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Application note

About this document

Scope and purpose

This document describes the control loop tuning procedure for sensorless field-oriented control (FOC)
implemented in the EVAL_6EDL7141_FOC_3SH and EVAL_IMD700A_FOC_3SH evaluation boards under the
battery powered applications (BPA) motor control workbench of Infineon Developer Center.

Intended audience

This document provides basic guidance on using the proportional-integral-derivative (PID) tuning tool in the
MOTIX™ BPA motor control workbench to tune the FOC motor control loop under the VQ motor control scheme
and speed motor control scheme.
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Introduction

1 Introduction

The sensorless FOC motor control example project consists of shunt field-oriented control algorithm software
which targets end applications such as power drills and gardening tools. The example project is downloaded to
the evaluation board via the MOTIX™ BPA motor control workbench from the Infineon developer center.

Furthermore, the sensorless FOC example project also provides a VQ and speed control scheme for different
target applications. This document provides general guidelines on tuning the two control schemes with the
help of the “PID tuning tool” in the MOTIX™ BPA motor control workbench.

Sensorless FOC depends on the three shunt resistors to sense the inverter leg current. So, the choice of the
three shunt resistors on the evaluation board also affects the functioning of the sensorless FOC example
algorithm.

1.1 Installation of MOTIX™ BPA motor control workbench
To follow this motor control tuning guide, the following software must be installed:

e MOTIX™ BPA Motor Control Workbench
- The GUI tool comes from the Infineon Developer Center launcher. Open the Infineon Developer Center
launcher and log in with the “mylInfineon” account, find the “MOTIX™ BPA Motor Control Workbench”,
and click “Start” to install the tool.

°
e[‘,v—.r:w;)-—' Center Launcher 2~ bpa motor control workbench Q (} o
My Tools Manage Tools 8% Scan QR Code l.
M
3.
MOTIX™ BPA Motor Control Workbench @M  Version:
@ i v o L motor trol G . ou 1.4.0.202306091505
i : N e, o i S Details
Figure 1 Infineon Developer Centre
- To get started with the MOTIX™ BPA Motor Control Workbench, please refer to the “Help” document

provided on the start page.
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Project Help

(infineon o I

Welcome to BPA Motor Control GUI! This GUI
is designed to configure, tune and test the
6EDL7141 and IMD700A features on
EVAL_6EDL7141_BLDC_1SH and
EVAL_IMD700A_FOC_3SH motor control
boards.

ﬁ,’} New Project

To start, select the demo board you are going
to use:
- Select "Single shunt BLDC"
(EVAL_6EDL7141_BLDC_1SH) for BLDC motor
control with hall switch sensors. Please
connect XMC-Link to 10-pin debug port on the
demo board, then connect BLDC motor to
U/V/W terminal and hall sensor input

| connector. Apply DC power supply to the
power connector (Voltage: 24V, Current: 1A or

— above).
Open Project - Select "3 shunts FOC"

[EVIAL IMN7ANA CAC 5CU) fAr COC cancarl fnce

6EDL7141 3 Shunts

FOC Sensorless

Figure 2 Start page of MOTIX™ BPA motor control workbench

- The GUI provides easy configurations to quickly get your motor running. The PID tuning and oscilloscope
tools help the user tune the control loop in VQ and speed control mode.

- Use the knob to select VQ or speed control mode when the motor has stopped.

Project  Help Unsaved o
(infineon | search Paramete Q e I
.
> XMC1400 .
6‘&
B > PID l' Launch PID Tuning
a > Motor
> 6EDL7141 Smart Gate Driver a2
Variable Monitor Expand All >
> Motor 2.
BEDL Test Potentiometer
Control
EN_DRV SPEED Q - o Yore |
& o CoNTROL CONTRO! A DS SR B Fdi Important: Please click question mark (2) next to Parameter
© nBrake B B B | ° Controls on top of this section to get more information about
. VF n by b | ) parameter tuning
w ﬁc"“ CONTRAIL ;\”)V’V ON
®) mmmV o ange d SW1 on booard to the opposite direction, then turn potentiometer to run the motor
Version 112 ik otioeees
H ™
Figure 3 MOTIX™ BPA motor control workbench
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2 Step-by-step guide on tuning process

2.1 Selecting current sensing resistor

A high current sense resistance value increases the power loss in the sensing resistors. But a too-low sense
resistance value will cause the sensorless FOC algorithm to malfunction, as the noise floor voltage will mask the
sense current. So, the selected current sense resistor Rsense Should produce a clean voltage at the analog-to-
digital converter (ADC) from the phase current when operating the motor. Furthermore, the maximum
overcurrent protection (OCP) threshold of MOTIX™ 6EDL7141 is 300 mV. So, if the maximum peak phase current
is 10 A, then each shunt resistance should be about (120 mV/10) mQ to provide sufficient current sensing
information to the ADC.

2.2 Set 6EDL7141’s OCP current threshold value

To protect the MOSFET from high current during the tuning process, set 6EDL7141’s overcurrent threshold to
about 120% of the motor’s rated current level. Then, we can set the OCP positive and negative threshold to 1.2*
Imotor's rated current * ShUNt resistance. For example, if the motor-rated current is 1.8 A shunt resistance is 10 mQ, then
the OCP threshold voltage is 1.2*1.8*0.01 = 0.0216 V. The OCP threshold voltage should be set to 20 mV. Next,
set the Dead time rising and falling value to 840 ns to minimize high-side and low-side MOSFET’s shoot through
during the tuning process.

Parameter Controls (2 Collapse All v | Parameter Controls (2 Collapse All v |
Amplifier Mode Shunt resistor v
> Power Supply
Internal offset selection 1/2DVDD v
e+ PWM &3 Phase Gate Driver
Use external offset Disable v PWM Mode
Amplifier Timing Mode GLx high v PWM Freewheeling Mode
Amplifier Blanking Time 0 v | nSec Brake Configuration Low side e
Amplifier auto zero Internal trigger v Aitenate Redirdiiiation
® OCP Positive Threshold 20 v| mv @ Dead time rising 840 | nSec
® OCP Negative Threshold (20 v| mv ® Dead time falling [ 840 v| nSec
ead min: -300) (max:-20) (default i n: 120) (max: 12040) (default
Figure 4 OCP threshold and dead time setting in MOTIX™ BPA motor control workbench
2.3 Motor parameters measurement

Find and set motor parameters (e.g., inductance per phase, resistance per phase, motor's pole pair, motor
maximum speed) from the motor's datasheet. We assume the motor used is a Y-connected motor, and the
phase resistance refers to the phase-to-neutral resistance in a Y-connected motor. Similarly, phase inductance
refers to the phase of neutral inductance in a Y-connected motor. Hence, if the motor is delta connected, then a
delta-to-Y conversion must be done to set the resistance value. For example, if the delta-connected motor
value's resistance per phase is 3 Q in the datasheet, the equivalent Y resistance per phase value is R(Y) =
R(delta)/3 =1 Q. Similarly, if the delta-connected motor’s per-phase inductance is 30 uH, the equivalent Y
connected per-phase inductance is L(Y) = L(delta)/3 =10 pH.
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A A
=
< —
N\ P
™ Z
B C B R (delta) ¢
Figure 5 Conversion of delta motor’s resistance to equivalent Y motor’s resistance

If the motor’s datasheet is unavailable, the motor resistance per phase could be measured with a multimeter,
and motor inductance per phase could be measured with an LCR meter. If the motor inductance is low (in order
of 10 uH), please use a precision RCL meter (e.g., Instek LCR-6100) to measure the motor per phase inductance.
The inductance measurement is important as the PLL observer uses the motor’s per-phase inductance for
angle estimation.

If IPMSM (Interior Permanent Magnet Synchronous Motor) is used, one motor phase's g-axis inductance (Lq)
should be used. For example, Lab is the phase-phase inductance measured by an LCR meter at 1 kHz while
moving the motor to different angles of a mechanical revolution. Take the highest inductance measurement
and divide it by two to get the per-phase inductance of the motor.

- For SPM L
R=i—R=g=6_4Q La=Lg= )
"es ~ For IPM
N _ max (L) Lo min(Lgp)
4= 3 d=———
Figure 6 Motor’s per phase resistance and inductance measurement
2.4 Update motor parameter to MOTIX™ BPA motor control workbench

Set the motors’s minimum speed to about 5% of the motor’s maximum speed and input the measured motor’s
resistance and inductance per phase.
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) Motor per phase resistance 6.36 Ohm
Motor per phase inductance |600 | uH
J Minimum speed |200 | RPM

# Maximum speed |4000 RPM

2 Pole pairs 4

Figure 7 MOTIX™ BPA motor control workbench’s motor parameters input

2.5 VQ ramp rate and speed ramp rate

Adjust VQ or Speed ramp rate according to motor and load conditions. The VQ ramp rate has to adjust in the
firmware source code, while the speed ramp rate can be adjusted using the MOTIX™ BPA motor control
workbench.

The slew rate configuration shown in Figure 9 determine how many PWM frequency’s period has passed, before
perform the ramp-up or down step. For example, if the slew rate is set to three, it means every three PWM
period, the ramp-up or down step will be updated until the reference VQ voltage has reached. If the user wants
to ramp up the VQ voltage faster, increase the USER_VQ_RAMPUP_STEP and decrease
USER_VQ_RAMP_SLEWRATE. If the user wants to reduce the VQ ramp-up, reduce the USER_VQ_RAMPUP_STEP
and increase the USER_VQ_RAMP_SLEWRATE. This is illustrated in Figure 10.

~ Control Loop
Rotor Initial Position Detection ROTOR_IPD_NONE v
IPD pre-alignment ramp rate Vizec
IPD pre-alignment voltage v
IPD pre-alignment time mSec
Motor Startup method MOTOR_STARTUP_DIREC v
Direct FOC startup Vg voltage |0.8 v
Open loop V/f startup offset voltage v
Open loop startup V/f constant V/Hz
Transition speed from V/F to close loop RPM
V/f speed mmeuerate RPM/sec
Speed control rampup rate |50 RPM/sec
Speed control rampdown rate |50 RPM/sec
SVM switching scheme STANDARD_SVM_5_SEGh
Figure 8 MOTIX™ BPA motor control workbench’s speed ramp input

& pmsm_foc_user_input_config.h 2
#define USER_VQ RAMPUP STEP (1U)
#define USER_VQ RAMPDOWN_STEP (1U)
#define USER_VQ RAMP_SLEWRATE (3U)
Figure 9 Configure VQ ramp rate and slew rate in pmsm_foc_user_input _configure.h file
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Vg +

1002 ——
1001 —— USER_VQ_RAMPUP_STEP =2
USER_VQ_RAMP_SLEWRATE = 1

1000 —+— /

— # of PWM period

[+
rrrrrrro

10 11 12 13 14 15 16

USER_VQ_RAMPUP_STEP =1
USER_VQ_RAMP_SLEWRATE = 3

= NN W b~ U,
|
N

[ r | [ |
T T T
1 2 3 45 6 7 89

Figure 10 Changing VQ ramp rate using ramp-up step and slew rate parameters

2.6 Pre-alignment mode

If rotor pre-alignment mode is enabled, set the pre-alignment time longer first, then progressively reduce it.

voltage
A \
100v ——————————————7.:——
)
|
i |
\@ !
ev Control Loop a8 :
Lo
: A 8.
@ Rotor Initial Position Detection [ROTOR_PRE_ALIGNI-!EPJT v ] 041\\ :
0.8v :
Pre-alignment ramp rate 100 ec Pre-alignment ‘{ |
|
voltage
Pre-alignment voltage 0.8 v 9 v T L #
- &~ 1s
Pre-alignment time |100 mSec Pre-alignment time: 100ms

Figure 11 Pre-alignment setting

2.7 V/f start-up mode

If V/f start-up mode is enabled, set a suitable V/f offset voltage to move the rotor’s inertia. Set transition speed
close to motor minimum speed to enable the quick transition from open loop to close loop to reduce time
interval in open loop, which consumes high current.

V20
2023-09-15
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Parameter Controls (2 Collapse All v VIf speed ramp up rate
® Motor Startup method [ MOTOR_STARTUP_VF_OPEN_LOOP v

default

Direct FOC startup Vq voltage 0.8 \
VI startup V/f constant
Open loop V/f startup offset voltage | 0.5 v offset voltage
Transition
Open loop startup V/f constant | 0.08 V/Hz speed
-, ! »
Transition speed from V/F to close loop 500 RPM T »
Open loop | Closed loop
V/f speed ramp up rate 100 RPM/sec :

Figure 12 V/f startup method input in MOTIX™ BPA motor control workbench

2.8 Direct FOC start-up

If direct FOC start-up mode is enabled, set a suitable direct FOC start-up VQ voltage to run the motor to reach
the minimum motor speed first, then ramp up to reach the target VQ voltage or target speed. If the user uses VQ
control mode, then the user should adjust the VQ ramp rate in pmsm_foc_user_input_config.h file. However, if
the user is using speed control mode, then the user can change the speed ramp rate in the MOTIX™ BPA motor
control workbench. Users can test with direct FOC start-up to run the motor under test first, as it does not need
a pre-alignment setting and V/f setting.

Speed
Parameter Controls @ Collancs All v A
Motor Startup method l MOTOR_STARTUP_DIRECT_FOC v
default
Direct FOC startup Vq voltage | 0.8 v
Open loop V/f startup offset voltage v Rampup
rate R
ampdown
Open loop startup V/f constant V/Hz rzfte
Transition speed from V/F to close loop RPM
V/f speed ramp up rate RPM/sec Direct FOC startup
Vg voltage
Speed control rampup rate 50 RPM/sec
» Time

Speed control rampdown rate 50 RPM/sec Closed Ioop

Figure 13 MOTIX™ BPA motor control workbench’s direct FOC start-up inputs

2.9 Motor control schemes

After setting the pre-alignment parameter, followed by V/f start-up or direct FOC start-up, tune the Kp and Ki
values of the control loops running the motor in a close loop. In the MOTIX™ BPA motor control workbench,
three motor control schemes are provided: V/f open loop mode, VQ control mode, and Speed control mode.
The V/f open loop is not used for running the motor but for testing the current sensing circuitry on the
evaluation board. VQ and speed control mode are the two options for users to run their motor.

2.9.1 V/f open loop mode

In an open loop voltage control, a reference voltage (Vi) is used to cause the power inverter to generate a given
voltage at the motor. The mechanical load influences the speed and the current of the PMSM motor.

In the MOTIX™ BPA motor control workbench, this mode is used for debugging purposes. It is used to test the
current sensing circuitry on the board, and the motor should run under no-load conditions so it can spin
smoothly. If the current sensing works fine, the oscilloscope tool should display a somewhat sinusoidal
waveform for 1U, IV, and IW signals (Figure 15). By comparing the phase U current captured using a current

Application Note 9 V2.0
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probe in Figure 16, we can see that the current sensing circuit on the evaluation board works fine, as both
Figure 15 and Figure 16 are similar. Under the condition that the motor is heavy and it is not spinning when
operating in V/f open loop mode, we can increase the VF_OFFSET value to overcome the motor’s inertia.

In the example project, the V,ris also restricted to a low voltage to prevent a large current being drawn when
running the motor under V/f open loop mode. So, the user might be able to change the potentiometer on the
MOTIX™ BPA motor control workbench, but the motor speed will not increase further.

Vref
PMSM Motor
~
Vief Power Vv
Stage
USER_STARTUP_VF_SLEWRATE_V_PER_HZ
USER_STARTUP_ |
VF_OFFSET !
' RPM
USER_STARTUP_SPEED_RPM
( Vref ) | e Angeast > RO FRASRE -+ CCuso
i ) SVM | G PWM Generator
=
Vif ramp Modulator with integrated
| v CvEmonuE FAsEW-»| deadtime control
| PLL Estimator J
-« gleQ31 — s 8
~ | Pl-Controller € =
T
b4 2
<« (Roospeain-{  MATH §
] i T
Legend: Park
T Transform R
= e @D [ R — Current @D cet ADc -
Oft-chip hardware eV 7 Phase [«(%)>{ ADC
MATH abeD
S —@D <P e ia31 - Transform — Calculation e
DCLink
Figure 14 Open loop V/f voltage control
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Ch
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Figure 15 V/fopen loop IU, IV, and IW current waveforms captured by the GUI’s oscilloscope
a 8 @ 1004/ -2760¢ 20.003/ Stop £ @ 113¢
.
¥
Figure 16 V/f open loop IU current waveform captured by the current probe
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2.9.2 VQ control direct start-up

The VQ control is used when a fast response is required, and varying speeds are not a concern.

Flux PI Controller

if
#*
OYk Uk l

1k .
%
if Yk=Uk + Car2Polar.Flux_Vd

FOCInput.Ref_Id

Limiter

Park_Transform.id

(Ref_Id = 0 Cartesian
Ref Id = © ‘/-D_’ Id to Polar | et CCU8_MODULE_PHASE_U CCcuso
A PI-Controller SVM PWM Generator
Transform o
R Modulator with integrated
Ref_Vg [ Torae V) > deadtime control
1
PLL Estimator g
99U b|_Controller H
2 a
<
) T &
Legend: Park
|:| On-chip hardware Transform
[HY)
- Off-chip hardware « Clarke Current Get_ADC DA ADC
Software MATH o Transform [*=2-] calculation &2 Phase
Cw ) le-@em— Current |
Figure 17 Control scheme - VQ control scheme

2.9.2.1 Determination of flux (Id) and torque (Iq) current PI gains

The Pl gains are calculated using the pole-zero cancellation technique, as illustrated in Figure 18 . By having
Kp /K, = L/R, the controller zero will cancel the motor pole. With this, the transfer function of the control loop
is a first-order LPF with time constant,T,. In addition, the proportional gain calculation is based on motor
inductance, and the integral gain is on the motor resistance.

At constant motor speed the Back-EMF of the motor is near constant. Therefore it is negligible in the frequency
domain. Figure 18 shows the simplified diagram after pole-zero cancellation.
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|refﬂ%eH Kp‘*’ﬁ
- S

—> lgorlg

|,Efﬂ(feﬂ'<ll+ Fe a@%— l/R(l/+E/L/] lgorlq
- s K, R

Pl Motor

Iref ¢ — - lq or |q
- S R

U

1

S
1+(*)_c

where w, = Ki/R and w. = Kp/L
since Kp/Ki=L/R

Figure 18 Simplified current control loop due to pole-zero cancellation

AsKp/L = K;/R = w¢, the Pl controller gains are:

Proportional gain Kp = wclL
Integral gain K; = wcR
Where:

e ¢ is the cut-off frequency of the first-order LPF.
e L isthe motorinductance.
e R isthe motor resistance.

In the digital controller implementation, the integral part is a digital accumulator. Therefore the K; gain has to
include a scaling factor for the sampling time T, which is the PWM frequency.

Revised formula:

Proportional gain Kp=wcL XA
Integral gain K; = wcR X Tg = RTgKp /L
Where:

e Aisthe XMC hard ware optimize scaling factor.

Based on the past experience, set the cut-off frequency to three times of the maximum electrical motor speed
to obtain a good trade-off dynamic response and sensitivity to the measurement noise.
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2.9.2.2 VQ control loop tuning

Figure 17 shows that only Id or Flux Pl control and PLL PI control (for the IP-restricted PLL estimator) must be
tuned for VQ control. The purpose of tuning the control loop is to enable the smooth running of the motor with
a sinusoidal phase current waveform even when the motor encounters load changes.

Figure 19 show that for each control loop, there is Kp, Ki, and scale for the user to input. Adjusting those values
will affect output response to the error detected at the input of the control loop. Their relationships are as
follows:

Kproportional gain = KP/25@¢ and Kintegral gain = Ki/25%® where, Kp, Ki, and scale are integer values represented in the
source code for proportional gain, integral gain, and scale calculation, respectively.

Regarding the block diagram of Figure 17, we are monitoring the feedback (park_transform.flux_id) and output
(uk) of the flux Pl control loop in Figure 19. We also monitor the PLL Pl control loop’s input error (error) and
output (uk). For VQ control, we want to minimize the flux Pl control’s park_transform.flux_id peak-to-peak
value and PLL Pl control’s error by adjusting their Kp, Ki ,and scale value under the motor operation condition.

If motor is unable to run when startup, increase scale value of PLL Pl control loop first and decrease the PLL
control loop Kp and Ki value. If still unable to get it running, do it the opposite way by reducing the scale value
of the PLL control loop and increase the PLL control Kp and Ki value instead. When tuning the PLL PI control
loop, check that the PMSM_FOC_PLL_Pl.uk (red line of PLL PI control) of Figure 19 is not saturated to a constant
value.

When tuning the Kp, Ki and Scale value of flux Pl control loop, the main objective is to minimize the peak-to-
peak value of PMSM_FOC_OUTPUT.park_transform.flux_id (red line of flux Pl control) at zero value. However,
Kp, Ki, and scale value for flux (Id) and torque (lg) control loop can be calculated by MOTIX™ BPA motor control
workbench by clicking on ‘Get calculated values’ in the PID tuning page of MOTIX™ BPA motor control
workbench. The flux and torque control gains are calculated based on the pole-zero cancellation method
illustrated in Figure 18.

In general, decreasing the scale of the PLL Pl control loop or increasing Kp of the PLL control loop will reduce
the peak-to-peak value of PMSM_FOC_OUTPUT.park_transform.flux_id (red line of Flux Pl control). While
tuning the gain of the PLL Pl control loop, observed the phase current using a current probe. The phase current
profile should be sinusoidal, and its RMS value should be low when tuning of the gain at flux and PLL Pl control
loop is optimum. Adjusting the Ki of the PLL PI control loop may also help to shape the phase current to be
more sinusoidal.
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PID Tuning
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Figure 19 PID tuning page in MOTIX™ BPA motor control workbench

2.9.2.3 Effects of adjusting K, oportional gainy Kintegral zain Of @ Pl control loop

To increase both the Kproportional gain @Nd Kintegral gain by Dy ONe time, reduce the scale value by one. To reduce both
Kproportional gain aNd Kintegral gain Values to half, increase the scale value by one. Generally, try to increase or decrease
the value of the scale and check whether the current waveforms of IU, IVt, and IW become more sinusoidal. In
other words, the ‘Scale’ of Figure 19 acts as a coarse adjustment to K, ,ortional gain @Nd Kintegral gain Value. The phase
current waveforms of IU, IV and IW can be monitored by using the MOTIX™ BPA motor control workbench’s
oscilloscope function, illustrated in Figure 21.

To further fine-tune the phase current waveform by individually adjusting the value of Kp and Ki to make a fine
adjustment to the K oportional gain @N Kintegral gain Value of the Pl control loop.
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The effects of increasing the K, portional gain OF Kintegral gain O the Pl controller independently are illustrated in Table
1, with reference to Figure 20:

Table 1 Effects of increasing the proportional gain Kp or integral gain Ki of the Pl controller
Gain change Effect on step response characteristics
Rise time Overshoot Settling time Steady-state error
Koroportional gain Decrease Increase Minor change Decrease
increase, Kintegralgain
unchanged
Kintegral gain INCrEAse, Decrease Increase Increase Eliminate
Kproportional gain
unchanged
Reference ——Step response
n B
Overshoot
!
1.0 7 e T
| Settling time i Steady-state
| error
\
0.5
|
|
0.0 g
) Rise time
5 Tifie 10 15
Figure 20 Step response of a control system

200ms

S oo Max / Min Average RMs | Sampling Clock Status Measure
o} - Divide 4 ¢l || @ Triggered Sampling @ Ready

Scope Mode
O

101 m
t -

Figure 21 Oscilloscope monitoring U, IV, IW in MOTIX™ BPA motor control workbench
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2.9.3 Speed control

A speed control scheme is a closed-loop control. For the speed control scheme, a cascaded speed and current
control structure is used. This is because the change response requirement for speed control loop is much
slower than the one for current loop.

Flux PI Controller

FOCInput.Ref_Id Car2Polar.Flux_vVd

Park_Transform.ld

Speed PI Controller

if
YUk
0

Car2Polar.Torque_Vq
FOCInput.Ref_Speed
PLL_Estimator.RotorSpeed_In

Park_Transform.lq

Ref Id = @
Cartesian

1d
) pr-controller to Polar (rel AgieQ3l) ccuso
- fanstor o PWM Generaor
Ramp Speed Modulator with integrated
Ref Speed R . "|p|- Co':'m”er deadtime control
RoorAngE0D PLL Estimator, g
GoAIEQsD PI-Controller E
RotorSpeed In. MATH
p—
Legens Park
[ on-chip haraware Transform
«—@cT—|
I o<t rarduare «l—— ciarke “E21 current @D Get_ADC [~ o
Software MATH |8 Transform [*“22 calculation Phase |«
Current | (-

Figure 22 Control scheme - speed control

Direct FOC start-up and V/f start-up are supported in speed control. The speed Pl controller supports integral
anti-windup. The integral output is held stable when either Pl output or integral output reaches its limit. The
output of the speed Pl is used as the reference for the torque PI controller.

2,9.3.1 Speed control loop tuning

Figure 22 shows four control loops: PLL PI control, flux Pl control, torque Pl control, and speed PI control. Itis
difficult to tune these control loops at the same time. Tune the motor using VQ mode, considering only flux and
PLL Pl control loop tuning. After the motor can run in VQ control mode, switch to speed mode control. Usually,
we can use the tuned Kp, Ki, and scale values (obtained from VQ control mode) for the PLL PI control, flux PI
control, and torque Pl control when we start to tune the speed PI control to get sinusoidal phase current
waveforms under different load conditions and at a steady speed. The Kp, Ki, and scale values for flux should be
used for the torque PI control loop's Kp, Ki, and scale value.

Furthermore, when the motor transit from V/f open loop start-up or direct FOC start-up to speed control mode,
it will proceed to VQ control mode until the motor speed reaches four times the motor minimum speed setting.
The default value of four times the motor minimum speed setting can be reconfigured in the source code, as
shown in Figure 23. This feature enables the user to run the motor in speed control mode more easily because
VQ mode provides the initial torque to overcome the motor's inertia. Users could also decide the speed to
change to speed control by modifying the source code set.
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[e] pmsm_foc_scl_systick_isr.c &2
if (PMSM_FOC_INPUT.user ctrl scheme == SPEED_INNER_CURRENT_CTRL_SCHEME)

if ((PMSM_FOC_CTRL.msm_state == PMSM_FOC_MSM_CLOSED_LOOP)
&8 (PMSM_FOC_CTRL.transition_status == PMSM_FOC_MOTOR_STATUS_TRANSITION))

{
PMSM_FOC_SPEED_PI.uk_limit_max = PMSM_FOC_INPUT.limit_max_iq;

/* During startup Vg voltage control is used and then it will switch to the speed current control */
/****X********************************** ****#******************************************************/

if (PMSM_FOC_PLL_ESTIMATOR.rotor_speed >|(4 * MotorParam.ELECTRICAL_SPEED_LOW_LIMIT_TS)) |
{

PMSM_FOC_CTRL.transition_status = PMSM_FOC_MOTOR_STATUS_STABLE;
PMSM_FOC_SPEED_PI.ik = PMSM_FOC_OUTPUT.park_transform.torque_iq << PMSM_FOC_SPEED_PI.scale_kp_kij;
PMSM_FOC_TORQUE_PI.ik = PMSM_FOC_OUTPUT.torque_vq << PMSM_FOC_TORQUE_PI.scale kp_ki;
PMSM_FOC_CTRL.ctrl_scheme_fun_ptr = &PMSM_FOC_SpeedCurrentCtrl;

Figure 23 Speed control mode will run with VQ control first when transit from startup to close loop

Similarly, as shown in Figure 24, the PID tuning and oscilloscope tools are available to help in Pl control loop
tuning.

Project  Help Unsaved
(Infineon  |search Paramete o
»
> XMC1400
it
> PID
i > Motor
NEVH OM > GEDL7141 Smart Gate Driver -z
Fpwm 200 L
va et IIRETLT
id Mag 219
B
"
Variable Monitor
> Motor
6EDL Test Potentiometer
o) ENDORV SPEED vQ 5 Con}rol
N e CONTROL CONTRO! e s T U [ L S R o Important: Please click question mark (?) next to Parameter
0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 h —_— 2
0} n:;::( | -} ° Controls on top of this section to get more information about
VF 8 |rew IS N | - parameter tuning.
@) DCCalaation CONTROL — 3 5
A4 o STOP. ON
- “::::ﬂv first stop the motor, switch SW1 on booard to the opposite direction, then turn potent
Version 112 k51106082
. ™ .
Figure 24 MOTIX™ BPA motor control workbench test bench view

The Kp, Ki of the flux, torque, and speed PI control chart of Figure 25 correspond to the Pl controller block
diagram of Figure 22. The PLL PI control block diagram is not shown in Figure 22, as PLL estimator is IP
restricted. To understand the relationship between Kp, Ki, and scale of the control loop and the effect of
adjusting those value, please refer to Chapter 2.9.2.2 and Chapter 2.9.2.3.

If the speed changes too much when the load changes, increase the speed Pl control loop’s Kp value. With low
Kp of the speed PI control loop will have better stability at a steady state but slower startup. Low Ki of the
speed Pl control loop will lead to instability at high speed but will have a better startup.
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If, by adjusting the scale value of the speed PI control, the phase current waveform is not sinusoidal, we might
need to adjust the scale value of the flux and torque Pl control to check their effect on the phase current. One
thing to note is that the Kp, Ki, and scale values for both flux and torque PI control should be the same when
tuning the speed control of the motor.

In general, a high Kp of flux and torque PI control loop will tend to start the motor very fast and cause
significant speed overshoot during startup, while a low Kp of flux and torque Pl control loop will not allow full
speed full load operation. However, a low Ki for flux and torque PI control loop will lead to steady-state
instability. However, usually, we could use Kp, Ki, and scale value for flux (Id) and torque (Iq) control loop
calculated by MOTIX™ BPA motor control workbench by clicking on ‘Get calculated values’ on the PID tuning
page. The flux and torque control gain are calculated based on the pole-zero cancellation method illustrated in
Figure 18.

If the motor cannot run during startup, increase the scale value of the PLL Pl control loop first and decrease the
PLL control loop Kp and Ki value. If still unable to get it running, do it the opposite way by decreasing the scale
value of the PLL control loop and increasing the PLL control Kp and Ki values instead. If we encounter a high
current in a motor startup, we could lower the speed ramp-up rate using MOTIX™ BPA motor control
workbench’s setting or change the VQ ramp-up rate by changing the setting in the example code described in
Chapter 2.5.

While tuning the gain of the PLL Pl control loop, observed the phase current using a current probe. The phase
current profile should be sinusoidal, and its RMS value should be low when tuning of the gain at flux and PLL PI
control loop is optimum. Adjusting the Ki of the PLL PI control loop may also help to shape the phase current to
be more sinusoidal. Decreasing the scale of the PLL Pl control loop or increasing Kp of the PLL control loop will
reduce the peak-to-peak value of PMSM_FOC_OUTPUT.park_transform.flux_id (red line of flux Pl control).

If the rotor_speed (red line) cannot reach the ref_speed (blue line) in the speed PI control chart, the scale of
torque Pl control needs to decrease while its Kp and Ki need to increase to get a higher output (uk) at the
torque Pl control loop. With higher output at the torque PI control loop, it should help to increase the
rotor_speed at the speed PI control loop in Figure 25.

By adjusting the Kp, Ki, and scale value of the four control loops in speed control, the motor should be able to
run at target speed under its operating condition and achieve sinusoidal phase current waveform of U, IV, and
IW as shown in Figure 26.
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Kp, Ki and scale value of Flux Pl control and Torque
PI control should have the same value
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Figure 25 PID tuning page in speed control
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Figure 26 Oscilloscope view for speed control, showing IU (green), IV (pink), and IW (blue)
waveforms
Application Note 20 V2.0

2023-09-15



o _.
Sensorless FOC tuning guide for BPA motor control workbench | n f| neon
Application note

Case study of Pl tuning in ceiling fan and power drill applications

3 Case study of PI tuning in ceiling fan and power drill
applications

Here we provide some of the considerations that we made when running the ceiling fan and power drill using
sensorless FOC motor control with MOTIX™ BPA motor control workbench and EVAL_6EDL7141_FOC_3SH 1kW
evaluation board.

3.1 Pl tuning in ceiling fan application

3.1.1 Getting the ceiling fan motor parameter

Table 2 Ceiling motor parameters

Motor inductance per | Motor resistance per | Pole pair Max. speed Motor-rated
phase (Y connection) | phase (Y connection) current
4400 pH 10 5 300 rpm 4A

3.1.2 Checking the current and thermal capability of

EVAL_6EDL7141_FOC_3SH 1 kW evaluation board

The EVAL_6EDL7141_FOC_3SH 1kW evaluation board’s user manual shows that the board is able to withstand
input power of approximately 1000 W, with Vimsand lims values of 36 V and 29 A, respectively. Therefore, the
board input current rating is far higher than the motor current rating of about 4 A peak. As for the thermal
capability, it is recommended that the board temperature be constrained to 100°C.

3.1.3 Setting the overcurrent threshold to protect the ceiling fan motor

As the maximum peak current of the ceiling fan is 4 A, three larger shunt resistors of 0.12 V/4 A=0.033 Q replace
the original 1 mQ shunt resistors on the 6EDL7141 3SH evaluation board. The OCP threshold of 125 mV is
selected.

3.1.4 Select the motor startup method and PI tuning

After testing with the ‘Direct FOC’ and ‘V/f’ startup, it was found that the V/f startup method is better in moving
the heavy inertia of ceiling fan for the startup phase. Hence, pre-alignment setting and V/f startup parameters
are adjusted to get a good startup behavior.

Adjusting V/f startup voltage and ramp rate RPM/sec help to reduce or limit the current spike in the startup
phase. The trade-off is that if too low V/f offset voltage or V/f ramp rate, the motor may not be able to overcome
the ceiling fan inertia in the startup phase. The V/f offset voltage is approximated by phase current * motor’s
resistance per phase whichis2A*1Q=2V.
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i | et

Figure 27 Setup for the ceiling fan

When open-loop V/f control is not able to transit to closed-loop FOC smoothly, reduce the PLL control loop gain

by increasing the scale and decreasing the Kp and Ki setting of PLL control loop. If still unable to transition to
closed loop, increase the PLL control loop gain.

During the motor startup, the motor is briefly stuck before running properly again; increasing the Ki value of
PLL control loop help. When the motor speed is unstable, decrease the Kp of the PLL control loop.
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Figure 28 Phase current startup profile when transit from V/f to VQ control
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When tuning the flux Pl control loop, adjust the scale, Kp, and Ki to ensure flux_id stays approximately zero
value.

Flux PI Control Kp | 20819 Ki|178 Scale | 10 PLL PI Control Kp | 300 Ki|1 Scale |11

3000 -, 3000 50k~ 50k
2400 |==—|PMS&M_FOC_OUTPUT.park_transform.flux_id 2400 a0k m—— PMEM_FOQ_PLL_PLuk 20k
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Figure 29 Pl tuning for PLL and flux Pl control loop for ceiling fan application

3.2 Pl tuning in power drill application

3.2.1 Getting the power drill motor parameter

Table 3 Power drill motor parameters

Motor inductance per | Motor resistance per | Pole pair Max. speed Motor-rated
phase (Y connection) | phase (Y connection) current

12 uH 0.0066 Q 2 30000 rpm 180 A

3.2.2 Checking the current and thermal capability of

EVAL_G6EDL7141_FOC_3SH 1 kW evaluation board

The EVAL_6EDL7141_FOC_3SH 1 kW evaluation board’s user manual shows that the board can deliver an
output power of approximately 1000 W (with supplied heatsink), with a nominal input voltage of 36 Vand
maximum output phase current of 282 A. Therefore, the board output current rating can take the power drill’s
peak motor current rating of 180 A. As for the thermal capability, it is recommended that the board
temperature be constrained to 100°C.

3.2.3 Setting the overcurrent threshold to protect the power drill motor

As the maximum peak current of the power drill is 180 A and the shunt resistors mounted on
EVAL_6EDL7141_FOC_3SH 1 kW evaluation board are 1 mQ, the OCP threshold of 175 mV is selected. The power
supply’s output is set at 18 V and 80 A threshold to limit the power output to power drill at 1.44 kW.

3.2.4 Select the motor startup method and PI tuning

Direct FOC startup can drive the power drill directly. VQ control is chosen as it directly drives the torque output
and is well-suited for power drill applications.
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Figure 30 The power drillis connected to a dynamometer to capture the performance

By clicking the ‘Get calculated value’ button on the PID tuning page, the calculated Kp, Ki, and scale value for
the flux and torque PI control loop are updated on the PID tuning page. With those Pl parameters, the power
drill can run with a load applied by the dynamometer.
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Figure 31 With the power drill running at maximum speed, apply incremental torque at 5 Nm step

Figure 32 Phase current at startup with maximum load of 30 Nm applied
Application Note 24 V2.0

2023-09-15



o~ _.
Sensorless FOC tuning guide for BPA motor control workbench |n f| neon
Application note

Summary

4 Summary

First, choose a suitable shunt resistor for the application required. Next, choose direct FOC startup. Then, select
VQ control mode first and tune the PLL PI’s gain values only as flux PI’s gain value and torque PI’s gain value
can be calculated by MOTIX™ BPA motor control workbench using pole-zero cancellation method. The effect of
adjusting the PID tuning page’s Kp, Ki, and scale value is described in Chapter 2.9.2.2.

We can proceed to speed control mode after using the VQ control mode to find the optimum PLL PI’s gain
values to achieve a sinusoidal phase current waveform. In speed control mode, it consists of PLL, flux, torque,
and speed control loop. The PLL, flux, and torque PI control loop gain values, are available from VQ control
mode Pl tuning. So, we only need to tune the speed control loop's gain values to achieve the required speed
profile.

Figure 33 illustrates the startup behavior using pre-alignment followed by V/f startup, compared to that of
using direct FOC startup. With direct FOC startup, it provides a much smaller startup current and fewer
parameters to set compared to V/f startup. However, only some motor control applications can use direct FOC
startup, so users must test out both startup methods to choose the suitable one.
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Max. Speed

Speed profile

Speed profile
of direct FOC
start-up

V/f Transition Speed

Min. Speed

v

Rotor pre- | v/fStart-up i
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Figure 33 Startup behavior
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Warnings

Due to technical requirements products may contain
dangerous substances. For information on the types
in question please contact your nearest Infineon
Technologies office.

Except as otherwise explicitly approved by Infineon
Technologies in a written document signed by
authorized representatives of Infineon
Technologies, Infineon Technologies’ products may
not be used in any applications where a failure of the
product or any consequences of the use thereof can
reasonably be expected to result in personal injury.


mailto:erratum@infineon.com;ctdd@infineon.com?subject=Document%20question%20

	About this document
	Table of contents
	1 Introduction
	1.1 Installation of MOTIX™ BPA motor control workbench

	2 Step-by-step guide on tuning process
	2.1 Selecting current sensing resistor
	2.2 Set 6EDL7141’s OCP current threshold value
	2.3 Motor parameters measurement
	2.4 Update motor parameter to MOTIX™ BPA motor control workbench
	2.5 VQ ramp rate and speed ramp rate
	2.6 Pre-alignment mode
	2.7 V/f start-up mode
	2.8 Direct FOC start-up
	2.9 Motor control schemes
	2.9.1 V/f open loop mode
	2.9.2 VQ control direct start-up
	2.9.2.1 Determination of flux (Id) and torque (Iq) current PI gains
	2.9.2.2 VQ control loop tuning
	2.9.2.3 Effects of adjusting Kproportional gain, Kintegral gain of a PI control loop

	2.9.3 Speed control
	2.9.3.1 Speed control loop tuning



	3 Case study of PI tuning in ceiling fan and power drill applications
	3.1 PI tuning in ceiling fan application
	3.1.1 Getting the ceiling fan motor parameter
	3.1.2 Checking the current and thermal capability of EVAL_6EDL7141_FOC_3SH 1 kW evaluation board
	3.1.3 Setting the overcurrent threshold to protect the ceiling fan motor
	3.1.4 Select the motor startup method and PI tuning

	3.2 PI tuning in power drill application
	3.2.1 Getting the power drill motor parameter
	3.2.2 Checking the current and thermal capability of EVAL_6EDL7141_FOC_3SH 1 kW evaluation board
	3.2.3 Setting the overcurrent threshold to protect the power drill motor
	3.2.4 Select the motor startup method and PI tuning


	4 Summary
	References
	Revision history

