =1.65V + 14.85 mQ x Imotorphases and F-3dB = 328 kHz

If a 12-bit ADC is used with a reference voltage of 3.3 V, the LSB is 805 uyV in single-ended. The “AC”
component of PB12 is 14.85 mQ x Imotorphases. With Imotorphases = 1 A, it gives 14.85 mV. 14.85 mV is
18 LSB so 18 LSB per ampere or one LSB represents 55 mA. For 50 Arms (70 A peak), PB12 =1.65V
+/-1.05V = 2048 LSB +/-1304 LSB.
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3.2.6 External OPAMP (single-shunt FOC mode)
The single-shunt FOC mode uses a single shunt and, on the power board, it is RSV that is used. The RSV shunt
is connected to loutV+ and loutV-. RSV positive sense is connected to loutV+ through a 10 Q (R165) and RSV
negative sense is connected to loutV through a 10 Q (R174). JP14 is fitted between pins 1 and 2.

Figure 36. Single shunt external OPAMPs current sensing schematic
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ShuntV+ is connected to M1_SHUNT2+ on the Discovery board with R165 + R167 = R174 + R175 = Ra, R162 =

R179 =Rb
Bias = m with Bias = m and (IoutV, — IoutV_) = RSV x Imotorphases with
Imotorphases = (IU + IV + W)

PD12 (ADC input) is ShuntV+ output filtered by a first-order low-pass filter with a -3 dB cutoff frequency
1

f-3a8 = 2 (R0 + R169) x C21
Numerical application
Vref_pci=3.3V,R161and R181 =10 Q, RSV =1m Q, Ra =570 Q, Rb = 10kQ
PD12=1.65V + 17.54 mQ x Imotorphases and F-3dB = 314 kHz

If a 12-bit ADC is used with a reference voltage of 3.3 V, the LSB is 805 pV in single-ended. The “AC”
component of ShuntV+ is 17.54 mQ x Imotorphase.

With Imotorphases = 1 A, it gives 17.54 mV. 17.54 mV is 21 LSB so 21 LSB per ampere or one LSB
represents 47 mA.

For 50 Arms (70 A peak), ShuntV+ = 1.65V +/-1.2278 V = 2048 LSB +/-1525 LSB
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3.2.7 Battery current sense
On the power board, there is an option to measure the current drained or provided to the battery. This
measurement is done by a shunt resistor RPW and a high-side current sensing TSC2020.

R128 with C85 acts as a first-order low-pass filter before entering the Discovery board. The TSC2020 has an
internal gain set at 20 V/V, and Vg1 and V¢ connections allow a DC bias of the output (OUT) to be set to

3.3V_analog_power/2.

Figure 37. Power supply (battery) current sensing schematic
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Icc_Current is connected on the Discovery board to AC_voltage_C and then again first-order low-pass filtered
(R70 + C80) before entering in ADC input named AC_voltage.

1
3V3_analog_power + 20 X (Icc_Power, — Icc_Power_)

Iecourrent = 2
with Icc_Power, — Icc_Power_ = RPW X IBattery and d = R128 x (85 + R128 X (80 + R70 X (80 then
24/R128 X €85 x R70 x €80

1 S0 f_sgp = fnx V1 — 2d% +\ad" — 4d® + 2

~ 2mJR128 x C85 X R70 x €80
Numerical application
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3V3_analog_power = 3.3V, RPW =1m Q, R128 = R70 = 220 Q, C85 = 10 nF, C85 = 10 nF
Icc_Current = 1.65 V + 20 mQ x IBattery and f.3qg = 56.3 kHz

If a 12-bit ADC is used with a reference voltage of 3.3 V, the LSB is 805 pV in single-ended. The “AC”
component of Icc_Current is 20 mQ x |Battery.

IBattery = 1 A gives 20 mV. 20 mV is 24 LSB. Thus, 24 LSB per ampere or one LSB represents 41.6 mA.
For 50 Arms (70 A peak), lcc_Current = 1.65 V +/-1.4 V = 2048 LSB +/-1739 LSB.

Note: As the gain of the TSC2010 is fixed internally, the best way to change the current range measurement
is to change the RPW value.

3.3 Overcurrent protection

On the power board, there are three L6491 transistor drivers. Each L6491 driver has an integrated comparator
with its two inputs externally accessible (CP+ and CP-).

While Cp+ voltage is lower than CP- voltage, the comparator is not triggered, and /SD and OD pins are not tied to
GND.

When Cp+ voltage is higher than CP- voltage, the comparator is triggered, and /SD and OD pins tied to GND set
the L6491 driver to standby mode. As a consequence, the output power stage is in a high-Z state.

Figure 38. Overcurrent protection schematic
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Overcurrent pins are connected to M1_Energency (BKIN) on the Discovery board. When one of the L6491 drivers
detects an overcurrent, as all /SD and OD pins are connected, the three L6491 are set to standby at the same
time. As the L6491 drivers are set to standby, overcurrent "virtually disappears" (because the output power stage
is in high-Z) and thanks to the C28 capacitor, all L6491 drivers are forced to remain in standby until the C28
voltage reaches the enable voltage threshold, which is 2 V at minimum.

Note: C28 is charged through the three 1 kQ resistors connected to Enx pins. The time to rereach the threshold of the
enable pin after an overcurrent detection is expressed by:

t= —Reqx (28 x In(1—-22) with Req = R82 // R103 // R107
33V

Numerical application
C28 =100 nF and Req = 1k // 1k // 1k =333 Q so t = 31 ps.

Note: The RC filter made by R102 (R77, R79) and C66 (C42, C47) is there to "attenuate" the inevitable oscillations in
the shunt measurement due to their parasitic inductance.

The cutoff frequency of this filter must be low enough to reject parasitic oscillations but high enough not to
penalize the overcurrent detection speed.

It is also necessary to consider the safe operating area (SOA) of the transistor to prevent the current amplitude
from extending outside this area.

For the STP110N10F7 MOSFET, the datasheet gives 100 ps in a single pulse. Being conservative and knowing
that it is very likely that there is more than one pulse before reaching the trigger threshold, a 5 or 20 ys margin is
taken.

If C66 = 10 nF and knowing that 3 x RC is 95% of the final value, then the resistance is: 20 us/(3 x C66) = 666 Q
or 680 Q.

-1
2m X R102 X C66
The level of the overcurrent setting is defined by the voltage applied to the CP- pin. This voltage is named
OC_Bias on the schematic.

Then the cutoff frequency is = 23 kHz.

Figure 39. Overcurrent threshold setting schematic

IV3_analog_power

GND
Manual Overcurrent Setting !

GND

Depending on the JP8 position, this voltage can be fixed or variable.

. 1-2: fixed by resistor divider R110, R111, R112+R113

. 2-3: variable by RV1 and the resistor divider R110, R111, R112+R113

The following formula is used at the threshold to calculate the needed OC_Bias value:

Cp4+ = RSx X Imotorphasey,y = Cp_ = 0Cpjgs

For example, with RSx = 1 mQ and a max current requested Imotorphases_max = 80 A, OC_Bias = 1 mQ
x0.80 A =80 mV.

On a power board with JP8 ON between 1-2 pins:

(R112 + R113)
R112 + R113 + R110
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(R112 + R113)
R112 + R113 + R0 RUL
Then with a 1 mQ shunt:
. JP9 OFF gives OC_Bias = 152 mV so Imotorphases_max = 152 A
. JP9 ON gives OC_Bias = 236 mV so Imotorphases_max = 236 A

On the power board, if JP8 is ON between 2-3 pins, then with a 1 mQ shunt, adjust RV1 to have the desired
overcurrent value. For example, set OC_Bias at 80 mV (pad layout OC_Bias) to have an overcurrent set at 80 A.

if JP9 is ON.

. OC_Bias = 3.3 X

3.4 Overvoltage protection
The power board has a comparator for the overvoltage detection feature. The comparator is U10.

Figure 40. Overvoltage protection schematic
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While U10 In+ voltage is lower than In- voltage, the comparator is not triggered and the OV_Vcc_Power pin is tied
to GND.

When U10 In+ voltage is higher than In- voltage, the comparator is triggered, OV_Vcc_Power pin is tied to
3V3_analog_power.

When an overvoltage is detected, the rising edge of OV_Vcc_Power is sent to the Discovery board to
M1_Emergency (BKIN2).

Figure 41. Overvoltage PCI connector highlight
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The level of overvoltage setting is defined by the voltage applied on the U10 In- pin. This voltage is named TP6
on the schematic. Depending on the JP11 position, this voltage can be fixed or variable.

. 1-2: fixed by resistor divider R119, R126+R129
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. 2-3: variable by RV2 and the resistor divider R119, R126+R129

The voltage applied to U10 In+ is proportional to battery voltage (Vcc_power) and is named k.Vcc_power.
The value of TP6 is chosen in the range of 1/5 to 4/5 of 3V3_analog_power.

When JP11:

R126 + R129
R119 + R126 + R129

. When JP11 is ON between 1-2 pins, TP6 = 3V3_analog_power X

. When JP11 is ON between 2-3 pins, TP6 variable thanks to RV2.
The k factor for Vcc_power is calculated depending on the JP12 state:

) ) cp— _ R124
When JP12is OFF: k = R 12t
R124 X R125

- When JP12is ON: k = — K124+ R125

R124 x R125
R120 + 21537 R125

Numerical application

3V3_analog_power = 3.3 V, R119 = 2.8 kQ, R120 = 169 kQ, R124 = 10 kQ, R125 = 10 kQ, R126 = 13 kQ,
R129 = 0Q

. TP6 = 2.71 V with JP11 ON between 1 and 2.

. k (JP12 OFF) = 0.0558, k (JP12 ON) = 0.0287.

At threshold k.Vcc_power = TP6, then

. When JP12 is OFF: Vcc_power overvoltage threshold = 2.71/0.0558 = 48.56 V.

. When JP12 is ON: Vcc_power overvoltage threshold = 2.71/0.0283 = 94.42 V.

When JP11 is set between 2-3, JP12 must be ON. In this case, 0.0287.Vcc_power = TP6.

If an overvoltage of 35V is requested, adjust TP6 with RV2 to have TP6 = 0.0287.35V =1 V.

3.5 Temperature sensor

On the power board, there is a temperature sensor located under the heatsink. This temperature sensor is
multiplexed with the board identification (board identification is a simple bridge resistor divider generating a
predetermined voltage).

The ID label is connected to ID_Enable on the Discovery board and the Temp_Sensor label is connected to
M1_TEMP_ID_C on the Discovery board.

Figure 42. Temperature sensor schematic
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. When ID is a logical 0, Temp_Sensor = Board ID.
. When ID is a logical 1, Temp_Sensor = heatsink temperature.
Board ID is a DC voltage, and its value is

R16

Board ID = 3V3_analog_power X

The heatsink temperature is a DC voltage that is temperature-dependent:
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1 1
NTC1 resistance(T) = NTC1(25°C) x exp (ﬂ x (273 +T 273+ 25))

With for NTC1 = NB20K00103JBA from AVX/KYOCERA, NTC1(25°C) = 10kQ, b = 3630°K and T in °C

NTC1 resistance(T) 3.3V x NTC1 resistance(T)
NTC1 resistance(T)+10k ~ ™ NTC1 resistance(T)+ 10k

So, heatsink temperature(T) = 3V3_analog_power X

Note: At T = 25°C, heatsink temperature(25°C) = 1.65 V

With the value of the heatsink temperature measured (voltage), the NTC resistance value can be calculated

10k x heatsink temperature(T)
3V3_analog_power — heatsink temperature(T)
And then calculate the temperature:

NTC1 resistance(T) =

T (°C) = B — 273

In(NTC1 resistance(T)) - In(NTC1(25°C)) + 755

Figure 43. Image of heatsink temperature versus temperature
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3.6 Temperature limitation

Due to the heatsink size used, there are combinations (VBAT, PWM frequency, output current) that can only be
handled with a fan cooling the heatsink.

The chosen heatsink is a heatsink from Fischer Elektronik with reference SK664100SA. It has a 100 mm length
with a thermal resistance of 2.7°C/W without fan cooling.

Figure 44. Thermal resistance versus length
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To compute power transistor junction temperature, the isolation pad for TO-220 of STP110N10F7 has a thermal
resistance of about 1°C/W.

Figure 45. Transistor junction temperature versus PWM frequency versus power supply voltage
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The previous curves represent the maximum combination of VBAT and PWM frequency possible without using a
FAN versus RMS current on each phase. To be in a safe area, the junction temperature must be kept lower than
125°C. For higher combinations, adding a fan to cool the heatsink or changing the heatsink is necessary.
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3.7 Utility of R114, R122, and R132

These three resistors (R114, R122, R132), OFF by default, can be used to add an offset that avoids having a
negative voltage on the ADC input.

Figure 46. Phase voltage sensing schematic

$V3_smilog power
= _I"G’m Vs wer
Vel 1—
ATSSFILM 104
R115 H_j TI0H
15K VU
o RilG
= 7 T ]
- =h
R117 Header 2x1 Lpqpg
k. ==t 31 76 G
Tahr 3iaF
; ; N N & = e
G\_E'-.,-, EEM“ . Phase Voltage Sensing
i ] i W e
—T i
o ATS4SFILM R1T
Rizs |8 K
5K Vv
s R12T
- {5V 1
1?13 R —T-cu
T e | HOOpF
R Header 21 Lpqsg |
1k ——ca K31 4 GND
33aF iaF
v B Fumperi
D GHD D OND ot firted -> Vhat == 34V, Ratio = .13, for VX
" 3B cut-off frequemcy = $02Hz
V3 malon power Fieted - Vhat <= 48V, Rati = 063, for VX
GHD . -
= El W3 | otd emipati, -14B cut-off frequemcy = S10E:
EsasrLu 132
rins |8 1K
K v
s RiH
TPIS 108 .
kHpF
Rl Headix 221 Lg137
[ 31 50 G
el R
v
GAD  GND GND  GHD

To calculate the value of these resistors, the variation of the inverter output voltage (Voutx), of the ADC input
voltage (VADC), and the bias voltage (VPOL) are considered.

Figure 47 shows a simplified version of the schematic.
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Figure 47. Resistor bridge divider with DC level shifting schematic

Voutx Vpol
R1 R3
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I
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1
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I
_ R2x (R3 x Voutx + R1 x vpol) _ R1 X R2 X R3 _ 1
VADC = R1 X R2+ R2XR3+ R1XR3 » RADC = R1><R2+R2><R3+R1><R3’andF_3dB_ 2m X RADC X C
What is requested:
. When Voutx = Voutmax so VADC must be lower or equal to VADCmax.
. When Voutx = -VD (in dead time mode, Vout = -Vdiode if the output current is positive), so VADC = 0.
inally: — 04 _ —R3XxVD
Finally: VADC = 0 gives R1 = Vpol

R2 X [VADCmax x (Vpol — VD) — Vpol x (Voutmax — VD)]

VADC = VADCmax gives R3 = VADCmax XVD

Numerical application

Referring to the power board schematic for phase U, R115 = R1, R114 = R3, and R117 = R2 or R117//R118,
C =C750r C75 + C76, VoutU = Voutx and 3V3_analog_power = Vpol

Example: JP10 OFF and Voutmax =20V, Vpol =3.3V, VD =-1V, VADCmax =3V

R2 =11 kQ is chosen for a practical reason (no need to unsolder R117).

So, R3 = 206.8 kQ which is 205 kQ in the E48 series, and then R1 = 62.1 kQ which is 61.9 kQ in the E48 series.
To finish, RADC = 8.9kQ and to reach f.3qg = 500 Hz and C = 35.6 nF is needed with its normalized value,

C =33 nF gives f.3qg = 542 Hz.
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4 Power board initial tests

4.1 Step 1

Provide a DC voltage = 20 V with a current limitation set at 150 mA between the VBAT connector (positive node)
and GND (negative node).

Figure 48. Location of power supply (battery) connector
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4.2 Step 2

Set the power supply ON and measure with a DC voltmeter the voltage between test points and GND.
. 12.5V +/-10% at 12V5 test point:

Figure 49. Location of 12.5 V test point
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6V +/-10% at 6V test point:

Figure 50. Location of 6 V test point

5V +/-5% at 5V test point:

3.3V +/-5% at 3V3 test point:

Figure 52. Location of 3.3 V test point
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0.152 V +/-5% at OC_Bias test point:

Figure 53. Location of bias test point
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2.715V +/-5% at TP6 test point:

Figure 54. Location of TP6 test point
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0V to few mV at OV_Vcc test point (logic level low):

Figure 55. Location of OV_Vcc test point

1.65 V +/-100 mV at Temp test point:

Figure 56. Location of Temp test point
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. About 20 V at test point Vcc_power and about 1.222 V at test point Vcc_PW:

Figure 57. Location of test point Vcc_power and test point Vcc_PW

O Vcc PW

Note: A DC consumption of about 30 mA must be read from the 20 V DC power source.
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4.3 Step 3
Connect a wire between the 3.3 V present on CN3 or CN4 (pin 3V3) to the Enable pin:

Figure 58. Location of CN3 and CN4
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Verify that the Overcurrent test pin is about 3.3 V.

Use a function generator and configure it as follows:

. Square wave output 50% duty-cycle

. Low level =0V

. High level = 3.3 V

. Frequency = 10 kHz

Connect the generator output to HinU and LinU together and the GND of the generator to the GND of the board:

Figure 59. Location of HinU and LinU
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Connect an oscilloscope probe to VoutU and the ground lead (alligator clip) to the GND of the board:

Figure 60. Location of VoutU connector
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Set to ON the output of the generator and read on the oscilloscope a square wave of 50% duty cycle with an
amplitude of about 0 to 20 V like the following screenshots (ch1 = generator output = HinU = LinU, ch2 = VoutU):

Figure 61. Screenshot of VoutU versus HinU/LinU
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Screenshot of VoutU rise time
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The delay of about 500 ns is due to the hardware dead time of L6491 with the delay input (HinU/LinU) to VoutU.

Screenshot of VoutU fall time
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The delay of about 500 ns is due to the hardware dead time of L6491 with the delay input (HinU/LinU) to VoutU.
Repeating this operation for HinV/LinV/VoutV and HinW/LinW/VoutW must show the same behavior.
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IMPORTANT NOTICE — READ CAREFULLY

STMicroelectronics NV and its subsidiaries (“ST”) reserve the right to make changes, corrections, enhancements, modifications, and improvements to ST
products and/or to this document at any time without notice. Purchasers should obtain the latest relevant information on ST products before placing orders. ST
products are sold pursuant to ST’s terms and conditions of sale in place at the time of order acknowledgment.

Purchasers are solely responsible for the choice, selection, and use of ST products and ST assumes no liability for application assistance or the design of
purchasers’ products.

No license, express or implied, to any intellectual property right is granted by ST herein.
Resale of ST products with provisions different from the information set forth herein shall void any warranty granted by ST for such product.

ST and the ST logo are trademarks of ST. For additional information about ST trademarks, refer to www.st.com/trademarks. All other product or service names
are the property of their respective owners.

Information in this document supersedes and replaces information previously supplied in any prior versions of this document.

© 2025 STMicroelectronics — All rights reserved
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