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6-Step Control of BLDC by Comparator Zero-cross detection Oct 22, 2015

Introduction

This application note provides a 6-step method (120° conduction pattern) that uses a single comparator to detect the
Zero-crossing on a Permanent Magnet brushless 3 phase motor. Through the use of hardware resistor divider network
and comparator enhancement hardware internal to the RL78/G1F, this method reduces the amount of processing
required by the MCU to detect the BEMF Zero-cross versus the Zero-cross detection by ADC method.

Target Device
RL78/G1F, 64 pin version (RSF11BLE)
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

1. Overview

This application note provides the theory and accompanying demo program for a brushless DC motor (BLDC) using the
RL78/G1F microcontroller, including the proper use of the library of the development support tool, In Circuit Scope
(Note2) - The demo program will be described from an “Abstract level”, and the reader is referred to the C project files
and the Doxygen folder within the project for code documentation. The app note will focus more on the more on the
theory of operation and the RL78/G1F features which allow the implementation.

In this application note, wherever possible, we will use actual scope shots (or DSO data) rather than simulated or
mathematically created data.

NOTE: Although this Application note was verified with a block wound motor it should operate with a sinusoidal
wound PMSM motor.

Operation checking device
Operations of the sample programs have been checked by using the following device.

-RL78GIF (R5F11BLE)

Target sample programs

The target sample programs of this application note are as follows.

(1) RL78G1F_CMP_BEMF 6-step for RL78G1F (R5F11BE) for T2001 Inverter
(Complementary PWM Positive Side, GPIO Negative Side, see section 3.1 for details)

11 Development environment

Table 1-1 shows development environment of the sample programs explained in this application note.

Table 1-1 Development Environment of the Sample Programs

Sample MCU Inverter board Motor EZStu.dIO Tool Chain
software version
Low- IAR for RL78
voltage (1) R5F11BLE T2001 Note 1 2;:0?1 iffv' V4.00.00.26 | V1.40
version

For purchase and technical support of the low-voltage inverter board T2001, contact Sales representatives and dealers of
Renesas Electronics Corporation.

Notes:
1. T2001 is a product of Desk Top Laboratories Inc.
2. The development support tool In Circuit Scope is a product of Desk Top Laboratories Inc.

Desk Top Laboratories Inc. (http:/www.desktoplab.co.jp/)

3. Anaheim Motor (http://www.anaheimautomation.com/ )

4. Motor Sample signals actually taken from an “off-the-shelf” BLDC power tool motor.
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

2. System overview

Overview of this system is explained below.

2.1 Hardware configuration

The hardware configuration is shown below.

RL78GLF (64 pin)

A/D converter input »
dc
|Busvotage |
P24 / AN14 . . .
VU_AIN Phase Power supply circuit DC24V input
P03 / ANI16 E v am | o
P20 / ANIO — (af;e;_ldivide; oND
VW _AIN [ and fitering]
P21 / ANI1  Semmm—
P02 / ANIT [CAIN

P26 / ANI6

LED1| LED2
2

Rotation speed command

Swi sw2
Switch input

P05 [: Motor rotation start/stop l i

P66 [: Error reset

LED output
P141 [}
|
P140 [}
TRD output
P15 / TRDIOBO (U,) 1 u,
P13/ TRDIOAT (V,) 1V
P12 / TRDIOB1 (W,) 1w, Inverter circuit
P14 / TRDIODO (U,) L1 u
P11/ TRDIOCT (V,) 1 v,
P10 / TRDIOD1 (W,,) 1w,
Phase _ «—— Jw.an
voltage
(after divider :] VV_AIN
Overcurrent detection and fitering) | ¢—— ] VW_AIN
input ) ——1{ Jvran v v v
p137 / INTPO E Over-current detection j oc ﬁ ﬁ H
Misc )
P42 [: Trigger Port [:CNI:G
Window *
P17 [} [ Ccnaz ]
3 Hall sensor signals

Port or external
interrupt input

P52 / INTP1 (HU)
P53 / INTP2 (HV)
P54 / INTP3 (HW)

port
port

Ve port
GND port
e ENC_Z port
Ve port?
GND
port?

U port

- #
HV port™

ENC_A
ENC_B
HW pon*z
HU port™
W port
V port

*1: Not used when using hall sensors.

*2: Not used when using sensor-less control.

*3: Refer to BEMF detection section for details on divider / filter.

*4: CMP Window borught out for debug, will conflict with use of ICS on SCI0

Figure 1: Hardware Configuration Diagram
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

2.2 BEMF Detection Signals
221 Signal Levels

We need to connect the Motor Winding drive circuits back into the ADC and Comparator inputs. In addition, for the
comparator method we need to create a “virtual neutral” to compare against to find the zero-cross. You can see from

Figure 2 that we need to divide from VBus (in this case about 24V) down to a 0 to AVCC range. In addition, we can
note from this several important points:

e  BEMF goes below 0V
e BEMEF visible only during PWM active time

e Zero-cross (Zero BEMF voltage) will occur at 'z of the motor drive signal or 2 VBus

Tek A @ Acq Complete M Pos: 2.560ms TRIGGER
‘.

Type
MM | ot TR
i N v
141 S 14
7 ' Tl W Source
Block BEMF * o N . S S CH4

Zero-cross b i o e
St L ' Rising
MR ] TN—
BEMF Visibility Mode

Normal

Coupling
CH2 20,0VEy 00 s CHY .~ 140ma
CH3 20.0V 20-Aug-07 13:03 190.120Hz

Figure 2: Theoretical BEMF on true Motor Signals

So from this we can deduce that we should make sure:

e our divider does bias up the signals to avoid negative voltages

e  bias up the signal to make sure the Zero-cross does not disappear below the 0V signal level

that we detect BEMF only during active PWM time.

NOTE: Since we are attempting to show true data, an actual picture of block wound BEMF may be found in section 8.1
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2.2.2 Divider Networks

Fundamentally we need to get the signals down to a level acceptable by the MCU, and in addition, they need to “cross-
over” at the Zero-cross so as to trigger the comparator interrupt. We will discuss the actual hardware method for doing
this in section 3 but for now let’s look at the analog aspects of this problem.

Figure 3 shows the divider network for the Motor Terminals. We can determine with simple Ohms law the divider rate
for these. The math is not shown here, but the relationship with Vngutrar (VY _AIN on the block diagram) will be
discussed later in this section.

veC VCC VCC
Rl R2 R3
Resd Rl Resd
4.5k 4.5k 4.5k
U R4 VL RS v W RS VW
Re Resd Resd
0k 10k 10k
R7 RS R9
Res3 ==Cl Res3 ==C2 Resd ==C3
1.5k Cap 1.5k Cap 1.5k Cap
100pF 100pF 100pF
C—?T-'D G!T?D G?T-—D

Figure 3: Motor Winding Divider and Filter

Figure 4 shows the divider and filter for the Vneutrar. You will note one things, the values create a 1/3 divider for the
summed voltage on the 3 motor windings while maintain the bias point. This will cause a 1/3 slope on the VneutraL
node which sets up the perfect signal for a zero-cross detection in the comparator.

10k

Figure 4: VneutraL Network

You will also note, that the filters on these networks are not very “strong”. It is intended to provide High-frequency
noise reduction (i.e. inverter switching noise) while not causing large phase delays which may keep the motor from
running at low-duty cycles or highest speeds. We will discuss “windowing” the comparator in a later section.

DESIGN NOTE: Since the 1/3 R value may not be a standard value, R11 and R15 are sometimes achieved by placing 3
resistors in parallel that match the dividers on the motor phases. Since they are the same value and typically from the
same lot (on a reel), the accuracy of the 1/3 division ratio is almost guaranteed.
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Looking at Figure 5, we can see the resulting signals from these R-Networks as delivered to the ADC/analog inputs to
the MCU.

Tek Ayl ® Acq Complete M Pos: 1.180ms TRIGGER
+

: 5 - . ) Type
‘---:-"""-r-:l”"““ nhiNr _'--:"""-!-‘-."-‘:"“"-.I D
REULUUMUUUNLUGUUELUUL LN UYuERUYgLUyY A VNEUTRAL
[} (]
: s ~o i Source
'
]
1

| WT[TJ o B v
.| Lol = -
ot LIV e 0 .

o :

I CH2 200 M 250ps , CH2 / 2.24V
CH3 2boy  CH4 200v  23-Feb-15 11:46 11.2442kHz

Approximate zero-cross points

Figure 5: Analog Motor Signals

A couple of important things to note, the “virtual neutral” slope is about 1/3 of the Motor winding signals. This means
at the zero-cross, the comparator will switch making it easy to use an interrupt to signal Zero-Cross and take the
appropriate action.

Also note that they swap “polarity” when comparing rising edge to falling edge (i.e. on rising motor rises above neutral
and on falling motor signal falls below neutral), therefore if we want the interrupt edge to be consistent, we need some
mechanism to swap the comparator inputs. This will be discussed in section 3.3.
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To make a little easier to see what the comparator is looking at we extracted the DSO data from the rising and falling
zero-cross points and show a close up in Figure 6. In this close up, it is easier to see that the comparator requires a

different connection to the inputs if we wish to make the hardware implementation easier.

NOTE: As mention before, we have the comparator closed after the zero-cross and do not open it until one carrier
interrupt after. The highlighted commutation “spike” shows that comparator operation here would be unpredictable.

Rising BEMF
4
35
3
25 —
2
15
1 o ;‘ =
0.5
0
TR YRR IRR NS SR AT YA B e85 IR RS NSl E8 4S8 LRRRInR8NR8585558839
CEERERREEEEEEEEEEFEE R FEEEE TP R FE R R EE
Vn Vu
Falling BEMF
4
3.5
3
2.5
2
15
1
0.5
0
TR SN IRNYT 88N N8N RI R YNR3853483353382858493
EEREEEEEEEEE RS SRS RE R LR R R TR EE S T
s \[ 1 e \ [/
O Commutation “spike” O Z
ero-cross

550

Figure 6: Zero-cross (post R Networks), a close look
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

3. BEMF Comparator Operation

We now have the correct analog signals that we can feed into our comparator, so we need to create of the following
conditions:

e Only look at the BEMF at the correct time - comparator windowing

e Have the comparator inputs correctly assigned, (correct setting for + and — inputs)

3.1 Modulation Method

Figure 5 shows that the BEMF is only visible during the active part of the PWM cycle, so we need to understand the
modulation method being used, at least from the standpoint of “active” time, and when we can open the Comparator
Window (see Figure 7).

In this demonstration, we will use complementary drive on the “positive” side of the motor and GPIO on the negative
side of the motor. This provides:

e adefined signal for triggering “Window” timer (one-shot gating comparator)
e low-side drive always on during the step, so sampling “shunt” current is a little bit simpler.
e PWM rotates among the signals to “level” the switching losses in the power devices.

e active rectification of positive side drive (i.e. fly-back goes through MOSFET instead of recovery diodes)

Figure 7 shows the 6 STEPs of modulation, you can see the PWM modulating the positive side of the motor.

ve Y A I
ov N T L L
v D (Y
wo L WL U
we I (i I
o [T L L O

Figure 7: Modulation Diagram (active high drive)

3.2 BEMF Window

To generate the “window” that can open and close at the correct times, a “one-shot” is the perfect solution. In this case
since we want to look only during the “Active portion” of the PWM cycle, the high side of the signal modulating the
Inverter should be used as the “trigger”. Since the motor may be running at very short duty cycles or very long duty
cycles, this needs to happen in hardware as any software delay in this window cannot be tolerated.
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Figure 8 shows the timer window trigger and duration relationship to the PWM. When the code is running, this
“window pulse” is available on P17 (see Figure 1)

NOTE: The values are calculated at the time the duty cycle is calculated.

Tek JL. ® Acq Complete M Pos: 7,300 us CURSOR

~

I :: Type

| "

| B I PWM (Up)
| 1 Source

I 11

i I

I 1

CH1

| [0 CMPWindow

Cursor 1
1.20 s

5.00%

H2 500Y  M250us
10-Feb-15 03:1%

delay—» :-——
I
v

Hardware ADC trigger point*’
*1: Used to read BEMF directly on ADC channel

Figure 8: Compare Window Example

The delay is calculated to “open” the window away from the switching edge of the inverter where there is likely to be a
lot of switching noise. Likewise the pulse width is calculated to “close” the window before the falling edge, again where
there is likely to be a lot of switching noise. We use the ADC trigger point to “balance” the BEMF readings on rising
and falling to get the rotor and commutation “in sync”.

NOTE: Both a Minimum Window to account for ADC Sampling and a Maximum Window so window does not stay
open past end of PWM ( 95% duty — Dead-time) are defined.
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3.3 Comparator Input Multiplexing

In order for all this to work, the RL78/G1F must provide a mechanism in hardware to switch the analog inputs to both
the ADC and the comparator. In addition, it must be able to switch the input of the timer used for the “window”
generation to be switched to the proper PWM signal that defines the high side of the modulated channel.

First let’s look at CMP1, which has the extra support for using this “window” mechanism.

Figure 9 shows both the multiplexing for the Analog inputs and the CMP Window “gate”. Since we have a multiplexer
on each input of the comparator we can effectively “swap” the “+” and “-* inputs. The analog inputs for this
functionality are “hard” defined by the input pins. If you intend to use the CMP Zero-cross method, these analog
channels should be assigned first in your design per this application note.

We can also see that Channel 2 of the TAU is dedicated to this “compare gating” function. This hard defines the “slave”
of the one-shot pair in TAU for our “window” generation.

] CMP1SEL1, 0 | &w |C1ENBIC1FCK|C!EPO‘C!EDG| | C1iE ‘
[y |

Analog Mux

ANITIVEMP10 ©@——4 \ =~ GZ:?:‘&“ CMP1 interrupt
ANIBIVEMP11 ©
P G2 P1 Noles CMP1 ELC event
W elimination }-@
P21/ANIT/AVRErW digital filter

WVCMP13
Intemal relerence voltage (1.45V) ————

L=l Output
reverse VCouTt
_/ circuit L

C
Voo @— 3 . [
AVRerP  (O— § ||
— D/A converler
-Jf;::?gp?:;ug { T02 signal of timer array unit 0 |
(VREF1)
w 13 T Compare
Avrerw  ©) & .
Gating
[ cvrvso | cvrvst | [ cvrer[civrsizo)f [ cirersizo) | | c1oe | cioe | C1TWMD
Figure 9: Analog Mux and Compare Gate
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

3.4 TimerRD TAU trigger Multiplexing

Figure 10 shows the multiplexing provided on the RL78/G1f on TAU channel 0 to allow the various PWM signals of
TimerRD to be the trigger. So this allows TAU channel 2 to be the Master of a Master/Slave pair of a “one-shot”.

Timer clock select register 0 (TPS0)

PRsd PRESLIPE PRIDINPRSON, 14 mmmmpm|m
Timer 1/O select register 0 (TIOS0) L1 [ | | ] L1 | ]
07| ns0s| nsos | nsosfrossy| nsee| nsor | nsoo 2 2 4 L 4\
L 1 | I
‘ fowx [\- > Prescaler
To TOO2
output CRPLI ) ] s T
foewd2’, fowi2 fewi2’, fow/2®,
trofier . ' = -] 15
con foud2™ fowa2®  fowd2®, fous2® \l{c-""z -fewi2
Peripheral Selector H Selector ]4—
Enable |TAUOEN
regsteruc; =] Selector Selector -—
T100 CKO03 CKO02 CKO1 CKOD
TRDIOED
TRDIODD B
TRDIQA1
TRDIOC % =
TRDIOB1 Prd
TRDIOD! > = > @®T000
TRDIO I S -
Event input o~ g c 0 :_flw_l:nTehrlJG
from ELC N hannel interrupt)
¥ —> \-—-@TODT
fous = > — INTTMO1
| INTTMDO1H
& 5 \_ Channel 1 s bR
TO! G %
w - 5T002
Event input — > 2
from ELC Ti02 @—
\_ Channel 2
Input switch control register (ISC)
[1501 ] L— ®T003
- INTTMO3
Channel 3 (LIN-bus supported ) INTTMIOH
TI03 Gt =
g
b
RxD0 &
(Serial nput pin)

Figure 10: TAU / TimerRD signal multiplexing

One final note, the CMP Window we generate can be routed through the ELC and be used for other things. For example,
when making the transition from Open-loop to CMP BEMF mode, we will use it to trigger the ADC and balance the
rising and falling BEMF before transitioning. Please see section 4.2 MTR_OPEN_LOOP and Threshold for more
details.

3.5  TAUtimer allocation

Since the hardware featured in the RL78/G1F define the timer pairs used for Comparator BEMF detection, the TAU
timers are allocated as follows:

e TAU channel 0 and 2 paired as a MASTER/SLAVE to implement the one-shot for CMP windowing
e TAU channel 1 is a free running timer for doing speed measurement
e TAU channel 3 is used for the commutation timer

NOTE: The speed measurement can be moved to TimerRX on the RL78/G1F if the TAU channel is needed by other
tasks.
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

4. Controlling Program Description

In this section we will give an abstract view of the motor control program. For details on the program the reader is
referred to the Doxygen output folder (index.html) for code structure, variables, definitions, and call/caller details.
4.1 System States

Figure 11 shows the system states as defined by a call to the Motor Event Function (R_MTR_ExecEvent ()) and the
events it can be called with.

$ s
& 4
& [
G & %
N ® Y
> & 2 )
i(/ 7 \\@ '\;)
oy ? %
& g \ (%
N DA
r K < e
& S Y2
Y ‘o, A
P8 e
& )
MTR_ERROR Event = MTR_EVENT_ERROR

Figure 11: Motor Event States

A call to the function R MTR_ExecEvent() also makes an indirect (function table) call to the default actions required
by the transition into the new state.

For example,a MTR_EVENT_ERROR could be any number of items that indicate the motor or the system is not in a
condition to run properly, including but not limited to Over-voltage on the VBus, Over-current while motor is running,
and Over-speed.
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

4.2 Motor States

Figure 12 shows the motor states for this algorithm. The motor state transition are caused by various values and events
within the system as the motor runs, stalls, etc.

MTR RUN && Position Found

MTR_STOP ||
EVENT_RESET

MTR_STOP || MTR_STOP ||

EVENT_RESET EVENT_RESET MTR_OPEN_LOOP

MTR RUN &&
BEMF BALANCED &&
RPM==transition RPM

MTR_CMP_BEMF

Figure 12: Motor State Diagram
Motor State transitions are a little harder to track, so a brief description of each.

MTR_INIT_POS: This is the starting state for the Motor operation. It is here after a MTR_EVENT RESET. It remains
here until the System State goes to the MTR_RUN mode at which time this state determines the initial position of the
rotor. In the case of this Demo, we use an alignment procedure (see Figure 14 for detail). Once the initial position of the
rotor is determined without an error, it transitions to the OPEN Loop state.

MTR_OPEN_LOOP: In this state, the motor starts a pre-determined profile to spin the motor to a given RPM. During
this period, it uses a hardware trigger (see Figure 8 ) to read and average both the rising and falling BEMF of the motor
by sampling the un-driven winding of the motor. Once the BEMF is balanced and we are at an RPM that can create
enough BEMF for the Comparator to detect zero-cross, the Motor moves to the MTR_CMP_BEMF mode.

We know we can only see the BEMF during active PWM, and BEMF will be stable somewhere in the center of the
commutation cycle. During the open-loop commutation, we sample 4 readings in the center of the 120 degrees
conduction on the non-driven winding. When the BEMF is balanced we know we our commutation is “in-sync” with
the moving rotor. Figure 13 shows the BEMF values from the ADC when we are “balanced” on the rising and falling
BEMF on the undriven motor terminal.
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

raw_bemf_decimal

Threshold

HNONN DA NN AONDNDETONONNDEONNDEONOAOWUNQ A MWN O om0
AN M ST ON0NONMT N ONNDO AdNTNONVOANMTET OMNWOHONMT OO
A AT AT AT AT AT N NN NN NNANOOOOOOOnON TSI T TS0

Figure 13: Balanced BEMF and Threshold

MTR_CMP_BEMF: The motor stays here until a MTR_STOP event or a MTR_EVENT RESET. Stop is usually done
by a commanded RPM of 0 or SW1 turned off. EVENT_RESET can be caused by any number of dynamic events, but
most common is over-current.
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RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

4.3 6-step state machine

4.3.1 State Description
Once the motor is running in either OPEN loop of Comparator mode, the commutation is a finite machine of 6 states,

basically either an up or down counter depending on the direction of the motor. The state machine is given in Figure 14.
The length of time in the Alignment state is empirically derived for the motor and the inertia of the load.

We align so that STEP 5 is the next state, so the next state will depend on the direction the motor will be commanded to
go.

IMPORTANT: In addition to changing the pattern on the inverter pins, the commutation actually sets the inputs of the
multiplexers for the comparator so it detects the correct BEMF, rising or falling. It also sets the multiplexer for the TAU
trigger so we are looking at the correct PWM signal for firing the “one-shot” that opens the BEMF sampling window.

(MOTOR_STATE == STOP) &&
(Commanded_RPM!=0)

Commutate Signal && (Direction == CCW)
Commutate Signal && (Direction == CW)

if (Direction==CW)
current_pos=STEP4

else
current_pos=STEP6

Figure 14: Motor 6-Step States Diagram
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4.3.2 Asynchronous Commutation

One of the issues when performing commutation in any BLDC/PMSM is that the BEMF zero-cross point (or HALL for
sensor based algorithms) may not be in—sync with the carrier. For low-speed application, it is easy to move the
commutation into sync with the carrier and live with any small error in the Speed accuracy, etc.

For a High-speed motor, this is not the case (i.e. motor commutation rate cannot possibly be an integral multiple of the
carrier frequency of the PWM). For example: at 25kRPM with a 4-pole motor using a carrier of 20kHz would incur up
to a 25% error if we wait for the carrier to commutate. When the zero-cross occurs and 30° has elapsed, you must
commutate to avoid this.

This demo commutates using a delay timer based on the zero-cross and the speed. Therefore it will be asynchronous to
the carrier and your design should be robust enough to support “runt pulses” and endure any additional switching loss
due to this. Figure 15 and Figure 16 (DSO scope data plotted) provide pictures of the inverter outputs when the
commutation occurs mid-PWM cycle.
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1
1
- _~a—— I ,V\-‘
I
I
I
~mHmml\mﬁmml\mﬁlmml\c\ﬁmml\mﬁrn|
)mvvvvvmmmmmwlmmwwl\l\l\1\1\00001
I
e—\/ Vu Vv I Vw
|
Vx are the post divider signals I
Vn = Virtual Neutral I
I
U: undriven =>» driven (PWM)
V. driven (PWM)=>» undriven
Figure 15: positive-side (PWM) switching mid-cycle
R30AN0227EU0100 Rev.1.00 Page 17 of 30

Oct 22, 2015 RENESAS



RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection

3.5

2.5

2
1.5 \
—— - —-——

0.5

AN
\

| p—

e \/1\ Vu Vv Vw

Vx are the post divider signals

|
|
1
|
1
1
1 4 7 10131619222528313437404346495255586164677%)73767982858891
|
1
1
1
Vn = Virtual Neutral I
|
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U: driven low =» undriven

Figure 16: Low-side (GP1O) switching mid-cycle

4.4 CMP Mode Operation

We now have all the analog data, the hardware, and the state information that we need to allow the software to
commutate the motor using hardware and “minimalist” interrupt routines. So let’s see how this goes together.

In the transition from state to state, the 6-step state machine does the following:
e Calculates and low-pass filters the motor speed count.

e Indicates which phase we should be measuring (un-driven phase) based on state (STEP) we are entering and
the direction

e  Sets the Comparator input MUX based on state we are entering and direction

e  Selects the correct TAU trigger edge from the TimerRD signals (remember, typically only one is on)
e Commutates the Inverter drive output (GPIO side first, PWM side second)

e Sets a flag to indicate we just commutated (skip flag to avoid commutation noise in the comparator)

After we skip one carrier interrupt after commutation (flag used to move away from all the inverter noise generated
during commutation), we enable the comparator in Windowed mode. At this time we start looking for the first interrupt
from the comparator which will indicate that the undriven Motor Winding and Vngutrar nodes have crossed (voltage
levels).

When we see that first CMP1 interrupt (the zero-cross), we calculate a timer value based on a “filtered speed count” that
represents a 30° electrical rotation angle. If we have phase advance implemented, from this count value we subtract the
amount that represents the “advance angle”. We do not commutate on Zero-cross, but 30 degrees later (if we are not
phase advancing). See Figure 5 to see actual zero-cross to commutation relationship (commutation points are obvious
by the transition from driven to un-driven/BEMF on the inverter signals).

The relationship of the motor signals BEMF to the comparator output, the gated comparator output, and the
commutation is shown in Figure 17.

R30AN0227EU0100 Rev.1.00 Page 18 of 30
Oct 22, 2015 RENESAS



RL78/G1F Group 6-Step Control of BLDC by Comparator Zero-cross detection
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I

CH2 50.0v

CH3 1.00¥  CH4 S00mY  30-Jul-14Y7:22

30° timer expires (interrupt)

First Gated CMP is zero-cross

Figure 17: Gated compare output

So basically commutation in high-speed mode using the comparator is a function of accepting the zero-cross
comparator interrupt, setting the delay timer for commutation, accepting the Delay timer interrupt and commutating
which sets the hardware to repeat the process on the next CMP zero-cross detect. This requires very little CPU
bandwidth. Since the commutation is asynchronous to the carrier, for speed controlled applications (not this demo), we
can run the PI speed loops in the ImS system timer tick.
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4.5 Phase Advance

Earlier in the discussion about calculating the Delay timer for commutation we mentioned phase advance. We will not
discuss in detail phase advance, but suffice to say it provides a method in 6-step to achieve higher RPMs in the motor,
typically higher than the rated maximum speed of the motor. This puts the commutation in advance of the actual rotor
mechanical position thus shifting the BEMF within the commutation period.

One of the issues with phase advance, is that this shifting of the BEMF shifts within the commutation time (see Figure
18), could be taken too far and the BEMF zero-cross could shift off so much as to be missed entirely by the hardware.

Tek Al @® Acq Complete M Pos: =1.000ms TRIGGER

-
L R N IR e - . S s—— g ——— . — — — Th’:pg —————————
- B Tt-—thths —— BEMF not “even” rising and falling
Source
) : ! _ Ext
l | st
o uuu.u-.« I.u..k..._—-._-- Ilu:" suyuuLaLuYL Slope
a!Hrn

Mode

A A Sttt s e AP g o B i b st W P AP i i COUDﬁnq
CH2 20.0V M 250, us Ext . 1.54Y
CH3 20.0v CH4 S0.04 2-Feb-15 14:08 <10Hz

Figure 18: BEMF shifted by Phase Advance

In this particular demo, we limit the phase advance to 24 degrees maximum, but that is based on empirical testing of the
asymmetry of the BEMF from the motor (i.e. BEMF is non-symmetrical in BLDC based on quality of construction,
magnetism of the motor, and other factors). This is the same reason we must do some minimal low-pass filtering of the
speed calculation to remove this asymmetry. The speed would jump between reading too much to be used as a “stable”
reference from which to calculate or 30° commutation delay.
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5. Miscellaneous Operations related to Motor Control

5.1 Speed Measurement

511 Zero-cross to Zero-cross

Since we commutate based on a fixed time (open loop) or zero-cross detection, at each commutation (step of 6 step
machine), we grab the free-running timer (TAU channel 1) and subtract it from the previous reading. This gives us a
delta count, and since we know the base clock, we can derive speed:

RPM = (60 * TAU clock / (6*number of pole pairs)) / A counter value.

5.1.2 Speed Filtering

We do not need to do the speed calculation to filter for the commutation timer. We simply filter the free running
counter’s delta readings. The filtering of the speed count is not very aggressive, it just needs to be enough to eliminate
the jumps in the speed count value so we can get a fairly accurate 30° calculation for our commutation delay timer. In
this case since we have 6 commutation cycle, we can average 8 readings and we should get rid of the jumps due to
asymmetry since we will have moved greater than one full electrical cycle. In addition, by doing a power of 2, the
averaging simply becomes and add and a shift, not consuming much CPU time. The raw data versus the filtered data is
shown in Figure 19.
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Figure 19: Raw speed counter versus Filtered speed count

5.2 Speed Control

In this application we run a simple duty cycle control. This demo was intended to show applications where the operator
is the “speed control loop” (i.e. variable speed tool where a trigger controls the speed). So the potentiometer in this case
is acting as the trigger and we do a straight line calculation of 0-MAX DUTY based on the trigger position.

5.3 Over-current (INTPO operation for this app note)

The demo is currently set-up to use the INTPO signal as the overcurrent indicator. The platform that this was tested on
was multi-shunt with the proper “window” comparator built onto the inverter. For a simpler implementation, the user
can connect a single shunt design to the CMPO for on chip, programmable over-current detection.
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6.
6.1

)
2)
3)

4
5)
6)

7)

Demo Project
Importing and Building
Open the e2studio workspace you want project located in
Use the standard Import Feature of e2studio to Import an Existing Project

Browse (root directory) and select the sub-directory Workspace\RL78G1F_CMP_BEMF where you unzipped the
file.

Select RL78G1F_CMP_BEMF and FINISH.
If asked, Browse to your IAR install location and click APPLY, then OK
Project should look like Figure 20:

[ Project Explorer 53 = B8

=142 RL78GIF_CMP_BEMF
--ﬁ,‘f Binaries
- Indudes
[Ep Debug
[Ep docs
(2= Doxy
[Ep inc
:Eb s
‘o QLT3 - REF11ELE

Figure 20: Project Explorer Panel after Import

6%_ ]

Select menu Project Build = All (or ).

NOTE: there may be some warnings due to the use of volatiles in the program.
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6.2 Tips and Tricks

6.2.1 Expressions

Most of the State Machines use enumerated values for their state variables, so it makes it easy to “watch” these in the
expressions window to determine the whole state of your “machine”. For example, in Figure 21, from our Auto-refresh
variable (large R indicator) we can see that:

e Our system mode is in MTR_MODE_RUN,

e NO errors have occurred

e Our motor run mode is Comparator BEMF mode

e  We are running at approximately 16k RPM in the Clockwise direction.

It should be noted, that the real time refresh rate is typically in the 100’s of milliseconds, so cannot always be used for
troubleshooting real time values such as motor current sampling, etc. For higher speed sampling, it is recommended to
use the In-Circuit Scope (see section 7 )

(9= Variables ©g Breakpoints i Registers =\ Modules &7 Expressions £2 @® Eventpoints | IORegisters = 0O
EB |4 X R (3| ¥
Expression [ Type [ value | =
R g_ul_error_status volatie motor_error_t MTR_NO_ERROR
R g_ul_mode_system volatie motor_state_t MTR_MODE_RUN
R g_ul_motor_status motor_state_t MTR_MODE_RUN
R g_u2_run_mode wvolatile motor_run_mode_t MTR_CMP_BEMF_120_MODE
(9= g_s2_pwm_duty volatile int16_t 127
()= g_ul_rvl_value volatile uint16_t 501
()= g_ul_stop_req uint8_t 1'\oor
(=)= g_temp_duty int16_t 0
(%)= g_s2_pwm_duty_ref volatile int16_t 127
()= g_ul_rot_dir volatie motor_dar_t MTR_CW
R delta_speed_cnt volatie uint16_t 292
R g_s2_rpm volatile int32_t 16326

¢ Add new expression

a4 of

Figure 21: real time refresh Expressions

6.2.2 TODOs

Using e2Studio Task management feature, a number of comments have been marked with TODO text. These provide
markers to places for “tuning and tweaking” to match a specific Motor/environment. Typically these will be numbers
used to match a motor/systems performance, inertia, etc. for proper operation. TUNING MAY BE REQUIRED.

6.2.3 Doxygen

In the Doxy folder under the project, the CALLER/CALL graphs, definitions, variables, files structure, etc. can be
browsed by clicking on the index.html file under the Project Explorer panel (or maybe opened outside in a conventional
Web browser).

After changes are made to the software, you can update the Doxygen files by re-running the wizard and loading the
Doxyfile in the Doxy directory.
6.2.4 Checking Comparator Interrupt / Commutation timer operation

Some of the problem with making this work is checking the comparator operation. We have brought the comparator
out on an external pin so you can watch the gated operation. In addition, you can lock the motor operation into an
“open-loop, balanced BEMF mode” for monitoring Zero-cross detect and commutation timer operation on the trigger
port. In file mtr_common.c, uncomment the line:

//#define STAY_OPEN_LOOP_COMMUTATION // keeps it from closing BEMF by Zero-cross

The above will tell you if you’re getting CMP1 interrupts, but for debug purposes you may want to view VCOUT1.
The comparator output can be brought out port 7 bit 0 (VCOUT]1). In file mtr_common.c, uncomment the line:

//#define CMP1_OUT_USED // uses CMP1 out of the MCU for debug
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6.2.5 An overall Signal view

Once your algorithm appears to be running, you can hook up an MSO and monitor the various test points for correct
operation. Figure 22 shows a sample of the TRIGGER test point, the gated CMP1 output (VCOUT1), the Comparator
Time Window created by TAU, and the 4 analog signals created by the resistor networks (Vy, Vy, Vw and VNguTrAL)-

Figure 22: Mixed Signal Sample, Motor running
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7. References
e RL78GIF Group User’s Manual: Hardware (ROIUHO0516EJ0050)

e RO1AN2657EJ0100 - Application note: ‘120-degree conducting control of permanent magnetic synchronous
motor: algorithm’

e Applilet for RL78/G14 V1.01.01, used for sample TAU one-shot code generation
e In Circuit Scope Manual
0 Downloadable from: http://www.desktoplab.co.jp/download.html
0 Trial series “T2001” S0W 60VA Low Voltage Inverter Unit User’s Manual
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8. Appendix A
8.1 Block Wound BEMF

Figure 23 shows the actual BEMF from a block wound motor measure by constructing a “virtual neutral” with Y-
connected load resistors and spinning the motor with another motor. Notice the “flat tops”, indicative of block winding.

Tek Aps @ Acq Complete M Pos: 2.360ms CH3
¥
Coupling
BW Limit
200MHz
Yolts/Div
Coarse
Probe
10X
Yoltage
Invert
CH2 200mY M 10.0ms
CH3 200mY CH4 200mY  28-Jul-14 12:06
Figure 23: Block wound BEMF
8.2 Glossary
BEMF - Back Electromotive Force
BLDC Motor — brushless DC motor (typically requires electronic commutation)
DSO - Digital Signal Oscilloscope
MSO — Mixed Signal Oscilloscope
PWM - Pulse Width Modulation
TAU — Timer Array Unit
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General Precautions in the Handling of MPU/MCU Products

The following usage notes are applicable to all MPU/MCU products from Renesas. For detailed usage notes on the
products covered by this document, refer to the relevant sections of the document as well as any technical updates that
have been issued for the products.

1. Handling of Unused Pins

Handle unused pins in accordance with the directions given under Handling of Unused Pins in the

manual.

— The input pins of CMOS products are generally in the high-impedance state. In operation with an
unused pin in the open-circuit state, extra electromagnetic noise is induced in the vicinity of LSI, an
associated shoot-through current flows internally, and malfunctions occur due to the false
recognition of the pin state as an input signal become possible. Unused pins should be handled as
described under Handling of Unused Pins in the manual.

2. Processing at Power-on

The state of the product is undefined at the moment when power is supplied.

— The states of internal circuits in the LSI are indeterminate and the states of register settings and
pins are undefined at the moment when power is supplied.

In a finished product where the reset signal is applied to the external reset pin, the states of pins
are not guaranteed from the moment when power is supplied until the reset process is completed.
In a similar way, the states of pins in a product that is reset by an on-chip power-on reset function
are not guaranteed from the moment when power is supplied until the power reaches the level at
which resetting has been specified.

3. Prohibition of Access to Reserved Addresses

Access to reserved addresses is prohibited.

— The reserved addresses are provided for the possible future expansion of functions. Do not access
these addresses; the correct operation of LSl is not guaranteed if they are accessed.

4. Clock Signals

After applying a reset, only release the reset line after the operating clock signal has become stable.

When switching the clock signal during program execution, wait until the target clock signal has

stabilized.

— When the clock signal is generated with an external resonator (or from an external oscillator)
during a reset, ensure that the reset line is only released after full stabilization of the clock signal.
Moreover, when switching to a clock signal produced with an external resonator (or by an external
oscillator) while program execution is in progress, wait until the target clock signal is stable.

5. Differences between Products

Before changing from one product to another, i.e. to a product with a different part number, confirm

that the change will not lead to problems.

— The characteristics of an MPU or MCU in the same group but having a different part number may
differ in terms of the internal memory capacity, layout pattern, and other factors, which can affect
the ranges of electrical characteristics, such as characteristic values, operating margins, immunity
to noise, and amount of radiated noise. When changing to a product with a different part number,
implement a system-evaluation test for the given product.
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