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VCM POWER AMPLIFIER (continued) 

Bandwidth (continued) 

The closed-loop -3d8 frequency will be: 

In an application, the required bandwidth is known. CL can be determined to meet the bandwidth specification. RL 
can be found once CL is determined by making use of the relationship which equates the compensating zero and 
VCM motor pole lime constants. The final component solutions are below: 

CL = AvAsRs 
2no RF(Rs +RM )oBW 

RL= LM 
CdRs+RM) 

Inthese equations, As is the sense amplifier gain and Ay is the differential gain from the output of the errorsumming 
amplifier ERR pin to the VCM load. The sense gain for each device type was listed in a prior section, the differential 
voltage gain Av is listed below: 

DEVICE Av 
SSI32H569 17 

SSI32H4633 29.4 

SSI32H6230 17 

SSI32H6231 17 

SSI32H6240 17 

SSI32H6510 12 

SSI32H6810A 12 

SSI32H6811 12 

SS132H6812 12 

SSI32H6820 29.4 

SSI32H6825 17 
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Silicon Systems servo predrivers require external power devices to drive the VCM. The criteria for choosing 
compatible power devices vary among the predrivers. The table below provides selection criteria: 

CRITERIA EXAMPLE DEVICE 

SSI32H569 500-1000pF,Vgs>2V IRFR020,IRFR9020 

SSI32H4633 Si9952DY 

SSI32H6230 500 -1000 pF, Vgs >2V IRFR020,IRFR9020 

SSI32H6231 500 -1000 pF, Vgs > 2V IRFR020,IRFR9020 

SSI32H6240 b > 40, ft > 40 MHz BCP68,BCP69 

SSI32H6825 Si9952DY 

SSI32H6820 Si9952DY 

The criteria for theSSI 32H569,SSI 32H6230, andSSI32H6231 are based on two factors. The gate capacitance 
must be in the specified range because it contributes to the amplifier compensation. The cross-over protection 
level in these predrivers is fixed at approximately 2V. The MOSFET turn-on threshold Vgs must be greater than 
the protection level. 

Cross Over Adjustment 

In the SSI 32H4633 and SSI 32H6820, a means to adjust the cross-over protection threshold is available. The 
voltage on pin VX sets the cross-over protection level directly. The pin has a default of 1.0 to 1.4V. A resistor may 
be added to ground to modify the voltage on VX. 

Gain Switching 

Gain switching is a technique which adjusts the transconductance gain of the VCM driver to match the operating 
mode. Usually there are track-following and track-seeking hard disk servo modes. The D/A converter voltage 
range is fixed; therefore, the power amplifier gain can be adjusted to optimize the driver dynamic range for the 
operating mode. 

In Silicon Systems servo drivers, gain switching is implemented by changing the input resistance to the error 
summing amplifier using an analog switch. In track-following mode, the analog switch is left open. When track­
seeking, the analog switch is closed to parallel in the seek input resistorwhich in turn increases the transconductance 
gain. The following devices support the gain switching feature: 

DEVICE GAIN SWITCHING CONTROL 

SS132H4633 SW-ON bit in servo control register 

SS132H6810A SWONpin 

SSI32H6811 SWONpin 

SS132H6820 SWON bit in register 1 
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RETRACT AND POWER FAULT 

In most hard disk drives, the data heads must be moved away from useful data areas when the power fails. This 
removal is referred to as head "retraction". Retract is implemented within the VCM servo driver and because of 
its dependency upon power fault detection, all SSI servo drivers include a power fault detector as well. Powerfault 
detection includes comparators sensing the supply voltage, band-gap precision reference, timing circuits, and 
power fault control signals. 

RETRACT METHODS 

Head retraction in Silicon Systems servo drivers is implemented in several different ways. Fundamentally, all 
methods are the same because they rely upon forcing a voltage during power failure across the VCM motor to 
cause the positioner to move the data head into a landing area. 

H Bridge.Retraction 

Head retraction canbe implemented by unbalancing the H bridge driver so that a current will flow through the VCM. 
The following devices implement this kind of retraction through external power devices of the indicated type: 

DEVICE DRIVER TYPE 

SSI32H569 MOSFET 

SSI32H6230 MOSFET 

SSI32H6231 MOSFET 

SSI32H6240 Sipolar Transistor 

SS132H6825 MOSFET 

H bridge retraction is accomplished by turning on the "A" and "0" drivers while turning off the "S" and "C" drivers. 
For the devices implementing this retract method, the means triggering retract vary as listed below: 

DEVICE POWER SENSE VREF CONTROL 

SSI32H569 LOWV or VCC<9V VREF<4.3V EN 

SSI32H6230 LOWV or VCC<9V VREF<4.3V EN 

SSI32H6231 VCC<9V VREF<3.3V EN 

SSI32H6240 Two comparators RETRACT 

SS132H6825 VREF<3.3V RETRACT 

Velocity Limiting 

The retract voltage applied across the VCM is constant and serves to limit head velocity. Head velocity is limited 
because the voltage across the VCM is sensed by pins SE1 and SE3 and then compared to an internal reference. 
The "A" predriveroutput is adjusted so that the feed back voltage across SE1 and SE3 equals this internal reference. 
When the head moves, the back-electromotive-force (BEMF) generated across the VCM adds to the total voltage 
developed across the VCM resistance. As the head gains velocity, the BEMF increases and ultimately is limited 
when the BEMF voltage equals the internal reference and the applied retract current goes to zero. When the head 
stops against the crash stop, the current is limited to the retract reference divided by the VCM resistance. For 
example, if the VCM resistance is 160 and the reference is approximately 1 V, then the current will limit to: 
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The tolerance in the intemal reference used to establish retract voltage is fairly wide. For all but the SS132H6825 
this reference is specified as being 0.7 to 1.3V. The SSI 32H6825 has a tighter specification of 0.7 to 1V. There 
is no way to adjust the retract voltage reference. 

Finally, the retract circuit will typically work to a voltage at VCC as low as 3V. Below this point, the voltage across 
the VCM will rapidly decrease. 

An Alternative Retract Scheme 

This group of pre drivers relies upon a blocking diode to isolate the VCM H bridge from the 12V supply during failure. 
An alternative retract scheme is shown in figure 22 and offers the advantage of not requiring the VCM blocking 
diode. Removal ofthe blocking diode is atthe cost of adding two additional enhancement mode retract MOSFETs, 
some discrete components, and losing velocity limiting during retract. 

During power fault, the predriver "A" and "D" outputs will turn on as usual. As the 12V supply drops to zero, the 
retract current due to the H bridge itself will become insignificant (since there is no blocking diode isolating VCC). 
However, during fault BRK will become high impedance allowing the gates of the two additional N channel 
MOSFETs to move upwards to spindle BEMF voltage thereby turning on the retract MOSFETs. A resistor may 
be necessary to limit current and the diode/resistor is added to insure noise immunity. 

vee 

A 01 p e 

B D 

BRK 

VBEMF 

FIGURE 22. Alternative Retract Circuit 

Disabling Retract 

Some applications implement a mechanical retract or have other reasons to disable the automatic retract function. 
For this group of predrivers, the circuit shown in figure 23 may be useful. This circuit works by turning on the NPN 
transistor during power fault so that the gate voltage on the "D" gate driver cannot rise. The resistance in series 
with the "D" driver gate will introduce some phase shift and so its value must be chosen carefully. 
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OUTO 

BRK 

VBEMF 

FIGURE 23: Disabling Retract In VCM Predrlver 

RETRACT METHODS (continued) 

BRK Pin pull-up 

The SS132H569, SS132H6230, and SSI32H6240 all include a special BRK pin which is the collector of an NPN 
transistor. When retraction occurs, this NPN transistor is turned off thereby allowing the voltage at the collector 
to rise. Early data sheets indicated that this pin must be pulled high even if it is not used. This is no longer true 
and this pin may be left floating. 

Transistor Retraction 

An alternative to H bridge retraction is to source the retract current into the VCM motor through an additional device 
such as an NPN transistor. Tt)e SSI 32H6820 and SSI 32H4633 implement this kind of retraction. 

One of the disadvantages of H bridge retraction discussed in the prior section is that the retract level is not 
adjustable. In the SSI 32H4633 and SSI32H6820, a pin named VRETR accepts an externally applied retract 
reference voltage. VRETR has a default high impedance voltage source ranging from 0.3 to O.9V which can be 
externally overdriven. Figure 24 shows how transistor retraction is implemented. This circuit will typically work 
down to 3V. 

VRETR 

+12V 

Blocking diode 

1------.---- VBEMF and 
Spindle Supply 

A 

B 

FIGURE 24: Transistor Retract 
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No diodes are required to protect the NPN transistor from reverse emitter/base breakdown because during normal 
operation, AOUTR is high impedance. If the retract level is high, the addition of a series resistor between the NPN 
collector and VBEMF supply is helpful to distribute power dissipation. 

Velocity limiting 

The retract voltage applied across the VCM is constant and serves to limit head velocity. Head velocity is limited 
because the voltage across the VCM is sensed by the SE1 pin and then compared to VRETR. The base current 
of the NPN is adjusted so that the feed back voltage at SE1 equals VRETR. When the head moves, the back­
electromotive-force (BEMF) generated across the VCM adds to the total voltage developed across the VCM 
resistance. As the head gains velocity, the BEMF increases and ultimately is limited when the BEMF voltage 
equals VRETR and the applied retract current goes to zero. When the head stops against the crash stop, the 
current is limited to VRETR divided by the VCM resistance. 

Typically, a resistor and diode combination is used to generate the retract reference as shown in figure 25. The 
resistance is chosen to provide a small current such as a few hundred microamps and the diode serves to provide 
a fairly constant reference of approximately O.7V. Other retract levels can be derived from dividers working off the 
reference diode. 

Integrated Retraction 

VRETR 

VBEMF 

1 
~ Diode serves as :&: retract reference 

FIGURE 25: Setting Retract Level 

All Silicon Systems integrated power servo drivers implement retraction with internally dedicated MOSFETs which 
are enabled during retract. VM1 is switched to an internal MOSFET as the voltage source and VM2 is saturated 
towards ground. The following integrated power drivers implement this retract method: 

SSI32H6510 

SS132H6810 

SSI32H6811 

SSI32H6812 

All of these devices implement a programmable retract level. A VRETRACT pin is provided which requires an 
external voltage which in turn will set the VCM retract Voltage. There is no default VRETRACT level in these 
devices, an external reference must be supplied. 

Velocity limiting 

The retract voltage applied across the VCM is constant and serves to limit head velocity. Head velocity is limited 
because the voltage across the VCM is sensed by the SE2 pin and then compared to VRETRACT. The internal 
N channel retract MOSFET is controlled by the comparator thereby adjusting the voltage on the VCM through the 
VM1 pin. When the head moves, the back-electromotive-force (BEMF) generated across the VCM adds to the total 
voltage developed across the VCM resistance. As the head gains velocity, the BEMF increases and ultimately is 

13-115 
I 



Servo Controllers and 
Motor Drivers 

RETRACT METHODS (continued) 

Velocity Limiting (continued) 

limited when the BEMF voltage equals VRETRACT and the applied retract current goes to zero. When the head 
stops against the crash stop, the current is limited to VRETRACT divided by the VCM resistance. 

Typically, a resistor and diode combination is used to generate the retract reference as shown in figure 25. The 
resistance is chosen to provide a small current such as a few hundred microamps and the diode serves to provide 
a fairly constant reference of approximately O.7V. Other retract levels can be derived from dividers working off the 
reference diode. 

Retract to Brake Transition 

Often in hard disk designs, it is necessary to free spin the spindle motor during a retract period and then transition 
into a spindle braking mode. Free spinning provides the necessary energy to power the retract circuits for a few 
hundred milliseconds thereby insuring that the head is over a landing area prior to braking the motor. A means 
to implement this scheme is to use a delay circuit which is triggered by power fault and upon time out, the spindle 
is placed into a brake mode. Most Silicon Systems sensor-less spindle drivers provide a BRAKE pin for this 
purpose and the Silicon Systems Sensor-less MSC Applications Note discusses this technique in detail. 

Using Spindle BEMF Voltage for Retract 

A popular method for powering the retract circuit upon power failure is to full-wave rectify the spindle motor BEMF. 
For all Silicon Systems predrivers, an external "blocking" diode is required to isolate the 12V supply from the upper 
P channel MOSFETs during powerfault. For Silicon Systems integrated power drivers, the MOSFETs are stacked 
N channel devices and no "blocking" diode is required. The Silicon Systems Sensor-less MSC Applications Note 
discusses this subject thoroughly. 

POWER FAULT DETECTION 

Power fault detection is implemented by the servo drivers in various ways. Many have internal fixed thresholds 
while others provide comparators accepting a user supplied sample of the supply voltages. The table below lists 
the types of fault detection implemented and any digital fault signals generated: 

DEVICE FAULT DETECTION METHOD SIGNAL 

SSI32H569 VCC, LOWV, and VREF qualification BRK 

SSI32H6230 VCC, LOWV, and VREF qualification BRK 

SSI32H6231 VCC 

SSI32H6240 PS1 and PS2 comparators PFAIL,BRK 

SSI32H6510 VCHK comparator SYSRST 

SSI32H6810A VCHK comparator SYSRST 

SSI32H6811 VCHK comparator SYSRST 

SSI32H6812 VCHK comparator POR 

SSI32H6820 VCHK1 and VCHK2 comparators SYSRST 

SSI32H6825 Internal reference qualification 

SSI32H6520 PSV comparator SYSRST 

SSI32H6521 PSV comparator SYSRST 

SSI32H4633 VCHK1 and VCHK2 comparators SYSRST 
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In some Silicon Systems devices, power fault consists of either retract or linear mode such as the SSI 32H569. 
Other devices provide digital signals suitable for system wide reset such as the SSI 32H6810A. Figure 26 
illustrates the power fault phases in devices like the SSI 32H6810A. 

5V 

4V 

2V 

ov 
time 

Power Normal Operation Power 
Fail Fail 

-----~---.... : ---I 
I 

I---....,.~--------

Setting the FauH Threshold 

I 

: RCRST 
I Delay 

FIGURE 26: Power Fault Phases 

Devices which implement a comparator for power fault detection require an external resistor divider to sample the 
supply voltage. Some devices have two comparators (such as the SSI32H6240 or SS132H6820) so that both the 
12 and 5V supplies may be monitored. The threshold voltage should be chosen carefully (particularly not too high 
and causing false detection) and should consider the various tolerances involved including: 

1. Minimum operating supply voltage 

2. Tolerance in band-gap reference 

3. Tolerance in resistor divider components 

4. Ccmparator offset 

As a design example, consider a minimum system operating voltage of 4.5V in a SS132H681 OA application. The 
band-gap tolerance is± 3% and ± 1% resistors are to be used. The comparatorolfset is ± 15 mV and the nominal 
band-gap reference is 2.25V. 

The tolerance in the two divider resistors can be additive. Factoring in the comparator offset, compute the resistor 
divider to yield 2.25V for a supply voltage 95% of 4.5V less 15 mV. In this example, this supply voltage trip point 
will be 4.26V and selecting the divider to draw 100 microamps yields values: 

(Vtrip - 2.25) 
Rupper = -"-1-0":"0-' -1O--6-z'-

R _ 2.25 
lower - 100 .10-6 

which yields values of 20.1 K and 22.5 k.Q respectively. 
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POWER FAULT DETECTION (continued) 

Adding HystereSIS 

Hysteresis may be added to power fault detectors which rely upon a comparator and generate a SYSRST signal. 
A resistor added between the SSI 32H6810A VCHK pin and SYSRST will add Hysteresis to the comparator 
threshold. When power is first applied, SYSRST is asserted low thereby setting the power-up threshold. When 
SYSRST is negated high, the current through the Hysteresis resistor will add to the voltage developed at VCHK 
effectively lowering the power-down threshold. The Hysteresis is approximately given by the formula below: 

TT R10wer 5 
Y hysteresis = 0 

Rlower + Rhysteresis 

If Rlower is 22.5 kil, approximately 100 mVof Hysteresis is introduced with a RHysteresisof 1 MQ. 

Minimum Operating Voltage 

Power fault detectors require a minimum voltage for successful operation. All devices generating a SYSRST 
power fault signal will correctly assert SYSRST low down to 2V. 

Fault Signal Usage 

The type and usage ofthe power fault signal will depend greatly upon how it is generated. Some ofthe fault signals 
are conditioned and compatible with microcontrollers for system wide reset while others aren't. 

PFAIL and BRK 

PFAIL and BRK are the collectors of NPN transistors. An external pull-up resistor is required and this pull-up is 
typically connected to VBEMF (the rectified spindle BEMF voltage). Typically, the minimum resistance will be 
10 kQ and use of these signals will be limited to analog circuits including switching external MOSFETs during 
retract. No Silicon Systems spindle drivers can accept this BRK signal to initiate braking. In the 5S1 32H6240, 
PFAIL is available which separately reflects the power fault state while BRK also responds to the RETRACT pin. 

The SYSRST Pin 

SYSRST is designed to be suitable for system wide reset. In all devices supporting this fault signal, an external 
RC network provides conditioning which can assure minimum assertion time. Figure 27 illustrates the typical circuit 
found in the SSI32H681 OA. The following is a design example which will condition the SYSRST assertion so that 
it has a minimum pulse width of approximately 1 0 ~S. 

The RCRST threshold varies from 0.8 to 2V in the SSI 32H6820. The resistor will charge the capacitor towards 
5V. The voltage on RCRSTwill follow the basic relationship: 

Vmst = 5(1- eYre) 
so that solving for the relationship between delay time "t" and RC when the threshold is chosen to be 0.8 yields: 

RC= -1 

1n( 5 - ;crst ) 

or approximately: 

RC = 5.7 0 ( 

With R of 47 kQ, C is found to be approximately 1 ~Fd. 
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-r-----v'''--.-----. RESET 

VCHK 
--1---1 

VBGAP 
-If----...l--j 

PSALTI_I-____ ~======~ 

FIGURE 27. Power Fault Detector 

In the SS132H6812, the device pin count has been greatly minimized. The POR pin itself shares the job of signaling 
power fault and conditioning. This signal will usually not be directly compatible with the microcontroller due to the 
slow rise time (when capacitance is added) and requires intermediate buffering. Routing POR through some form 
of non- inverting TTL buffer will do the job. 

Capacitance may be added to POR. The threshold is approximately 400 mV so an approximate RC time constant 
for a desired "t" can be computed from: 

RC=12·t 

SLEEP MODES 

Sleep modes provide a means to reduce power consumption when functions such as servo are not needed. The 
table below lists how each Silicon Systems servo device supports sleep modes: 

DEVICE SLEEP MODE EFFECT 

SSI32H569 none 

SSI32H6230 DISABLE VCM 

SSI32H6231 none 

SSI32H6240 DISABLE VCM 

SSI32H6510 SLEEP VCM 

SSI32H6810A SLEEP VCM and MSC 

SS132H6811 SLEEP VCM and MSC 

SS132H6812 SLEEP ,STANDBY,SHOCKSLP VCM or MSC or SHOCK 

SSI32H6820 SLEEP,HEN,MEN VCM orMSC 

SSI32H6825 DISPWR MSConly 

SSI32H6520 SLEEP Entire Device 

SSI32H6521 SLEEP Entire Device 

SSI32H4633 HENABLE,MENABLE,PWRDN VCM or MSC or Device 
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RETRACT AND POWER FAULT (continued) 

SLEEP MODES (continued) 

Dual function devices like the SSI32H681 OA and SSI32H6811 respond to sleep by turning off both the servo and 
spindle sections. Selective sleep modes are offered in others which allow servo/MSC combination devices to 
power down servo while maintaining spindle operation. 

Multiple Power Down Modes 

Servo/MSC combination devices which offer selective sleep modes such as the SSI32H6812 can support multiple 
power down modes. As an example, the SSI 32H6812 supports the following power down modes selected by 
programming bits in the control register: 

MODE CONDITION 

SHOCK Independently power down shock detector 

SLEEP Both VCM and MSC float, power fault active 

STANDBY VCM float, MSC active 

RUN Both VCM and MSC active 

VCM LIMITING 

VCM limiting are techniques used to insure that the data head is controlled in a non-hazardous way. 

VELOCITY LIMIT 

Linear mode velocity limiting is supported in the SSI 32H569 only. Velocity limiting during retract is discussed in 
the Retract and Power Fault section. Velocity limiting is performed by integrating motor current from SOUT and 
comparing the result against a window. When the integrator exceeds the window, then the driver is turned off. 
When the driver is off, the integrator discharges and ultimately will return back into the window where the driver 
is enabled once more. This behaviormay oscillate between enabled and disabled with a period determined by the 
veloc~y integrator gain. 

In general, the servo system should never lose control of the head but if it does happen, velocity limiting can provide 
a means to insure that the head velocity is within the crash stop rating. Formulas and constraints for computing 
the necessary components are found in the SSI 32H569 data sheet. 

CURRENT LIMIT 

VCM current limiting is a common technique which may be implemented for different reasons and in differentways. 
Limiting the output current may serve to protect the head from achieving dangerous velocities. Limiting the 
command current allows higher power amplifier gain while maintaining a limit on peak current. Generating a write 
protect warning is useful in detecting conditions where a large servo error has been encountered and it is possible 
that any pending write operation may miss track center. 

Limiting the Output Current 

Only the SSI 32H569 implements output current limiting. The motor current at SOUT is compared against a 
window. If the current exceeds the window, the driver is disabled. When disabled, the current will decay and once 
again current will be within the comparison window so that the driver re-enabled. This behavior will oscillate while 
the excessive command current conditions exist. 
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In a transconductance amplifier, a voltage is applied as input and a current is forced through the load. The input 
voltage commands an output current through the load. If a limiter is placed between the command voltage and 
the error summing amplifier within the transconductance amplifier, then the output current will saturate when the 
input exceeds the limiter. 

The SSI 32H6230 implements a limiting circuit. Figure 28 illustrates how the limiter is connected. The limiter 
voltage is a CLAMP of fixed voltage. The resistors RIN1 and RIN2 determine where the CLAMP will be in effect. 
The formula below computes the input command voltage (relative to VREF) at which the limiter will be active: 

v.. . = RlNl + RlN2 • CLAMP 
ltmd RINI 

When the absolute value of the input command voltage exceeds VUmH ' the output current will be limited to whatever 
VUmH commands. Note that in the computation of amplifier gain, RIN is the sum of RIN1 and RIN2 . 

..--------I'---il CLAMP I 
RIN1 I ,!IN2 

VIN --"..., 
ERRM 1> 

32H6230 

FIGURE 28: Limiting Command Current 

Write Protect Warning 

Write protect warning is implemented by comparing motor current at SOUT against a window. When motor current 
exceeds the limits of the window, a digital output signal named WRPROT is asserted. The intent of WRPROT is 
to stop any write operations in progress often by negating the WR line to the write amplifier and stopping the 
sequencer in the data formatter. Write protect is implemented in the SSI32H6231 and SSI32H6825. In both parts, 
the window is adjustable and can be defeated. 
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SHOCK DETECTION 

The SSI 32H6812 offers a shock detection feature useful in disabling writes to the disk when the drive is 
mechanically shocked in plane with the head positioner motion. Two shock detectors are orthogonally mounted 
on the drive electronics PCB. When a mechanical shock occurs, a small voltage pulse appears across the 
piezoelectric crystal within the detector and the signal is amplified by the electronics within the SSI32H6812. The 
amplified signal is applied to full wave rectifiers which merge both X and Y components together into a composite 
signal. A low pass fiHer smoothesthe shock signal and a comparison is made to a presetthreshold. When the shock 
signal exceeds the threshold, a digital signal is generated which can be routed to logic which will disable any active 
write operation and signal the microcontroller. 

SHOCK DETECTORS 

A representative shock sensor is manufactured by TDK. Figure 29 outlines the device mechanically. This particular 
device generates approximately 1.6 mV per unit gravity or G. Its capacitance is roughly 350 pF and only two of 
the four su/face mount pads are active. 

c 0 

I : :·1 Sensor Output 

I 
FIGURE 29: Shock Sensor 

SHOCK DETECTOR CIRCUIT TOPOLOGY 

Figure 30 shows the basic topology for the shock detector electronics. 

As illustrated, the piezoelectric shock signal is amplified by 40, full-wave rectified, filtered, then compared. 
Neglecting the effect of the full-wave rectifier and writing a transfer function for the remaining amplifier and filter 
blocks yields: 

FIGURE 30: Shock Detector Topology 
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As a design example, the corner frequency was chosen to be 10KHz. Choosing the following components: 

R,=10 kQ, R2=7.9 kQ, R3=37 kQ and C,=2300 pF, C2=250 pF 

yields the bode plot in figure 31 below: 
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FIGURE 31: shock Sensor filter Response 
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The DC gain's approximately 150 and the detection threshold is VBG/2 or 1.125V. This threshold will be crossed 
when the shock detector amplitude exceeds seven millivolts or approximately four G. The detection sensitivity is 
adjusted by changing the discrete components configuring the filter. 

No responsibility is assumed by Silicon Systems for use of this product nor for any infringements of patents 
and trademarks or other rights of third parties resulting from its use. No license is granted under any patents, 
patent rights or trademarks of Silicon Systems. Silicon Systems reserves the right to make changes in 
specifications at any time without notice. Accordingly, the reader is cautioned to verify that the data sheet is 
current before placing orders. 

Silicon Systems, Inc., 14351 Myford Road, Tustin, CA 92680-7022 (714) 573-6000, FAX (714) 573-6914 

©1993 Silicon Systems, Inc. 
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Sensorless Motor Speed Control 

INTRODUCTION 

Silicon Systems offers a.wide tange:in hall-sensorless 
motor speed controllers. This application note is a 
comprehensive MSC design guide explaining how the 
MSC family members are different and how to apply 
them successfully. The range of MSC components 
includes those with and without integratedpoWerdrivers 
or ·on-chip speed regulation. The Silicon Systems 
products discussed in this note are the following: 

DEVICE DRIVE TYPE SPEED 
CONTROL 

SSI32M595 predriver yes 

SSI32M7010 integrated yes 

SSI32M7011 integrated no 

SS132H6810A integrated no 

SSI32H6811 integrated no 

SS132H6812 integrated yes 

SSI32H6820 predriver yes 

MOTOR SPEED CONTROLLERS 

Silicon Systems' motor speed control or MSC circuits 
are responsible for commutating DC brushless, three 
phase motors. In a hard-disk drive, the motor controlled 
is the spindle motorwhich is responsible for rotating the 
platters at a fixed and precise speed. The MSC circuit 
commutates the motor drivers, regulates speed, and 
drives current through the motor windings. 

Motor commutation is .the act qf,qriving current through 
the motor windings in such a way as to sustain a 
desired rotational direction. Commutation traditionally 
has been implemented by placing some kind of sensor 
onthe m9tor shaJt. Hall effec,;tsensors are an ideal 

device to place in the motor to sense absolute rotor 
position. For a three phase motor, three Hall sensors 
may be used to directly decode the next motor 
commutation state. Hall sensors offer a closed-loop 
method of absolutely determining the rotor position 
and to properly commutate the motor under all speed 
conditions. Hall sensors burden the motor deSign, 
particularly small motor deSign, with the need to place 
the sensors in the motor and the extra wires forthe Hall 
bias and output. The SSI32M593 and SSI32M594 are 
examples of Hall sensor MSC circuits capable of driving 
external Power MOSFETs at 12V. 

An alternative to Hall effect sensors is to electronically 
detect the rotor position by examining the back­
electromotive-force or BEMF generated by a rotating 
motor. This Hall-sensorless method eliminates the 
need for Hall sensors to be mounted in the motor and 
simplifies the motor wiring. For a DELTA type motor, 
only the three wires for motor terminals A, B, and C 
connect the motor to the MSC circuit; no additional 
wires are required as there would be if Hall sensors 
were used. 

The Hall sensorlesstechnique is not as robust compared 
to a design using Hall sensors. Since BEMF is detected 
for commutation, there is a lower limit to motor speed. 
This lower limit is very significant particularly when 
starting the motor. An open-loop startup algorithm 
steps the motor in a manner similar to stepper motors. 
This stepping or ramping of the motor continues for 
several revolutions until the motor reaches a minimum 
speed necessary for reliable BEM F generation. Once 
the minimum speed is reached, a transition is made to 
sense the BEMF and the motor then operates much 
like a Hall sensor motor. Figure 1 graphically illustrates 
an open-loop startup algorithm. 

Open loop startup ramp Self spin up 

ADVANCE signal 

COMMU signal 

Motor leg voltage 

J 1111111--___ _ 
~l%"ff///h'-1j 

~Wij//////A 

Figure 1. Open Loop Startup Waveforms 
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5 AND 12 VOLT 

The components discussed in this MSC family 
application note includes those intended for a 12Vor 5V 
motor drive. The 12V compatible components are all 
predrivers. The 5V components are a mix of predrivers 
and integrated drivers. The 5V predrivers are actually 
components capable of operating at either 5V or 12V 
such as the SSI 32M595. Examples.of 5V integrated 
drivers include devices like the SSI 32M7010 and 
SSI 32H681 OA. 

PREDRIVER VERSUS INTEGRATED POWER 

A predriver MSC circuit requires external power 
MOSFETs. These power MOSFETs directly connect 
to the motor and deliver current typically in the ampere 
range. The predriver translates the commutation state 
and motor current command into signal levels which 
are connected directly to the gates of the external 
power MOSFETs. There are three pairs of control 
signals, each pair consists of one signal intended for a 
lower N channel and one for an upper P channel 
MOSFET. The Signal names for motor terminal "A" 
MOSFET drivers are OUT A (the lower N channel driver 
gate) and OUTUPA (the upper P channel driver gate). 

An integrated MSC circuit includes power MOSFETs 
within its package. Such a device has three pins 
identified as A, B, and C which in turn directly connect 
tothe motor. The integratedpowerdevicesfrom Silicon 
Systems use a stacked N channel arrangement which 
eliminates the need for a blocking diode when 
implementing retract upon power failure (see a later 
section on blocking diodes). 

CONTROL METHODS 

There are two major control methods used to implement 
speed control in MSC circuits. These two are pulse 
amplitude modulation PAM and pulse width modulation 
PWM. Most Silicon Systems MSC components 
implement PAM while one supports both methods. 

Pulse Amplitude Modulation (Linear Control) 

Pulse amplitude modulation is really a linear control 
scheme updated at a regular rate. In this method, an 
error voltage is applied to a transconductance amplifier 
which sets the motor current. This is a linear control 
scheme because the transconductance amplifier 
attempts to close the loop by forcing motor current to 
satisfy the command current (actually a voltage) 

presented at the VIN pin ofthe MSC component. As the 
motor is commutated, the transconductance amplifier 
is internally switched from motor terminal to motor 
terminal. Only one motor terminal at a time is controlled 
and the particular terminal controlled is the lower one 
which sinks current. The motor terminal current sourced 
from the upper power driver is operated in a switched 
mode. 

Digital speed control functions found in devices such 
as the SSI 32M595, SSI 32H6812, SSI 32M701 0, and 
SSI 32H6820 are intended to update the speed error 
once per revolution. The speed error resembles a 
pulse of duration equal to the motor revolution period 
with an amplitude determined from a proportional­
integral compensator. 

Linear control is often preferred to PWM because in 
smaller hard-disk drives, the switching neise .of PWM is 
easily coupled into the read channel electrenics. Linear 
contrel is a disadvantage for applicatiens requiring 
high currents, particularly when starting since the 
MOSFETswill dissipate significantpowerwhile limiting 
the start current. 

Pulse Width Modulation 

Pulse width modulation is implemented in the 
SSI 32H6811. In the SSI 32H6811, "switch-mode 
.operation" is enabled and configured by writing to the 
mode register ( address 10). Bits M and N setup the 
switching duty cycle so that the motor start current can 
be controlled. Switch mode is intended to provide an 
alternative way of starting the metor, this particular 
method avoids operating the lower MOSFETs in linear 
mode. In switched mode, the cemmutation delay method 
is fixed in one shet mede. 

Fer the SSI 32H6811 , switched mede is used for 
starting and a transitiento PAM is made .once themetor 
reaches seme minimum speed. In general, PWM or 
switched mode makes the least power dissipatien 
demands on the power MOSFETs. 

CHOOSING COMPONENTS AND SIGNALS 

This sectien presents detailed design infermation for 
choosing the external compenents and signals which 
must be connected to Silicon Systems' MSC 
compenents. 
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Transconductance Power Amplifier Gain 

All Silicon Systems MSC components implement a 
linear transconductance power amplifier which accepts 
a command current (in the form of a voltage) and 
attempts to force a current through the motor. The pin 
which receives the current command is named VIN on 
all parts except the SSI 32H6812. For all components, 
motor current is sampled across a sense resistorwhich 
connects all three lower Nchannel MOSFET sources 
to ground. This sampled motor current is amplified by 
a sense amplifier and then compared to the command 
input at VIN. This is a closed transconductance loop 
which translates the command (in voltage) to an output 
current through the motor. Figure 2 illustrates how the 
transconductance amplifier is configured. 

VIN 

Rsense 

Figure 2. Transconductance Amplifier Configuration 

The sense amplifier gain varies across the MSC 
components as indicated in the table below: 

DEVICE SENSE GAIN PROGRAM 
METHOD 

SSI32M595 4 Fixed 

SSI32M7010 4/8 4 at startup, 
8 in linear 
control mode 

SSI32M7011 4 Fixed 

SSI32H6810A 5 or 10 Pin strap 

SSI32H6812 5,10,20,30 Register 

SSI32H6811 5,10,20,30 Register 

SSI32H6820 5,10,15,20 Register 

The design equations for the power amplifier gain are 
derived from the following relationships: 

V SENSE = ISENSE • RSENSE 

V FEEDBACK = ISENSE • RSENSE 

The transconductance loop attempts to force the 
feedback voltage Vfeedback to equal the command 
voltage at the VIN pin. When this condition is satisfied, 
the amplifier is operating linearly. otherwise the amplifier 
is saturated. For linear operation: 

VIN = V FEEDBACK = IMOTOR • RSENSE ·GAINsENSE 

so solving for the transfer function: 

K = IMOTOR = 1 
a VIN RSENSE • GAINsENSE 

where Ka is the spindle amplifier transconductance 
gain. 

Choosing the Sense Resistor and Sense Gain 

When starting the motor, the maximum value of VIN 
voltage should be applied which will result in a limiting 
peak start current. Since run current is usually much 
smaller than start current, trade-ofts between VIN 
voltage, sense resistance, and sense amplifier gain 
may be necessary. Ideally, the amplified sense voltage 
Vsense should be around 0.75V so when possible, a 
fixed sense resistor and programmable sense gain 
should be employed. 

The design approach for choosing the sense resistor 
is to first calculate Rsense to satisfy the start current 
requirement knowing that the input voltage at VIN (see 
the following section for parts with internal speed 
control) ranges from zero to approximately 2.5V: 

2.5 
RSENSE = . 

ISTART • GalnSENSE 

where GAINsENSE is the smallest value available such 

as 5 forthe SSI32H681 OA and I START is the target st art 
current. As a design example, consider a target 1A 
start current in a SSI32H6810A application: 

RSENSE = ~ = 0.5Q 
I • 5 
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If the run current for the particular motor above drops 
to 150 mA, the higher sense gain of 10 should be 

employed to increase the amplitude of V SENSE as 
indicated below: 

IMOTOR GAIN VSENSE 

0.15A 5 0.375V 

0.15A 10 0.75V 

Programmable gain offers a way of adjusting V SENSE to 
a sufficient amplitude which maximizes the signal-to­
noise ratio and generally improves the trans­
conductance amplifiertransient response. Components 
such as the SSI 32H6811 offer even higher sense 
amplifier gains. 

Startup Current In Devices with Speed Control 

Silicon Systems components with speed control 
generate the start current command internally. Instead 
of using the VIN pin, an internal reference voltage is 
selected. The table below lists what this reference is 
and how it is selected: 

DEVICE METHOD 

SS132H6812 VCM DAC redirected to LF pin 

SS132H6820 VLlM pin when more than 3% sloVl 

SSI32M595 2.25V when more than 3% slow 

SSI32M7010 2.25V when more than 3% slow 

For theSSI 32M595 and SSI 32M7010, the start 
current command voltage is fixed at 2.25V. For the 
SSI 32H6820, the VLlM pin voltage provides a 
programmable start current command. In the 
SSI 32H6820, VLlM can be tied to the band-gap 
reference for simplicity. For all three parts, when the 
motor is faster than 3% slow, then the VIN pin is 
selected for motor current commands. 

The SSI32H6812 differs from the other three because 
a second order discrete filter is used to compensate the 
motor. In the SS132H6812, the voltage across this filter 
at the LF pin is directly connected to the 
transconductance amplifier. For starting and 
initialization, the VCM positioner DAC can be redirected 
to force the LF pin voltage. This redirection is 
accomplished by setting the MSCDAC bit in the 
MSC_MODE register. 

Target Speed, Motor Poles, and SYSCLK Frequency 

All Silicon Systems MSC components provide some 
means for indicating motor speed. Some of these 
devices include an internal speed control function 
which relies on the speed indication. The speed of the 
motor is determined by the numberof poles in the rotor. 
The number of commutations a three phase motor 
experiences per revolution is determined by the number 
of rotor/stator alignments computed below: 

ComsREV = 3 • NpOLES 

yielding for typical pole counts: 

12 for 4 pole motor, 

24 for 8 pole motor, and 

36 for 12 pole motor. 

This Comsrev relationship results since each motor 
pole aligns once with each statorwinding per revolution. 

Silicon Systems MSC components determine' one 
revolution by counting the number of commutations; 
the speed indicated is the time taken for one revolution 
to occur. The following table indicates how each 
component indicates motor speed: 
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Target Speed, Motor POles, 
and SYSCLK Frequency (continued) 

DEVICE METHOD COMMENT 

SSI32M595 8 poles assumed Change in metal mask 

SSI32M7010 8 poles assumed Change in metal mask 

SSI32M7011 REVCLK every 12 commutations Externally divided for more than 4-pole 
applications 

SSI32H6810A REVCLK every 12 commutations Externally divided for more than 4-pole 
applications 

SS132H6811 REV every 12 commutations Externally divided for more than 4-pole 
applications 

SSI32H6812 REV every 24 or36 commutations 8- or 12-pole motor selection 

SSI32H6820 4,8,12,16 poles 

Devices such as the SSI 32M595 and SSI 32M7010 
are fixed in the number of poles assumed; therefore, 
operation with motors having other than eight poles is 
best handled with a metal mask option. When using the 
either the SSI32M595 orSSI32M701 0 (as is with eight 
poles assumed) with a four pole motor, two mechanical 
revolutions occur for every one revolution electrically 
detected. For a twelve pole motor, every 2/3 mechanical 
revolution resuHs in the 24 Commutations necessary to 
indicate a revolution. 

For devices like the SSI 32M595 and SSI 32M7010, 
speed control of motors having other than eight poles 
is still possible. As an example, assume a four pole 
motor is to be controlled at 3600 RPM. Instead of 
supplying a 2 MHz SYSCLK to the component, supply 
it with a 1 MHz clock. This correction works because 
two mechanical revolutions of 3600 RPM will occur in 

Register programmable 

1/30th of a second, and cutting SYSCLK to one-half 
shifts the period timer to count down. from 8333 in 
1/30th of asecond (instead of 1 /60th). The sample rate 
is now 30 Hz instead of 60 Hz and the resolution is 4 ~ 
instead of 2 ~, but for. most applications this is still 
much higher than the control open-loop bandwidth. 
Twelve pole emulation is not as successful because 
the samples are not always based on the same 
commutation edge. This ping-pong sampling in 12 pole 
motor may introduce a small degree of speed 
measurement uncertainty. 

Devices having internal speed control measure the 
period of one revolution with SYSCLK. The frequency 
of SYSCLK varies for the devices listed below, but 
internally the clock is divided by the same factors with 
a count resolution of 2 ~. The frequency of SYSCLK 
is based on a 3600 RPM target speed and is used as 
follows: 

DEVICE SYSCLK SYSCLK USAGE 

SSI32M595 2 MHz Speed control reference 

SSI32M7010 2 MHz Speed control reference and adaptive commutation 

SSI32M7011 2MHz Used only for adaptive commutation circuit 

SSI32H6810A 2MHz Used for VCM sense and adaptive commutation 

SSI32H6811 8 MHz Clock used by DACs, VCM sense, and adaptive commutation 

SSI32H6812 1 MHz Speed control reference, VCM sense, and adaptive commutation 

SSI32H6820 4MHz Used for programmable speed control counters, YCM sense. 
amplifier, and DAC 
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The devices having built-in speed control are the 
551 32M595, 551 32M7010, 551 32H6812, and 
551 32H6820. The 551 32H6820 target speed is 
programmable by setting a revolution period value into 
registers. The 551 32M595 and 551 32M7010 may 
operate at other target speeds by scaling the SYSCLK 
frequency. This scaling is a simple linear relationship 
as follows: 

F: = TARGETRPM (2 MHz) 
SYSCLK 3600 

For example, an 8-pole motor operating at 5400 RPM 
with a 551 32M595 would require a 5Y5CLK frequency 
of 3 MHz. Other parameters shift with frequency such 
as the proportional and integral DAC gains of Kp and 
KI. Not all parts lend themselves to scaling 5YSCLK. 

The target speedofthe SSI32H6812 is 5400 RPM. For 
the 5S1 32H6812, a similar scaling relationship as 
given above for the SSI 32M595 can be computed for 
target speeds other than 5400 RPM. Change the 
demoninatorto 5400 and the base frequency to 1 MHz. 
Any scaling of frequency for this component must be 
carefully considered since this SSI 32H6812 device is 
a combination of M5C and VCM functions. SYSCLK 
effects the VCM block also; therefore, changes in 
SYSCLK should be small and performed only to tweak 
the RPM. 

OUTUPA 

OUTUPB 

OUTUPC 

OUTA 

OUTB 

OUTC 

External Power Drivers 

Silicon Systems' MSC predrivers require external power 
drivers to connect to the motor. The two MSC predrivers 
are the SSI 32M595 and SSI 32H6820; both 
components are 5V and 12V compatible. Connection 
from the predriverto the power devices is throughthree 
pair of signals. Each pair consists of an upper P 
channel gate signal denoted as OUTUPx where x is A, 
B, or C motor terminal; and a lower N channel gate 
signal denoted as OUTx. Figure 3 illustrates typical 
connections for a predriver such as the SSI 32H6820 
and external power drivers. A later section discusses 
blocking diodes and hard disk head retraction 
implementation. 

The power MOSFETs chosen must be compatible with 
the predrivervoltage levels. Of course turn-on resistance 
and peak current are deciding factors; however, 
MOSFET gate threshold is a key parameter. As an 
example, consider the SSI32H6820with the upper and 
lower output swings: 

+12V 

"J 

I 

Rsense 

Figure 3. Predrlver Connections to External MOSFETs 
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SIGNAL 

OUTX 

Vol 1Vmax@1mA 

Voh 4.5V min with vm =12V and -50 J.IA 

OUTUPX 

Vol 1Vmax@3mA 

Voh 12 V - pulled up with resistor 

The lower N channel MOSFET must saturate with 4.5V 
on the gate and yet be completely turned off below 1 V. 
A nominal gate threshold of 2V or 3V is necessary to 
meet these switching conditions. The upper P channel 
MOSFET has similar constraints when operating at 5V; 
however, for 12V operation the swing in gate voltage is 
so much wider that almost anything will work. 

STARTING THE MOTOR 

Starting a sensorless motor is more difficult than a 
motor with Hall sensors orbrushes. Back EMF sensing 
requires a minimum motor speed to generate sufficient 
voltage for detection. When first starting the motor, no 
BEMF will be available and therefore some alternative 
scheme must be used to determine when to commutate. 

Initializing Commutation State 

The initial commutation state can be asserted by the 
microcontroller. The methods for performing this 
initialization vary with each component family. In 
general, there is little advantage in initializing the 
commutation state to a specific value because the rotor 
may be anywhere. When current is first applied, the 
rotor need only move forward or backward by at most 
one commutation angle to align with the applied stator 
field. The table below summarizes how each MSC 
component commutation state can be initialized: 

DEVICE INITIALIZATION METHOD 

SSI32M595 Clear RESET low 

SSI32M7010 Clear both BRAKE and 
RESET low 

SSI32M7011 Clear both BRAKE and 
RESET low 

SSI 32H681 OA Clear both SLEEP and 
BRAKE low 

SSI32H6811 Clear both BRAKE and 
RETR low 

SSI32H6812 Program the START bit in 
MSC_MODE 

SSI32H6820 Program the STAT bUs in 
register 0 

Startup Methods 

Various ways have be.en devised to compensate for 
the lack of BEM Fwhenstarting the motor. Most startup 
methods are open-loop in nature. The basic open-loop 
scheme is to operate the motor as if it were a stepper 
motor, synchronously following a commutation 
sequence which accelerates the motor speed up to the 
minimum RPM necessary for BEMF detection. The 
generation of the commutation sequence often is by a 
microprocessor, based on a table of timing values 
implementing a startup prOfile. 

Open-loop startup schemes suffer in reliability when 
the motor or load conditions change. If the motor 
cannot follow the commutation sequence, the motor 
may fail to start. All open-loop startup methods s~ould 
test for motor rotation and must retry to startup If the 
motorfailed to spin up. Typically, two orthree revolutions 
are all that is required to start the motor. For a 12 pole 
motor the commutation sequence should provide 72 
or mo~e steps of open-lOOp commutation sequencing. 
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Computing a Startup Profile 

An open loop commutation sequence can be calculated 
knowing the motor number of poles, numberof phases, 
torque constant, start motor current, load inertia, and 
number of steps. The procedure below generates a 
series of commutation timing values which can serve 
as a starting pointforthe startup commutation sequence. 

First, determine the distance traveled during each 
commutation to be: 

L\. = 
2 • 11: 

rads 
Np • N" 

where Np is number of poles and N" is number of 
phases. 

When constant acceleration is assumed (which is 
reasonable for low RPM where the peak start current is 
constant), the angular acceleration (neglecting friction) 
is found from: 

a = Kr • 1M 
Je 

rads 

sec2 

where k,- is torque constant and J8 is inertia. 

Integrating a over the interval 0 to ''t'' yields angular 
velocity at time "I": 

w = fad'!" = a • t rads 
sec 

Absolute rotor position is found from the integral of 
velocity from 0 to ''t'': 

e = f tOO'!" = 
2 

The startup routine will generate a sequence of 
commutations in time which should result in the rotor 
traveling a total absolute distance of S. Knowingthe 
distance the rotor travels to be Si ' the time can be found 
to be: 

(= 

where the subscript "i" corresponds to each 
commutation sequence step ranging from 0 to the 
number of steps required. Each distance is computed 
as: 

The instantaneous velocity at time ''1;'' is computed 
from: 

K .J 60 
w=--L-lL·tl ·-- RPM 

10 2'1!" 

As an example, consider a design having the following 
properties: 

Je = 0.024 and kT = 3.7 in consistent units, 

1m = 1 A peak start current, 

Np = 12 poles and N<jl = 3 phases. 

The startup profile of commutation time (absolute) to 
commutation posilion is plotted below: 

.25 

0.0 
3.5 

Plot 1: 20 Step Startup Profile 
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An Open Loop Startup Method 

The open loop startup profile may be computed and 
placed in a ROM based table within the microprocessor. 
The microprocessor then uses the startup profile table 
as timing values which determine when the ADVANCE 
pin must be asserted. The basic startup method 
performs the following: 

1. Initialize the motor with current 

2. Ramp the motor with the startup profile 

3. Check motor spin up, if it fails then repeat 1 

An enhancement to the basic startup method is to 
modify the startup profile so that a wider range of motor/ 
load conditions can be addressed. This enhancement 
adds a degree of adaptivity by trying a slightly aggressive 

Flow Chart 1 "Outer Loop Of Open Loop Startup 

profile first, then if the motor fails to spin up, modify the 
profile so that it is slower. By slowing the profile, the 
startup method becomes more robust in its attempt to 
retry startup of the motor. The more robust startup 
method is outlined below: 

1. Initialize profile setting 

2. Initialize the motor with current 

3. Ramp the motor with the startup profile 

4. Check motor spin up, if success then complete 

5. Slow the startup profile and repeat 2 

Two flow charts describe the enhanced open loop startup 
method example. The first flow chart describes the outer 
loop responsible for all steps except number 3 listed 
above. The second flow chart describes step 3 only. 

Flow Chart 2 " Inner Loop of Open Loop Startup 
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Variation on Startup for the SSI 32H6812 

The basic open-loop startup method outlined above is 
applicabletothe SSI32H6812asweil. The SSI32H6812 
requires a few extra steps due to the way the start 
current command is generated and other programable 
options. These extra steps are outlined below: 

1. Setup for Startup 

2. Program the Start Current Command DAC 

3. Ramp Up the Motor 

4. Precharge and Speed Control 

The steps outlined above are graphically represented 
in Figure 4. 

Program the Start Current Command DAC 

The start current command is determined from the 
voltage at the LF pin. Setting the MSCDAC bit in the 
MSC_MODE register redirects the 10-bit VCM 
positioning DAC to the LF pin. At the same time, the 
redirected DAC voltage is level translated down so that 
binary zero is half way between 0 and 2.25V. Program 
the VCM DAC with a value which will correspond to the 
start current command required. 

Ramp Up the Motor 

Toggle the ADVANCE bit in the MSC_MODE register 
as outlined earlier for open loop startup. 

.....------::---T---;rT-----··. 
: . I: \ LF 

pin 
I : I. • 
I : I I i 
: ~/: ! 

;::! 1;' .'.: 

i ! 
L/:' '''' • 

Volts 

....... " ... :-.~;;'t<,~ ........... ··7<~~-;" ... £~"'" 
''''-- ---_ ... " 

o Settle Ramping Precharge Speed control 
time 

Enable speed control too soon 
............................ Optimum 
• - - - - - _ Enable speed control too late 

Figure 4. SSI32H6812 Startup Sequence at LF Pin 

Setup for Startup 

To setup for motor startup, the START bit in the 
MSC _MODE register is set true. Setting START resets 
the commutation state counter and blocks the BEMF 
event detector thereby insuring that only transitions of 
the ADVANCE pin advance the commutation state 
counter. Also, the commutation delay should be set to 
one of the fixed values using the DELAY bits in the 
MSC_MODE register (see a later section on 
commutation delay). 

Other setup includes negating RETR and BRAKE and 
asserting STAN DBY by setting these all to binary "1" in 
the CaNT_MODE register. 

Precharge and Speed Control 

At the end of the startup ramp, return the START and 
ADVANCE bits to zero thereby enabling BEMF events 
to get through and self commutate the motor. At the 
same time, the commutation delay should be returned 
to adaptive by clearing the DELAY bits in MSC_MODE. 

Some time later, program the DAC to a value 
corresponding to the typical run time voltage at the LF 
pin. This programmed value will serve to "precharge" 
the integrator thereby initializing the LF pin voltage. 
When to actually precharge is a degree of freedom 
dependent upon how fast the motor accelerates and 
what the requirements are upon speed overshoot and 
settling time. The precharge duration itself may be 
fairly brief being typically a few miliseconds in length. 
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Precharge and Speed Control (continued) 

After the precharge is complete, the MSCDAC .bit is 
returned to zero so that the speed control loop is 
enabled. 

If the speed control loop is entered immediately after 
the completion of the startup ramp, the motor will not 
yet have reached the target speed and the voltage on 
the LF pin will rise from the precharge value. The speed 
control loop will command more current arid the LF 
voltage will first rise then fall back to the final steady 
state value. 

If speed control loop is entered too late, the motor will 
have overshot the target speed. The LF pin voltage will 
discharge to zero quickly and the motor will slow down 
due to friction. Finally, the motor speed will pass 
through the target and the control loop will close 
thereby locking motor speed. 

The decision as to when to transition from startup to 
speed control can be implemented in two ways. In the 
first method, a fixed delay to enabling speed control is 
emperically determined. The second method relies on 
the TOO SLOW indication selectable from the REVf 
COM pin of the SSI 32H6812. 

Using the COMfREV Indicator 

To use the TOO SLOW indicator, the CRL 1 and CRLO 
bits in the MSC_MODE register may be set such thaI 
the COMfREV pin is "1" when the motor is more than 
10% too slow. The COMfREV pin is selected first to 
detect commutation activity to determine if the motor is 
spinning. Afterfinding the motor spinning, COMfR EV is 
reprogrammed for monitoring TOO SLOW. TOO SLOW 
will be asserted until the motor speed is faster than -
10% of the target and should be monitored by the 
microcontroller. When TOO SLOW is negated, the 
speed control is enabled and COMfREV is 
reprogrammed formonitoring LOCK. The table below 
indicates how the COMfR EV pin selections are made: 

CRL1 CRLO COMfREV 

0 0 Commutation Event 

0 1 Revolution Event 

1 0 LOCK indicator 

1 1 Too slow indicator 

Firmware Startup Example 

Firmware listing 1 illustrates a "C" code based startup 
routine implemented on an 8051 microcontroller 
supporting a SSI 32H6811. This particular startup 
example includes the ramp up logic and tests for motor 
spinning and oscillation. In a later section discussing 
speed control, a "C" code example of speed control is 
provided. 
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Listing 1. "C" Code Startup 

1* ramp scale factors *1 
#define RAMP MIN 15 
#define RAMP START 20 
#define RAMP MAX 30 

const unsigned int ramp_table[RAMP_LENj = { 
1124,465,357,301,265,239,220,205,192,182, 
173,165,159,153,147,142,138,134,130,127, 
124,121,118,115,113,111,109,107,105,103, 
101,100,98,97,95,94,93,91,90,89, 
88,87,86,85,84,83,82,81,80,79, 
79,78,77,76,76,75,74,74,73,72, 
72,71,71,70,70,69,68,68,67,67, 
66,66,66,65,65,64,64,63,63,63, 
62,62,61,61,61,60,60,60} ; 

void start_motor{void) 

unsigned int ramp_scale; 
int i; 

and_systat(-MOTOR_RUN); Iiturn off MOTOR_RUN bit in sys_status 
or_systat(MOTOR_RUN); II Set status to reflect motor started 
and_systat(-MOTOR_START); 
} 

or_systat(MOTOR_START); Iiturn on MOTOR_START bit in sys status 

ramp_scale = RAMP_START; II init value - adaptive feature in ramp 

while(sys_status & (MOTOR_STALL I MOTOR_RACE» 
( 

1* reset commutation counter *1 
clear_bit (RETR) ; 
clear_bit(BRAKE); 

set_bit (ADV) ; 
delay(USEC(1000»; 
set_bit (RETR) ; 
set_bit (BRAKE) ; 

II block BEMF event feedback 
II 1 mS so that reset asserted 

1* command start current - setup DAC and sense gain to 5 
send-packet(MSC I (Ox1ff« DAC_SHIFT»; 1* max VIN *1 
send-packet(MODE I REV I GAIN_5 I (3«N_SHIFT»; 

1* pulse ADVANCE low to high to insure driver enabled*1 
clear_bit (ADV) ; 
set_bit (ADV) ; 
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void start_motor(vold) (continued) 

/* wait a LONG time for rotor to settle */ 
long_delay(4); 

/* accelerate motor by going through the startup ramp */ 
for(i=O; i < RAMP_LEN; i++) 

{ 

delay(ramp_scale * ramp_table[i]); 
clear_bit (ADV) ; 
set_bit (ADV) ; 
} 

1* enable normal adaptive commutation *1 
clear_bit (ADV) ; 
send-packet(MODE REV I GAIN 5 I (l«N_SHIFT»; 

ramp_scale = (ramp_scale < RAMP_MAX) 
? ramp_scale + 1 : RAMP_MIN; 1/ change for retry 

long_delay(2); /* wait before checking for successful start */ 
} 
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Supponing Assembly Language 

Though the startup firmware is written in "C," some low level assembly language was required for serial port and 
high speed interrupt handling. The key assembly language subroutines are listed below for detailed reference. 

The two interrupt handlers work together. Time_lnt is called when timer 1 expires indicating thatthe motor is turning 
too slowly. Rev _Int is called on each high-to-Iow transition ofthe 551 32H6811 REV _ ClK pin. Rev _Int measu res 
motor period and when necessary, it makes a call to a subroutine used to control speed (discussed in detail in a 
later section). 

; 8051 Resource initialization for this example taken 
; from the strip of code executed on reset. 

8051 Resource initialization for this example taken 
from the strip of code executed on reset. 

SETB ETl 
SETB EXO 
MOV IP,#O 
MOV SCaN, #0 
MOV TMOD, #Ollh 
MOV TH1,#0 
MOV TL1, #1 

initialize the 8051 
SETB TRl 
CLR TRO 
SETB ITO 
SETB ITl 
SETB COMREV 
SETB EA 

;enable timerl interrupt 
;enable REV_CLK to be interrupt 
;priority mask 
;serial mode 0 for SSI 32H6811 use 
;both timers in mode 1 
;reset period watchdog timer 

;enable period watchdog timer 
;turn off timer 0 (general use) 
;select edge-triggered interrupts 

,make REV_CLK pin readable 
;enable interrupts 
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; sencU>acket: send the word stored in R2 (MSB) and R3 (LSB) 
; to the SSI 32H6811 

send"'packet: 

SETB SDEN 
CLR TI 

Assert SDEN to enable serial transfer 

MOV SBUF,R3 Send the LSB first 
JNB TI,$ wait for transfer to complete 
CLR TI 
MOV SBUF,R2 Send MSB 
JNB TI,$ 
CLR SDEN Drop SDEN to end transfer 
RET 

; --------------------------------------------------i 
; REVCLK watchdog interrupt handler 
; --------------------------------------------------i 
time int: 

CLR EA 
CLR 
MOV 
MOV 

TR1 
TH1,itOffh 
TL1,itOffh 

; turn off timer 
;Set timer to value which signals 
;that it has expired. 

rphase is an internal variable read in rev cnt int 
and it divides rev cnt interrupts by 3 because the 
test motor was 12 pole 

MOV rphase,B 

; Set 
; and 
ORL 
ANL 
SETB 
RETI 

signals tested in C code indicated motor stalled 
not locked or racing 
sys_status,lIMOTOR_STALL 
sys_status,#«MOTOR_RACE OR MOTOR_LOCK) XOR Offh) 
EA 

; --------------------------------------------------i 
; REVCLK interrupt handler 

; ----------------------------------~---------------; 
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rev int: 

riOO: 
riOI: 

ri1: 

CLR EA 
DJNZ rphase,riOO 
; take this path on 
CLR TR1 
MOV rphase,#3 
MOV revcnt,TH1 
MOV revcnt+1,TL1 
MOV TH1,#0 
MOV TL1,#1 
SETB TR1 
SJMP riOl 
LJMP rexit2 

decrement phase counter 
the 3rd interrupt, measure 
stop timer 
reset phase counter 

period now 

store timer count in locs C code sees 

reset timer to count next period 

; Save machine state here - dependent on C compiler useage 
; clear stall flag if TH1 was < Offh (now in revcnt) 
MOV A,revcnt 
INC A 
JZ ri1 ;jumps if was stalled 
ANL sys_status,#{MOTOR_STALL XOR Offh) ;not stalled 

; check for racing motor (indicates stalled spindle and 
motor oscillation) 

MOV R4,revcnt 
MOV RS,revcnt+1 
MOV R2,#00fh ; 10000 RPM @ 8 MHz 
MOV R3,#OaOh 
LCALL ?UI CMP LT_L02 ;Borrow compiler int compare sub 
JZ ri2 ;nonzero means not less than such that 

;the motor must not be oscillating 
ORL sys_status,#MOTOR_RACE set MOTOR RACE 
ANL sys_status,#{MOTOR_LOCK XOR Offh) ; clear MOTOR LOCK 
SJMP rexit 
; motor is not racing, so clear MOTOR_RACE flag 

ri2: ANL sys_status,#{MOTOR_RACE XOR Offh) 

; if motor is supposed to be running, as indicated by 
; MOTOR_RUN flag, then call speed control function 
MOV A,sys status 
ANL A,#MOTOR_RUN 
JZ 
MOV 

rexit 
RI,#O 

LCALL speed_control 
rexit: 
rexit2: 

SETB EA 
RETI 

no parameters on stack 
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COMMUTATION DELAY 

Silicon Systems MSC components implement two 
different methods for de laying motorcommutation from 
the detection of the BEMF event. These two methods 
of commutation timing are fixed delay and adaptive 
delay. Most components implement one or the other, 
however, the SSI32H6811 and SSI32H6812 provide 
both. The table below identifies the methods used by 
the MSC family members: 

DEVICE METHOD 

SSI32M595 Fixed 

SSI32M7010 Adaptive 

SSI32M7011 Adaptive 

SSI 32H681 OA Adaptive 

SSI32H6811 Both, programmable mode 

SSI32H6812 Both, programmable mode 

SSI32H6820 Fixed 

Fixed Commutation Delay 

Fixed commutation is implemented with a non­
retriggerable oneshot. When the BEMF event is sensed, 
the one shot is triggered. The one shot duration is 
programmable with an external resistor and capacitor 
network in the SSI32M595 and SS132H6820. The one 
shot duration is internally set within the SSI 32H6811 
and SS132H6812. 

The fixed commutation delay provides two functions. 
The first function is to delay the actual advancement of 
the commutation state counters from the sensing of the 
BEMF event. Choosing the RC network for the target 
RPM results in optimum motor operation. The second 
function of the delay circuit is to provide a noise-gating 
interval where the transient noise resulting from motor 
commutation is ignored. 

When using fixed commutation delay, the same delay 
duration is present throughout the operating region of 
the motor. This means that the delay used at startup is 
the same as that for the target operating speed. Only 
the target operating speed is optimum; startup does not 
operate at the optimum point. 

Most hard-disk motors are very trapezoidal in nature. 
This means that the BEMF voltage waveform across 
the motor windings appear to have a trapezoidal shape 
for a constant speed. The slope of the transition from 
most positive to most negative is fairly great unlike the 

changing slope corresponding to a sine wave. For 
trapezoidal motors, optimum commutation delay results 
in only a very slight improvement in motor efficiency. 

Fixed commutation offers a Simple, robust design. The 
single RC time constant configures the motorthroughout 
its operating range. For a broad range of motor 
applications, fixed commutation delay is superior 
because it offers greater noise rejection compared to 
adaptive methods. 

Extending the Noise Gate Interval 

In some instances when using the SSI 32M595 or 
SSI 32H6820, one fixed delay is not sufficient. These 
instances occur when the start current transients do 
not die off quickly enough and false BEMF events are 
detected. This failure occurs because the fixed 
commutation delay also provides a noise blanking 
interval. At high target RPMs, the time constant is small 
so the large amplitude transients present at startup still 
have significant amplitude after the noise blanking 
interval has expired. 

When a single delay time constant is not sufficient, an 
analog switch and series resistor may be added to 
extend the commutation delay over wider range of 
operating conditions. Figure 5 illustrates such a circuit. 
The analog switch is open when starting the motor, 
then closed usually after the startup. ramp is complete. 
The RC time constant is based on just the resistor and 
capacitor itself at startup; during run the RC time 
constant is based on the parallel resistance of the two 
resistors and the capacitor. The microprocessor is 
responsible for closing the analog switch. 

EXTRC 

Enable 
at RUN 

+5V 

Figure 5. Extending Fixed Commutation Delay 

13-142 



Sensorless Motor Speed Control 

Design Example 

Forthe SSI32H6820, the RC network is placed at the 
EXTRC pin. The capacitor goes to ground while the 
resistor pulls up to 5V. The minimum resistance is 10K 
with a maximum of 10 MQ, capacitance must be 
greaterthan 100 pF. From the data sheets the following 
is given: 

1"d = 0.56 • R • C sec 

1"n = 0.29 • R • C sec 

where td is the commutation delay period and tn is the 
additional noise blanking interval occurring after the 
delay. These time constants must be chosen so that: 

where tc is the target RPM commutation period. If this 
constraint is not met, the motor will fail to commutate 
properly at the target speed. This false commutation 
will appear as rough, irregular operation indicated by a 
very irregular drive voltage waveform at the motor 
terminals. 

If the target speed is 5400 RPM and the motor is 12 
pole, the target commutation period is: 

1"c = 36 .6~400 or approximately 309 J.IS 

Choose the sum of td + tn to be less than tc to build in 
margin. Picking this sum to be: 

"rrc = 0.8 • 'fc 

allowing for 20 % total error in the RC network, yields 
a design target: 

"'rc :; 250 J.IS 

Choosing a common value for C of .01 ~Fd, yields R of: 

R= .... c =25kQ 
C 

Adaptive Commutation Delay 

Adaptive commutation delay does not require any 
external components. Instead, the adaptive 
commutation delay circuit determines the optimum 
commutation time by observing the prior period. In this 
way, the next commutation period is predicted by 
looking at the prior period history. 

The SSI32H6810A is an example of a device which 
implements only adaptive commutation delay. In the 
SSI 32H6810A, the adaptive circuit delays the 
advancement of the motor commutation state counter 
by 3/7ths of the prior commutation period. The noise 
blanking interval following motor commutation is an 
additional2/7ths (specified in the data book as 517ths 
from the beginning of the commutation period). 

The adaptive commutation delay circuit has a very 
wide range of operation. This range is specified relative 
to a nominal target speed of 3600 RPM. For the 
SSI 32H681 OA, the adaptive range is -80% to +50%. 
Though a nominal target speed is given, this value 
does not suggest a necessary operating speed. Instead, 
the nominal speed given is based on the frequency of 
SYSCLK which internally sets the rate at which the 
adaptive circuit switched capacitors operate. 

For the SSI 32H681 OA, there are restrictions on what 
values SYSCLK can assume because this clock is 
used also in the positioner motor sense amplifier. In a 
device like the SSI32M7011, SYSCLK can be modified 
freely since it only effects the adaptive circuit itself. The 
nominal frequency is linearly scaled with SYSCLK. 

For the SSI 32H6810A, the adaptive commutation 
delay operating ranges versus the allowed range in 
SYSCLK are: 

RPM RPM RPM 
SVSCLK Low end Nominal High end 

1.5 MHz 540 2700 .4050 

2MHz 720 3600 5400 

2.5 MHz 900 4500 6750 

Adaptive commutation may improve motor operating 
performance slightly. It has the advantage that the 
motor commutation is dynamic and may improve spin 
up time slightly. Also, no external components are 
necessary to configure the commutation delay. The II 
adaptive circuit has the disadvantage of greater noise 
sensitivity compared to fixed delay. 
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Selecting the SSI 32H6811 Delay Mode 

The SSI32H6811 provides programmable commutation 
modes. The mode register at address 01 contains both 
the M and N bits which are decoded as follows: 

M N Commutation Comment 
Delay Method 

0 0 Adaptive INCOM effects 
adaptive timing 

0 1 Adaptive INCOM ignored 

0 2 Adaptive INCOM ignored 

0 3 Fixed, INCOM 
one-shot effects one-shot 

timing 

<>0 X Fixed, PWM,INCOM 
one-shot one-shot timing 

The table above shows that both M and N bits within the 
mode control register effect commutation delay and 
the power control method. Forthe SS132H6811, PWM 
is a switched mode of operation intended for used only 
at startup. 

The pin INCOM can effect the commutation delay 
circuits of both methods. When M is zero and Nis 1 or 
2, the commutation delay is adaptive and INCOM is 
ignored. In all other modes, INCOM is an input. 
Generally, INCOM is not useful in modifying the adaptive 
delay timing. However, the voltage on INCOM must be 
externally set for one-shot mode. Typically, a voltage 
divider is used to setup the voltage on INCOM using the 
following guidelines: 

INCOM ONE-SHOT 
VOLTAGE DELAY 

O.SV 1S0 J..ls 

2.5V SOO J..lS 

SettinglNCOM for 2.SV yields the best overall one­
shot timing well suited for starting the motor. The 
SOO J..lS one-shot commutation delay results in a total 
noise blanking interval of 8S0 J..lS which should be 
sufficient in all cases to insure that the startup current 
amplitudes die down to insignificant levels. The 
maximum RPM before miscommutation occurs under 
these one-shot conditions is computed from: 

where: "Cn is the noise blanking interval such 
as 8S0 J..lS, 
Np is the number of poles, and 
N<j> the number of phases. 

With 12 poles and three phases, RPM MAX is 1960 RPM. 
Clearly, the microprocessor must switch from one-shot 
mode into adaptive mode before this maximum RPM is 
reached or else miscommutation will occur. Note that 
if one-shot mode is desired under all conditions, setthe 
voltage at INCOM lower so that a higher target RPM 
can be reached. The lower limit of INCOM voltage is 
approximately O.SV. 

Programming the SSI32H6812 Delay Mode 

The SSI 32H6812 offers both adaptive and fixed 
commutation delay like the SSI 32H6811. The 
SSI32H6812 delay mode is selected by programming the 
DELAY bits in the MSC_MODE register as lis' 3d below: 

DELAY1 DELAYO MODE 

0 0 Adaptive 

0 1 Fixed at 1S0 J..lS 
I--

1 0 Fixed at 300 J..ls 

1 1 Fixed at SOO J..lS 

Fixed commutation places an upper bound on the 
operating motor speed. When the motor speed 
increases, the commutation period decreases and 
miscommutation will occur when these are equal. The 
maximum RPM before miscommutation occurs under 
these one-shot conditions is computed from: 

RPM = __ 6_0 __ 
Max Tn. Np • N~ 

where: "Cn is the fixed delay period, such as SOO J..lS 
Np is the number of poles, and 
N<j> the number of phases. 

With 12 poles and three phases, R PMMAX is 3300 RPM. 
Clearly, the microprocessor must switch from fixed 
delay mode into adaptive mode before this maximum 
RPM is reached or else miscommutation will occur. 
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MOTOR OSCILLATION 

The SS132H6810A, SS132H6811, and SSI32H6812 
are intended for small form factor hard-disk drives 
typically of 2.5" or less. The motor voltage constant of 
many of these drive motors is particularly low and 
therefore, these devices offer sensitive comparators to 
detect the BEMF at low speeds. Under certain 
circumstances, it is possible for the motor to get into a 
condition where it will oscillate. When this oscillation 
occurs, the motor will not spin. 

Motor oscillation occurs when the motor is energized 
but it is not turning. Under this Situation, there is no 
BEMF for the comparators to detect. Without BMF, 
noise can falsely trigger a BEMF detection event. 
When this happens the commutation state counter is 
advanced and more noise is generated by the very act 
of commutation. lithe motor is notturning, this sequence 
will continue and increase in frequency. Very quickly, 
the motor will break into oscillation. 

The conditions which may leadto motor oscillation are: 

1. The motor can't follow the startup ramp 

2. The terminal speed at the end of the ramp is 
too low 

3. The motor rotor is stuck 

The steps to solve oscillation are: 

1. Insure the motor can follow the ramp 

2. Insure terminal speed generates at least 100 
mVBEMF 

3. Select fixed commutation delay during startup 

4. Implement software detector for oscillation 

5. Implement snubbers (sometimes needed in 
12V drives) 

By making sure the motor can follow the ramp, the 
occuranceof oscillation will be avoided. This is because 
a rotating motor generates BEMF which will dominate 
all noise sources. Of course, the terminal speed of the 
ramp must provide sufficent speed to generate at least 
100 mVof BEMF though more is always better. 

Fixed delay offers better noise rejection compared to 
adaptive. In general, the longer fixed delays are better. 
The adaptive circuit will adapt to the noise itself and 
quickly move to the shortest commutation interval. In 
these parts, this minimum interval is 125 IJ.s yielding a 
commutation state change frequency of 8 kHz. 

It is possible to detect motor oscillation since the 
resulting frequency is much higher than the operating 
commutation rate. Such a detector could be 
implemented in the startup firmware during the test to 
see if the motor is spinning after the ramp. The test for 
spinning may involve counting the number of 
commutation state changes over a fixed period of time. 
If it is observed that the period of state changes is less 
than some threshold, it may be deduced that the motor 
is oscillating and the startup should be retried. 

Finally, snubbers may eliminate oscillation. Snubbers 
effect the transient waveform across the motor. In 12V 
designs, there may be high amplitude voltage transients 
during startup which take a long time to die out to a 
negligible value. The SSI32M595 does not implement 
dV IdT limiting and therefore snubbers are the only way 
to modify the transient response. 

ADVANCE MISCOMMUTATION 

ADVANCE miscommutation is the event where the 
commutation state counter did not properly respond to 
Ihe rising edge of the ADVANCE signal during startup. 
The causes for miscommutation are: 

1. ADVANCE pulse width too wide 

2. Low BEMF and comparator noise 

3. Motor following ramp too closely 

ADVANCE Pulse Width Too Wide 

All Silicon Systems MSC devices to date except the 
SSI 32H6812 rely on the ADVANCE pulse during 
startup 10 block BEMF detection. (The SSI32H681 OB 
and SSI 32H6811 B implement a new design which 
prevents miscommutation; this section is not applicable 
to these new parts.) Internal to the device, ADVANCE 
is logically OR'ed with the signal associated with BEMF 
detection events. During startup, the rising edge of 
ADVANCE will increment Ihe commutation state 
counter. The startup firmware should keep ADVANCE 
high most of the time and lower it only briefly to assert 
the next low-Io-high transition. 

In this design, there is a brief window where a collision 
between the ADVANCE edge and a BEMF detection 
event can occur. Depending upon the width of the 
ADVANCE pulse, the collision can result in the following 
outcomes: 

a. No commutation error 

b. Failure to commutate 

c. Double commutation 
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ADVANCE Pulse Width Too Wide (conlinued) 

Figure 6 below illustrates graphically the possible 
outcomes: 

ADVANCE 

BEMF 
CK 

I 
I I 

I 

I 

I 

OK 

OK 

I OK 

L Double commutation 

Early. bulOK 

J Early. bulOK 

OK 

Figure 6 - Advance/BEMF Event Collisions 

Low BEMF and comparator noise 

Inthe 681 X MSC devices, the comparator sensitivity is 
particularly high. This sensitivity is high so that the low 
BEMF generated by small form-factor drives can be 
detected. During startup, there is very little BEMF and 
therefore any noise may trigger the comparators to 
falsely detect BEMF events. This increases the chance 
for ADVANCE.pulse collision discussed in item 1 
above. 

Motor following ramp too closely 

During open loop startup discussed earlier, the motor 
is accelerated by following a commutation ramp. If the 
motor is following the ramp very closely such that there 
is essentially no "slip," then a true BEMF event may 
occur precisely at the time where the next ADVANCE 
pulse is to be generated. The occurance of this is rare 
but it does relate to item 1 above. Often, increasing the 
speed of the ramp slightly will eliminate this event from 
occuring. 

Mlscommutation SolutIon 

Solutions which insure proper startup commutation are 
itemized as follows: 

DEVICE SOLUTION 

SSI32M595 Minimize ADVANCE width, t>21JS 

SSI32M7010 PulllNCOM high during startup 

SSI32M7011 PulllNCOM high during startup 

SSI32M6810A PulllNCOM high during startup 

SSI32M6811 Pull INCOM high during startup 

SSI32M6812 Assert START bit to block 

SSI32M6820 Program STAT bits to set state 

The SSI 32M595, SSI 32M7010, SSI 32M7011, and 
SSI 32H6820 devices tend to have lower comparator 
sensitivity and therefore should not be subject to 
comparator noise. Typically for these parts, the only 
type of event which results in miscommutation is due to 
the motor following the ramp too closely. 

Pulling up INCOM refers to a technique of forcing +5V 
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on the INCOM pin during startup. This method can be 
implemented by placing a PNP transistor with the 
emitter at +5V, collector on INCOM, and the base 
controlled through a resistor. Typically a 10k Q resistor 
and a 2N2222A type transistorwill work. It is necessary 
to provide some output signal which can sink base 
current and turn on the transistor during startup. When 
switching to run, the transistor should be turned off. 
See Figure 7 for a circuit diagram to pulllNCOM high. 

+5V 

32H6810A 

INCOM 

tJP pulls base low to turn on transistor which in turn 
pulls INCOM towards five volts to eliminate collisions. 

Figure 7. PulllNCOM High to Eliminate 
Miscommutation 

The SSI 32H6812 and SSI 32H6820 differ from the 
balance ofthe MSC parts. The SSI32H6812 has a bit 
which when set high blocks all BEMF events and insure 
no miscommutation. The SSI 32H6820 has three bits 
which directly specify the next commutation state. In 
the SSI32H6820, it is recommended to program these 
bits instead of pulsing ADVANCE when 
miscommutation is a concern. 

COMMUTATION TRANSIENTS 

When the motor is com mutated, transient voltages and 
currents result. The magnitude of these transients can 
be reduced in various ways across the Silicon Systems 
MSC product family. The table below indicates what 
methods are available to each component in the MSC 
family: 

DEVICE TRANSIENT REDUCING 
METHOD 

SSI32M595 External Snubbers 

SSI32M7010 dV IdT limiting 

SSI32M7011 dV/dT limiting 

SSI 32H681 OA dV/dTlimiting 

SSI32H6811 dV/dT limiting 

SSI32H6812 dV/dT limiting 

SSI32H6820 dV/dT limiting 

The commutation transient is generated by the switching 
off of current in a motor leg while commutating as figure 
8 illustrates. Each motor leg has a significant inductance 
and when the conduction path for the current in the 
motor leg is abruptly reduced, the energy stored in the 
charged inductor discharges resulting in a transient. 

The current rise when turning on a motor leg is 
determined by the electrical time constant of the motor 
inductance and total series resistance of the motor and 
drivers. By commutation sequence design, there will 
not be any initial current flowing in the motor leg. 

When turning off a motor leg, the energy stored in the 
inductor can be thought of as an initial condition modeled 
by current source which will decay in amplitude. The 
decay time constant will be determined by the motor 
inductance and the total resistance making up the 
inductor discharge path. The voltage polarity of the 
transient is determined by which end of the motor leg 
is switched off. If the upper leg is switched off while the 
lower leg is held near ground, the transient voltage will 
be negative in amplitude. When the lower leg is switched 
off while the upper leg is held near the supply voltage, 
the transient voltage will be positive in amplitude. 

Negative going transients are limited by diodes to 
ground as shown in figure 8. Positive going transients 
are limited in different ways depending on the circuit 
implementation. Figure 8 illustrates the transient I 
response for a device with stacked N channel MOSFET 
integrated drivers such as the SS132H6810A. 
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Upper MOSFET A 
sources current 

Lower MOSFET C 
sinks pin C near 
ground 

, Upper MOSFET A 
turns off 

Upper MOSFET switch turning off results in negative transient clamped by diode 

Lower MOSFET C 
sinks pin C near 
ground 

Pin Crises 
positive 
above +V 

+ 

Lower MOSFET C 
turns off 

Lower MOSFET switch turning off results in positive transient 

Figure 8. Switching Transients with Integrated Drivers 
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COMMUTATION TRANSIENTS (continued) 

The SSI 32M6810A internally implements stacked N 
channel MOSFETs. The lower N channel devices have 
kick back diodes useful for rectifying the spindle motor 
for retract purposes. The SSI 32H6810A does not 
require a blocking diode since there is no inherent 
parasitic diode across the upper N channel FET. Three 
external diodes are added to complete the full-wave 
rectification of BEMF for retract voltage. The common 
point of these three diodes is connected to the VBEM F 
pin on the SSI 32H6810A. The positive transient 
discharge path is a high impedance consisting of the 
upper diode to and into the VBEMF pin. Limit the peak 
transient voltage with sufficient dV IdT adjustment. 

When using external power MOSFETs such as with the 
SSI32H6820, kick-back protection diodes are always 
found across the P and N channel MOSFET sections. 
The lower protection diode shunts the motor terminal to 
ground through the sense resistor. In a bipolar (full­
wave) drive mode, the positive transient is discharged 
through low impedance made up by the upper kick­
back diode and P channel MOSFET currently switched 
on. In unipolar drive mode, the discharge path is a high 
impedance because there isn't an upper P channel 
MOSFET. For unipolar mode , the peak transient voltage 
may significantly rise above the spindle voltage supply 
and must be limited by dV/dT or snubbers. 

Adjusting dV/dT with RRAMP 

In most Silicon Systems MSC components, the lower 
driver turn-off time can be adjusted. When the lower 
driver is turned off in a slower, controlled manner 
(compared to an abrupt switching off), the positive 
going transient voltage amplitude is reduced. This 
dV/dT (rate of change in voltage) limiting action of the 
lower driver serves to discharge the inductor and 
reduce the transient voltage developed across the 
inductor discharge path. 

A resistor is used to adjust the lower driver gate turn off 
time. Forthe SSI32H6811, the following relationship is 
specified: 

dV 15 V where RRAMP is in kf2. 
dl RRAMP J1S 

RRAMP is a resistor which sets an internal current 
source responsible fortu ming offthe driver by lowering 
the gate voltage. The amplitude of this current source 
determines the speed at which the driver gate voltage 
drops. Actually, the lower driver turn off effects the 
dl/dT (rate of change in current) in the motor leg. The 
transient normally observed is the voltage which results 
across the inductorfrom the dropping motor current as 
described in the basic equation: 

dI 
Vindue/or = L· dt 

Snubber Networks 

Snubber networks are RC networks placed across the 
motor windings. "Snubbing" networks are designed to 
provide a path forthe transient current to flow when the 
motor leg is turned off. The basic network is a series 
resistor and capaCitor combination which is placed 
across two adjacent motor terminals, three such 
networks are needed for a three phase motor. 

The design of the snubber network is completely 
discussed in the Silicon Systems application note 
titled: Snubbing Network Design for Spindle Motors. 

INTERNAL SPEED CONTROL 

Several Silicon Systems MSC family members provide 
internal speed control while the rest require external 
speed control. There are two types of internal speed 
control provided in Silicon Systems MSC components: 

1. Digital PI configured with resistors 

2. Charge pump and loop filter 

Both speed control methods make use of a crystal 
based clock for precise digital period measurement 
and internally compute velocity error. The PI 
(proportional-intregal) type digitally integrates the error, 
generates analog voltages from DACs, and configures 
compensation with resistors. The charge pump type 
applies a current proportional to the speed errorthrough 
a second order passive filter which configures the 
compensation. 

Digital PI Speed Control 

The SSI 32M595, SSI 32M7010, and SSI 32M6820 all 
provide internal digital PI speed control. The I 
SSI32M6820 differs slightly from the others because it has 
programmable target speed and number of motor poles. 
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Startup and Linear Control Modes 

The internal speed control circuit operates in two 
modes. The startup mode is automatically entered 
when the motor speed is more than 3% slow. If the 
target speed is 3600 RPM, startup mode is active when 
the motor is not turning up through 3492 RPM. When 
in startup mode, the voltage applied to the spindle 
transconductance power amplifier is fixed. Linearcontrol 
mode is entered when the motor speed is greater than 
3% slow. When in linear mode, the voltage to the 
transconductance amplifier is taken from the VIN pin. 

The fixed voltage used in startup mode varies between 
the three components: 

DEVICE STARTUP VOLTAGE 

SSI32M595 2.25V interna.lly supplied 

SSI32M7010 2.25V internally supplied 

SSI'32H6820 Taken from VLlM pin 

The SSI32H6820 offers another degree of freedom in 
choosing the sense resistor. The interaction between 
the startup command voltage and the current sense 
resistor allow tradeoffs between the two to best satisfy 
the dynamic range of the motor operating currents. 
Alternatively, VLlM may be directly strapped to VBIAS 
eliminating the need for external components. 

PI'Speed Control Model 

The, small signalspeedcontroJ model is illustrated in 
Figure 9 below. In this model, the friction term typically 
represented by the symbol B has been assumed to be 
zero. 

+, 
Target Speed, ~ 
377RADISEC 

The previous model references the following parameters: 

Parameter 

Target speed 377 radians/sec or 3600 RPM 

Kp-dac Proportional error gain 

Ki-dac Integral error gain 

Ka Transconductance gain 

Kt Motor torque constant 

J Motor and load inertia 

'S Laplace operator 

Kp Compensator proportional term 

Ki Compensator integral term 

The parameters Kp-dac and Ki-dac are speed sensitive 
and can be computed as follows: ' . 

K _ = 8333 counts, • .035 volts 
p dac RPS" 2 • n rads counts 

and 

= 0.775V/rad/sec@ 3600 RPM (60 RPS) 

RPS 
K~dac = -4- • Kp_dac 

= 11_6 V/rad @ 3600 RPM 

Spindle 
Velocity 

RAD/SEC 

Figure 9. Small Signal Speed Control Model 

13-150 



Sensorless Motor Speed Control 

PI Speed Control Model (continued) 

Note that the integral term is taken from the upper 6 bits 
of an 8-bit digital accumulator which effectively divides 
the integral gain by 4. Thesample rate of the accumulator 
is in RPS (60 for 3600 RPM) so the factor RPS/4 results. 

The Silicon Systems application note titled: Setting 
Speed Control Loop Compensation Gains, provides a 
detailed design example based on the model above. 
The control circuit itself is not purely continuous and by 
design has a sample rate equal to the revolution rate of 
the motor. When the target bandwidth is small such as 
a few hertz, and thetargetspeed is high such as 60 RPS, 
the model approximates acontinuous system fairly well. 

Resolution and Tolerance 

The resolution of the speed control circuit is entirely 
determined by the digital clock rate used decrementing 
the period counter. When SYSCLK is 2 MHz in the 
SSI 32M7010, the period counter is clocked at 
500 kHz. Due to sampling uncertainty, there is an 
inherent plus or minus one count of error. Since one bit 
is .012% at3600 RPM, the total envelope of uncertainty 
is specified as 0.036%. 

Regulation tolerance is a function of the entire system. 
The resolution of the speed control circuit is very small 
compared to the system variables such as bearing 
friction, changes in load such as when seeking, jitter in 
the speed indicator, and powersupplyvariation. Setting 
the speed control loop compensation effects the 
dynamic response to changes in speed and ultimately 
determines how quickly the loop settles. 

Programmable Speed Control 

The SSI32H6820 offers programmable speed control. 
Register addresses 3 and 4 hold the period counter 
value which is 15 bits in width. This counter is clocked 
at 500 kHz just like the SSI32M595 and SSI32M701 o. 
As an example, consider a 12-pole motor intended to 
run at a target speed of 5400 RPM. In this design 
example, the following parameters are computed: 

RPS = 5400 = 90 revs/sec 
60 
1 ms 

f rev =--=11 
RPS rev 

f 
Countlalal = 2. ~O-6 = 5500 counts 

The programmed load count is 6 less than the value 

found from CountTOTAL. This difference of 6 is due to 
internal digital delays, therefore the final load value is 
5494. The bits setting the number of poles are MO and 
M1 in register 1 of the SS132H6820. Forthis particular 
example, set MO=O and M1=1 for 12 pole operation. 
The hexadecimal equivalent of 5494 is 1576H. Register 
3 should be written with hexadecimal 76H followed by 
15H for register 4. 

Speed LOCK Indication 

The three MSC components supporting internal speed 
control provide a speed LOCK pin. This indicator is 
asserted high when the period measurement is within 
+-15 counts or±0.2%ofthetargetspeed. LOCK can be 
used as an indicator that the motor has spun up to 
speed from startup. In has a fairly wide tolerance which 
minimizes its sensitivity to brief speed error. The falling 
edge of LOCK could serve as an interrupt source 
though polling may be better. 

Using an External Speed Indicator 

Provisions exist in the three MSC devices with internal 
speed control to accept an external speed indicator. 
This speed indicator should transition once per indicated 
revolution. The devices transition to the external Signal 
in slightly different ways: 

DEVICE SELECTION METHOD 

SSI32M595 Assert INDXSEL and apply 
speed signal to INDXlCOMMU 
pin 

SSI32M7010 Assert INDXSEL and apply 
speed Signal to INDXlCOMMU 
pin 

SSI32H6820 Program INDX_SEL bit in 
register 0 and apply speed 
signal to EXT INDX 

External speed indication may be attractive in some 
designs to enhance speed control tolerance. In normal 
Internal mode, the speed indicator is derived from the 
BEMF zero crossings. By dividing the zero crossings 
by the number of commutations per revolution, the 
same zero crossing is always used. Even so, there may 
still be some inherent uncertainty in this analog event. 
By taking a signal from the digital servo timing ASIC in 
a hard disk drive, the speed indication jitter can be 
greatly minimized. When an external speed indicator is 
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Using an External Speed Indicator (continued) 

used, BEMF crossings are initially used to spin up and 
stabilize the motor. Then once LOCK is found, the 
microprocessor will transition to the external indicator. 

Increasing Spindle Bandwidth 

The SSI 32H6820 provides programmable speed 
control. When programmable speed control is used 
with the external speed indicator, it is possible to 
change sample rates under microprocessor control. 
Changing samples rates could be implemented by 
using the once-per-revolution signal derived from the 
BEMF zero crossings during spin up and initial speed 
control; then transition to the external speed indicator 
with a higher sample rate and corresponding smaller 
value in the programmable speed count registers. 
Changing sample rates has the disadvantage of having 
non-optimum compensation in one olthe control modes. 

An alternative to changing the sample rate is to externally 
derive a speed indicator from the commutation event 
signal REVCOM. This design would divide the R EVCOM 
signal (either REVCLK or COMMU which is 
programmable) by a value which would correspond to 
a signal which could be derived from the servo timing 
ASIC. In this way, spinup and initial lock would be 
established using a signal actually derived from the 
BEMF crOSSings but made to look like the signal which 
will later be generated from the data head. When speed 
lock is established, the external speed indicator would 
be switched to the real head signal. This method would 
allow more samples per revolution and thus lend itself 
to higher speed control bandwidths. 

SSI 32H68l2 Charge Pump and Loop Filter 

Only the SSI32H6812 implements a charge pump and 
loop filter for speed control. A charge pump consisting of 
a current source of amplitude proportional to speed error 
charges or discharges the voltage across the loop filter. 
A second order discrete filter consisting of two capacitors 
and a resistor configure the compensation filter. 

Target 
speed 

5400 RPM 

SSI 32H68l2 Speed Control Model 

Figure 10 provides a small-signal block diagram of a 
speed control system based on the SSI 32H68l2. 

The model below references the following parameters: 

Parameter 

Target Speed 5400 RPM 

Kc Speed error in counts/rad/sec 

Kpmp Pump circuit in: 
seconds/count· amp/seconds 

H(s) Impedance of loop filter 

Ka Transconductance gain in 
amps/volt 

Kt/(sJ+B) Motor model with: 
Kt - torque constant of motor 

J - inertia of motor/load 

B - friction 

These model parameters above are computed as 
indicated below: 

K == 5555 counts 
c 90 rev/sec 

1 rev 5555 counts • ---==-----
2n: rads l80n: rad/sec 

and 

2*10-6 sec 60'10-6 amp K == . ---'-c.,--_---'-
pmp count ~O sec 

so that 

K pmp ==1.08.10-9 amp 
count 

speed 

Figure 10. SSI32H6812 Small Signal Speed Control Model 
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SSI32H6812 Speed Control Model (continued) 

The transconductance gain of the power amplifier is 
determined by both the sense resistor and sense 
amplifier gain setting programmed through the serial 
interface. Sense amplifier gain settings Of 5,10,20, and 
30 are programmable. The power amplifier gain is 
computed from: 

K =_1_ 
a G.Rs 

where G is the sense amplifier gain and Rs is the sense 
resistor. 

Loop Filter 

The loop filter presents an impedance through which 
the charge pump current source is forced. Figure 11 
illustrates the components making up this filter. 

The voltage developed across this filter serves as the 
current command amplified by the transconductance 
power amplifier. H(s) is found to be: 

Charge pump 

Figure 11. Loop Filter 

H(s) = __ 1_. s-r+1 
C1+ C2 s(sk-r + 1) 

where 

and k=~ 
C1+C2 

The transfer function offers a "pole" at the origin which 
provides the integration necessary to implement a type 
1 system. The numerator of H(s) provides the "zero" 
which is adjusted to achieve necessary phase margin. 
The parameter k will always be less than 1 so that the 
pole time-constant in the denominator will less than the 
zero. The corner frequencies determined by kand"t are: 

1 1 'z = -2 and fp = 2-1.~ j, m /1.1<., 

Design Example 

In a particular application, the filter components were 
chosen as follows: 

R = 300 K 

C1 = 0.1 ~Fd 

C2 = 1.0 ~Fd 

which yielded corner frequencies of: 

fz = 0.5 Hz and fp = 5.8 Hz. 

For this particular example, the constant parameters 
were lumped together forming a term "g" below and the 
friction B was assumed to be zero. 

g = kc • kp • ki • ka • (kt/J) 

g = 7.345. 10-5 

The modeled open-loop gain was plotted below where 
GH(s) was defined to be: 

GH(s) = g • H(s) 

From the open-loop gain plots, the Odb cross-over 
frequency for this particular example is approximately 
three hertz while the phase margin is approximately 53 
degrees. 
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External Speed Control 

When motor speed is externally controlled, the MSC 
component is responsible only for commutating and 
providing a transconductance amplifier for motor current 
control. The control signal itself is externally generated 
by some device designed to compare actual speed with 
the target speed and generate a compensating current 
command to make the necessary speed correction. 

This section provides two digital speed control design 
examples. The first is implemented using the Silicon 
Systems digital signal processor named the 
SSI32H6830 SE EKE R@. The second is based on an 
80C51 microcontroller. It is natural to implement speed 
control with a microprocessor or DSP since the startup 
method discussed earlier relies uponan external digital 
device. 

Digital Design Approach 

This design example approaches the problem in the 
following steps: 

1. System operation specifications 

2. Characterize the uncompensated system 

3. Compute compensation to satisfy system 
specification 

4. Implement speed control algorithm 

5. Evaluate system performance 

Targ et Speed, 
377 
RAD/SEC 

System Operating Specification 

The system operating specification consists primarily 
of rise time, settling time, and percentage overshoot 
design goals. Various techniques and approximations 
existfortranslating these transient system specifications 
into the frequency domain such that the open-loop 
phase and gain margins can be specified. 

Characterize The Uncompensated System 

This design example will employ a PI compensator. 
Both proportional and integral error components will be 
generated and then summed together to form a 
composite correction current command. This speed 
control compensation is determined by two gain terms 
identified as Kp and Ki denoting the proportional and 
integral gains. These gains are chosen by analyzing 
the Bode plot of the uncompensated system and 
choosing values such that the compensated system 
will meet the target specifications. 

Digital Speed Control Model 

The small signal digital speed control model is illustrated 
in Figure 14 below. The motor friction term typically 
referenced by the symbol B is assumed to be zero. 

The open loop transfer function for this model is found 
to be: 

Spindle 
Velocity 

RAD/SEC 

Figure 14. Small Signal Digital Speed Control Model 

13-155 
II 



Sensorless Motor Speed Control 

Digital Speed Control Model (onlinued) 

In the transfer function T(s) above, some parameters 
are more difficult to determine than others. The ratio 
K/J is dependent upon the motor and load conditions; 
Klach' Ka, and Kdac are electrical and are. easily 
determined. This particular design approach lumps all 
these factors together through charaCterization so that 
individual parameter specification is not necessary. 
This approach is therefore somewhat empirical and 
requires the uncompensated system to exist and be 
characterized. 

System Characterization 

System characterization is made possible by breaking the 
uncompensated control loop with the circuit shown in 
Figure 15. This popular technique allows the 
uncompensated system to continue operating while a 
disturbance signal is added for system evaluation. Note 
that the magnitude and phase of the error signal is 
unaltered and is summed with an external disturbance. 
The system open loop gain GH is found as the ratio below: 

Error 
Signal 

GH = Error Signal 
VIN 

+ 

. Disb.nbance . 

>--I--VIN 

Figure 15. Breaking the Loop for Open Loop 
Gain Testing 

The uncompensated system is characterized by 
introducing a disturbance signal with a magnitude 

Set Kp to 1 and Kj to 0 to obtain the uncompensated 
system response. In some cases, Jt is necessary to 
have more gain in the loop for stable and sufficient 
uncompensated operation. In these low gain cases, 
increase Kp as necessary but maintain Kj at O. Use the 
test value for Kp as reference, and compute the required 
change in gain relative to this reference. 

Computing Compensation 

The PI compensator is: 
K. (jw oKp + KJ 

K+-1..= 
p jw jw 

From the uncompensated open-loop Bode plots, the 
necessary compensator gain and phase shift can be 
determined. Equating this gain Av and phase shift 8 
to the compensator elements yields two conditions: 

Condition 1 

Condition 2 

( w 0 K ) E> = Tan-1 ~ - 90 degrees 

Rearranging each condition so that soluti.ons for Kp and 
Kj are found yields the design equations: 

which is small such as 10% of the steady state error and 
signal, and sweeping the disturbance over a suitable 
range such as 100 mHz to 10Hz. The idea is to select 
values for Kp and Ki so that at the compensated open-
loop gain crossover frequency, the loop gain is equalto 
1.0 (0 dB) with the required phase margin. A Bode 
magnitude plot of the uncompensated open-loop 
response will indicate how much gain must be added to 
reach the desired crossover frequency. Examination of 
the phase plot indicates the necessary phase shift to 
achieve the specified phase margin. 
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Design Example 

This PI compensation method is illustrated in the 
following example. The compensation method is digitally 
implemented with a sample rate of 78 Hz. The sample 
rate is important when computing the real value of Kj as 
will be shown later. 

The motor and load system was characterized by 
sweeping the disturbance over the frequency range of 
100 mHz to 10 Hz. The value of K was set to one. 
Figure 16 shows the uncompen;ated open loop 
response. Note that zero degrees on the plot is actually 
180 degrees phase delay. This means that actual 
phase shift is 180-76.65 or 103.35 degrees at 2 Hz 

For a 2 Hz cross-over frequency, we require 

For Kp' the representation is found using the equation 
above to be: 

31948 == 15.6 • 211>-1 which is 07CCCH 
16 

The value for Kj must be further processed by taking 
into account the update rate of the digital integrator. 
The computed value of Kj must be divided by the 
sample rate yielding: 

K· 
K· = --'- where Fsample is the sample rate 

'real Fsample 

25.5 dB (18.33 V N) of Av gain. Choosing a design goal so that 
of 45 degrees of phase margin, the compensator 
phase shift will need to add an additional phase shift of: 

9 = 135-103.35 or 31.65 degrees. 

Applying the design equations for Kp and Kj yield: 

Kp= 18.332 =15.6 

(1+ Tan2 (90
1
-31.65) J 

and 

K. = 2· 2n· 15.6 120.8 
I Tan(90 - 31.65) 

The values for Kj and K are represented in digital 
format as 16-bit, fixed-~oint binary code. In the 
SSI32H6830 SEEKERII!l DSP, K will be represented 
as 7CCC hexadecimal where the decimal point is 
between bits 11 and 10 (considering the LSB as bit 0 
and the MSB as bit 15). This decimal point placement 
is achieved in the SEEKERII!l by using the RADIX 
instruction with an argument of 4. Effectively, the 
RADIX 4 instruction informs the multiplier to treat Kp as 
a signed number with a range of ± 16. The binary 
representation is found as follows: 

representation value of constant • 2bitr-l 

full scale range 

K. = 120.8 = 1.55 
'real 78 

Representing Kj in hexadecimal using the RADIX 4 
instruction yields a hexadecimal value of OC66H. 

With the computed compensation, the open-loop system 
performance was evaluated and is plotted in Figure 17. 
As the plot indicates, the gain and phase-margin are 
very near the design targets. Since the sample rate to 
bandwidth ratio is 36 in this example, the digital 
compensator is a fair approximation of a continuous 
time solution. Errors between the target and actual 
performance can be traced to the digital compensator 
sampling effect introduced by the use of the numerical 
integration "backward" rule, fixed point computational 
limitations, and system noise. 

Speed Control Algorithm 
Difference Equation 

The digital compensator implemented in this example 
was derived by applying the backward rule as an 
approximation of H(s) by H(z): 

z-I 
s ';= -- where T is the sample period 

T· z 

This translates: 

K. T· z 
H(s)=K +-l!l!. intoH(z)=Kp+Km.--

P s z-I 
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10 dB r-----------~~----~------------~--~~_,180deg 

-10 dB 

-30 dB o deg 

-50 dB 
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0.1 Hz 1.0 Hz 10 Hz 

Figure 16. Uncompensated Open-Loop 

50dB ~------------------------~--~----------~180deg 

30dB 

10 dB Odeg 

-10dB 

L...;. ___ '"--______ --"-__________________ --' -180 deg -30 dB 

0.1Hz· 1.0Hz 10Hz 

Figure 17. ColTlpensated Open-Loop 

Rearranging so that the z terms appear as powers of 
-1 yields: 

where Kj above is the "real" Kj computed earlier as 
Kireal which is the same as Kint multiplied by T. 

Expanding H(z) yields: 

1 -1 K~ -z + I K 
H{z) = Y{z) = K p 

X{z) p l-z 1 

and solving for y[k] in the time domain by recognizing 
that Z·l is the z domain delay operator as in: 

Y[z]~ y[k] 

and 

VIz] • Z·l ~ y[k-1] 

finally yielding the difference equation: 

y[k] = K.Il • (x[k] -'-.x[k -1]) + Ki • x[k] + y[k -1] 
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SEEKERGD PI Code Example 

The SEEKERGD firmware used for the example digital speed control compensator is given in listing 2. This 
firmware runs on an SS132H6830 SEEKERGD DSP. The SEEKERGD has an instruction execution time of 50 ns 
except forthe multiplier which completes in 200 ns. The device has separate ALU and multiplier functional units 
so in some instances, a NOP is required to synchronize internal pipeline delays and data flow. There are no 
immediate memory operations, all constants come from data RAM. The data RAM is 16-bits wide while the 
instructions have short 10-bit and long 20-bit forms. 

Data references are both to general purpose RAM and to special functions. General purpose RAM references 
include those that are variable and those that are constant. Constants are just variables which don't change. LIMIT 
is an example of a constant while EO is a variable. The reference "pTime" is a special function register which 
measures the period of one revolution with a bit resolution of 1.6 IJ.S. DAC2 is the reference name for the 2's 
complement 10-bit DAC used to command motor current. 

listing 2. SEEKERGD Speed Control 

LD pTime IFI 
NOP 
JF OVERFLOW IFI 
JMP GETERROR 

OVERFLOW: 
LD.L MOSTPOS 

GETERROR: 

SUB.L TGTSPEED 
NOP 
Sto EO If2 

;Entry point to speed control firmware 
;The example sample rate was 78 Hz 

;Read period counter and put MSB into Fl 
;pipeline delay unique to the SEEKER 
;branch if period is 8000H for overflow 
;no overflow, compute speed error 

;limit period counter to max pos number 
;MOSTPOS is data location with 7FFF 

;accumulator has valid period error now 

;e(k) = revolution period - target period 

;save elk) in variable EO, sample MSB 
;and put sign of error into F2 

Perform switch based on speed error. If too slow, assert 
maximum DAC voltage for maximum motor current command 
Also, reset integrator. If above this minimum speed threshold, 
operate in linear control mode. 

Note that F2 holds the sign of speed error e(k). If F2 is 
true, then elk) is negative and the motor is too fast. 

JF LIN MODE IF2 ;If too fast, stay in linear mode 
;and slow down by friction 

Otherwise, elk) is positive, compare to switch threshold 
SUB LOW_SPEED IFI ; LOW_SPEED is the threshold to switch 
NOP 
JF LIN MODE IFI ;Above the minimum speed so use 

;linear control 

13-159 
II 



Sensorless Motor Speed Control 

Listing 2. SEEKER® Speed Control (continued) 

; Force the DAC to most positive value when too slow 
LD MOSTPOS 
STODR DAC2 ;Copy directly to the MSC DAC 
STOP ;Work all done, wait for next sample 

Linear mode velocity error computation 
LIN MODE: 

ld EO 
Sub.l E1 
nop 
Sto.l Error 

Radix 4 
MId Error Kp 
Madd EO Ki 
Stodr E1 
Add.l Y1 
nop 
Stosat Y1 /F2 

Ld Xl 

;Get error e(k) 
;Compute e(k)-e(k-1) 

;Save value in temp location for multiply 

;Select RADIX 4 in Kp or Ki representation 
;Compute Kp(e(k)-e(k-1» 
;Compute Kp(e(k)-e(k-1»+Ki*e(k) 
;Overlap Madd by updating e(k-1)=e(k) 
;Y(k)=Kp(e(k)-e(k-1»+Ki*e(k)+Y(k-1) 

;Update Y(k-1), use saturation, F2 is sign 

;Load saturated version of correction Y(k) 

Map the computed result to the 10 bit DAC, perform limiting 
JF CheckDwn /F2 ;If negative, check if too negative 
JMP CheckTop ;Else check if too positive 
nop 

CheckDwn: ;Test is too negative 
add LIMIT ;LIMIT is a variable fixed at 512 
nop 
JF fixbottom /F2;Too negative so limit at -512 
Jmp output ;Value is ok, output as is 
nop 

FixBottom: 
ld.l MOSTNEG 
stodr dac2 
Stop 

CheckTop: 

FixTop: 

Output: 

sub.l LIMIT 
nop 
jf Output /F2 
jmp FixTOp 

ld MOSTPOS 
stodr Dac2 
Stop 

Lds Tmp /shl=6 
nop 
stosat DAC2 

STOP 

;MOSTNEG is a constant of 8000H 
;Output limited value to DAC 
;Work all done, wait for next sample 

;Test if too positive 
;LIMIT is a variable fixed at 512 

;Value is OK, output as is 
;Too positive, limit at +512 

;MOSTPOS is constant of 7FFF 
;Output limited value to DAC 
;Work all done, wait for next sample 
;Output the error command to DAC 
;Shift result up to map into 10 bit DAC 

;Write to DAC using saturation 

;Work all done, wait for next sample 
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"C" Code Speed Control Example 

This section provides a "C"language speed control example which is called by the assembly language REV _INT 
interrupt handlerin listing 1. This speed control example was implemented on an 80C51 microcontrollersupporting 
an SSI 32H6811. 

Listing 3. Speed Control 

II Definitions and explanations concerning constants used later: 

II At 8 MHz, REVCNT period should be 7407 counts for 5400 RPM, 
II minus 10 counts for interrupt handler overhead *1 
#define TARGET (7407 - 10) II This is the target compared later 

II to the measurement in REVCNT var 

#define KP «signed char)85) II PI coefficents 
#define KI «signed char)36) 

#define USEC(a) «unsigned int) «a)/1.5)) II uS -> int val 
#define abs (a) « (a) >0) ? (a) : - (a)) I I absolute value 

II The following include <reg addr> <Ill-servo select> <O-write> 
#define VCM OxOe 1* VCM DAC is reg 0*1 
#define MSC Oxle 1* MSC DAC is reg 1*/ 
#define MODE Ox2e 1* MODE register is reg 2*1 

II bit masks used in C code below 
#define REV Ox8000 II COM/REV* bit is 1 for REVCLK 
#define M SHIFT 12 II shift code to access M bit field 
#define N SHIFT 10 II shift code to access N bit field 
#define DAC SHIFT 6 II shift code to access both DAC fields 
#define GAIN 30 0 II code for sense gain of 30 
#define GAIN 20 Ox80 II code for sense gain of 20 
#define GAIN 10 OxlOO II code for sense gain of 10 
#define GAIN 5 Ox180 II code for sense gain of 5 
#define UNI Ox200 II code enabling unipolar mode 
#define SWON Ox40 II code turning on analog switch 

1* sys_status flags [routine responsible for setting/clearing] */ 
#define MOTOR RUN OxOl 1* motor should be running 

[start_motor, brake_motor] *1 
#define MOTOR START Ox02 /* motor starting [start_motor] *1 
#define MOTOR STALL Ox04 1* [watchdog interrupt] *1 
#define MOTOR RACE Ox08 1* motor racing (probably stalled 

and oscillating) *1 
#define MOTOR LOCK OxlO 1* motor speed within 15.55 RPM 

of target */ 
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Listing 3. Speed Control (continued) 

II Maximum period error for motor lock is 32 uSec (15.55 RPM) 
*define LOCK USEC(32) II macro used to return int for 32uS 

II Implement yl=kp(xl-xO)+ki(xl)+yO 

signed char xO; 
short int yO; 

II xO is previous error, xl is current error 
II previous correction, yl is next correction 

void speed control (void) 
{ -
1* Called by REV INT interrupt handler servicing REVCLK. 

Mustn't do anything that depends upon interrupts being enabled! 
Because interrupts are disabled during this functions 
execution, we can save time by manipulating sys status 
directly. *1 -

long int t; 
short int xl; 
short int yl; 

II used to check if period is too long 
II xl is current error 
II next correction to be computed below 

1* compute period error *1 
t = «unsigned short)revcnt - TARGET); 

xl = (t > 32767) ? 32767 : t; II limit error to 16 bits 

1* check for speed lock *1 
if(abs(xl) < LOCK) 

( II Yes, in lock 
sys status 1= MOTOR_LOCK; 
) -

else 
{ II No, out of lock 
sys status &= -MOTOR_LOCK; 
I -

1* at 8 MHz, REVCNT period should be 7407 counts for 5400 RPM, 
compensator output *1 

1* saturate output when we are far from being locked *1 
if(abs(xl) < 63) 

{ II linear region so compute correction 
II In this particular implementation, scaling has been 
II implemented for numerical reasons. The shifting 
II below is part of this scaling along with lumped 
II scaling in Kp and Ki factors below: 
yl = (KP*«signed char)xl - xO) + KI*xl + (yO«4»»4; 

II saturate correction value 
if (yl > 511) 

yl = 511; II 10 bit DAC positive limit 

if (y1 < -512) 
y1 = -512; 

xO = xl; 
II 10 bit DAC negative limit 
II update previous error term 

II In this particular example, the run gain must be 10 
send~acket(MODE I REV 1 GAIN_10 I (l«N_SHIFT»; 
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else 
{ II error too large so saturate as needed 
if(xl > 0) 

{ II much too slow, apply maximum positive correction 
yl 511; 
xO = 63; 
} 

else 
{ II much too fast, apply minimum correction 
yl = -512; 
xO = -64; 
} 

send~acket(MODE REV I GAIN_5 (l«N_SHIFT)); 
} 

1* update the DAC *1 
send~acket(MSC I (yl« DAC_SHIFT)); 
yO = yl; II update previous correction 
} 

Disabling On-Chip Control 

For the devices having internal digital PI speed control 
such as the SSI 32M595, SSI 32M7010, and 
SSI32H6820 an automatic switch is made from startup 
mode into linear control. This modal switch is based on 
the motor being within 3% of the target speed. In all 
devices, this switching can be defeated by fooling the 
component. Thiscan be performed by selecting external 
speed indication mode and providing a signal at the 
INDX pin such as SYSCLK itself. With the switch mode 
disabled in this way, the VIN pin will always be selected 
as the command for motor current. 

RETRACT AND BRAKING THE MOTOR 

In hard disk drives, the spindle driver is responsible for 
providing voltage to the positioner during power fault. 
This voltage is necessary so that the positioner can 
implement a head retraction. The voltage from the 
spindle is full-wave rectified and presented to Silicon 
Systems components at the VBEMF pin. 

BEMF generation 

BEMF voltage is full-wave rectified by the spindle 
driver. In designs using external power MOSFETs, 
kick-back protection diodes inherent in PIN channel 
MOSFETs can be used to perform this function. The 
lower N channel diode routes current from ground, 
through the sense resistor, through the diode, and back 
into the negative going motor winding. The upper P 
channel diode connects the positive going motorwinding 
to the VBEMF point. This VBEMF source now powers 

term 

the positioner motor by acting as a voltage sourcewhile 
the spindle motor free spins using the generator action 
of the motor itself. Figure 18 illustrates this function. 

........... 1--........ -0 VBEMF 

Figure 18. Generation of VBEMF for Retract 

In integrated power devices like the SS132H6810A, the 
spindle drivers are stacked N channel MOSFETs. The 
lower diodes are built into the package. It is necessary 
to add three external diodes from each motor terminal 
to the common VBEMF point. The upper N channel 
MOSFET in the Silicon Systems components do not 
have the parasitic diode always found across P channel 
drivers. This design eliminates the need for blocking 
diodes as well. 

In most designs, the diodes in the SSI 32H681 OA or 
external MOSFET drivers will be sufficient. If the drop 
across them is too great, however; it may be necessary 
to add Schottky diodes in parallel with the integrated II 
diodes. It may be beneficial to connect the motor 
windings to VBEMF with Schottky diodes. 
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Blocking Diodes 

A blocking diode is necessary only when external 
MOSFET drivers are used. This need arises from the 
fact that the upper P channel MOSFET has an inherent 
parasitic diode. This upper diode can be used to complete 
the set necessary for full-wave rectification of spindle 
motor but only when the cathodes of these diodes are 
isolated from the power supply. For this reason, a 
"blocking" diode isolates the power supply (which will be 
dropping) from the VBEMF point. This has the 
disadvantage of requiring a component and reducing 
the voltage available to the spindle motor by the drop 
across one diode. Figure 3 shows the blocking diode 
and how it isolates VBEMF from the supply voltage. 

Dynamic Braking and Free Spin 

Most MSC family components have a controlled brake 
feature; the SSI32H6812 does not. This feature allows 
the MSC operation to behave in two ways in response 
to a power failure. These modes of operation are 
determined by the voltage on the BRAKE pin. When 
BRAKE is above a voltage threshold, the spindle motor 
will free-spin during power fault. When the BRAKE 
voltage is belowthis threshold, the circuit will dynamically 
brake the motor. Figure 19 illustrates this bimodal 
braking operation. 

This braking feature is intended to be used with an 
external RC network which provides a programmable 
free spin to brake delay. If an RC network is connected 
so that the resistor is from SYSRST (an open drain 
reset signal available on Silicon Systems' positioner 
components) to BRAKE, and a capacitor connects 
BRAKE to ground, then the time taken for the brake 
capacitor voltage to decay below the threshold 
determines the free spin delay. 

Normal Freespin Brake 

-
FAULT 

V\/\ '\/\./\.7'\.'>0 

Threshold 

Figure 19. Bimodal Braking Operation 

POWER DISSIPATION CURVES 

Data sheets for Silicon Systems' devices with integrated 
power drivers for spindle or servo motors have typically 
specified drive capability in two ways. These two drive 
specifications are "ABSOLUTE MAXIMUM RATING" 
and "RECOMMENDED OPERATING CONDITIONS." 
The absolute maximum rating is a maximum current 
such as 1 A beyond which the component may be 
damaged. The recommended operating condition is 
intended to suggest a typical current amplitude. In fact, 
the recommended operating condition is of very little 
use since it does not reflect power dissipation versus 
time. A spindle motor draws considerable current when 
starting then drops off while running. Silicon Systems 
is now providing power dissipation curves for many of 
its integrated power devices. Power dissipation curves 
provide answers to "how much current can the device 
deliver" based on the time duration and ambient 
temperature expected. 

In any application, power will be dissipated in the motor 
loads, the sense resistors, and the drivers. Figure 20 
illustrates the approximate power dissipation curves 
for the SSI 32H6810A (this figure is only an 
approximation, please request the full page plot for 
actual analysis). The vertical axis of the power curves 
is power dissipation in watts inside the SSI32H6810A 
only. The horizontal axis is ambient temperature. The 
power curves consist of a family of individual test 
conditions; each test condition represents a different 
time duration of power dissipation. 

In a hard-disk drive, power diSSipation is not constant. 
The power dissipation during startup is greatest and 
then drops to a fairly small constant value while running. 
The VCM dissipation is very much dependent upon 
seek activity and is usually very small while track 
following. Because of the differences in power 
dissipation based on operating conditions, it is best to 
isolate operation into particular modes. Example modes 
are listed in the following: 
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Operating Modes 

MODE CONDITION 

Startup Peak 1A start current, dissipation 
primarily in spindle driver resistance 
for a few seconds 

Seek Small spindle run current typically 
100 mA along with peak VCM currents 
possibly as high as 500 mA 

Track Small spindle run current ypically 
100 mA along with small VCM 
currents varying in time typically with 
average of 50 mA (measured at 
IWMPpin) 

Fault Retract current holding VCM in 
position and typically under 50 mA 

Operating mode power dissipation can be computed 
using the simple equation: 

p = [2 • R 

where P is power, I is current, and R is resistance. For 
each mode, power dissipation can be computed (not 
counting the worst case 100 mW dissipation in other 
circuits such as bandgap, digital, and misc analog) as 
tabularized in the example below for spindle resistance 
of 1.7 and VCM resistance of 2.50: 

MODE DISSIPATION 

Startup 1 .7 walts (12 • 1.7) 

Seek 642 mW [(0.1 2 • 1.7)+(0.52 .2.5)] 

Track 23 mW [(0.1 2 • 1.7)+(0.052 • 2.5)] 

Fault 6mW 

Clearly in this example, startup is the most demanding 
operating mode. Looking at the power curves in Figure 
20 show that the startup conditions can't be asserted 
indefinitely since the infinity curve intersects the vertical 
axis at less than 1.7 watts. The ten-second duration 
curve is very near 1.7 walts but this plot does not give 
sufficient resolution to precisely determine where its 
intersection is. The two-second curve intersects at 
approximately five watts and is well above 1.7 watts 
through 90°C. The plots show that the peak start current 
of 1 A can be dissipated for nearly 10 seconds without 

triggering the over-temperature shut-down circuit. 
Seeking is an application sensitive activity; even so, the 
power curves indicate that the drive could seek 
indefinitely out to an ambient temperature of 60 or 70°C. 

Many data sheets may not yet include power curve 
information. Please contact Silicon Systems' Servo/ 
MSC applications forthis information if you don't already 
have it. 

p 
watts 

6 

4 

2 

infinite 

o 20 40 60 80 100 120 'C 

Figure 20. Power Dissipation Curves 
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The use of an RC snubber network placed across each 
winding of a three-phase brushless motor may be 
beneficial in reducing the switching EMF and acoustic 
noise of the motor. Further, use of the snubber is 
generally required when applying the SSI 32M595 or 
32H4631 in systems using 12 volt unipolar (HALF­
WAVE) drive modes. Use of snubbers in the unipolar 
drive mode reduces the amplitude of the switching 
transients which can be as large as 20 volts. When the 
individual motor phase and snubber circuit is consid­
ered as a simple L-R-C circuit, the following design 
approach may be taken to compute the necessary 
snubber Rand C values. 

1. DetermIne the necessary time constant for the 
network. 

Snubbing Network Design 
for Spindle Motors 

Silicon Systems 32M595, 32H4631 

'4 U." tiii t.h' ~ Mg 

c. Decay period (1/2 the commutation cell time) 
is 694 ~ec for a 4-pole motor at 3600 RPM. 

d. Motor inductance is 3.5 mH, resistance is 70, 
and torque constant, Kt, is 3.5 oz-inlAmp. 
Knowing that the transient dies down expo­
nentially as: 

v= e(·th) 

Where 1: denotes the time constant of the 
motor and snubber circuit and t is the time 
allowed for this decay to occur. We can solve 
for the necessary -(V1:) by: 

Loge (1/1000) = -6.908 

and since V1: = 6.908, and t=694 ~ec, then 1: 

= 694e-6 + 6.908, which equals 1 00.5 ~ec. 
The motor circuit and the snubbing network to be 
added will be designed so as to create a second 
order exponentially decaying step response. The 
remaining amplitude should be a small value at the 
time the next commutation zero crossing is ex­
pected to occur. Since the zero crossing occurs 
roughly 1/2 of a commutation cell period after 
commutation occurs (due to the chip intentional 
commutation delay), one can calculate the allow­
able time for the decay and specify the snubbing 
network by following through this example: 

2. Computing the required snubbing capacitor. 

a. Peak amplitude of transient is 12 volts (12 volt 
UNIPOLAR) 

b. Die down to 1/1000 of initial transient in 1/2 
commutation cell period. This will result in 12 
mV remaining. The remaining transient volt­
age can alter the commutation angle. In a 
typical unipolar application with a Kt (torque 
constant) of 3.5 oz-in/Amp the magnitude of 
the BEMF signal used for commutation when 
at speed (assumes 3600 RPM) is 9.3 volts 
peak. The amount of commutation shift, or 
jitter due to residual transient voltage in 
degrees of electrical angle is: 

Angleshift = ± [SIN·1 (.012/9.3)] = .074' 

Which is, of course, negligible. 

13-167 

The motor and snubber circuit equivalent circuit is 
shown in Figure 1. 
Solving for the transient response at 

v= RCS+1 

Lm C S2 +(Rm + R)C S + 1 

Where: Lm C = 1!w1l2 , and wll is the natural 
frequency in radians, and (Rm + R)C = 2~Wll ' and 

~ is the damping constant of the second order 
characteristic equation which defines the time 
constant, 

1: = 1/(~Wll). 

When critical damping is desired, as it is now, 1: 
reduces to 1/ww 
In our example 1: is 100.5e-6 sec, and in the 
calculation Lm xC = 1/w1l2 , therefore to calculate 
C when Lm is known: 

C = 1:2 ILm. 

In the example Lm is 3.5 mH, therefore C = (1 00.5e-
6)2/3.5e-3 

C = 2.89 JlFd 
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for Spindle Motors 
Silicon Systems 32M595, 32H4631 

3. Computing the resistor. 
The total resistance in the circuit determines the 
damping factor. The characteristic equation has 
(Rm + R) x C equaling 2 times the damping factor 
divided by the natural frequency, wtt . The total 
resistance for a damping factor of 1 (critical damp­

ing is desired) is: H(total) =(2 x 'C)/C 
R(total) =(2 x 100.Se-6)/2.8ge-6 

R(total) = 69.7n. 
To find R (the snubbing resistor) the motor resis­
tance is subtracted from the total resistance just 
calculated: 
69.7 - Rm( which is 7n), therefore: 

R = 62.7n. 

Summary 

This approach can be iterated to result in ~ more 
common snubbing capacitor value by changing the 
target time constant. Too much snubbing will cause a 
shift in the zero crossing time resulting in poorer motor 
performance. Further, the snubber may result in some 
noticeable power and torque loss, but using this ap­
proach generally will yield good working values. 

1:1 
/~C I 

V 

~ 
Figure 1: Motor and Snubber Circuit Equivalent Circuit 
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The speed control compensation is controlled by two 
gain terms Kp and K;, the proportional and integral gains. 
These gains are set by the selection of two resistors. 
This document presents a method of determining those 
two gains and then the resistor values. The derivation 
of the gains will be shown by using the linearized block 
diagram and the transfer function obtained from that 
simplification. The amount of errorthatthis will introduce 
due to the speed control being a sampled system is 
within tolerable limits at most bandwidths necessary for 
disk drive spindle applications. Of course the presenta­
tion ofthis method does nottry to indicate this is the only 
way these gains may be determined, or even the best 
way. It is one method only and the user may elect 
another method that will best suit his needs. 

The simplified, linearized block diagram is seen in 
Figure 1; the derivation of the open loop transfer 
function is shown. 

REF 377 
RAO/SEC .. 

Setting Speed Control 
Loop Compensation Gains 

This is where: 
KA is the transconductance gain of the driver circuit 
which is a function of Rsense ( see the respective part 
data sheet). 

KT is the motor torque constant. Use units that are 
compatible with J such as oz-iniAmp and oz-in­
sec2, or newton-meters/Amp & Kilogram-meters2• 

J is the load rotating inertia. Use units that are 
compatible with KT. 

S is the Laplace operator. 

Kp is the proportional gain calculated. 

K; is the integral gain calculated. 

TRANSCONDUCTANCE INERTIA 

SIMPUFIED 

REF 377 
RADISEC ... 

TRANSFER FUNCTION 

OPEN LOOP TRANSFER FUNCTION = 11.6 ~I ~t KT (1 + ·ii~~ S) 

FIGURE 1: Motor Speed Control Linearized Block Diagram 
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Setting Speed Control Loop 
Compensation Gains 

From the open loop transfer function the loop gain is: 

LG= 11.6K;KAKT (1+ .775Kp S) 
J S2 11.6 K; 

This can be expanded to: 

LG= 11.6K;KAKT KAKT .775Kp 
J S2 + J S 

The problem is to select values for Kp and Ki that will 
allow the loop gain to come to 1.0 (0 dB) at the desired 
bandwidth frequency; and with a phase margin of the 
desired amount considering stability and performance 
(usually 45 to 60 degrees). 

Evaluate the loop gain at the bandwidth frequency and 
calculate the unknown gains. 

Where: LG = 1.0 at an angle of -135 degrees 
(45 degrees phase margin) 
S=jw 
BW = desired bandwidth frequency in Hertz 
w = 21tBW 

Separate both sides of the equation into their real and 
imaginary parts: 

-11.6 K;KAKT . KAKT .775 Kp 
-.707, - j .707 = J w2 ,- J J w 

The real part can be solved directly for Ki and the 
imaginary part for Kp: 

-116 KKK .707 J (2nBW)2 -.707 = . ; A T solving: K; = _.,....,..-:,...,-'---:-:----'_ 
J (2nBW)2 11.6 KAKT 

_j .707 = _ j KA KT .775 Kp solving: Kp = .707 J (2nBW) 
J (2nBW) .775 KAKT 

Let some values be assumed as an example and solve 
for the gains: 
Let: 

KA = 1.0 Amplvolt 
KT = 3.5 oz-in/Amp 
J = .0098 oz-in-sec2 
BW= 1 Hz. 

Ki = (.707 x .0098 x (21t1 )2)/(11.6 x 1.0 x 3.5) = .00674 

Kp = (.707 x .0098 x (21t1))/(.775 x 1.0 x 3.5) = .016 

These gains and assumed values can be put into the 
loop gain equation and as a design verification a bode 
plot can be made with SERVOCALC®, see Figure 2. 

LG = 11.6 (.00674)(1.0)(3.5) (1 + .775 (.016) S) 
(.0098) S2 11.6 (.00674) 

In polynomial form: 

LG(s) = 4.429 S + 27.923 
S2 

This polynomial is entered into the USER POL YNO­
MIAL module of SERVOCALC® and a Bode plot made. 

As can be seen in the figure the 0 dB crossover is at 1 
Hz and the phase margin is 45°. 

Now thatthe gains have been calculated they need to be 
set in to the Circuit with resistors Rp and Ri as in the data 
sheet. Let the summing resistor be Ro from the Vin pin to 
ground as on the data sheet; a suggested value is 10 
KQ. Solving for the resistors in the general case: 

Rp =Ro (~ -1) 
Kp 

R; = Ro (1 - KKp - 1) 
I 

And solving for our example case: 

Rp= 610KQ 
RI = 1.45 MQ 
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Compensation Gains 
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FIGURE 2: Open Loop Bode Plot 
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