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About this document

Scope and purpose

This document describes the functionalities of the REF_80VDC_3.5KW_OPE2 motor drive board for 80 V battery-
powered brushless DC (BLDC) motor drives operating with trapezoidal or sensorless field-oriented control
(FOC) as used in applications such as outdoor power equipment up to 3.5 kW. This system solution is based on
the PSOC™ C3 series microcontroller (MCU) operating with Infineon floating point firmware and 120 V
OptiMOS™ 6 TOLT top-side cooled power MOSFETSs.

Intended audience

This document addresses the market for high power 80 V battery-powered motor drive applications, aimed at
designers wishing to provide a high-performance system solution as well as reduce system costs; also design
engineers, applications engineers, and students.

Infineon components featured

e PSC3M5EDAFQ1 (Arm® Cortex® M33 32-bit MCU+FPU+DSP, 180 MHz, 128 kB flash, 64 kB SRAM, E-LQFP-80)
e IPTCO17N12NM6 (OptiMOS™ 6 120 V/1.7 mQ PG-HDSOP-16-U01 TOLT)

e IPT039N15N5 (OptiMOS™ 5 150 V/3.9 mQ PG-HSOF-8 TOLL)

e 2ED2182S06F (650 V high-side and low-side gate driver IC, PG-DSO-8)

e 1EDL8011 (135 V high-side disconnect switch gate driver IC, PG-DSO-8)

Application note Please read the sections “Important notice” and “Warnings” at the end of this document V1.0
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Introduction
1 Introduction
1.1 Outdoor power equipment

Outdoor power equipment (OPE) refers to high power construction and gardening tools such as lawn mowers,
leaf blowers, hedge trimmers, and chainsaws. Motor drive systems in OPE are typically required to deliver
power in the 3 to 5 kW power range. Older gasoline-powered outdoor power equipments are typically bulky,
heavy, noisy, and produces CO? emissions. With new laws and environmental regulations being passed, this
type of equipment is gradually being replaced with cordless battery-powered alternatives. 72-80 V lithium-ion
battery packs are well suited for these applications as a tradeoff between lower current and safer voltage.

The need for smaller, safer, cordless, and more sustainable devices challenges the industry to optimize thermal
management, battery runtime, and EMI, while handling weight and size constrains.

There are three main challenges in designing battery-powered OPE:

1. Thefirstis maximizing energy output while keeping the motor drive as small and light as possible. OPE
motor drives must offer efficient performance at sufficient power to support the torque and speed
requirements

2. Thesecond is thermal management and minimization of heat produced by electrical power conversion,
which also wastes battery power. Therefore, the motor drive needs to operate with the highest possible
efficiency to minimize bulky and heavy heat sinks

3. Thethird is safety. The OPE needs to include protection against possible faults and safe shutdown to avoid
potential fire hazard and injury to the user

These challenges, alongside factors like robustness, reliability, and adherence to EMI standards impose
constraints the motor drive must fulfill. Infineon’s latest power products can tackle these design challenges
and help achieve system optimization.

Battery powered OPE is based on BLDC or PMS motors, which are commutated by controlled switching of the
inverter instead of using mechanical brushes. Windings are energized in a determined sequence to generate a
rotating magnetic field. The rotor permanent magnet attempts to align with the stator field, producing torque
and rotary motion. As with mechanical commutation, electronic commutation helps achieve unidirectional
torque similar to a conventional DC machine. In BLDC or PMS motors, the rotor consists of permanent magnets,
while the stator is wound with a specific number of poles. Rotor position can be sensed using digital Hall effect
sensors embedded into the stator, or sensorless control algorithms can be used to determine the position and
speed from the phase currents.

Application note 3 V1.0
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Introduction

1.2 REF_80VDC_3.5KW_OPE2 motor drive board

This document describes Infineon’s REF_80VDC_3.5KW_OPE2 system solution reference board optimized for 80
V battery-powered tools operating with sensorless field-oriented control. The current design embodies the
electrical driving system for PMSM and BLDC machines with sensorless operation or with Hall sensors. The
default control method is sensorless FOC, however with alternative firmware trapezoidal or vector operation
with Hall sensors is also supported.

The control method implements a vector speed-control algorithm based on the BLDC motor using pulse-width
modulation (PWM) and three current shunts for phase current measurement.

The firmware is from Infineon’s motor control firmware solution suite developed using the floating point
PSOC™-C3 Arm® Cortex® M33 MCU.

With this reference board, you can evaluate the OPE motor drive system solution using the control capabilities
of the MCU by means of the implemented control algorithm. The board includes a switch for changing the
motor direction and a speed control potentiometer.

Figure 1 The REF_80VDC_3.5KW_OPE2 reference board
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Introduction

The REF_80VDC_3.5KW_OPE2 board system block diagram of the main system is as follows:
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Specifications

2 Specifications
Input and output in normal operation:

e DCinputvoltage 60-80V, nominal 72V

e Maximum input current 50 ADC

e Output voltage three-phase trapezoidal and sensorless FOC control
e Maximum output current per phase 55 Arms

e Maximum output power 3500 W for not more than a minute

e Maximum continuous output power 2600 W

Control scheme:

e Supports Trapezoidal commutation with Hall sensors and sensorless FOC
e Switching frequency 15 kHz
e Three current shunts

Protection features:

e Inputovercurrent
e Phase output overcurrent
e Thermal shutdown

Maximum component temperature:
In an ambient temperature of 30°C, the maximum allowed component temperatures are:

e Resistors less than 100°C

e Ceramic capacitors, film capacitors, and electrolytic capacitors less than 100°C
e MOSFET transistors and diodes less than 100°C

e ICslessthan 100°C

Dimensions of evaluation board:

e Maximum width 4.0 inches/102.98 mm
e Maximum length 5.0 inches/125 mm

Application note 6 V1.0
2025-01-28



Infineon

@z i
oS oS T
ams -
i o s T ATT+ 356
M .
f ../ﬂ.ﬁmm:r.v
1 : L
JR— P e M RW W .
a1 AzT+ O e + P E\_r
b ) N - o - :
] £ st | m T o o) , )
e WA dIg el 6] Bl e an L
hl s 80 T [ . 97y ”
o . e a1 o G| 00094
N e st 0 -
™l : L Wl ¢ ¢ 1 Isq NO¥
. 1 O H > 1 —_— L

— 1L_f Yo T e ¥ * = M§!
H el aTeey | 5001k i [ g ey e H U oo
£ g9 Fr

ter

V1.0

2025-01-28

AT+ AT 7 : bl
AT AT | T n EE,__THM 9 m g
X K1ddns K1ddns p— [ o .7.
Temod-XBY- KE" £+ T Tomod-FE- AFT+ vH{Hao " L
@nd o3

iver inver

Schematics

80V, 3.5 kW BLDC motor dr
REF_80VDC_3.5KW_OPE2

Schematics

3

678 i
Trmeen d- QT NO IVH
S T T AV
butsusg oL o Lo Lo Lo mr_ L moss L mges | amoss L T .
abegTop andur 10 (0 DT D 0D 0T DI LI WI : = r@.,.g.ﬁi
N - N P m
3¢ :
5274 TTe3SUT pue . - i m . @
F0Zd SAOUBI JBQA SSUSS OF  +fvan @ ; e ' % H T
nduyl Axsijleq my VAN +LVHEA
n
— _—
fit
pepest IT )
o 1y gy, ssedAq o Tsdump T
: W g mw -
W —} A g AT
11087081 ; e G
INT |_Hg_| ML m
o 0 ,E (UL ATYSOssYE ! gy ATOS00ESYE
v ie] a L i
il N o
SA M A I
= 50 aﬁlf 1 1
a9 NIA o
S A
1t % n D0 E i _
M o
Il
I 0 AUVE00e8YE .
ATl P 1
N [ +I¥EA
1%

4 a
vl 10 TOATIQ 8389 pUe L1 (Y3L) 308uu0dsTq ‘TT0TAIT

Input stage

Figure 3
Application note




o _.
80V, 3.5 kW BLDC motor driver inverter In f| neon ,
REF_80VDC_3.5KW_OPE2
Schematics

MCPYROTETT

PCE Tempeature
Smnsor

— (I

Hs1

el

Lo Lo
Il

PGND D

Weme .+
{5

LW B

PEND

51
a @ I®
‘ ﬁ-}mcmr.\nms ypusov
- o3
13

z £ z
8E 35 ==
= TRl T TrrlEl o T --“‘n[_‘?_? i o =l p] T
= L = ol

3
13

R35 ard R59 are inctalled

1L,
AL

i
-
1560

only for single shunt
operation (non-standaxd)

SHW

b(H
N
m
P W (iH

et

(A GHI

GLW1

C—ND@—E
R

AL
SLL

8V
EI—I
SHWI
SLwW1
SLW

U phase
V phase

AWICLTLUI |
W phase

Figure 4 Power stage

Application note 8 V1.0
2025-01-28



Infineon

i ter

iver inver

80V, 3.5 kW BLDC motor dr
REF_80VDC_3.5KW_OPE2

Schematics

anos A|_

J9001

LoD

000
anos A_|_
590

%001

an9s A|_
w0

sduedo 2s5U25 JUSIIND

ZMAVET9say

Il

15

|

e L

e ek iy
Dﬁm inm_,:|A me P,Gm__:|_ P,Gm__:|A
32 £92 52
4908TR1ZQTT 290ST31TAAT A90STRITART
= moa £ mo2
T 7 o1 A HIT (ot (IR 79 01 A NIT [— DI DG A N (IO
MES 5 SA sA
< NED — OH A NIH OH A NE for—(EAFUAE N fo;——QHIIUAT
E
l% 0% 20A [ an 20A [ 00A [
w2 L Vel A ¥TIoL H FII0L H
AT ATT+ AT . ATTF ATT+
SISATIQ 23©9 ‘J90ST8TIZAAZ
3 "
A pepasu i
] IT Ny seediq o3 Tedenp i
DU EWATBOD I T ME b LAIOIIN TR NE i
g 50 _ Id0 1 o oy ~T50 ] i
r P-4 < OHANRE < OERd i
: VI s | g T VI =z ‘B |
s a1 i
pss VI oy TR | TATnd | ¥ o T )
FrTIR e
53
- AbE
! popeen
Lo 3T anw ssediq o3 asdung
08 QDS @08 D!
v £
@ps auos
o St AN
=] |
- w0l | a0 L
- i [
_+—n
ET _
et a0}
ENINITINTNLHS LD T i
3Tneg doo HED N Eed — SRSy
- -
AOT SATIONV - _
] W E..jrﬁ‘ﬁ.u
HHEVTITE an A a lo- i
@ , DG»A — A A
@Ds - ) LLE]
A =0l a1
001 L) -
B HMaxo
AT uoetIoeioId 5o MH
ZAVII9EAY
AfE+
24901 leorm Ac e+ 29001
Il [xd Il
] aral ]
2 1)
At
1
Erdd 594
353 ZIAVII9RAV
- |_|.H_|.H_ﬂﬁm..d
£ 558
T |— L
A e _

HE anof

tage

iving s

Current sense and dr

Figure 5

V1.0

2025-01-28

Application note



80V, 3.5 kW BLDC motor driver inverter

REF_80VDC_3.5KW_OPE2

Schematics

infineon

KitProg SWD Interface

17 +33V

R%5 IR ]’
nRESET

SWCLE/TCE

SWDIO/TMS
R96 (R

_| ces

JlODnF

v

MiniProg4

: TUART KL
R R UART_TX

C68

IBDLF—D
E94
—{ ———3v
n &
31 g&-g{?grkcii SWDIO/TME
5 SWOTDO SWCLE/TCK,*
%7—Y 7 ot [SWorDo
; TDI -
E] 0 nRESET e
FTSH-I05-01-F-DV-E-P

9-Pin Cortex-M Adapter, SWD

Install the 9 pins version, PN:
FTSHE-105-01-F-D-007-K

D103 5 ———
< DI04 —&I—l‘:—'—:l— DIOS -
T00R T00R B

IC Interface

R1435 110
D100 2R 2 v
+3.3V
TSW10207L-D
18 100R
s
DIz HoR 3 o Do
+33V =
TSW-102-07-L-D
15 100R

R106

100, 3 4RI F e

TSW-102-07-L-D

Figure 6

Application note

Board connectors

10

V1.0
2025-01-28



80V, 3.5 kW BLDC motor driver inverter

REF_80VDC_3.5KW_OPE2

Schematics

(infineon

+5V regnlator (100mA max)
Aot T
L.

Z ozl

& g

Lal

5

Lz |

o :
4

2V
| BT
.mm-J

Interface

125685

X5

T
E]
3

Hall O
X ]
Hall 1

LiMmF

Hall Sensor

L G

487k

]

I

24
27k

[

J“.L”’LL'-?L
g

Ride —— Ik
1_—
-
LT

X1
[ B
W0pE

330pF

i ) -

0pF

.

Memal L) ¥
Mol W *
Memnl W

L
v

et W

Riza | ¢
487k T Inf

S

1211 N

4 87 T Lok

[ 1]

BATSS L

124

AATSAS-F3 0%

)

&

BATAS-F-08

LR}

53

AT ES-08

bra]

i

Motor BackEMF
R 120 1)
3 a

2
;

FATSS F50H

[ixk]

L

T

Figure 7

Application note

POSIF connectors

V1.0
2025-01-28



Infineon

i ter

iver inver

80V, 3.5 kW BLDC motor dr
REF_80VDC_3.5KW_OPE2

Schematics

NEE+

!

S 8d

NZTMOI AR WAC APy 7o i
0ea 6a 34 [
QT ¥Id QT I10vd Z8d ol
o N T8d [k W MOT SAT3IOW
08 [N TAvE N g PO 00
o W 4
9d i
S 6d S.d w__mn
v 6d vid [ OlEH
STqeud TT08TAAT — o S o
(WS DA NF Z6d Zud %
Toig >80 N3 Tod T1d
5 S 06d 0ld [
6'8'/110d
TOVAISINEDSd
25101
w8 Y| =
ovTy| =doo
160
AEE+
—=1 £9d
Lot 70g €ed
ot T Ztd izl sy
=t 0w Ted [ Soa =Y~
B 0ed ;
—==1 £5d ~ L
Z5d €ed XL IHVN w
Tad 7zd [V XL IHV A x8Y 20
0ad Ted 2T {_oauoms 6eT oL
~ 0ed o IaL ]
<> Lrd ~
- m\mu Mwﬂ LIOIANS mE_.\vD 20_._n_o>\9m S9YO3 TMS NEE+
TS Hj Rboo
NG T £ 0Td [ =
JNANMd ug Tvd T0d M
HOAMG Ty 0d 00d [t
95 E T 0n0d
ssuss jws joeg am,\n_um_\,_mmmw% H
4dog
SGH .
ﬁ % QW o ~
doge Jdoge L doge
T W T W 00
@suss jusIIn)d .
S+ o =] &MB«ll u:%oH
LNV [ LA Al A “ T  GEE R
Ny Rl EEN ﬁ_ﬂ +Nl AN FEERT] 3TNOITD
S NV %. T 9T EEEEY
YNV AT SETY = —
SNV Tg | W SSA N'S38X g 01— 007, A8
NV
TNV _ QA 57 %[ s Ve
ANV [ 3] €551
_ . ZSSA VAOA 5
NV TSSA |_.
9V NV H peppe szedun( 60 0SSA
v NV W usym junys oTbuts _T.0ldaA o NEE+ AEE+
NV 2Ty 40 Ju0T sanjexsadursy _ Z0°0IdaA m
wlﬁ %laﬂ.ll l—l £60 sbeys xsmog | X3 3VA Wumlm"mm» &
WY [ + dmovan Qaan mﬁ
<& LLuTeres
e TOIVAISNEDSd
GISINEDSd Swot_L VSTl JwotL 40 00T gL awor L gL gL qu00
astol Lot w10 0 60 80 W W W W &
0
S0EISHSLY: |_. ._. ._.
AgE+ AEE+ AEE+
T
= o
Z osusg snga
EZ NOW €D0-D00Ssd

sanduy bBoTeuy

Control stage

Figure 8

V1.0

2025-01-28

12

Application note



o _.
80V, 3.5 kW BLDC motor driver inverter < Inﬂ neon
REF_80VDC_3.5KW_OPE2

Hardware functional description

4 Hardware functional description
The board is comprised of four stages:

e inputstage

e power stage

e current sensing/driving stage
e control stage

As shown in Figure 11, the power stage consists of three half bridges that make up a three-phase inverter. Each
half bridge consists of a low-side and high-side MOSFET (IPTC017N12NM6) that are driven by a high- and
low-side driver (2ED2181S06F). The driver is supplied by an 80 V voltage through a buck regulator. The output
of buck regulator is then stepped down to 3.3V by a linear voltage regulator that supplies the MCU and other
ICs. The ICs on the current sensing and driving circuitry provide protection and sends signals to the MCU in the
control stage.

The input stage is a battery disconnect switch consisting of two MOSFETSs located at the positive battery input
of the board driven by Infineon’s EiceDRIVER™ (1EDL8011) gate driver. The driver provides a strong turn on/turn
off for a floating gate voltage supply driving the two paralleled MOSFETSs using an integrated charge pump.
High-side drain-to-source voltage sensing allows the driver to sense a high current fault condition and switch
off the MOSFETs to interrupt the battery supply. A series of electrolytic and ceramic capacitors are connected to
the source of Q1 and Q2 at the DC bus. The two auxiliary power supplies previously mentioned are located in
the input stage and convert the battery voltage to low voltage DC rails. A buck controller (IC2) is used to step
down the battery voltage to 12 V while Infineon’s TLS203BO0 voltage regulator (IC3) is used as the second
auxiliary power supply to provide 3.3 V to the microcontroller and other ICs (Figure 9).

Application note 13 V1.0
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a

Figure 9 Input stage electrolytic capacitors and MOSFETs

Figure 10 Input stage ceramic capacitors

The power stage has three half bridges that make up a three-phase inverter. Each phase has two TOLT
MOSFETs (IPTC017N12NM6) and can support up to 55Aqus phase current for about one minute. The MOSFETs
120 Vrating allows headroom for voltage spikes. In addition, a snubber is placed in parallel with each MOSFET
to suppress transient drain-to-source voltages. The top-side cooling TOLT MOSFET package allows the heat to
dissipate through the heatsink and not the PCB. This maintains a lower junction temperature. For protection
purposes, a temperature sensor is placed next to the MOSFETs and the shunts. If the board reaches over 100°C,
the system goes into protection mode and shuts down. The reference board is designed to support either single

V1.0
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shunt or three shunt current sensing with three shunts as the default configuration. For normal current sensing
operation, three 1 mQ shunts (RS1, RS2, and RS3) are located on the low-side of each half bridge and ground.
For single shunt current sensing, R39 and R59 can be populated with 0 Q jumpers.

UnBUIL| 15
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- ]
bS] (i L
RERRERRDN

LU U
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RRRRRRED

& Infinean Qd

Figure 11 Power stage

As shown in Figure 5, the current sensing/driving circuitry is located directly under the shunts. The voltages
produced across the shunts are so small that a voltage-sensing operational amplifier IC (AD8618ARUZ) is
necessary to amplify the voltage by a gain of 12. The amplified voltage outputs are then sent to the MCU and
the comparator for OCP (overcurrent protection) detection. OCP is crucial in any motor drive design. The
comparator (LMV331IDCKR) compares the amplified current signal to the OCP reference. The output of the
comparator is then fed to the clock input of the D-flip flop (SN74LVC2G74DCUR). If OCP occurs, the D-flip flop
latches and triggers a fault and shuts off the system. If no OCP occurs, the output of the D-flip flop enables the
AND gates (IC8, IC9, and IC10) to provide a PWM signal to the gate drivers (IC11, 1C12, and IC13).

15 V1.0
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Figure 12 Current sensing/driving circuitry
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5 Control and firmware

5.1 Sensorless FOC and trapezoidal control methods

Various control schemes can be used in motor drive applications. The reference board has been designed to
support both FOC (Field Oriented Control) and trapezoidal control also known as block commutation. FOC is a
control method that allows the rotor to follow the stator maintaining a 90-degree angle between the two flux
vectors. The three phase windings are always energized with varying currents in each phase to produce the
stator flux angle and magnitude as required. For best performance, three shunts are used to sense the half
bridge low side currents, which provide partial phase current feedback sufficient for vector control. Single
shunt operation is also possible.

— A4

— DC/DC
_T_ converters

[ }
!

Gate driver 3-phase inverter MOSFETs

&@B _@5 Motor

User
interface

Microcontroller

s N
&
&

Amplifier =

Figure 13 FOC block diagram

These signals are used for sensorless estimation of rotor speed and position. Unlike block commutation in
which the angle can vary from 60 to 120 degrees, in FOC the rotor and stator magnetic flux vectors are kept 90
degrees apart to ensure that maximum torque is applied. By achieving maximum torque, the motor will turn
optimally and be more efficient due to a low torque ripple, making FOC the preferred control method to use in
many applications.

As shown in Figure 12, the three-phase sampled current signals are transformed into two stationary signals
using the Clarke transform. The position and rotor speed are then obtained by a sensorless estimator and are
used in the Park transform along with the two stationary signals to produce rotating D and Q vectors. Accurate
senorless estimation of angle and rotation speed is achieved using calculations in the control firmware and is
crucial for keeping the rotor’s magnet and the stator field 90 degrees apart.

With FOC, two PI current controllers can be used to control both aspects of the motor current vector separately.
One current controller (1Q) is used to control the motor’s torque and is thereby called the torque controller
while the other one (ID) controls the magnetic flux inside the motor. Transformations are based on the actual
rotor angle, which is acquired by position sensors, such as Hall sensors or encoders. The magnetic flux is mainly

Application note 17 V1.0
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generated by the rotor so its target value is usually zero, except in special cases like field weakening where a
negative value can be applied to achieve higher speed with lower torque. The magnetic flux is targeted to a
value of zero so the Pl controller can eliminate direct current and reduce energy loss.

Voc
L Motor
Ref_ 1d 1d o p —> v
i o F) ——>
Pl controller car:,eosll:: to ‘ﬁt' » PWM unit 3-phase U
rej i
Speed set Speed I Transform Veer| ofMCU | Inverter
Pl controller Pl controller —» w
A
? ;
~ Sensorless H
0] estimator
| Trigger
| ADCs
H Voc
Legend: P v
B software A il Hl
Park Clarke Current ADC of 1
[ Hardware I <
Transform I3 transform calculation Mcu
I S| [ 3-shunt

Figure 14 FOC algorithm block diagram

On the other hand, block commutation/trapezoidal control is a simpler control method used in BLDC
applications. This control method rotates the motor by energizing two phases for 120 degrees during six
phases. As shown in Figure 13, all six phases occur during one electrical period and allow only six stator vector
positions. Three MOSFETSs are active in each position. During turn-on, the high-side and low-side MOSFETs are
active. The low-side MOSFET stays active during turn-on while the high-side turns off and the phase current
continues through the body diode of another low-side MOSFET. This causes the angle between the rotor’s
magnet and stator flux to vary between 60 and 120 degrees as the rotor passes through each sector, which
introduces torque ripple. Unlike sensorless FOC, block commutation generally uses Hall or giant
magnetoresistance (GMR) sensors to detect the rotor speed and position. The hall sensors then feedback the
position to the MCU using hall patterns (Figure 15).
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Figure 15 Block commutation electrical period
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Figure 16 Block commutation block diagram
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Figure 17 Block commutation algorithm block diagram

FOC and block commutation both differ in hardware and software. As mentioned before, block commutation is
a simpler control method. Unlike FOC, block commutation only requires one shunt for current sensing. The Hall
sensors are used for sensing the rotor position whereas the position is estimated in FOC by firmware based on
the phase currents. The algorithm for FOC is much more complex and requires a complex MCU with greater
computing power. The algorithm requires that the signals to go through various mathematical transforms and
control loops. Though the results are more efficient, great computing power is needed. Hardware comparison
between block commutation and FOC is shown below in Table 1.
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Table 1 Hardware comparison of block commutation and FOC
Item Block Commutation Sensorless FOC Comments
Three-phase inverter Six MOSFETs Six MOSFETs Normally N-channel MOSFETs

Gate driver Three half-bridge gate Three half-bridge gate —
drivers drivers
MCU Needs low calculation Needs higher —

power

calculation power

Typical power supply
for gate driver

+12V

+12V

Other possibilities range
from+7Vto 15V

Typical power supply
for MCU

+5V, from buck converter

or LDO

+5V, preferably from
LDO

5V provides more resolution per
ADC least significant bit (LSB).
Therefore, 5V is preferred in
FOC.

Current sensing

One leg shunt

Three leg shunts

Current sensing

One amplifier

Three amplifiers

Three amplifiers enable higher

amplifiers performance in slew rate,
bandwidth, and offset error
Rotor Sensor Three hall sensors None FOC uses software to estimate
rotor position
5.2 Implementation of field-oriented control

Sensorless FOC based on Infineon’s Motor control firmware solution is implemented on the
REF_80VDC_3.5kW_OPE2 reference board. The overall block diagram of the SL FOC control method is shown

below (Figure 18).

7 .
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»o Fhase d,
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- o & MTPA R(—ér} Vg d Inverter
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]-r[_ . T Point * W
Speed SIS Field PWM —_
Control Weakening|
& MTPV | p* Hall
T d Té] T Sensor
rooort
Lgdr Vad» Vdce i"ﬂ R . Vde
0, v,
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. Rotate L: < Wy obs é}t::::?; Current
iqa <] R, [3 " e g Reconst. Three
" 8, s e Shunts
; 8 or
io— rhall Single
Anti Wy, | 2 | rT)r & i ~ Hall Signal {hu' h,, hy} Shunt
Resonant — rod Wrhall| Processing
Filter | P |
Figure 18 SL FOC block diagram

The position information of the rotor is required to extract the speed and control the g and d axis currents. The
position and speed information can be obtained either using a position sensor (such as encoder, resolver, or
hall sensors) or through a sensorless approach. The speed controller uses the speed information to create a
current reference using a Pl controller.
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5.3 Speed controller

The parameters of the speed controller are significantly impacted by the mechanical load. The figure below
shows the mathematical model of the mechanical load driven by the motor and electrical drive system

(Figure 19). This model includes Tf (coulombic friction), B (viscous friction), and J (inertia). When using the
firmware to operate any motor, it is crucial to accurately measure or estimate these three parameters and input
them into the graphical user interface (GUI) or hard code them in appropriate header files. The speed
controller's kp, ki, and feedforward terms are directly derived from these parameters, as explained further.

dur u d
! d w
Command| - troller -3 VSI|-Y 5| Motor|»{T = J——+ Bwy, + Trsgn(wp,)
dy. W dt
Mechanical System
Feedback
Figure 19 Mechanical load run by motor and drive system

To derive the value of proportional, integral, and feedforward terms of speed controller, the speed loop block
diagram along with a simple model of motor and mechanical load will be used, as shown in Figure 20, where:

= Q)

Equation1

Pole-zero cancellation technique is used to find the Pl controller integral and proportional gain. By having

kK _B
kp  J

Equation 2

the controller zero will cancel the mechanical load’s pole. The Pl controller coefficients are also proportional to
speed loop bandwidth, as shown below:

Equation 3
kp X Jwgy
Equation 4
Application note 21 V1.0
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Figure 20 RFO speed control block diagram before rescaling the parameter

The proportional and integral gains are ultimately determined after being rescaled to account for the motor
parameters kt and P. Figure 21 illustrates how kt and P, as shown in Figure 20, can be integrated into the

controller parameters, leading to the new updated forms:

P1 it -
LY . 5 I
-‘-@ L, I{p +k; /s Current Control
+ &
Wrm J L Resonant Filter i
12 g ff
i . ll
dt
L
Jsgn() Ty
chmi @, Sensed or estimated
sonant (4 :
ilter speed feedback
Figure 21 RFO speed loop block diagram before rescaling the parameters
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The speed controller parameters after rescaling are:

= )G oo = ) ) ) o

Equation 5

= ) B = Q) 2) (o

Equation 6

The feedforward terms can also be updated as depicted in the following manner:

"= (1) ()P G) () )

| -6 -GEE
| V=@ (OE

The feedforward terms in the speed loop are affected by both mechanical load and motor parameters. These
three feedforward terms play a role in enhancing the dynamic performance of the speed loop. The inertia term
utilizes a second-order resonant filter to estimate the acceleration, aiming to mitigate the potential impact of
noise that could arise if a direct derivation method was employed.

5.4 Phase advance and MTPA

The MTPA block is responsible for generating command values for g and d axis currents (i and ig) to maximize
the torque for the overall current injected in the motor winding. The torque equation of the PMSM motor is
written in Equation 10 as,

3P
T = (Amig + (La = Lq)igia

Equation 10
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The d and q axis current commands ig cg and ia,cmd need to be obtained from the reference current magnitude
i; generated by the output of the speed controller as follows

.7 I
lgcmd = Ls Sin6@

igcma = i5 cos 0

Equation 11

where 6 is the angle of the current i3 with respect to rotor q axis

Plugging Equation 11 into Equation 10 and rearranging the whole equation yields the torque equation as a
function of 0 as,

3P Lg—1L
T= T(Ami; cos 8 + (qu)i;‘Z sin 29>

Equation 12

To find the maximum of the torque function, the equation below needs to be solved

T _

—=0
do

Equation 13

which results in,

\/Amz +8(Lg — Lg) 122 = Am

4(Lg — Lg)is

sinf =

Equation 14

Plugging Equation 14 back into Equation 11 and rearranging, results in MTPA current command values as
follows:

A — Jamz +8(Lg — Lg) iz
4(Lg — Lq)

.r _|ax2 r 2 .
lg,MTPA = 1/15 — ld,MTPA sgn(is)

.r —
ldMTPA =

Equation 15
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5.5 Flux weakening and MTPV

Flux weakening (or field weakening) is a method of increasing the motor speed beyond its base speed. At base
speed, the inverter voltage becomes saturated, which means that there would not be enough voltage
generated on the inverter to overcome the back EMF of the motor and increase the speed above the base
speed. Therefore, the flux wakening method is needed to reduce the back EMF voltage of the motor and further
increase the speed; Figure 22 illustrates the flux weakening controller for RFO. START HERE EDIT > REVIEW.

imax 1d,cmd
V4, im| }
q, lim . Lk
2 1 T 1
Vac\” .2 + ki /s— T Sy d
* V4 1 " /4 g Current
Vy \/g - 1 Control
! L
Imi g =1,
| V; | min q q,cmd
Figure 22 Flux weakening method

As mentioned, the controller requires more voltage, V" than can be produced by the inverter V; ;;,, above the
base limit. Note that the coefficient ¢ = 0.90~0.95 used for the voltage limit is needed to leave some margin
before the absolute voltage limitation is reached to avoid instability. The voltage error required to increase the
motor speed is passed through an integrator to generate the amount of current in the d axis to weaken the flux
and enable speed increase. Note that the current generated by the integrator needs to be limited as follows:

, o f 2 ) ;
Imax = Min (Kld'max, I, — lq,fb) —lgcmd

. _ 2 -2 ;
lmin = Max (_Id,max' = fim — lq,fb) ~ld,cmd

Equation 16

Where K = 0.05 is a coefficient to increase the d axis current saturation level more than zero, I yax is the
maximum allowable d axis current in the motor and };,, is the maximum three phase allowable current in the
motor windings which is determined by thelT protection algorithm. The field weakening current must always
be a negative current and be added to MTPA current command ig ¢mg-

In Equation 16, I; ax Needs to be selected based on the maximum allowable current of the motor and at the
same time it must not exceed the level where demagnetization would occur in the rotor magnets. I, is also
the output of IT.

5.6 Current controller

The d and g current commands are used as an input for the current controllers and the output would be the
voltage references. The voltage references v);" and v;* are eventually applied to the motor using the inverter to
control the current. This means that the voltages are considered as an input to the model of the PMSM machine
as:
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i .
vg = Rgig+Lg a (ur(quq)
i

N , di .
vy =Rsif+Lg d_tq + w, (A + Lgiy)

Equation 17

In these equations, the d and q axis currents are not decoupled, and one has a dependency on the other. To
decouple this dependency and simplify the equations for the control system, feedforward terms can be added
to the output of the current controllers according to Figure 18 and reduce the PMSM system to:

. di”
vh* = Ryil + de—:
T

r* o __ T lq
‘Uq = Rslq + LqE

Equation 18

Now a Pl controller can be easily designed for these set of equations with the equivalent control block diagram
shown as followed:

R+1Ls >

Figure 23 Current controller block diagram

In the closed loop system in Figure 23, it is desired to cancel the pole of the system with the zero of the PI
controller to reduce the order of closed loop system and controller design simplification. Hence,

Equation 19

This will reduce the closed loop transfer function of the system to:

k; k
Hy = —=-=L
Rs Ls

Equation 20

This can be used to calculate the Pl controller coefficients for a given system bandwidth w, as:

Equation 21
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6 Test setup

Various tests were performed on the reference board using the test setup shown in the block diagram below.
The oscilloscope along with the voltage and current probes were used to obtain waveforms at various speed
and load conditions. The power analyzer was used to measure the efficiency of the reference board at different
loads. The board can be controlled using its on-board speed and direction controls or through the
ModusToolbox™ Motor Suite software tool (V2.4), which can be downloaded through Infineon Developer
installer.

Oscilloscope Power
P Analyzer
Current
Voltage Current Transducers
Probes Probes U U u
N N v Motor (IPM) Dynamometer
U A U A OPE Brush Cutter
v (vl
u v W
+ +
|| REF_80VDC_3.5kW_OPE2 Dgul?;lvyer Controller
Debugger —  Laptop

Figure 24 Test setup

The test results were obtained using a Magtrol dynamometer. The dynamometer acts as an adjustable
mechanical load that is connected to the test motor and used to measure torque and speed. The reference
board was tested under various loads and different speeds, making the dynamometer a practical piece of
equipment to use. A blower is connected to the dynamometer and is turned on during testing to prevent the
piece of equipment from overheating. In addition, a high-speed programmable controller is connected to the
dynamometer and is used to control the torque.

Shaft View

Dynamometer
Blower \ \

Figure 25 Magtrol dynamometer setup
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7 Operating the Board using the motor control GUI

The reference board must be set up properly in order to drive a motor. Figure 26 shows the external
connections that are used to connect the motor phases, debugger, power supply, and Hall sensor inputs. Figure
26 also shows the control switches you can use if not using the GUI for controls. Once the external connections
are made, the power supply can be set using the proper voltage and current limits and enabled (see
specifications). The steps for connecting the board are:

Connect the motor cables to the phase terminals on the board (cable order does not matter)
Connect the power supply to VBAT+ and VBAT- terminals

Set the power supply to 18 V and the current limit to 0.5 A but do not enable the power supply
Set the potentiometer to zero (rotate the knob counter-clockwise until it cannot turn anymore)
Connect the J-link debugger to the power board

Enable power supply. Check that D5, D7, and D6 are lit up

o vk wNE

Phase-U Phase-V Phase-W Step1

“(infineon ®

-oclii

5
L.
-
.
.
-
.
-
.

Step 2

Step 4

<+— Hall sensor inputs

Potentiometer
Direction Switch

Switch Connector

Step 5

Figure 26 REF_80VDC_3.5KW_OPE2 external connections and controls
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The motor control GUI flashes control firmware and configuration settings for the MCU on the motor control
boards operating with FOC with one or three shunts. You can use the workbench to select the parameters for a
project and then save the configuration. You can also import and flash firmware using the GUI. The steps to
downloading and using the GUI are as follows:

1. Download the Infineon Developer Center Launcher application and log in using your Infineon credentials

2. Once the Developer Center Launcher is downloaded, install ModusToolbox™ Motor Suite (V 2.4) by going to
Manage Tools and searching for it in the search bar

(&) Infineon Developer Center - Infineon tools in ene place - O X

™
Inflneon Developer Center Launcher ModusToolbox Motor Suite Q FoX 7
My Tools Manage Tools B8 Scan QR Code Isabel.Alvarez@infineon.com Log out
results A
M

ModusToolbox™ Industrial MCU Pack Version: m
This ModusToolbox™ Pack provides Motor Suite and Power Conversion Configurator in the 20099 Details
ModusToolbox™ environment.

File size: 151 MB
Tags:

motor control,power conv...

(@ There is a dependency to
another program. Show

maore

ModusToolbox™ Motor Suite @[  Version: n
The ModusToolbox™ Motor Suite GUI provides an interface to configure and monitor different Details
motor control and smart gate driver parameters for supported boards and kits.

n 2024.8.0

Check for Launcher update

Figure 27

No vk~ w

Application note

Infineon Developer Center

Click Start on ModusToolbox™ Motor Suite

Create a new project by selecting PSOC™ Control C3 and selecting RFO using the drop-down menu
Connect the board to the computer via J-link Debugger and the 80 V power supply

Enable power supply and connect the GUI to the board via GUI, as shown on Figure 29

Expand the drop-down menu from the PSOC™-C3 option in the Parameter Controls panel

29

V1.0
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48 ModusToolbox™ Motor Suite

Project Help

(Infineon o 3|
o MEI

Reference design boards include:

% Q - Control board with PSOC microcontoller

- Power board

Build configurations:

- Rotor Field Oriented (RFO)

Stator Field Oriented (SFO)
PSOC Control C3 XMC7200 IMD700A 3 Shunts X X .
- Trapezoidal with Block Commutation (TBC)
Motor Control Drive Kit Motor Control Drive Kit XMC1400
A Getting Started:
- . - Click New Project to load the template project file for
o New Project o 4 '.
PSOC Control €3 Advanced Motor Control Motor Control
SFO e Drive Kit motor control
T8C - Click Open to open the existing project

diae. e, A

Open Project

More Information

You can visit Infineon website for more information.
For your questions please contact Infineon support.
Version 2.4.0 | Disconnected

Figure 28 Motor Control GUI launch screen

8. Once the configuration page appears, enable the power supply and connect the GUI to the board by
selecting Disconnected on the bottom right of the screen and then the Segger Serial No option

4 ModusToolbox™ Motor Suite Unsaved

Project  Help

(Infineon Search Parameter % Q ()
PR oo

> MCU
i

> DC Supply
a > Motor

T‘ > Mechanical Load

Parameter Diagrams

question mark (?) next to Parameter

Controls on top of

"L i - - Pem '] m - ~ :
LEe o= R 1 B . Important: Please click

ction to get more information about

Disconnect

Ill
i
»

'
=

]

Segger Serial No 52004217 (disconnected)

Figure 29 Connecting GUI to Board

9. Edit the motor parameters and voltage supply by opening the drop-down menu for both DC Supply and
Motor on the right-hand side of the screen

10. Flash the parameters by selecting the left bottom symbol shown in Figure 30
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4P wModusToolbox™ Motor Suite

Project  Help

Filters ]
Speed Anti-Resonant Filter l Acceleration Estimator l Torque Fitter ) L—H

Rotor Pre-Alignment Jil Six Pulse Injection
High Frequency Injection

(infineon  |search Parameter e ]
ystem Diagram
> Mcu
H E————TTEE———
RFO Control > DC Supply

a System WLl OC Supply / Battery

Sampling J] Analog Sensors )] Rate Limiters [ Faults 2:Motor

Observer
Adaptive Flu Fitters Jl Biquad Low Pass Filter Jf Phase Lock Loop — osiasor

Important: Please click question mark (7] next to Parsmeter Controls on top of this section to

et more information about parameter configuration.

= Write Flash
Parameters Firmware
Iy P ;

Figure 30 Motor Control GUI configuration page

11. The new values will be highlighted before flashing. Check to see if all the proper parameters were adjusted
accordingly and select Write to Flash. A message will appear once it has been flashed

Parameter Name
Flux estimation time 1.50

Nominal dc voltage 240
Boot strap time

PWM to fast-loop frequencyr... 1.00
Fast-loop frequency 1.50e+4

Fast-loop to slow-loop freque... 15.0

Shunt resistance 1.00e-3
Opamp Gain 120

Min ADC conversion time 3.00e-6

Type Three_Shunt

@  Show only changed parameters

Value on Target HW  New Value to Apply

Figure 31

"Write to RAM" writes parameters directly to RAM while "Write to Flash"

writes parameters first to RAM, and then writes to flash. Before executing
write operation, please check the parameter list and value differences.

Do you want to continue?

Cancel m Write to Flash

Flashing parameters

12. Go to the Test Bench by selecting the oscilloscope icon on the left-hand side of the screen as shown on

Figure 32.

13.0n the Command panel, enable Drive and start running the board by turning off Potentiometer Control

Application note 31

and sliding the Target Set to the desired speed. If you prefer to run the board using the potentiometer on
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the board, turn on the Potentiometer Control on the Command panel and increase the speed using the
potentiometer on the board

Note: As a precaution, populate R9, R11, R13, and R14 for debugging while using a large load.

4 ModusToolbox™ Motor Suite Unsaved

Project Help

(Infineon  search Parameter Q t o 30|
- TR
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\ -7.64e+2 RPM Il 0 A " 0 A
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ooers 108 o A 178 75 > Mechanical Load

e -7.64e+2 RPM 0 0 A
a Voltage DC-Bus Measured Voltage Q-Axis Command Voltage D-Axis Command
7T\ 242 vV 7\ -2.55 JV 7\ o Vv
12T Protection Temperature Protection
Hardware NoFault @ 5.40 Current %0 Measured
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Software No Fault @ - 63.5 C
Limit
Limit
Fault Reaction No Reaction ~ 108 A @ -
- 50 90.0 cC @
0 108 Status S
No Fault w Emergency Stop Q Inactive L6
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Drive

Target Set Control
1 = h —
oo e 0 % T B iosiiie I i -
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 O\ ccaTive o loisasLeD (| N Important: Please click question mark {?) next to Parameter
s i Controls on top of this section to get more information about
Control Scheme  Speed_Mode_FOC_¢ Shunt type Three_Shunt Direction Negative
= S = parameter tuning
State Machine's State Volt_Hz_OL Switching Frequency 15000 Hz Field Weakening Inactive
Modulation Method Neutral_Point_Modt Control Frequency 15000 Hz Modulation Index | jpeeejeeefemsfumenpeee]
0 15 30 45 60 75 90105120
Version 2.4.0 J-Link 52004217 @ Connected to PSOC Control C3 Motor Control Kit (Advanced Motor Control - RFO)
.
Figure 32 Test Bench
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Bill of materials

8 Bill of materials

Reference Qty | Type Value/rating Manufacturer Part number
10 uF, 100V,

Cc1 1 Capacitor 10%, 1210, X7S MuRata GRM32EC72A106KEO5L

C2, C18, C21,

C34, C46, C47,

C48, C49, C50,

C51, C53, C56,

C57, C58, C62, . 100 nF, 50V,

C66, C67, C68, 30 Capacitor 10%, 0603 Kemet CO0603C104K5RACAUTO

C69, C74, C76,

C80, C83, C86,

€88, C90, C92,

C95, C98, C104
22 nF, 50V,

Cc3 1 Capacitor 10%, 0603, X8R | TDK Corporation C1608X8R1H223K0O80AE
2.2nF, 100V, CGA3E2X7R1H222KO080A

Cc4 1 Capacitor 20%, 0603, X7R | TDK Corporation A

C5, C28, C29,

C32,C35, C38, 2.2 nF, 200V,

C39 7 Capacitor 10%, 0805, X7R | Yageo CCO805KRX7RYBB222
560uF, 160V,
20%,
Aluminum
electrolytic,

Ce, C7,C8 3 Capacitor THT/Radial Nichicon LGG2C561MELZ25

C9, C10, C11,

C12,C13, C14,

C26, C27, C30, 1uF, 200V, 5%,

C31, C36, C37 12 Capacitor 1812, X7R Kyocera 18122C105JAT2A
2.2nF, 50V,

C15 1 Capacitor 5%, 0805, COG TDK Corporation CGA4C2C0G1H222J060AA
2.2nF, 50V, CGA3E2X7R1H222KO080A

Cl6 1 Capacitor 20%, 0603, X7R | TDK Corporation A
2.2uF, 100V,

C17 1 Capacitor 10%, 1206, X7R | Samsung CL31B225KCHSNNE
10uF ,25V,

C19 1 Capacitor 20%, 0603, X5R | Wurth Elektronik 885012106031

C20, C33, C55,

C73, C75, C84,

C85, C87, C91, 1uF, 25V, 10%,

c107 10 Capacitor 0603, X7R Wourth Elektronik | 885012206076
47 pF, 50V,

C22 1 Capacitor 5%, 0603, COG TDK Corporation CGA3E2NP0O1H470J080AA
10uF, 25V,

C23,C24 2 Capacitor 10%, 1210, X7R | Samsung CL32B106KAJNNNE
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Bill of materials

Reference Qty | Type Value/rating Manufacturer Part number
10 nF, 25V,

C25 1 Capacitor 10%, 0603, X7R | Wurth Elektronik | 885012206065

C40, C41, C42,

C43, C44, C45,

C52, C54, C97, 100 pF, 50V,

Cc108 10 Capacitor 1%, 0603, COG Kemet C0603C101F5GACAUTO
1uF, 50V, 20%, CGA4J3X7R1H105M125A

C59, C6e0, C61 3 Capacitor 0805, X7R TDK Corporation E

C63, C64, C65, 4.7uF, 50V,

C99 4 Capacitor 10%, 0805, X7R | TDK Corporation CGA4J1X7R1H475K125AE
1nF, 50V,

C70,C71, C72 3 Capacitor 10%, 0603, X7R | Kemet C0603C102K5RECAUTO
330 pF, 100V, Cal-Chip

C77,C78,C79 3 Capacitor 2%, 0603, COG Electronics, Inc. GMC10CG331G100NTD
10 nF, 50V,

C81, C82, C93 3 Capacitor 10%, 0603, X7R | MuRata GCM188R71H103KA37)
10uF, 10V,

C89, C96 2 Capacitor 10%, 0805, X7R MuRata GRM21BR71A106KA73K
1uF, 16V, 10%,

Co4 1 Capacitor 0603, X5R MuRata GRM185R61C105KE44)

C100, C101, 330 pF, 50V,

C102, C103 4 Capacitor 10%, 0603, X7R | Wiirth Elektronik | 885012206080
22 pF, 50V,

C105, C106 2 Capacitor 2%, 0603, COG Yageo CCO0603GRNPO9BN220
77.8VWM
125vC

D1 1 Diode DO214AA Bourns Inc. P6SMB91A

D2, D3, D4, D9,

D10, D11, D12,

D13, D14, D15, 30V, 500 MA, Infineon BAS3005A02VH6327XTSA

D16, D17 12 Diode SC79-2 Technologies 1
200V, 3A, ON

D6 1 Diode DO214AA Semiconductor $320
LED GREEN
DIFFUSED 0603 | ams-OSRAM USA

D5, D7, D8 3 LED SMD INC. LG Q396-PS-35-0-20-R18
LED RED CLEAR

D18, D29 2 LED 0603 SMD Dialight 5988010107 F
LED YELLOW
DIFFUSED 0603 | ams-OSRAM USA | LY Q396-P1Q2-36-0-10-

D30 1 LED SMD INC. R18

D22, D23, D24,

D25, D26, D27, 30V, 200 MA,

D28 7 Diode SOT23 Vishay BAT54S-E3-08
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Bill of materials

Reference Qty | Type Value/rating Manufacturer Part number
6063
Aluminum,
Black Anodize,
70x25x25, Z-

HS1 1 Heat Sink clip Alpha Co. Ltd S08CDYOK
Neptune, Infineon

IC1 1 IC M1957, A12 Technologies 1EDL8011
REG, BUCK,
ADJ, 1A, Texas

IC2 1 IC 8SOPWR Instruments LM5164QDDATQ1
Linear, PG- Infineon

IC3 1 IC DS0O-8-52 Technologies TLS203BOEJ V33
CMOS, 4
CIRCUIT,

IC4 1 IC 14TSSOP Analog Devices AD8618ARUZ
FF D-TYPE
SNGL, 1BIT, Texas

IC5 1 IC 8VSSOP Instruments SN74LVC2G74DCUR
OPAMP, GP 1
CIRCUIT,

IC6 1 IC TSOT23-5 Analog Devices AD8615AUJZ-R2
COMPARATOR,
1 GEN PUR, Texas

IC7 1 IC SC70-5 Instruments LMV331IDCKR
GATE AND,
2CH, 2-INP, Texas

IC8, 1C9, IC10 3 IC SM8 Instruments SN74LVC2G08IDCTRQ1
IC HALF BRIDGE
GATE DRIVER Infineon

IC11,1C12,1C13 3 IC 650V Technologies 2ED2182S06F
REG, LINEAR, 5
V, 100 MA, STMicroelectroni

IC14 1 IC SOT89-3 cs LD2981CU50TR
PSOC™, C3, Infineon

IC15 1 IC MCU Technologies PSC3M5EDAFQ1
TERM
REDCUBE M5

11,12 2 Connector 8PIN PCB Wiirth Elektronik 74655095R
TERM,
REDCUBE, M5,

13,14, 15 3 Connector 8PIN, PCB Wiirth Elektronik 7460305
CONN HEADER,
VERT, 4POS,

J6, 18, J10 3 Connector 2.54MM Samtec TSW-102-07-L-D
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Bill of materials

Reference Qty | Type Value/rating Manufacturer Part number
CONN HEADER,
VERT, 7P0OS,

17 1 Connector 2.54MM Samtec TSW-107-07-L-S
CONN HEADER,
VERT, 10POS,

J12 1 Connector 1.27MM Samtec FTSH-105-01-F-D-007-K
FIXED IND,
68UH, 1.9A
,132 MOHM,

L1 1 Inductor SMD Wirth Elektronik 7447714680
OptiMOS™ 6,
POWER-
TRANSISTOR,12 | Infineon

Q1, Q2 2 MOSFET oV Technologies IPTO17N12NM6
N-CH, 120V,

Q3, Q4, Q5, Q6, 395 W/331 A, Infineon

Q7, Q8 6 MOSFET PG-HSOF-8-1 Technologies IPTCO17N12NM6
N-CH, 30V, 1.3
W/3.4 A, PG- Infineon

Q9 1 MOSFET SOT23-3-901 Technologies IRLML6346
10R, 0.25 W,

R1 1 Resistor 1%, 1206 Vishay CRCW120610ROFKEA
10k, 0.1 W,

R2, R6, R25 3 Resistor 0.1%, 0603 Vishay TNPWO060310KOBYEA

R3, R30, R34,

R40, R45, R51, 1R,0.5W, 1%,

R56 7 Resistor 0805 Vishay CRCWO08051RO0FKEAHP

R4, R5, R27,

R33, R38, R44,

R49, R53, R58, 100k, 0.1 W,

R87 10 Resistor 1%, 0603 Yageo RCO603FR-07100KL
1R,0.1W, 1%,

R7, R8 2 Resistor 0603 Yageo RCO603FR-071RL

R9, R11, R13, 0 OHM,

R14, R29, R39, JUMPER, 1 W,

R59 7 Resistor 1812 Yageo RC1218JK-070RL
22R,0.1W,

R10 1 Resistor 1%, 0603 Vishay CRCWO060322R0OFKEAC
200k, 0.1W,

R12 1 Resistor 1%, 0603 Vishay CRCWO0603200KFKEA
30.1k, 0.1 W,

R15, R18 2 Resistor 1%, 0603 Vishay CRCWO060330K1FKEAC

R16, R17, R84, 1MEG, 0.1 W,

R143 4 Resistor 1%, 0603 Vishay CRCW06031MOOFKEC
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Bill of materials

Reference Qty | Type Value/rating Manufacturer Part number

R19, R21, R118, 100mR, 0.2 W,

R119 4 Resistor 1%, 0603 Yageo PTO603FR-7WOR1L
10mR, 1 W, 1%,

R20, R22 2 Resistor 1206 Vishay WSLP1206R0100FEA
715k, 0.1 W,

R23 1 Resistor 1%, 0603 Vishay CRCWO0603715KFKEA

R24, R63, R64,

R65, R66, R67,

R70, R78, R81,

R126, R127, 0

R128, R129, 20 Resistor ég’ogl W, 1%, Panasonic ERJ3EKF1001V

R131, R135,

R136, R137,

R138, R141,

R142
453k, 0.1 W,

R26 1 Resistor 1%, 0603 Vishay CRCWO0603453KFKEA
49.9k, 0.1 W,

R28 1 Resistor 0.1%, 0603 Panasonic ERA-3AEB4992V

R31, R36, R42, 10 OHM, 1%,

R47, R50, R54 6 Resistor 0.1w, 0603 Vishay CRCWO060310ROFKEA

R32, R37, R43, 19.6 OHM, 1%,

R48, R52, R57 6 Resistor 0.1W, 0603 Vishay CRCWO060319R6FKEA
154k, 0.1 W,

R35, R46, R55 3 Resistor 1%, 0603 Vishay CRCWO0603154KFKEA
10R, 0.1 W,

R41, R73, R76 3 Resistor 1%, 0603 Yageo RCO603FR-0710RL

R60, R61, R62,

R68, R69, R71, 12k, 0.1 W, 1%,

R72, R74, R80 9 Resistor 0603 Yageo RCO0603FR-0712KL

R75, R77, R82, 10k, 0.1 W, 5%,

R86 4 Resistor 0603 Yageo RCO603JR-0710KL

R79, R83, R85,

Egi, R89, R90, 0 OHM,

R92, R93, R94, 15 Resistor JWUIVIOI;(E)I;, 0.1 Yageo RC0603JR-070RL

R95, R96, R97, !

R132, R144

R98, R99, R106,

R107, R110, 100R, 0.1 W,

R111, R145 7 Resistor 1%, 0603 Panasonic ERJ-3EKF1000V

R120, R121,

R122, R123,

R124, R125,

R134, R139, 4,87k, 0.1 W,

R140 9 Resistor 1%, 0603 Vishay CRCWO06034K87FKEA
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Bill of materials
Reference Qty | Type Value/rating Manufacturer Part number
10k, 0.5 W,
R130 1 Potentiometer | 10%, THT Bourns 3362P-1-103T_LF
1mR, 8 W, 1%,
RS1, RS2, RS3 3 Resistor 0402 Bourns CSS2H-3920R-1L00F
SENSOR
ANALOG, -40C- Microchip
RT1 1 Sensor 125C, SOT23-3 Technology MCP9700T-E/TT
SWITCH SLIDE
SPST 0.4 VA 28
$1,S2 2 Slide Switch \ NKK Switches AS11CP
TERM BLK 5P
Terminal SIDE ENT
X9 1 Block 2.54MM PCB Phoenix Contact 1725685
CRYSTAL,
24.000 MHZ, 8
Y1 1 Clock PF, SMD ECS Inc ECS-240-8-33B-CWN-TR
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PCB layout

9 PCB layout

The REF_80VDC_3.5KW_OPE2 reference board utilizes a six-layer PCB with 2 oz. copper for each layer. The
multiple layers help dissipate heat when the board is running at high power. Components are mounted on the
top and bottom sides. The dimensions are 4.05 inches/102.98 mm x 4.92 inches/125 mm.

The top and the middle third layers are designated power planes. The battery voltage, voltage input (Vi,), and
power ground are routed through the two layers via terminals (BATT+, PGND, and Vi,). Both layers each have
four nets and share three of those nets. The bottom polygon on each layer contains different nets. The bottom
polygon on the top layer is designated for routing analog ground and the bottom polygon of the third middle
layer used to route 3.3 V. The ICs that require 3.3 V are placed on the bottom polygon. The top layer is used for
carrying high current and routing components that require a higher input voltage, such as the electrolytic
capacitors, shunts, and MOFETs. Other signal layers are purposely placed in between the power layers to allow
effective heat dissipation. As shown in Figure 33, electrolytic capacitors are placed close to the battery
terminals to filter out unwanted noise and high ripple. The MOSFETSs are also placed close to the battery
terminals to minimize the parasitic inductance. This helps reduce voltage drops and creates a smaller loop area
for the current path.

The first and fourth middle layers are designated ground planes that are shorted out via R29. The top portion of
both layers is designated for power ground and the bottom portion below the shunts is designated for analog
ground. The fourth middle layer is not only utilized for ground nets but also contains Vin polygons. The
components carrying high current are placed on the top half of the board to minimize EMI interference and
provide a low-impedance return path of currents. As mentioned earlier, the bottom portions of both layers are
reserved for analog signals and grounding. ICs that require low current are placed in the bottom portion to
minimize high impedance and parasitic.

The second middle layer and bottom are used for phase connections. Both layers contain large polygons that
support high current to flow through the phases, shunts, and MOSFETSs. A large polygon runs from the top of
the phase terminals to the high-side of the three-phase inverter while another polygon runs from the low-side
of the inverter to the shunts. Both layers support the same nets, however, the second middle layer contains a
polygon with a 12 V net used to route ICs that require 12 V.

Application note 39 V1.0
2025-01-28



o _.
80V, 3.5 kW BLDC motor driver inverter < |I'If| neon ,
REF_80VDC_3.5KW_OPE2
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Figure 33 Top layer
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PCB layout

Figure 34 First middle layer
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PCB layout

Figure 35 Second middle layer
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Figure 36 Third middle layer
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PCB layout

Figure 37 Fourth middle layer
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Figure 38 Bottom layer
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Test results

10 Test results

10.1 Power measurements

Figure 39 shows the captured power measurements while 3.4 Nm of torque was being applied to the motor.
The amount of torque being applied prevented the motor from running no more than one minute.

e Thefirst column to the very left shows the DC input voltage (79.540 V) and the V.msmeasured values of each
phase

e The second column shows the measured rms current values for each of the phase and the DC input current
(45.031A)

e The third column shows the output power of the inverter (3.5157 kW) and the column to the very right
displays the efficiency

The input power is measured to be 79.540 V x 45.031 A = 3.58170 kW,

35157 kW _ 96 1580%.

which provides an efficiency of YT

{2 )|Sensor 12345 Peak Update 12698 ( 1s)SP | Intes: Time ———-i—:i— |2024/07/19 1Z16:11 CF:3
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<< 2002 (p-p) >>

Figure 39 Inverter efficiency (non-continuous)

Figure 40 shows the captured power measurements while 2.6 Nm of torque was being applied to the motor. In
this case, the motor was able to run continuously due to a lower torque setting.

e Thefirst column to the very left shows the DC input voltage (79.666 V) and the V.ms measured values

e The second column shows the measured rms current values for each of the phase and the DC input current
(33.304 A)

e Thethird column shows the output power of the inverter (2.6107 kW) and the column to the very right
displays the efficiency

Input Power is measured to be 3.58170 kW (79.540 V x 45.031 A) which provides an efficiency of 98.158%.
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Update  4627( 1s)SP
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33,304" 1 ,47571 44.705
A W &

P3

40.891 11350 98.400
A kW %

PZEA

Pin
40.899 26107 2.65314
A kW KW

SEA
40.867 3.6732 0.71074
A KVA

Group 1

Figure 40 Inverter efficiency (continuous)

10.2 Thermal measurements

Thermal images were taken after 15 minutes of operation to allow the component temperatures to rise and
reach steady-state. The motor was running continuously at 8000 rpm at a torque of 2.6 Nm. The thermal
camera captured the image in such a way that the cursor would automatically pinpoint the area of the board
that had the highest temperature. In both cases, the shunt on the Vphase was the component with the highest
temperature. The shunt on the Vynase had a higher temperature than the other shunts due to a higher amount of
current being sensed. The shunts reached a maximum of 87.1°C and a minimum of 86.3°C during testing. The
MOSFET’s temperature could not be directly monitored due to the heatsink.

Figure 41 Thermal measurement, 86.3°C
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Figure 42 Thermal measurement, 87.1°C

Note: The shunt’s reflection on the thermal camera shifted the image upward, giving the illusion that the
source of the low-side MOSFET on Vynase is the hottest part of the board.

10.3 Operating waveforms

The following waveforms show the currents of each phase as well as Vps (high-side and low-side MOSFETSs) from
the U phase. The waveforms were captured while driving a motor continuously at 4000 rpm. 2.6 Nm of torque
was applied and resulted in 2.6 kW of output power. The switch cycles were captured on the U phase to show
the worst-case scenario. Although the U phase is the furthest phase from the battery terminals, the three-phase
current waveforms are balanced and the speed is controlled. Figure 44 shows the Vpssignals when lpnase v is at its
peak. Vps_s reached a maximum of 93.6 V and remained more than 20% under the MOSFET voltage rating.

I

PO900900, Y\WW ) O.O.0.0
XXX WM

Figure 43 Phase currents and U phase Vps waveforms, 2.6 N°m Vps_us phu (Ch1), Vos_s_phu (Ch2), lphase u
(Che)’ Iphase_v (Ch7)’ Iphase_w (Ch8)
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Figure 44 Phase currents and U phase Vps waveforms, 2.6 N°m Vps_us_phu (Ch1), Vbs_1s pnu (Ch2) (put
arrow indicating pk V)

The speed of the motor was increased to 8000 rpm in the figures below (Figure 45 and Figure 46). Although the
speed was increased, the current waveforms remained balanced and controlled. Figure 46 shows the Vpssignals
when lphase_u is at its peak. Vps_1s reached a maximum of 92.6 V, proving that the MOSFETs operate in a suitable
safety margin.

*TELEDVNE LECROY|
EVorywheroyoulook

Measure P1:max(C1) P2 max(C2) P3:rms(C6) P4.rms(C7) P5:ms(C8) P6 max(C6) P7:mean(C7) P8:max(C8) P9 rms(C5) P
value 958V 945V 4024 A 4123A 4184 A
v v v v

-Tbase MOOm‘Tﬁ' jer |
Figure 45 Phase currents and U phase Vps waveforms, 2.6 N°m Vps_us phu (Ch1), Vos_s_phu (Ch2), lphase u
(Che)’ Iphase_v (Ch7)’ Iphase_w (Chs)
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P10 P11 P12~
Ib 58 902064 ms| | Trigger
12 Bits

Figure 46 Phase currents and U phase Vps waveforms, 2.6 N°m Vps_us_phu (Ch1), Vos 1s phu (Ch2)

In the figures below, 3.4 N-m of torque was applied and increased the output power to 3.5 kW. Due to the
amount of power being drawn, the board was not able to run continuously but still maintained balanced
current waveforms (Figure 47 and Figure 48). The high-side and low-side switching signals at 3.5 kW output
power (Figure 49). Vps_1s reached a maximum of 96.7 V.
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/\" w%'\mw«:ﬁ /"‘\fm\/’\f}/”"\ / Q(\XWW\ \ )
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Flgure 47 Phase currents and U phase Vps waveforms, 3.4 N-m Vps_us phu (Ch1), Vos_s_phu (Ch2), lphase u
(Che)’ Iphase_v (Ch7)’ Iphase_w (Chs)
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Figure 48 Phase currents, 3.4 N-m Iphase_u (Ch6), lphase v (Ch7), lphase w (Ch8)
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Figure 49 U phase Vps waveforms, 3.4 N-m Vps_us_phu (Ch1), Vos_is_phu (Ch2)

10.4 Electromagnetic compatibility

The board underwent various tests to determine if the electromagnetic energy being emitted is within the FCC
15.109 (g):2024 standards. The board was placed in an anechoic chamber that absorbs the electromagnetic
signals. Those signals were then measured by equipment connected to the chamber. The goal was to obtain an
emission rate under 37 dBuV/m while the board was in an idle state. The test was conducted at various
frequencies ranging from 32 MHz to 999 MHz. No torque was applied and the motor ran at low speed to prevent
the motor from overheating. A 48 V power supply with ferrite cores were used in place of a battery. The ferrite
cores were snapped onto the power cable to prevent any electromagnetic interference that would not be
presentin a battery with short terminal wires.
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Figure 50 Radiated emission graph
Polarity/
Extemal Transducer Distance Compared o
Fragq Amplilude Preamp Antenna Height| Transducer Cable Attenuation Twpe Ditmctor Aedjurstment. Adjusted Spec. Limit Spec.
(MHz) [dBuy [dB) [meders) (dBdm) (L] [dB) ([ 1] [dBuhimi) (dBuNTm) (dB)
087.754 379 421 1.0 20.9 EX 0.0 Horz FK 0.0 B 370 24
060.058 38.1 423 38 20.7 8.8 0.0 Vert FK 0.0 343 70 27
942 649 38.1 425 28 208 86 0.0 Vert PK 0.0 34.0 370 30
295.271 36.8 420 38 30.0 9.0 0.0 Vert PK 0.0 &S 70 a2
958.200 375 423 15 208 87 0.0 Vert PK 0.0 a7 370 a3
961.321 375 423 28 20.7 B8 0.0 Verl PK 0.0 7 70 a3
946.529 a4 424 28 20.9 87 0.0 Horz PK 0.0 336 70 34
914.761 a7 426 15 296 B4 0.0 Horz PK 0.0 333 370 ar
936.950 a4 425 20 20.6 86 0.0 Vert PK 0.0 33 w0 a9
917.186 375 426 1.0 20.6 B85 0.0 Horz PK 0.0 330 7.0 4.0
888.086 376 426 1.0 29.7 8.3 0.0 verl PK 0.0 320 7.0 -4.0
932.343 375 426 28 20.5 86 0.0 Vert PK 0.0 320 70 4.0
889.541 375 426 38 20.7 8.3 0.0 Horz PK 0.0 129 7.0 4.1
904.213 374 426 20 29.6 8.4 0.0 verl PK 0.0 328 7.0 4.2
900.454 37.3 426 38 20.7 8.3 0.0 Vert PK 0.0 27 7.0 43
B860.805 379 425 20 29.0 8.1 0.0 Horz PK 0.0 125 0 45
834.373 376 425 1.0 28.6 7.9 0.0 Horz PK 0.0 NE 70 5.4
846,861 37.2 425 1.0 28.7 8.0 0.0 Horz PK 0.0 3.4 7.0 56
816.913 Ty 424 3g 28.2 7.8 0.0 Vert PK 0.0 N3 0 57
T77.628 37.3 422 38 28.4 76 0.0 Horz FK 0.0 1 7.0 59
Figure 51 Radiated emission table
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Summary

11 Summary

The REF_80VDC_3.5KW_OPE?2 reference board meets specifications. The principle of operation, design of the
circuitry, control scheme, and PCB layout have all been discussed. The option for motor speed, direction, and
braking can be controlled locally with switches and a potentiometer located on the board. In addition, the
motor speed, direction, and braking can be controlled via a GUI.

The GUI provides different FOC options which allow easy customization of firmware parameters. The GUI has
also been proven to be a useful tool for motor tuning. The ability to install customized firmware and
configuration parameters to the system greatly simplifies the design process, eliminates unnecessary
components, and is thereby able to simplify product development and reduce time-to-market.

The firmware has been verified through testing. The FOC control algorithm has also been described, including
the methods for entering the motor parameters and tuning the control loops using ModusToolbox™. The test
results show that Andromeda is effective in important areas such as speed control, phase advance, MPTA, flux
weakening, MTPV, and current controlling. Mathematical models have been shown and used to explain how
andromeda is implemented. The equations and algorithms for these areas have been explained in this
application note.

Test results show that the REF_80VDC_3.5KW_OPE2 reference board operates with better than 98% efficiency
while driving a 3.5 kW load with a temperature rise of less than 45°C on the power device packages in the open
air with convection cooling. The reference board can support 3.5 kW with no additional cooling and can
operate at a steady state at 2.5 kW for 15 minutes while maintaining a temperature lower than 90°C. Despite the
waveforms being captured on the U phase showing the worst-case scenario, the current waveforms were
balanced with little ripple through high-speed testing (8000 rpm), low-speed testing (4000 rpm), high torque
testing (3.4 N-m), and low torque testing (2.6 N-m). The EMI test results show that the reference board operates
within all major market regulations including the FCC 15.1 109 (g):2024 standards. The board is able to function
properly at high frequencies while remaining under the emission limit of 37 dBuV/m.
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Register your Infineon evaluation board, reference design, or demo kit board

Register your Infineon evaluation board, reference design, or demo kit board

When receiving your order, you are only three steps away from unlocking what our application engineers have
prepared for you, as the new owner of a very specific Infineon evaluation board, reference design or demo kit:
Product registration
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