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TBOMOO3FG
Case Study on Improving Motor Control Accuracy
Using an Internal Oscillator

Description

Purpose and Scope of this Document

This document introduces, using a motor control example, a method for compensating for the effects of
the internal oscillator accuracy of the SmartMCD™ TB9MOO3FG on system control by means of
application software (SW).

We hope this document will serve as a useful reference when designing systems in which motor speed
is a critical requirement.

In addition, this document assumes that the reader is already making use of the reference software (Note)
provided by our company, and the explanations are given based on this premise.

Intended Audience of This Document

This document is intended for users who develop the above motor control system by utilizing the reference
software provided by our company in combination with the TBOMOO3FG.

(Note) For further inquiries, please contact our sales department.

Toshiba Electronic Devices & Storage Corporation
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1. Purpose and Intention of This Document

In this application note, we describe a method for developing a motor control system using the
TBOMOO3F G without implementing an external crystal oscillator, by utilizing the internal oscillator instead.
When realizing motor control based on the internal oscillator, the accuracy of the oscillation frequency
becomes a key challenge. This application note explains methods for improving and compensating for
oscillation frequency accuracy, using reference examples, from the following perspectives:

e A method for measuring errors caused by oscillation frequency accuracy (5%) during the

manufacturing process of the user’s end product
e A method for compensating the motor control program by utilizing the measured results

We hope that this application note will contribute to the development of improved motor control systems.

2. Effect of Internal Oscillator Frequency Accuracy on Motor Control

In this section, we discuss the effect of internal oscillator frequency accuracy (£5%) on motor control,
based on experimental results.

2.1. Evaluation of Motor Control Operation under Internal Oscillator Frequency Error
2.1.1. Circuit for Generating Internal Oscillator Frequency Error (+5%)

In this experiment, an external clock is selected as shown in Fig. 2.1, and a signal from an external pulse
generator is applied in order to pseudo-generate internal oscillator frequency error.

A 16 MHz external clock is input, and the clock configuration register (CLKSCCR1) is set so that the
frequencies of CPUCLK, SYSCLK, and VECLK become identical to those obtained when the internal
oscillator is selected.

Internal Oscillation Frequency £5%

CPUCLK 40MHz£5%

Pseudo-internal oscillator SYSCLK 40MHz£5%

Oscillato VECLK 60MHz£5%

CLKSCCR[2]:1

Figure 2.1 Frequency Error (¥5%) Generation Circuit

2.1.2. Evaluation of Motor Control under 5% Frequency Variation
Figure 2.2 illustrates the conceptual diagram of Evaluation 1.
In Evaluation 1, the reference software (motor_control_foc_ver1.0.0 / LLD ver1.0.0) is used as the motor
control software to examine the effects that occur when the frequency of the internal oscillator varies by
+5%.

Evaluation 1-a:

Using the reference software, the effect on actual motor speed relative to the commanded speed is
examined.

Evaluation 1-b:

Using the reference software, the effect on the PWM period, VE (Vector Engine) processing time including
VE interrupt handling, and dead time is examined.

Evaluation 1 (Reference SW)
Pulse 16.0MHz+5% External Reference SW
G t Oscillation motor_control_foc_ver1.0.0
enerator Circuit LLD ver1.0.0

Figure 2.2 Experimental Concept of Evaluation 1

-Q
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2.1.3. Results of Evaluation 1-a (Effect on Motor Speed Relative to the Speed Command)

1. Standard Condition: No Frequency Error

Speed command set to 100Hz

Pulse Generator Frequency 16.0MHz

T i [} /dv
2. P 1

Sé:eed Command
Iectrlc Anqle)

1
d-axis current dnrectlve :
& ¢ s curre i
q axis command o [
U-phase real current A—-—/-\{',}; i :
I
Loom Zpomd |
20ms/ o} soet/d )
125P 312 [Pt 1
I
I
! i I
.-.L-..L-J- oy A-LuL.-.- o QJ
UEIUESEA R IS0 LR A SUMROAREIR ERFRATA B
5\
Bl
: Y i B
I\ AW sm"\’\”ﬂfﬁfv' M\” N
_____________ - -

The average frequency is !
24.98Hz (machine angle) :
= 99.9Hz (electrical angle) Note? |

(Note1): T TTTTTmommmmmmmees -
The motor used in this evaluation has four pole pairs; therefore, the electrical angle
is four times the mechanical angle (electrical angle = 4 x mechanical angle).

Figure 2.3 Experimental results of evaluation 1-a (1)

Results:

Under the standard condition, with a speed command of 100 Hz, the motor rotational speed calculated
from the encoder output (average electrical angular velocity) was 99.9 Hz, indicating that the motor
speed closely matched the commanded speed.

2.Error Condition: 5% Frequency Error

Speed Comand set to 100Hz

Pulse Generator

frequency 15.2MHz(-5%) 16.8MHz(+5%)
120V —=
Spd (md (Ele) ™
d axls cur nt (md
© g-axis emd
Reference SW U-Ph act cur'nt <"’ \,u‘
(FOC/LLD)
o e e £ i s |
s a1 - ridin] iR *_’/A;
\YAVAVAVW A WL (I '.Lnn“y.'s”/n\'}"l\ WY
-Spd: Speed  meme = —m e
-c.'.’ﬂi: Conmas !The average frequency is 23 73HZ : { Theaverage frequencyis |
- Ele: Electric Angle (mechanical angle) | | 26.23Hz (mechanical angle) !
e \_ _ 2949z (elctrical nge)_ | \ = 10434z Glectrical Angle) |

- Encorder: Varies per revolution of motor

Results:

Under the condition simulating an oscillator frequency error of 5%, the motor rotational speed
calculated from the encoder output (average electrical angular velocity) was 94.9Hz (-5%) and
104.9 Hz (+5%) for a speed command of 100 Hz.

These results indicate that the motor speed deviated by +5% in accordance with the oscillator
frequency error.
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2.1.4. Evaluation 1-b Results (Effects on PWM Period, VE Processing/Interrupt Time, and Dead
Time)

1. Standard Condition: No Frequency Error

Pulse Generator Frequency 16.0MHz

FG MNote2 (Oscillator) . N
PWM interrupt

AD Conversion Complete Interrupt
VE Interrupt Processing Time

SR [

VE Task Transitions | L.l

U-phase gate signal top

U-phase gate signal underside

62.5ns PN ERIER 12
' (1 GMHZ) |
:q—d

4 : | 1.0ps (Deadtis

(Note 2) FG: Pulse Generator

Figure 2.5 Experimental results of evaluation 1-b (1)

Results:
Under the standard condition, the PWM period, control processing time, and dead time were obtained as
follows:
1. PWM period :50.0 us
2. VE processing time + VE interrupt handling time :41.8 s
3. Dead time :1.0pus
©2026 6 2026-06-15
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2.Error Condition: 5% Frequency Error

Pulse Generator

frequency 15.2MHz(-5%) 16.8MHz(+5%)
T —— e T —— v
Each processing time changes mop I Each processing time changes I now
-
FG (Oscillator), [N 5 _I e R iy
PWM interrupt.; =
VE Int. Proc. Time A 1
S g jensmmillacid 2 o S T O RS- -
Reference SW JU-pha. gate sig. upper ErSSESIRNE S e L. B
U-pha. gate sig. | “r—t= —_——— 15 \
(FOC/LLD) LR W—W : — e
65.8ns o e 50.5ns - IS~ .
(15.2MHz) (16.8MHz),
=" ="
[ : | v :
i1 Dea =] 10.95113 (Dead Tire)—]

Figure 2.6 Experimental results of evaluation 1-b (2)

Results:

Under the condition where the oscillator frequency error was set to +5%, the PWM period, control
processing time, and dead time showed deviations of approximately 5% in accordance with the
frequency error, as shown in Table 2.1.

Oscillator Frequency 15.2MHz (-5%) 16MHz 16.8MHz (+5%)
PWM periods 52.6ps (+5.2%) 50us 47.6us (-4.8%)
VE processing time + VE 44us (+5.3%) 41.8us 39.8us (-4.8%)
interrupt handling time
Dead Tome 1.05us (+5%) 1.0ps 0.95us (-5%)
©2026 7 2026-06-15
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3. Case Study of Motor Control Compensation for Internal Oscillator
Frequency Error

In this chapter, we present an example of a method for controlling the motor rotational speed in
accordance with the commanded value, even in the presence of errors caused by internal oscillator
frequency accuracy (£5%).

@ @ Reference SW

. - ) USER lication SW
Oscillator error configuration . (user.c. gﬁeﬁ'\cllfagr:gge to
measurement correct errors)
@ / HLD
SW-2 g HLD(FOCQ). LLD
Result: Data LLD
recording J

Figure 3.1 Concept of motor control software with oscillator frequency error correction

SW1: Software for identifying the internal oscillator frequency error

SW2: Software for storing the error information identified by SW1 into memory

SW3: Software that performs error compensation based on the error information stored by SW2 and
executes motor control (utilizing the reference software)

3.1. Method for Identifying Internal Oscillator Frequency Error (SW1 Case Study)

In this section, we describe a method for identifying internal oscillator frequency error.

To identify the internal oscillator frequency error, it is necessary to input an externally supplied signal with
a known frequency, measure it as a time-based parameter using the device’s internal functions, and
calculate the deviation by comparing the measured value with the expected value (known frequency).

In applications targeted by this product, communication functions used for information exchange between
modules—such as LIN communication, UART communication, and PWM communication—can be used
as such “signals with a known frequency.”

Therefore, in this section, we present an example that uses LIN communication among these
communication functions.

©2026 8 2026-06-15
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3.1.1. Method for Measuring Internal Oscillator Frequency (Using LIN Communication)

Figure 3.2 shows a figure excerpted from Chapter 17 of the TBOMOO3FG User Manual
(TBOMOO3FG_UM_J_Rev1.00) with auxiliary lines added, providing an overview of LIN communication.
To measure the internal oscillator frequency using LIN communication, the “LIN automatic baud rate mode”
is used by leveraging the TBO9MO03FG hardware functions that support this mode.

In principle, the measurement can be performed using a single communication frame from the
commander thatincludes the Sync Field. However, this requires that the commander’s baud rate be stable.
The TBOMOO3FG provides the registers shown in Fig. 3.4 for use with the LIN automatic baud rate mode.
The internal oscillator frequency error can be calculated using the values stored in these registers.

In automatic baud rate mode, the pulse width of the received Sync Field bits is measured with a 23-bit
counter in order to detect the commander’s baud rate at the time of Sync Field reception. For this
measurement, the internal LINCLK (Note 3) is used.

: header : Responce
- > >

Break Field . Sync Field PID Field : |
- > > - >

: ; A /e / /L
Data Data
RXD 1 N+10
N\
Number of baud rate period »T
Generate Sync field Enable Generate interrupt
receive interrupt this function and disable this
function

Figure 3.2 Relationship Between Response Reception and Interrupt Assertion
(From Chapter 17 of the TBOMO003FG User Manual)

Figure 3.3 illustrates an overview of this counter operation.

Since the measured count value is stored in a register, the accumulated count value corresponding to 8
bits of the received data can be obtained from this value.

(Note 3):LINCLK: System clock for the LIN control circuit

LINCLK Count (23bit)

-H‘ ’H‘ Received data 8-bit ) — - - - ____ E

Cumulative Count
Value for Minutes

N

Pulse width of the
received bit

LINCLK input
Measure at the counter

8bit time

Figure 3.3 Operation Description of the 23-bit Counter for Automatic Baud Rate Mode
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The 23-bit data shown in Fig. 3.4 represents the number of LINCLK counts corresponding to the received
data (8 bits) within the Sync Field.

Therefore, if a predefined expected value (23-bit data) and a measured value (23-bit data) are available,
the frequency error can be calculated by comparing these values.

However, due to the hardware configuration, the least significant bit of the count value is rounded off, and
thus the effective number of valid bits is 22. This 22-bit value can be read from the register.

In addition, this register value theoretically includes an error of +2 x LINCLK periods. For example, when
LINCLK is 40 MHz, the following measurement error is included in the count value.

+2 X 25ns==*50ns :Measurement Error

LINIBRD (LIN Integer Baud Rate Register):16bit  LINFBRD (LIN Fractional Baud Rate Register):6bit
e

I
Figure 3.4 Counter value 23bit

3.1.2. Notes and Considerations for Error Measurement (LIN Communication / Slew Rate)

In this section, notes and considerations are summarized for measuring the internal oscillator frequency
by applying LIN communication.

1. Effect of Slew Rate
In LIN communication, the slew rate varies depending on environmental conditions of the physical
communication layer. As a result, when the bit length of received data is counted using a clock, the
measurement may be affected by this slew rate variation.
Section 3.1.3 describes proposed countermeasures addressing this issue.

2. Baud Rate Setting at Initial Communication
In LIN communication, a frame timeout error is defined. To avoid this error, when using the LIN
automatic baud rate mode, the baud rate for the initial communication (when the baud rate has not yet
been determined) must be set sufficiently low.
A frame timeout error occurs if the frame header is not received within 1.4 times the frame time (34T
(Note 4)), based on the configured baud rate.
For example, if the initial baud rate in automatic baud rate mode is set to 10 kbps, an error will occur
when attempting to detect communication at 2 kbps.

3. Method for Obtaining Commander-Side Clock Accuracy and Expected Values
In the measurement used to identify frequency error described in this section, the accuracy of the signal
period and the stability of the commander signal (external signal) generated by tools such as LIN bus
simulation tools are critical.
As a method for obtaining the expected values from this signal, it is recommended to acquire and utilize
data under a LIN communication measurement environment using a module in which the TBO9MOO3FG
equipped with a crystal (X'tal) oscillator is implemented on the signal reception side.
The reason for this recommendation is that the data obtained in this environment can be expected to
provide highly accurate count values corresponding to the external signal under the given
measurement conditions.

©2026 10 2026-06-15
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3.1.3. Proposed Countermeasures for the LIN Communication Measurement Environment (Slew
Rate)

In this section, we explain slew rate variations that occur depending on environmental conditions during
LIN communication, as well as methods for mitigating the effect of slew rate on frequency measurement.

Figure 3.5 conceptually illustrates the environment in which LIN communication is performed, as
described in this section.

The LIN bus simulation tool is equipped with a stable, high-accuracy system clock (1), and generates a
high-precision LIN communication reference signal (2) based on this clock. The TBOMOO3FG board
receives this reference signal (2) as a LIN communication signal (3) via the external environment. The
TBOMOO3FG mounted on the board then buffers this LIN communication signal (3) and subsequently
receives signal (4) through the LIN communication control circuit.

For frequency measurement, it is necessary for the internal circuitry to receive signal (4) while maintaining
the period of the reference signal (2).

TBOMOO3FG Board
B ) Ve

(3) (4) LIN communication

LIN Communication — I .\ > ! - control circuit
Signal Generator (2) : i (dgnalqhg;?g#}remem

Figure 3.6 conceptually illustrates the LIN communication reference signal (2), the LIN communication
signal (3) in which the reference signal (2) is affected by the external environment, and signal (4), which
is obtained after signal (3) is buffered by the internal circuitry of the device.

The reference signal (2) is a stable signal without slew rate effects, with AT1 representing one bit period.
The LIN communication signal (3) is the reference signal (2) affected by the external environment (wiring
impedance), resulting in the occurrence of a slew rate AT2.

Since the LIN communication control circuit inside the device uses the falling edge of the signal, the
explanation here focuses on the slew rate on the falling-edge side.

Signal (4), which is received by the internal circuitry of the device, is the buffered version of the signal
and therefore no longer exhibits slew rate effects. However, the timing of the falling edge is affected by
the slew rate of the LIN communication signal (3) by up to AT2.

The slew-rate duration AT2a of the first falling edge affects the period of signal (4) in the direction of
shortening it.

In contrast, the slew-rate duration AT2b of the subsequent falling edge affects the period of signal (4) in
the direction of lengthening it.

Since the 17?bit period of signal (4) is influenced by the
< AT1 o combination of these two slew-rate effects, their

(2) ! ! effects tend to cancel each other out.
For example, when both effects are equivalent, they
cancel out and no effect on the period occurs.
! ! However, in order to consider the worst-case scenario,
(3) —> “AT2a ——>_ *“AT2b the analysis is carried out assuming no cancellation

\ (i.e., a condition in which the slew rate on one side is
zero).

The conceptual relationships of AT1 and AT2 are
expressed as follows:

© 2026 11 2026-06-15
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Figure 3.6 LIN Communication Signal © AT1=1f(baud rate, systgm clock ac.curacy) o
with Slew Rate - AT2 =g (load, LIN physical layer drive capability)

The function for AT1 does not include the factors that

cause slew rate, which are represented in the function for AT2. Likewise, the function for AT2 does not

include the factors that determine the 17?bit period (baud rate), which are represented in the function for

AT1.

Therefore, even if the baud rate is set so that AT1 becomes larger, the value of AT2 does not change.

Figure 3.7 conceptually illustrates each signal when the baud rate is reduced to one-third.

As shown, by increasing AT1 through a lower baud rate during measurement, it is possible to reduce the

influence of slew rate caused by the measurement environment.

2 ATT' .
|| ATT'= AT1x3 |

(2)

—AT?2a —> ~AT2b

@ /

_

(4) |

Figure 3.7 Countermeasures for the Slew Rate

3.1.4. Experimental Evaluation of Error Measurement Using a Pulse Generator

In Evaluation 2, an experiment is conducted to verify whether error detection using LIN communication
can be correctly performed when the oscillator frequency is pseudo-varied by +5% using a pulse generator.
Figure 3.8 illustrates the concept of Evaluation 2.

Evaluation 2 (LIN sample program)

16.0MHz=5% External Evaluation objective:
Oscillating To confirm how accurately LIN
Circuit communication can acquire

LIN Sample Program frequency error caused by
oscillator frequency deviation.

Pulse Generator

+19.2kbps (Read LINIBRD,LINFBRD)
LIN Commander RN

r 3

Figure 3.8 Experimental Concept of Evaluation 2
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3.1.5. Evaluation Results of Error Measurement Using a Pulse Generator

Table 3.1 Evaluation 2 Results (Commander Baud Rate: 19.2 kbps)

1) CountValue [LINIBRD [LINFBRD 2) Measurement

Pulse Generator vs. (Decimal) (Hexa) (Hexa) Measured Value /  |Error
(Note5) Reference 1)-2)
Calculation of
Measured Value

Reference Period

105.00% : 16.80MHz 17516 88 36 104.99% 0.01%
103.13% : 16.50MHz 17202 86 19 103.10% 0.02%
Reference:16.00MHz 16684 82 16 100.00% 0.00%
96.88% : 15.50MHz 16122 7D 3D 96.63% 0.24%
95.00% :15.20MHz 15848 7B 34 94.99% 0.01%

Table 3.2 Evaluation 2 Results (Commander Baud Rate: 4.8 kbps)

1) CountValue [LINIBRD [LINFBRD 2) Measurement
Pulse Generator vs. (Decimal) (Hexa) (Hexa) Measured Value /  |Error
(Note5) Reference 1)-2)

Reference Period Calculation of

Measured Value

105.00% :16.80MHz |70068 223 1A 104.99% 0.01%
103.13% :16.50MHz 68810 219 25 103.11% 0.02%
Reference:16.00MHz 66736 209 18 100.00% 0.00%
96.88% :15.50MHz  |64480 1F7 30 96.62% 0.26%
95.00% :15.20MHz  |63392 1EF 10 94.99% 0.01%

(Note5) : 23-bit data
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3.1.6. LIN Communication Waveforms and Analysis of Experimental Results

From the observed communication waveform, it was found that the fall time (Tf) is approximately 2 ys
(Fig. 3.9). The ratio relative to the time required for an 8-bit data length at 19.2 kbps is: 2 us / 417 us =
0.0048 (= 0.5%). Similarly, at 4.8 kbps, the ratio is: 2 uys / 1667 pus = 0.0012 (= 0.1%).

Tek Ju @ Acq Complete M Pos: 332008 CURSOR

-~

Baud rate
19.2kbps |
/ i
/ i Tf =2.0ps
/ - noe

f i
M 10014
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Figure 3.9 LIN Communication Waveforms in the Evaluation 2 Experimental Environment

In the discussion in Section 3.1.3, it was shown that these values can contribute to measurement error.
However, in the evaluation results in Section 3.1.5, this error does not appear to be observed.

This is because, in the error calculation, there was no significant difference between the two AT2
conditions. If AT2a and AT2b described in Section 3.1.3 are equivalent, their effects may cancel each
other out, resulting in the error not being detected.

In the evaluation results presented in Section 3.1.5, the measured count value obtained when a 16 MHz
input was applied was used as the reference (expected) data.
In this case, it is important that the commander’s clock period is stable in the user’s environment, while
its absolute accuracy is not critical (see Sections 3.1.2-3.1.4).

Itis also possible to use a theoretical value calculated from the baud rate as the expected value. However,
in this case, the frequency error of the commander’s clock would be reflected as measurement error.

In other words, there is a possibility that compensation may be applied even to components that do not
require adjustment.

Based on the evaluation results in Section 3.1.5, it was demonstrated that, under this experimental
environment, the internal oscillator frequency error can be detected with an accuracy of better than 0.3%
using LIN communication.

In addition, except for the case where the pulse generator output was 15.5 MHz, detection results with
high accuracy of better than 0.03% were obtained.

Section 3.1.7 introduces a method for measuring internal oscillator frequency error using LIN
communication, along with example programs.
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3.1.7. Example Code for SW1
(Interrupt handler configuration for transmission/reception and interrupt callback settings are omitted.)

LINCLK = 40 MHz; Automatic Baud

uint32_t measure lincount (void) Rate Mode; Initial baud rate set to
{ the lowest value of 1 kbps
11d slin config t config = { ‘A

T T TR (?o ensure a 'sufflc:entl}'/ long frame
10000, /% baudrate */ timeout  period  during  header
LLD SLIN BAUDRATE MODE AUTO, /* mode */ communication before automatic baud
LLD_SLIN BREAK WIDTH 10, /* b¥eak_w1dth */ rate calculation)
LLD_SLIN BIT ERROR AT 3 4TH, /* bit_error */
LLD_SLIN_SLEW RATE 1 5, /* slew rate mode */
3U, /* inter byte space */
3U /* response space */

}i
11d slin config(&config);
11d slin start(lld true);

/* Execute communication here to measure baudrate */
wait for lin communication();

lincount = (SMCDiLINC—>LINIBRD << 7)) | (SMCDiLINC—>LINFBRD << 1);
11d slin stop();
return lincount; The LIN count value is calculated
} from the LINIBRD and LINFBRD
register values after LIN
communication.
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3.2. Data Logging of Information Related to Internal Oscillator Frequency Error (SW2
Case Study)

In Section 3.2, we describe a method for storing the measured internal oscillator frequency data and
reference data in memory.
In order to utilize the internal oscillator frequency measurement data obtained after LIN communication
for motor control, it is necessary to store the data in memory. The memory to be used for storage must
be appropriately selected depending on the scenario in which error compensation is performed.
The candidate memory options are shown below.

SRAM

Code Flash

External EEPROM

In this application note, the following scenario is assumed:
1. Measurement of the internal oscillator frequency using LIN communication and acquisition of
reference data are performed during the manufacturing process of the user’s product.

2. The measured internal oscillator frequency data and the reference data are stored in non-volatile
memory, and no further updates are made thereafter.
: Measured data: Count values obtained from measurements performed on the control board to
be shipped (using the internal oscillator)
Reference data: Count values obtained from measurements performed on a control board
equipped with a crystal (X'tal) oscillator

3. The two stored data sets are referenced during operation of the motor control system in the field and

are used for error compensation.

Based on the above scenario, Code Flash was selected as the memory for data storage.
Section 3.2.1 introduces a method for writing data to Code Flash, along with an example program.
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3.2.1. Example Program for SW2
Of the 64 KB Code Flash (0x00000000 — 0xO000FFFF), it is assumed that the final block (8 KB starting
from 0x0000E000), which corresponds to an erase unit size of 8 KB, is an unused area reserved by the
system. Based on this assumption, in the following example, data is stored at the beginning of the final
block.

void save lincount (uint32 t expected, uint32 t lincount)

{

uint32_t buf[32]; /* 128 bytes */ | 128-Byte Buffer for Page Write to Code Flash
uint8 t i;

buf[0] = expected;
buf[1] = lincount; Start of page: Expected count value (reference data)
for (i = 2; i < 32; i++) { Next word: Measured LIN count value data
buf[i] = OxFFFFFFFF; Remaining area: OxFFFFFFFF
}

11d cflash_erase block (0x0000E000) ;
11d cflash write page (0x0000E000, (uint8_ t *)buf);

Write to the final block at OxO000E000 after
erasing it

Example Program for Reading Recorded Data

uint32_t expected = *(uint32_t *)0x0000E000;
uint32_t lincount = *(uint32_t *)0x0000E004;

The recorded data can be read as shown on the left.
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3.3. Correction of Reference Software Based on Internal Oscillator Frequency Error
Information (SW3 Example)

In this section, we describe a method for maintaining the motor control algorithm appropriately even when
errors are inherent in the oscillator frequency.
In the reference software, the following three-time axes are critical for correctly executing the motor control
algorithm.

1. MAINLOOP_USER_PERIOD

2. SPD_CTRL_PERIOD

3. PWM_PERIOD

Before applying oscillator frequency error compensation, all of the above three timing elements operate
with deviations corresponding to the frequency error.

From an internal perspective, the system appears to be operating correctly; however, since it is actually
operating under timing conditions different from those used during motor control parameter tuning, it is
important to note that this may affect tuning accuracy.

3. The effect of frequency error on PWM_PERIOD directly appears in the calculation of motor rotational
speed. This is because this period is used as a parameter in the function that determines the motor
rotational speed w.

w = f (PWM period, ...)

Therefore, frequency error compensation is required for the PWM period.

In addition, 1) MAINLOOP_USER_PERIOD and 2) SPD_CTRL_PERIOD define the processing cycle of
the overall control system, and frequency error compensation is required to maintain appropriate
contributions, such as gain control. Since these timing parameters are based on DTIMER, it is necessary
to perform error compensation for this function as well.
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Figure 3.10 is an excerpt from the “Timing” chapter of the Reference Software Manual: HLD User Manual.
It illustrates the relationship between each function and the following timing elements. For details, refer to the same manual.

1) MAINLOOP_USER_PERIOD
2) SPD_CTRL_PERIOD
3) PWM_PERIOD

usr_receive command() User application
1)MAINLOOP_USER_PERIOD [sec] Legends

: software process

Application requests

: hardware process

Ct|_CU ntr—o |_rr'|0tGI r() lT :interaction between processes
2)SPD_CTRL_PERIOD [sec]

Speed control 3

Current/Aval
fOC_handle_Ve_| 'q O (1) Calculate for current control (1) Galculate for current control
3)PWM_PERIOD [usec] t
VE start request YE interrupt| VE start request
VE w 23 Output schedule (6) Input schedule v [2) Output schedule
F F
(3 Import VE instruction (5) MADG trigger (3} Import VE instruction
PMD
(4) PMD trigeers (4) PMD triggers
MAaDC urrent/Voltage sampling jie]

Figure 3.10 Timing Chart of CPU, PMD, and MADC Operations When Using VE (Excerpt from HLD User Manual)
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3.3.1. State Before Oscillator Frequency Error Compensation
Each timing element varies uniformly in proportion to the oscillator frequency error. Figure 3.11 illustrates this condition conceptually.

User application

Legends:

—— softwarne process Application requests

= hardware oLess wn
usr_receive_command| ) User application |

MAINLOOP_USER_PERIODjs=c] Legends:
TR TIEES Apphication requests
n : hardware propess.
ctl_control_motor] ) [p CTEEERTIE s Spsed contrel
SFD_CTRL_FERKIDfz=c]
User soplication
foc_handle_ve irqg{} Legends: l E——

FWM_PERIOD [microsec] —— soMwam process T

—— : hardwane: process

v | - Imleraction tetween processes Speed control i

VE
- Internal OSC Frequency
Gurrant/val
() ool e Error -5%
{1) Caleudate for current cortrol + (1) Caleulate for current cortrol
PMD) | 1
VE start recuest VE interrunt] VE start recuest
4 2 ot e (6o screave b (2) Otout schedvle Internal OSC Frequency
MADC] t 1 0
Error 0%
(3] nport VE instruction (5) MADC trigger (3) Import VE instruction
. . J Internal OSC Frequency
(4) PMD triggers, (4) PMD Triggens| 0
Jourrent/ Voltage sampling ] E rror + 5 /6
Figure 3.11 Effect of Internal Oscillator Frequency Error on Individual Timing element
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3.3.2. State After Oscillator Frequency Error Compensation

Figure 3.12 shows how each timing element behaves when oscillator frequency error compensation is applied.

user.c (after update) - Example programs for each function
usr_receive command()

User application
1 JMAINLOOP_USER_PERIOD [sec] Legends:

- software process o~ &TSPD X 5
Application Peglescs
ST TE RS Ild_dtimer_start_periodic((uint64_t)PERIOD * lincount/ expected);
ctl_control_motor() l‘ interaction between processes ] Spoed control

2)SPD_CTRL_PERIOD [sec]

\ Va
« : ) DTIMER period correction ATpp
@ Current/vol
(1 Calculate.for Te

control

foc_handle_ve_irq()
3)PWM_PERIOD [usec]

(1) Calculate for current control
- | O me——
" A

1 - >
< T AT o >
VE start request VE interrupt| |VE start re juest

VE

v (2) @utput schedule (6) Input schedule v (2) @utput schedule
[

-

(3) Import VE instruction

MADC trigger {3) Import VE instruction
PMD

“ @PWM period correction ATpyy ——>
(4) PMD triggers @
iCurrent/Volts

(4) PMD triggers

MADC

sampling

C
lld_pmd_set_frequency({uinte4_t)RATE * expected / lincount);

Figure 3.12 Each Timing Element After Internal Oscillator Frequency Error Compensation
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The foc_handle_ve irq() function is invoked as a VE interrupt handler at every PWM period
(PWM_PERIOD), which is set within the PMD. Key operations—such as triggering VE input tasks and
configuring PWM output based on VE output tasks—are executed with the PWM signal as the reference
timing.

Therefore, frequency error compensation must be applied to the PWM signal. By doing so, AT_PWM
shown as ((3)) in Fig. 3.12 is restored to its intended period, and the timing of control signals originating
from the PMD (such as trigger signals to the VE and MADC) is also properly aligned.

Although the timing of signals dependent on other CPU processing ((4)), VE processing time ((5)), and
ADC conversion time ((6)) is not directly adjusted, their periods are corrected to the intended AT_PWM.
As a result, the effect of frequency error on the overall control system is significantly reduced.

In addition, since the PWM period is used in the calculation of the motor rotational speed w, the motor
speed is also properly regulated.

The ctl_control_motor() function corresponds to the fundamental control executed at every
SPD_CTRL_PERIOD (1 ms), and performs the following operations:

Speed control

Target speed setting

Field weakening control

State control (positioning ~ steadystate operation, and fault handling)

The usr_receive_command() function is executed at every MAINLOOP_USR_PERIOD
(SPD_CTRL_PERIOD x 5) and performs user-implemented processing. In the reference software, it
executes command-check processing for starting and stopping motor control.

Since SPD_CTRL_PERIOD is defined by the DTIMER setting, compensating this value corrects AT_SPD
shown as ((2)) in Fig. 3.12 to its intended period (1 ms).
As a result, AT_SPD x n (n = 5), shown as (1), is also corrected to its intended period.

In Section 3.3.3, we introduce an example program for compensating the reference software based on
internal oscillator frequency error information.

3.3.3. Example Program for SW3

Reference SW (motor_control_foc_ver1.0.0) Reference SW (motor_control_foc_ver1.0.0)
user.c user.c (example after update)

- — - - — - ysing It[?Nram of the ?Ctﬂil.Pgriﬂdeﬁ"iat‘OW defineg as
void usr_init(void) void usr_init(void) | S ed fo as the correction ratio). tne.
{ { interval is adjusted.

/* 1. Initialize motor control peripherals */ /* 1. Initialize motor control peripherals */
init_ip_XXX(); init_ip_XXX();

/* 2. Configure interrupts */ /* 2. Configure interrupts */

arm_NVIC_XXX(); arm_NVIC_XXX(); —

/* 3. Initialize HLD */ /* 3. Initialize HLD */ e
ctl_init_motor(); ctl_init_motor(); dividing by the correction ratio.
/* 4. Start a timer for the control */ /* Correct HLD timings by stored data */
lld_dtimer_start_periodic(ideal_period); lld_pmd_set_frequency(

} (uint64_t)RATE * expected / lincount);

/* 4. Start a timer for the control */
Current sample of user application lld_dtimer_start_periodic(
(uint64_t)PERIOD * lincount /expected);

} Since it is a period value,
correction is performed by
multiplying by the correction ratio.
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4. Evaluation Example of Motor Control with Error Compensation Software

In this chapter, we evaluate, based on experimental results, how motor control behavior changes when
the internal oscillator frequency error (+5%) is detected and compensated by software.

4.1. Validation of Motor Control Software for Internal Oscillator Frequency Error
Compensation

In this section, based on experimental results, we describe to what extent the motor control software that
compensates for internal oscillator frequency error improves the control performance confirmed in
Chapter 2. In addition, the experimental method is also explained.

4.1.1. Evaluation of Motor Control with Error Compensation Using a Frequency Error Generation
Circuit
In Evaluation 3, the following SW1 to SW3 are used to verify how motor control operation is affected when
the internal oscillator frequency varies by +5%.
In this experiment, the focus is placed on verifying the operation of the motor control software with error
compensation (SW3). Therefore, SW1 and SW2 are implemented using methods different from those
previously described (SW1: LIN communication, SW2: Code Flash), as summarized below.

1. SW1 (Note 6): A 20 kHz square wave generated by a pulse generator (channel 2) is applied as a
reference signal from an external source to the capture input pin, and its period is measured using
the capture timer function.

2. SW2 (Note 6): The expected value of the period (20 kHz) and the measured value obtained by SW1
are stored in SRAM.

3. SWa3 (Note 6): By modifying part of the user application software (user.c) in the reference software
(motor_control_foc_ver1.0.0 / LLD ver1.0.0), motor control with internal oscillator frequency error
compensation is performed using the data stored by SW2.

(Note 6): Refer to Figure 3.1.

Figure 4.1 illustrates the experimental concept of Evaluation 3.
. Evaluation 3-a:
Using the reference software with frequency error compensation, the effect of the speed command
on the motor rotational speed is verified.
Evaluation 3-b:
Using the reference software with frequency error compensation, the effect on the PWM period, VE
processing and VE interrupt handling time, and dead time is verified.

Evaluation 3 (Reference SW with Frequency Error Compensation)

Pseudo internal OSC

VNSRRI 16.0MHz£5% External OSC Frequency Error
CH1 circuit Correction Software

foc_ver1.0.0_osc

External Reference Signal t

Pulse
Generator CH2 Fixed at 20.0kHz

Frequency Error
Measurement
Software

» Capture IN

(reference PWM)

Figure 4.1 Experimental Concept of Evaluation 3

Objective:
To verify the improvement in operation under oscillator frequency variations using frequency-error-
compensated reference software.
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4.1.2. Experimental Results of Evaluation 3a
1. Nominal Condition: No Frequency Error

Speed Command set to 100Hz
Pulse Generator Frequency 16.0MHz

T i [/ dv

12.0V—

Speed Command (Electric Angle)
Sianazal -

Encoder Z-Signa

U=-axis current
Q-axis current directive —
U-phase real current

D-axis current directive

: P . N
 pemE ! i Y
AT AVAY AW W W, 1T v’s’s-’w’ﬁ’a’v’»’v,’*.‘fv@’ah"mMﬁ i
\
\ \

The average frequency is
24.98Hz (machine angle)
=99,9Hz (electrical angle) (Note7)

L

Figure 4.2 Experimental Results (1) of Evaluation 3a

(Note 7) As the motor used in this evaluation has four pole pairs, the relationship is:
electrical angle =4 x mechanical angle.

Result:

Under standard conditions (i.e., no oscillator frequency error), when the speed command is set to 100 Hz,
the motor rotational speed calculated from the encoder output (average electrical angular velocity) is 99.9
Hz, showing a value nearly identical to the command.
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2. Error Condition: 5% Frequency Deviation

Pulse Generatml
Frequency 15.2MHz(-5%) 16.8MHz(+5%)

—

bat 2.0v

Spd emdl (elec)100Hz

Encoder signal Z |
d-axis cgll'm emd

|

¢-axis ¢

Reference SW U-ph act cur'nt s\
(FOC/LLD)

P — )

Mlsmatched W|th Spd Cmd 100Hz - —,ﬁ

[ Avetoacy 2373112 (mechs :ng‘[er oy mm—— T
I 7‘949Hz(electr|ca|angleM'“"!'l""‘!'l‘\“""" MR | - -)704.9Hz(electncalanglef” AR
- [T==
ot 2OV -
Spd cmd (elec) IODHz
Encoder signal Z st .

Reference SW | q.ayi Cg' mon T memmmeeeel "
(FOC/LLD) ¢-axis ¢ mand

U-ph act cur'nt -——/—\'h" 0

+
OSC Error
COI'I:‘;;IIOI‘I Almost matched with Spd Cmd 100HZ| b w«-IAImost matched with Spd Cmd 100Hz|~_~;=wr.u..r.sa.¢4...n-.~,_,
_____ N pgps gy —— i —ar—ar—r—r—r—— 4
rAvefreq 2498Hz (mecha angle) = =" Avefreq 24.98Hz ( mecha angle '“ A
_ _ _ 299.9Hz(electrical angle) N\ AU > 99.9Hz(electrical angle) MNWHIRIIHIIG
Figure 4.3 Results of Evaluation 3-a (2)
Results:

Under the condition simulating an oscillator frequency error of 5%, when the value of the speed
command was 100 Hz, the motor rotational speed calculated from the encoder output (average electrical
angular velocity) was 99.9 Hz, showing a value almost identical to that under the standard condition.
Compared with the result of Evaluation 1-a, which showed a trend of +5% deviation corresponding to the
oscillator frequency error, a clear improvement can be observed.
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4.1.3. Experimental Results of Evaluation 3-b
1. Nominal Condition: No Frequency Error

bat 12.0v —>
FG (Note8)

(Oscillator) ¢
PWM interrupt .

Pulse Generator Frequency 16.0MHz

AD Conversion Complete Interrupt e
VE Interrupt Processing Time

VE Task Transitions

| A Bus(VE iprocessay

U-phase gate signal upper.
U-phase gate signal lower

Thantt s

£33 48 Y 55

I |

Joom!

62.5ns m’“&’;‘"
\ (16MHz) |
—

(Note8) FG: Pulse Generator

Figure 4.4 Experimental Results of Evaluation 3-b (1)

Results:

Under the standard condition (i.e., no oscillator frequency error), the PWM period, control processing time,

and dead time were as follows:
1.  PWM period: 50.0 ys
2.

3. Deadtime: 1.0 us

VE processing time + VE interrupt handling time: 41.8 s
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2. Error Condition: 5% Frequency Deviation

Pulse Generator 0, 5
Frequency 15.2MHz(-5%) 16.8MHz(+5%)
X = ) ] 4
12v = || Each processing time changes | Each processing time changes |
FG(0SC) 5D s (PWM Perigd) = ol e S e L (DWW e i e Ve
. Tupt : = ——— e
VE int pl‘ocess‘lng H.UE + i
1 " — —— ————a N (O S, e
' or 5 -
Reference SW U-ph gate upper TR0  metemee ——— v :
B i ¥ 3 | o
(FOC/LLD) U-ph gate lower P = m
{15.2MHz)
=
‘ e
10.95113 (Dead Tirme)——
TR ] g E =
120v—" I PWM period is adjusted correctly I | PWM period is adjusted correctly I
FG{O50 ) e o e (PWM PErEdy ™ it e, G (PN PRI o m e it
Reference SW 50, et ! —— ———e—————
(FOC/LLD) e T el —— —— ——
U-ph gate upper = \’_‘—‘_——“‘_—/_-\; — “,:
5 . — ——]
+0SC e.rror U-ph gatelower S i AR e ‘,‘Z‘;’
correction (15.2MHz) (16.8MHz)
o) L~ TR,
{; 1
10. —
Figure 4.5 Experimental Results of Evaluation 3-b (2)
Results:

Under the condition simulating an oscillator frequency error of +5%, the PWM period can be
compensated; however, the CPU and VE processing times cannot be compensated.

In addition, although the dead time can be compensated, it cannot be dynamically adjusted during motor
control operation; therefore, it was excluded from the scope of this adjustment.
Furthermore, the achievable resolution for compensation is limited to 4/VECLK (Note 9), which does not
allow for fine adjustment. When further tuning this parameter, these constraints must be taken into

consideration.

(Note 9): 4/VECLK: 66.7 ns at 60 MHz

4.1.4. Summary of Evaluation 3-b Results

Table 4.1 Experimental Results of Evaluation 3-b

: 15.2MHz 16.8MHz
Control SW Used Oscillator Frequency (-5%) 16MHz (+5%)
PWM Period 52.6us 50.0us 47.6us
VE processing and
Reference SW VE interrupt processing time 44us 41.8us 39.8us
Dead Time 1.05us 1.0us 0.95us
Reference SW PWM Period 50.0us 50.0us 50.0ps
+ VE processing and
Frequency I_Error VE interrupt processing time 44us 41.8us 39.8us
Compensation
SW Dead Time 1.05us 1.0us 0.95us
©2026 27 2026-06-15

Toshiba Electronic Devices & Storage Corporation

Rev.1.0



TOSH I BA Improving Motor Control Accuracy Using an Internal Oscillator
TBOMOO3FG Application Note

@® Supplementary Explanation for Evaluation 3-b (1)

| PWM Cycle (After Correction) ATpw

MADC Conversion Time®+,

PWM Cycle

elnput Processing _ Qutput Processing

VE Processing Time '_’i 5( >

VE interrupt Processing Time . >

HW execution process (cannot be compensated) ATeye ETNRG

Figure 4.6 Relationship Between PWM Period and Hardware Execution Time

Figure 4.6 shows the relationship between the PWM period and hardware execution time (MADC
conversion, VE processing, and VE interrupt processing).

In this error compensation method, the configuration is adjusted so that the PWM period remains constant
even in the presence of oscillator frequency error.

On the other hand, the hardware execution time AT_EXE depends on the hardware and cannot be
compensated.

The following describes the relationship between the above timing parameters.

ATPWM = ATEXE + ATMRG

At this point, for the control to operate correctly, the condition AT_MRG > 0 must be satisfied.

In other words, the hardware execution time must be shorter than the PWM period.

Therefore, when the oscillator frequency error is —5%, it is necessary to ensure that the following
relationship holds.

ATPWM > ATEXE x 1.05
(where each timing value is assumed to be the value under 0% frequency error)

@® Supplementary Explanation for Evaluation 3-b (2)

Measurement Tconv1: Settlering + Conversion Time 1.33 psx5% Conversion Finish
start processing Processing Time
time 0.067us£5% _ _ - 0.033 ps=5%
H ? Sample hold time Each bit conversion time, etc.
033 ms£5% | 1 ps£5%
f Sampling timing
ADC Trigger
Signal

Figure 4.7 MADC Single-Command Trigger Mode Measurement Timing

Figure 4.7 is an excerpt from Chapter 22 of the User Manual (TBOMO0O3FG_UM_J_Rev1.00), with
supplementary explanations added.

In this figure, the key point is how the time from the ADC trigger signal to the falling edge of the
sample-and-hold signal—that is, the sampling timing—is affected.

The sampling timing (measurement start processing time + sample-and-hold duration) is 0.40 ys +5%.

A 5% variation corresponds to approximately +20 ns; therefore, this variation is considered to have no
significant effect on practical use.
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5. Summary

In this application note, we have presented, as a reference example, a method for achieving proper motor
control by compensating in software for system errors caused by the internal oscillator frequency accuracy
(£5%) of the TBOMOO3FG.

1. A method for obtaining measurement data of internal oscillator frequency error using hardware for
LIN communication was presented as an example. Key considerations include ensuring stable
communication conditions of the commander signal generation module, as well as selecting an
appropriate baud rate that takes into account the effect of slew rate in the communication waveform.

2. A method for writing the acquired frequency error data and reference data to Code Flash was
presented as an example. In this scenario, the frequency error data and reference data are measured
during the manufacturing process of the user’s product, and the results are stored in Code Flash.

3.  Amethod was presented for compensating errors in motor control using the recorded frequency error
data and reference data within the motor control program.

4. Experimental Results
1) Error measurement using LIN:
Error measurement using LIN communication is sufficiently practical when the effects of
variations in the LIN communication environment are taken into account.
2) Effects of frequency error (£5%):
A pseudo internal oscillator frequency error generation circuit was constructed, and operation
was verified using the reference software. It was confirmed that the motor rotational speed is
affected by the frequency error.
3) Effect of error compensation software (Note 10):
The motor rotational speed is properly regulated.
However, it is necessary to consider dead time, as well as CPU and VE processing times,
which cannot be compensated. In particular, it is important to ensure that the total processing
time does not exceed the PWM period.
(Note 10):
Error compensation software: Software with an error compensation function added to the reference
software.

*SmartMCD™ is a trademark of Toshiba Electronic Devices & Storage Corporation.
*Other company names, product names, and service names may be trademarks of their respective companies.
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Notes on Contents

1. Block Diagrams
Some of the functional blocks, circuits, or constants in the block diagram may be omitted or simplified

for explanatory purposes.

2. Equivalent Circuits
The equivalent circuit diagrams may be simplified or some parts of them may be omitted for

explanatory purposes.

IC Usage Considerations

Notes on Handling of Ics
(1) The absolute maximum ratings of a semiconductor device are a set of ratings that must not be
exceeded, even for a moment.

(2) Use an appropriate power supply fuse to ensure that a large current does not continuously flow in
case of over current and/or IC failure.
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Points to Remember on Handling of ICs

(1) Over current Protection Circuit

Over current protection circuits (referred to as current limiter circuits) do not necessarily protect
ICs under all circumstances. If the Over current protection circuits operate against the over
current, clear the over current status immediately.

(2) Thermal Shutdown Circuit

Thermal shutdown circuits do not necessarily protect ICs under all circumstances. If the thermal

shutdown circuits operate against the over temperature clears the heat generation status
immediately.
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written permission, reproduction is permissible only if reproduction is without alteration/omission.
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o Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS compatibility of Product. Please
use Product in compliance with all applicable laws and regulations that regulate the inclusion or use of controlled substances, including
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