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ABSTRACT

A stepper motor system is essentially an open-loop position control system. There is no feedback to let
the driver IC know if the motor is running or stalled. However, in many applications, the user needs to
know the status of the motor — either for diagnostics purpose or for position sensing. Sensorless stall
detection solutions available in the market today do not detect stall reliably across wide range of operating
parameters such as supply voltage, temperature, and micro-stepping modes. Texas Instruments'
DRV8889-Q1 device implements a novel approach towards sensorless stall detection of stepper motors
by using the PWM OFF-time to sense the back EMF. This stall detection algorithm eliminates first-order
dependency on supply voltage, coil resistance, and temperature changes. The goal of this application
report is to highlight the advantages of the stall detection algorithm of the DRV8889-Q1 and provide
examples of how the DRV8889-Q1 can detect stall reliably in a wide variety of end applications.
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1 Need for Sensorless Stall Detection
The simplicity of the open-loop stepper motor system is attractive; however, even in a stepper motor,
feedback can be desirable. Many applications require the system to know the state of the motor either for
diagnostics purposes, such as being able to detect if the motor is jammed or overloaded; and also for
position sensing - to be able to detect if the motor has reached the end of line or hit a physical obstruction.
Applications often severely over-drive the motor beyond the desired end point to ensure the end point is
reached, reducing the efficiency of the system. External components to monitor motor position, such as
encoders or Hall sensors add cost to the system. Without stall detection, the motor driver will continue to
drive through the obstacle; causing audible noise and mechanical failures.
An integrated sensorless stall detection method can address these negative effects and ensure that the
motor is not overloaded or obstructed. Moreover, in situations where precise position sensing is not
required, sensorless stall detection can replace expensive Hall sensors, limit switches, and encoders.
Integrated sensorless stall detection also provides immediate response when a stall occurs compared to
the position sensor solution which requires a timeout mechanism.
A few of the systems and applications which can benefit from an integrated sensorless stall detection
algorithm are:
* Automotive headlight leveling and swivel
» Automotive Head-Up Display (HUD)
» Automotive and Industrial HYAC actuator control
e Electronic Expansion Valves (EEV)
e Multi-function printers
» 3-D printers
e ATMs
» Textile machines
» Surveillance cameras (pan and tilt motion)
2 Back EMF for a Stepper Motor
For a stepper motor, the supply voltage can be expressed with Equation 1:
VM = Ix R +BEMF+L><%
where
e lis the coil current
* R, is the coil resistance of the motor coil
* BEMEF is the back-EMF voltage
e L is the inductance of the call Q)
The back EMF is the voltage generated by the motor as the armature spins inside the stator. The back
EMF can be expressed using Equation 2:
BEMF = —p x y,, x ® x sin(pwt)
where
e pis the number of pole pairs
e vy, is the maximum magnetic flux of the motor
* o is the angular speed of the motor
e y, are constants specific to each motor (2)
Therefore, the back EMF is sinusoidal in nature and directly proportional to the motor speed (®). A motor,
when spinning fast, will produce more back EMF than when spinning slower. And when the motor is
stalled, no back EMF is produced.
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Figure 1. Back-EMF Phase Shift With Coil Current

Stepper motors have a distinct relation between the coil current, back EMF, and mechanical torque load of
the motor, shown in Figure 1. Compared to the coil current, the back EMF will be phase-shifted by 90° for
an unloaded motor. As the motor load approaches the torque capability of the motor at a given coil
current, the back EMF moves in phase with the coil current. When the load torque increases beyond the
fully-loaded condition, the rotor falls out of synchronization with the stator magnetic field, causing the
motor to stall.

The maximum torque that can be applied to a motor operating at a given speed without losing
synchronization is called the pull-out torque. Therefore, a stall condition occurs when the load torque on a
motor exceeds the pull-out torque of the motor. Most stepper motor data sheets include pull-out torque vs.
speed curves. The pull-out torque will decrease as the speed increases and increase as the current
through the motor coils increases.

3 Existing Sensorless Stall Detection Algorithms
Multiple sensorless stall detection algorithms are available today from various stepper driver
manufacturers. A short description of those methods follows:

3.1 Measuring Back EMF During Current Zero Cross

Most stall detection algorithms currently available in the market measure back EMF during sinusoidal

current zero crossing. When the coil current is zero, the voltage across the motor coil is equal to the back

EMF. As the motor stalls, the back EMF drops to a value close to zero. Therefore, when the back EMF

decreases, it gives a good indication that the motor has stalled.

However, this method has certain drawbacks, such as:

1. Back EMF is only monitored during zero crossing.

2. The measurement window needs to ensure that the coil current has really reached zero. Ringing in the
coil voltage waveform around the zero crossing can shorten the measurement window and extra
blanking time might be needed.

3. For high motor speeds, this method needs complicated circuitry for fast measurement. So, this method
does not work above moderately high motor speeds.
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4. This method does not work in Full Step mode - coil current switches between 71% and —71% of full-
scale setting in full-step mode; therefore, zero-cross detection is not possible. Some algorithms force a
zero-cross period even in full-step mode - but that approach has its own issues.

5. When the motor is spinning slowly, the change in back EMF can be hard to detect.

3.2 Constant OFF-time Method

BEMF2
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Figure 2. Fixed OFF-time Method

Some fixed PWM OFF-time (Toge) current regulation methods depend on the difference between PWM on
times (Toy) in successive cycles to determine back EMF and therefore detect stall, as Figure 2 shows.

However, this method has its own drawbacks as well. The equation for the on time follows:
(1xR)-BEMF)
(VM- ((1xR)-BEMF)) @)
VM x (BEMF2 BEMF1)
(VM ((1xR)-BEMF1))x (VM- ((1xR)-BEMF2)) @

As is evident from Equation 4, AT, depends on supply voltage, coil current and coil resistance (and
therefore ambient temperature). So, this algorithm can potentially result in false and missed stall detection
when supply voltage, temperature, or motor current changes.

Ton = Torr *

ATon = Tont — Tonz =

3.3 PWM Cycle-Counting Method

Some implementations monitor PWM cycle count to sense back EMF changes, and thereby detect stall.
Back EMF decreases at stall condition, allowing faster current rise time. At fixed step frequency, stall
results in more PWM cycles per step (due to fixed To). Drawbacks of this method are:

1. As can be seen from Equation 3, Ty is going to vary based on supply voltage (VM), motor current (1),
and temperature (T) (motor resistance R increases with T). Therefore, this method might result in false
and missed stall detection when the supply voltage, temperature, or motor current changes.

2. Does not work in Full Step mode

3. Works only when the step frequency is relatively constant. If the step frequency changes dynamically,
it creates uncertainty in the number of PWM pulses.
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4 DRV8889-Q1 Stall Detection Algorithm

4.1 Algorithm Details

Figure 1 shows that for an unloaded motor, back EMF is 90° phase shifted from the motor current. As the
load increases, the back-EMF phase shift decreases. Finally, as the load increases to the point where the
load torque exceeds the pull-out torque, the motor stalls and the back EMF goes to zero. By detecting
back-EMF phase shift between rising and falling current quadrants of the motor current, the DRV8889-Q1
device can detect a motor overload stall condition or an end-of-line travel.
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Figure 3. Fixed Ripple Current Method
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To overcome the issues associated with fixed T current regulation method, a fixed ripple current
regulation method (smart tune ripple control decay mode) is used by the DRV8889-Q1, shown in Figure 3.
This allows T to also vary based on back EMF in addition to Toy. By monitoring T to detect back
EMF changes, first order dependency on supply voltage is eliminated, as the supply is disconnected from
the motor during Toge. Equation 5 shows that T does not depend on VM.

11 .1 (BEMF2-BEMFY)
Torr1  Torrz L xAl

6

Instead of T delta, the delta of the reciprocal of T, can be used to further eliminate the dependency on
| and R terms (motor current and resistance/temperature). As Equation 6 shows, delta (1/Tog) does not
depend on VM, I, or R and only on back EMF change (other terms Al and L are current ripple and motor
inductance which are constants for a system).

Coill
Current BEMF

Figure 4. Back EMF for Unloaded Motor
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As Figure 4 shows, comparing the back EMF (by monitoring 1/T.¢) between the rising (Q1) and falling
(Q2) current quadrants of the sinusoidal current can give a good indication of the motor load. For a lightly
loaded motor, the delta back EMF between falling and rising quadrant in Figure 4 will be a positive value.
As the load increases and approaches stall condition, the back-EMF delta between the falling and rising
current quadrants will approach zero and can be used to detect the stall condition.

The algorithm used in the DRV8889-Q1 device monitors T during Q1 and Q2 of each electrical half-
cycle. The subtraction between 1/Tx¢, (average) and 1/T., (average) happens at the end of each half-
cycle. The (1/Toer — 1/Tor,) value calculated at the end of a half-cycle is averaged with the values
calculated at the end of three previous half-cycles, to arrive at a moving average called torque count,
represented by the 8-bit register TRQ_COUNT (CTRL7 register in Table 1).

For a lightly loaded motor, the TRQ_COUNT is a non-zero value - call it steady count. As the motor
approaches stall condition, TRQ_COUNT approaches zero (call it stall count) and can be used to detect
the stall condition. If at anytime TRQ_COUNT falls below the stall threshold (represented by the 8-bit
STALL_TH register), the device will detect stall.

4.2 Torgue Count Scope Shots

Figure 5. PL35L-024 Stepper Motor

The scope shots in this section are for a stepper motor commonly used in adaptive headlight applications -
PL35L-024. It is rated for maximum 450 mA drive current and the coil has 7.7-Q series resistance.
Depending on the direction of motion, the motor shaft moves inside or outside, as shown in Figure 5.
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Figure 7. Coil Current and Torque Count When Motor is
Stalled

On the DRV8889-Q1 EVM, the MSP430 MCU converts the TRQ_COUNT into an analog voltage, using
the DAC inside the MCU. The full range of the DAC is 3.3 V, and it corresponds to 256 counts of the
TRQ_COUNT register. Therefore, a single TRQ_COUNT bit is represented as 12.89 mV.

Figure 6 and Figure 7 show how the back EMF distorts the coil current when the motor is running. The
supply voltage is 13.5 V, the DRV8889-Q1 device is set for full-step mode with 125 pps speed, 200 mA
full-scale current, and 105 V/us slew rate. The motor is stalled when the shaft moves to either end stop.
When the motor is running at nominal speed, the presence of the back EMF causes the current to rise
instead of decay during T, and the DAC output voltage is roughly 500 mV, corresponding to a
TRQ_COUNT of 38. When the motor is stalled, there is no back EMF; therefore, the coil current stays
uniform across quadrants, and the torque count falls to zero.
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Figure 8 corresponds to the case where the motor shaft moves up and down continuously. It shows how
the TRQ_COUNT value changes based on whether the rotor shaft is moving inside or outside, and
whether it is stalled inside or outside. Users can set the stall threshold at a value midway between the
lowest steady count and highest stall count. A STALL_TH of 35 (corresponding to 450 mV) will detect stall

reliably irrespective of the direction of motion.

5 How to Configure the DRV8889-QL1 for Stall Detection

The DRV8889-Q1 Evaluation Module User's Guide details the hardware implementation of the EVM.
Details on using the graphical user interface (GUI) software with this EVM are found in the DRV8889-Q1
EVM DRV8889-Q1EVM GUI User's Guide.

Table 1 lists the memory-mapped registers for the DRV8889-Q1 device.

Table 1. Memory Map

Register Access
Neme 7 6 5 4 3 2 1 0 Type Address
FAULT Status FAULT SPI_ERROR UVLO CPUV OoCP STL TF oL R 0x00
DIAG Status 1 | OCP_LS2 B OCPEHSZ— OCPE"Sl— OCP_HS1 B | OCP_LS2 A OCPTAHSZ— OCP_LS1_A OCP{'Sl— R 0x01
DIAG Status 2 utw oTW oTS STL_LRN_OK STALL RSVD OL_B OL_A R 0x02
CTRL1 TRQ_DAC [3:0] RSVD SLEW_RATE [1:0] RW 0x03
CTRL2 DIS_OUT RSVD TOFF [1:0] DECAY [2:0] RW 0x04
CTRL3 DIR STEP | SPI_DIR SPI_STEP MICROSTEP_MODE [3:0] RW 0x05
CTRL4 CLR_FLT LOCK [2:0] EN_OL | ocp_mope | OTSPMOP T rw rep | Rw | ox06
CTRL5 RSVD | STL_LRN EN_STL STL_REP RSVD RW 0x07
CTRL6 STALL_TH [7:0] RW 0x08
CTRL7 TRQ_COUNT [7:0] R 0x09

It is fairly easy to set up the device for stall detection with only a few bits controlling the critical parameters
related to the stall detection algorithm. The bits relevant for stall detection follow and are highlighted in
Table 1:

« EN_STL [1:0] in CTRL5 register: By default, stall detection is disabled after the device powers-up.
EN_STL must be set to '1' to enable stall detection.

* DECAY [2:0] in CTRL2 register: The decay mode must be set to smart tune ripple control, therefore it
must be ensured that DECAY [2:0] is set to '111'. Setting the decay mode to any other value will
disable stall detection.

e STL_LRN [1:0] in CTRL5 register is '0' by default. It must be set to '1' to enable the automatic stall
learning process. This bit automatically returns to '0' when the stall learning process is complete.

e STL_LRN_OK [1:0] in DIAG Status 2 register becomes '1' at the end of successful stall threshold
learning.

» TRQ_COUNT [7:0] in CTRLY register. An indicator of load torque - high when the motor is unloaded
and close to zero when the motor is stalled.

e STALL_TH [7:0] in CTRLEG register. Can be programmed to the desired stall threshold level or can be
set by the stall learning process. Anytime the torque count falls below the threshold, the device detects
stall.

e STL_REP [1:0] in CTRL5 register has to be '1' to report stall detection fault on the nFAULT pin. In this

case, nFAULT pin will be driven low when stall is detected. If STL_REP is '0", stall detection is not
reported on nFAULT.

When stall is detected, the STALL, STL and FAULT bits are latched high and the nFAULT pin is pulled
low (if STL_REP is '1"). In stalled condition, the motor shaft does not spin. However, the motor may still
vibrate if the DRV8889-Q1 device continues to receive STEP signals. The coil current waveform is as
shown in Figure 7, in that case.
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7.1

The motor starts to spin again when the stall condition is removed. The nFAULT line is released and the
fault registers are cleared when a clear faults command has been issued either through the CLR_FLT bit
or an nSLEEP reset pulse.

How to set Stall Threshold

Stall threshold can be set in two ways, either write the STALL_TH bits, or let the algorithm learn the ideal
stall threshold value itself through the stall learning process.

User-Defined Stall Threshold: Users can write a value to the threshold register if they have torque count
information for their use case. They can get torque count information for their use case by reading the
TRQ_COUNT register, during normal operation of the motor and when the motor is stalled. The stall
threshold should be set as the average of steady count and stall count. The characterization of the torque
count should be done over the entire range of operating conditions (temperature, supply voltage, speed,
and so forth) and for both directions of motion.

If the operating conditions vary a lot, such as the motor speed changing between high and low values, it
may not be possible to set a single stall threshold for all conditions. In this case, the controller may
implement a look-up table for the stall threshold. Sometimes, an external low-pass filter with a sufficiently
high time-constant might be needed to remove ripples in the torque count due to vibration when the motor
is stalled.

Driver-Defined Stall Threshold: The system itself can go into stall learning mode and calculate the ideal
stall threshold for the motor. The following procedure describes the stall learning mode:

* Run motor on no load
* Initiate learning by writing STL_LRN =1

» Wait for 32 electrical cycles for the driver to learn the steady count. The time to wait will depend on the
step frequency and microstepping.

+ Stall the motor
» Wait for 16 electrical cycles for the driver to learn the stall count
» Read the register until STL_ LRN =0

« If STL_LRN_OK =1, then the stall threshold value has been calculated. If STL_LRN_OK = 0, then the
stall learning is not successful.

« Stall threshold is calculated as the average of steady count and stall count. At the end of a successful
learning, the STALL_TH register is loaded with the proper stall threshold bits.

Sometimes the stall learning process might not be successful due to an unstable torque count while the
motor is running or stalled. For example, as detailed in Section 7, when the motor has high coil resistance
or is running at very high or low speeds, the torque count might vary by a lot over time and the difference
between steady count and stall count might be small. In such cases, it is recommended to not use the stall
learning method. Instead, the user should carefully study the steady count and torque count across the
range of operating conditions and set the threshold midway between the minimum steady count and the
maximum stall count.

Torque Count Variation With Operating Conditions

Torque count is fairly constant across variations of supply voltage, temperature, and other operating
conditions. However, second-order effects will cause small variations in the torque count value, as detailed
in this section.

Variation With Motor Speed and Direction of Motion

Torque count may vary with the direction of motion of the motor. The effective loading of the motor
sometimes depends on the direction of the movement. For example, in some cases, the rotor movement
might be assisted by gravity or coil spring in one direction and opposed in the other direction. Differences
in loading cause different phase changes of back EMF with respect to the coil current. This results in
different steady counts, depending on the direction of motion.

10
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Figure 9. Steady Count Variation With Speed for Different Directions of Motion

Figure 9 shows how the steady count of the PL35L-024 motor changes depending on whether the rotor
shaft is moving inside or outside. The motor was operating in full step mode, the full-scale current was set
at 200 mA and the slew rate was 105 V/us. The supply voltage was 13.5 V. Note that the steady count
almost linearly increases with motor speed. This is because, the back EMF is directly proportional to motor
speed. More back EMF at higher speed results in larger differences to the TS between rising and falling
current quadrants - in other words, a larger torque count.
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Figure 10. Stall Count Variation With Direction of Motion
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The torque count when the motor is stalled (stall count) may also vary with the direction of motion. Stall
count depends on the hardness of the end-stop. The end of travel may not actually stall the rotor - in
some cases, the rotor may continue spinning due to a loose, spongy, or soft end-stop which allows the
rotor to bounce. Typically, a stalled rotor vibrates as it tries to move; however, any rotational movement
translates to back EMF. Motors with large step angles may display more vibration than motors with
smaller step angles. In such cases, stall count will be definitely lower than steady count, but it may not be
zero. Figure 10 shows the stall count of the PL35L-024 motor for the same operating conditions.

7.1.1 Limitations Due to Low Motor Speed
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Figure 11. Steady Count at 150 pps Figure 12. Steady Count at 100 pps

Figure 11 and Figure 12 show the torque count of the PL35L motor at low speeds. While the motor is set
to run at 1/8 microstepping, at 150 pps speed, torque count is significantly lower than the counts at 1000
pps for both directions of motion, but a proper stall threshold can still be selected for reliable stall
detection. However, when the motor speed is further reduced to 100 pps, torque count becomes close to
zero. This is because, at low speeds, back EMF is also proportionally low and it may not be enough to
cause any perceptible change in T between the rising and falling quadrants. Therefore, the DRV8889-
Q1 will not be able to detect stall at ultra-low speeds.

7.1.2 Limitations Due to High Motor Speed

High speed, and large back EMF distorts the coil current and stall detection might be unreliable at very
high motor speeds. The following four scope shots show the coil current in full step mode for a 17PM-
F438B motor, running with 13.5-V supply voltage and 500-mA full-scale current.
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Figure 13. Steady Count at 200 pps Figure 14. Steady Count at 700 pps

12 Sensorless Stall Detection With the DRV8889-Q1 SLVAEI3—-January 2020

Submit Documentation Feedback
Copyright © 2020, Texas Instruments Incorporated


http://www.ti.com
http://www.ti.com/feedbackform/techdocfeedback?litnum=SLVAEI3
https://www.eminebea.com/en/product/rotary/steppingmotor/hybrid/standard/17pm-f.shtml
https://www.eminebea.com/en/product/rotary/steppingmotor/hybrid/standard/17pm-f.shtml

13 TEXAS

INSTRUMENTS
www.ti.com Torque Count Variation With Operating Conditions
@ Fio | § Votical « Timebaso I Triggor @ Dispay | # Cursors | El Moasure @ Math | o= Analysis | X Ulities | @ Support o e, @ Fie | 3 Verical | e Timebase | Trigger | & Display | # Cursors B Measuro @ Math | £ Analysis | X Utities @ Support = i
. a L e
e STEP
I i - Torque Count ]
Motor Coil Current

,,,,,, :

Figure 15. Steady Count Change When Q1 Regulation is Figure 16. Steady Count at 1100 pps

Lost

As Figure 13 shows, when the motor speed is such that current is regulated in both Q1 and Q2 quadrants,
the algorithm uses the T, from both quadrants and derives the torque count.

Figure 14 shows that at higher speeds, the rise time of the current can be so high that current regulation
in Q1 will be lost, but current will still be regulated in Q2. Even in this case, stall can still be detected
reliably. When current regulation is lost in Q1, it causes a sudden jump in the torque count value, as
Figure 15 shows.

At even higher speeds (Figure 16), the current waveform might be so highly distorted that regulation will
be lost in both Q1 and Q2 quadrants. In such cases, the algorithm can no longer detect stall and the
torque count value will be unstable and unreliable.

The rise time of the current, shown in Figure 14, depends on the supply voltage, coil inductance, and coll
current level according to the well-known V = L x dI/dt equation. Lower rise time allows the current to be
regulated at even higher speeds. Therefore, wider operating speed range can be obtained through, (1) a
motor with low inductance, (2) lower current level, and (3) higher supply voltage.

7.2 Variation With Supply Voltage
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Figure 17. Steady Count Variation With Supply Voltage

SLVAEI3—-January 2020 Sensorless Stall Detection With the DRV8889-Q1 13
Submit Documentation Feedback
Copyright © 2020, Texas Instruments Incorporated


http://www.ti.com
http://www.ti.com/feedbackform/techdocfeedback?litnum=SLVAEI3

13 TEXAS
INSTRUMENTS

Torque Count Variation With Operating Conditions www.ti.com

Equation 5 states that the T parameter is independent of supply voltage (VM). Therefore, when the
average of T from one quadrant is compared to the average of T from the next quadrant, the result
should be independent of supply voltage. However, Figure 17 shows that there is small variation in the
steady count with supply voltage. This data is for the PL35L-024 motor, at 1/8 microstepping with 1000
pps speed, 105 V/us slew rate, and full-scale current set at 200 mA.

This variation can be explained by looking at the current ripple at various supply voltages. At higher
voltages, the ripple increases slightly, which results in a slight increase in the T, value. However, the
change in T for the Q2 quadrant will be slightly larger than the T, change in Q1, because the back-
EMF magnitude remains constant at higher voltages. The effect of this is the slight increase in steady
count with supply voltage.

7.3 Variation With Microstepping Setting
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Figure 18. Steady Count Variation With Microstepping
Higher-order microstepping generally results in a higher torque count. Figure 18 shows the variation in
steady count with microstepping settings for the PL35L-024 motor. The motor speed (pps) was adjusted at
each microstepping to arrive at the same 125 full steps per second rate.
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7.4 Variation With Output Slew Rate
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Figure 19. Steady Count Variation With Output Slew Rate

Slower output slew rate results in a lower torque count. Due to slower output fall time, the T, decreases
at a slower slew rate, which leads to lower torque count.

Higher slew rates are also preferable to keep the switching loss of the driver to a minimum - allows the
driver to support higher currents at a given ambient temperature. Conversely, lower slew rates result in
better EMC performance. A careful trade-off analysis needs to be carried out to select the proper slew rate
for an application.

7.5 Variation With Ambient Temperature
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Figure 20. Steady Count Variation With Ambient Temperature
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Figure 20 shows how the inside and outside counts change with ambient temperature for a stepper used
in a HVAC gas valve. The motor was running at full-step mode with 300 pps speed. As is evident from the
plot, the torque count is almost independent of the ambient temperature.

7.6 Variation With Full-Scale Current Setting

80

T

50

40

Steady Count

30

01 015 0.2 0.25 0.3 0.35 0.4
F5 Current {A)

Figure 21. Steady Count Variation With Full-scale Current

At a constant supply voltage, steady count drops at higher full-scale current. High | x R, drop across the
motor coil leaves too little back EMF; therefore, the T, does not get affected, causing lower count.
7.6.1 Limitations Due to High Coil Resistance

If the coil resistance is too high, the coil current waveform is distorted and the back EMF is unable to
influence the T - resulting in unreliable torque count and stall detection.
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Figure 22. Coil Current Waveform for a Valve Motor With  Figure 23. Coil Current Waveform for a Valve Motor With
80-Q Resistance 36-Q Resistance
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Figure 22 shows the coil current waveform for an HVAC valve motor with 80—Q resistance. The supply
voltage was 12 V, and the full scale current was 200 mA. It is clear that the torque count waveform is
erratic in nature and a stall cannot be reliably detected. Figure 23 shows the torque count for another
HVAC motor with 36—Q coil resistance at the same operating condition. When the motor is stalled at one
end, there is periodic vibration - leading to spikes in the stall count. Even though there is some overlap
between steady count and stall count, using an external low-pass filter with sufficiently high time-constant
to eliminate the spikes in the stall count can result in reliable stall detection.

7.7 Steady-State Count Variation at a Fixed Operating Condition
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Figure 24. Steady-State Torque Count Variation

Figure 24 shows the steady count of the PL35L-024 motor, running at 1/8 microstepping and 1000 pps
speed. The waveform has a peak-to-peak ripple of 42 mV, corresponding to a count variation by 3. In
other words, steady count is varying between 63 and 66. This can be explained by small random
variations in the T due to several factors - such as the nature of the back-EMF voltage and minor
asymmetries in motor construction.

8 Evaluation Examples

8.1 Automotive Headlight Leveling and Swivel

Adaptive front lighting (AFS) systems are increasingly being adopted by car manufacturers across
geographical locations. These systems compensate for changes in the inclination of the vehicle relative to
the road surface by making slight vertical adjustments to the light beam of the headlamp. They also cause
the headlamps to swivel in response to a change in the turning direction of the vehicle. Stepper motors
are often used for headlamp adjustment applications because stepper motors are low cost, rugged, and
provide a high torque in relation to their size.

Most automotive headlamp systems require stall detection, to prevent the motor from hitting end-stop
during the initial position calibration or during normal operation. Without stall detection, to ensure that the
end-stop is reached, the stepper motor is driven multiple steps beyond the estimated end-stop position.
This results in a blocked motor with associated audible noise and mechanical wear-out. Audible noise is
particularly sensitive for electric vehicles. Without integrated stall detection, some systems are forced to
use expensive position sensors to receive feedback about the angular location of the motor.

The following example shows how the DRV8889-Q1 detects stall for an automotive headlight module. This
headlight module uses a PL35L-A24 stepper motor. While running, the rotor shaft moves inside or outside
and can get stalled at both ends. The operating conditions for this typical adaptive headlight application
are listed in Table 2.

Table 2. Operating Conditions for Headlight Stepper

Motor
Parameter Value
Supply voltage range 9Vtol6V
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Table 2. Operating Conditions for Headlight Stepper
Motor (continued)
Parameter Value
Full scale current 500 mA
Target speed 122.5 Full-steps/s
Microstepping 1/8 or 1/32
Temperature range -40°C to 105°C
Motor coil resistance 7.7Q
Motor step angle 15°
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Figure 25. Steady Count Across Operating Conditions
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Figure 26. Stall Detection of a Headlight Module With DRV8889-Q1

Figure 25 plots the steady count for the inside movement as a function of the operational parameters of
the headlight module. The inside direction count is lower than the outside direction count. Based on the
minimum inside count, choose a stall threshold of 12. With this stall threshold, the DRV8889-Q1 detects
stall reliably at both ends of operation across operating conditions, as Figure 26 shows. The nFAULT
output goes low whenever the torque count is lower than the stall threshold, indicating to the system that
stall has been detected.
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Figure 27. Audio Noise Spectrogram Without Stall Figure 28. Audio Noise Spectrogram With DRV8889-Q1
Detection Stall Detection
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Figure 27 and Figure 28 show the audio noise spectrograms for two cases — one in which the headlight
module operates without stall detection and the other in which the module uses the DRV8889-Q1 device
to detect stall at both ends. Figure 27 clearly shows the evidence of large audio noise at approximately 55
Hz and between 100 Hz and 200 Hz. This spectrogram also shows how the stepper motor chatters when
it reaches the end-of-line — an effect of the over-drive needed to ensure that the motor has indeed
reached the end. Conversely, Figure 28 shows that the audio noise is largely absent — more so between
100 Hz and 200 Hz, and the chattering is also non-existent.
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Figure 29. Audio Noise SPL Plot With and Without Stall Detection

Figure 29 also compares the audio noise for the two cases. The plot in red corresponds to audio noise
without stall detection, and the plot in green is when the stall detection algorithm of the DRV8889-Q1 is
used. Clearly, with stall detection, there is more than 10-dB improvement in the noise level at some
frequencies.

8.2 Automotive Head-up Display (HUD)
Automotive Head-Up Displays (HUD) are currently available in various medium and high-end cars and
also as after-market products. A HUD display is intended to assist drivers by projecting important trip
information such as speed, navigation data, RPM, alerts, and augmented reality overlays onto the inside
surface of the windshield or a transparent piece of plastic called a ‘combiner'. The system requires
multiple lenses and mirrors to project the information onto the windshield or combiner, and the mirrors
must be rotated with precision to achieve accurate positioning. Therefore, a lot of HUD units use stepper
motors, and sensorless stall detection is often a requirement to ensure that the mirrors reach their end
stop without resulting in excessive audio noise or mechanical wear-out.
The following example shows how the DRV8889-Q1 device detects stall for an automotive HUD module.
This combiner HUD module uses a custom bipolar stepper motor, which moves a reflector mirror up and
down. The operating conditions of the HUD application and details of the stepper motor are shown in
Table 3.
Table 3. Operating Conditions for HUD Module
Parameter Value
Operating voltage range 8VtoleV
Full-scale current 180 mA
Target speed 2550 pps
Microstepping 1/32
Temperature range -40°C to +85°C
Motor coil resistance 20 Q +7%
Step angle 0.514° / STEP
20 Sensorless Stall Detection With the DRV8889-Q1 SLVAEI3—-January 2020

Submit Documentation Feedback
Copyright © 2020, Texas Instruments Incorporated


http://www.ti.com
http://www.ti.com/feedbackform/techdocfeedback?litnum=SLVAEI3

www.ti.com Evaluation Examples
€ Fie | T Vetical e Timebase I Trigger @ Display | # Cursors B Measure @ Math | Analysis | X Utiiies | @ Support ] Normat @ Fie 3 Vetical | e Timebase | Tigger & Display | # Cursors B Measure @ Math | Analysis | X Utiities | @ Support B e,
a0omv| s0omy
00! Torque Count
a0 i
Torque Count 200m Sk it ety
200mV 100 mv iy
o2
oy Motor Coil Current
To0m
Motor Coil Current
300n
oomy )
s a0 e Sos @ o s s s s
PLauCl)  P2fnaCh  P3fmalC2l  Phduv(C2
oo < = <
. T . LD e 00 fTigoe (=]
omviey  20mAdy|  + | 1261 ROl 00sidy Stop 410 mV
OpVoitss 40000 mA i 25Ms " 25kSis Ege _ Eitner
200m
sorms soms oms 2oms obs 2ms ams wms wms Tooms

Pldu(Cll P2

omvidy 100 mAldy
OVoffsa 20000 mA

) PYfrealC2)  PaduviC2)

= R =
Jio=e 00 o] iricor 9
200msidu Stop 410V,
25MS 125WS/s Edge  Ether
2472010 25038 Pl

Figure 30. HUD Module Running at 12 V With 1/32
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Figure 32. Stall Detection at 8 V

Figure 31. Stall Detection at 12 V
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Figure 33. Stall Detection at 16 V

Figure 31 to Figure 33 show how the torque count decreases during motor stall at various voltages. A
common stall threshold such as 120 mV (corresponding to TRQ_COUNT = 10) will detect stall reliably

across corners for this application.

8.3 HVAC Valve Control

HVAC valve control actuators also require stall detection. A stepper motor driver with integrated
sensorless stall algorithm allows precise detection of the end-stop of a flap or a valve tip in an HVAC
system, without requiring over-drive of the stepper motor. The following example shows how the
DRV8889-Q1 detects stall for an HVAC valve. The operating conditions of this HYAC application are

shown in Table 3.

Table 4. Operating Conditions for HYAC Valve

Parameter Value
Operating Voltage Range 6Vtol6V
Full Scale Current 300 mA

Target Speed

300 steps/sec

Microstepping

Full-step

Temperature range

-30 °C to +100 °C
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Figure 34. HVAC Valve Steady Count

The valve motor gets stalled at both ends of the movement. Figure 34 shows the steady count in both
directions as a function of the supply voltage. A stall threshold of 30 works well to reliably detect stall at
both the ends of the valve tip movement.

9 Conclusion

Various sensorless stall detection algorithms are available in the market from different manufacturers. The
novel stall detection algorithm implemented in the DRV8889-Q1 device can reliably detect stall for various
applications over a wide range of supply voltage, speed, and other operational parameters. The
robustness of the algorithm, combined with the ease of use, makes the DRV8889-Q1 an ideal option to
replace costly position sensors used to send positional feedback in a wide range of end applications.
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