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l. INTRODUCTION

IntelliGen is a Starter/Generator controller with power distribution and battery charging designed by
Power4Flight specifically for use in small engine aerospace applications. See the IntelliGen datasheet for
detailed specifications and electrical and mechanical ICDs. IntelliGen is available in standard and HP designs.
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Figure 1 Conceptual diagrams for IntelliGen and IntelliGen HP.
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IntelliGen is designed to work with batteries to supply power for engine starting and supplementary power
when the engine is not spinning fast enough to generate the required power. There are two types of batteries
that IntelliGen supports: a high voltage (HV) battery and a backup battery. You can use either, or both; but
you must configure IntelliGen to match your battery setup.

A. High Voltage Battery Only

The high voltage battery connects

directly to the

rectified generator

output via the HV switch. Most users

[ ]

A send | (& Request L pefault...

Regulator and HV Switch Enables

4 Open...

Configuration

f@Lock Unlocked ck
Generator Control m Thermal Current

Generation limit (W

will use a 12 to 16S lithium-ion battery
(HP can go up to 28S). If this is your
setup the Power configuration should
be similar to Figure 2.

e The HV is Battery option must be
set. This tells IntelliGen it can
control the high voltage current
with the generator, and current
from the HV battery can
supplement the main regulator.

e Voltages: HV Charge must be set
correctly to charge the battery.
Choose the Cell count to match the
battery. The software will apply a
voltage of 4.15V per cell.

B. Backup Battery Only

Disabled
LV A Regulator

Not Generating

LV A Regulator

Main Regulator

Generating

LV A Regulator

L

Watts

LV B Regulator LV B Regulator LV B Regulator RPM
Main Regulator Main Regulator Main Regulator 2500 0.0
Shore Power Shore Power HV Power 3500 250.0
5000 750.0
Voltages Power Limits 7000 1000.0
HV Charge HV Augment ow = 8000 0.0
HV Maximum HV Discharge 1000 W z
HV Minimum  38.400 V HV Charge 250 W =
© High (28.5V) Backup Batt Charge 0.0 A 2

300 A

in parallel

Low (25.0V) Main Regulator
Regulator output has
no battery
4 HV is Battery
Cell count 128 e Resistance

0.1000Q T

Integral HV

Figure 2 Power configuration for high voltage battery only
e Power Limits: HV Charge should be set for the size of the HV battery. A safe setting for lithium-ion
batteries is to charge at 1C, so if the battery is 50V and 5Ah you could charge at 250W.
e Power Limits: HV Discharge is how much power you are willing to take from the high voltage battery to
supplement the main regulator. If you do not have a backup battery this value should be enough to cover
the worst-case regulator output power.
e Regulator output has no battery in parallel must be checked if you do not have a backup battery. The
regulator current limit control law is run differently based on this setting.

The backup battery is connected in parallel with the main regulator output, therefore the charge voltage of
the backup battery must match the regulator output voltage. IntelliGen supports two different regulator
output voltages: 28.5 and 25.0%; these are suitable for 8S lithium-iron-phosphate batteries or 6S lithium-ion

batteries respectively.

! There are some custom versions of IntelliGen with different regulator setpoints.

www.power4flight.com
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e Select the Main Regulator voltage setpoint as either High (28.5V) or Low (25.0V) to match your backup
battery. You can also use a 7S lithium-ion battery with the High setting (the battery will not charge to
100%, but it will be close enough).

e C(lear the Regulator output has no battery in parallel setting. This tells IntelliGen the regulator output
current can be shared with the backup battery, and the regulator current limit control can be used to
control the charge current of the backup battery.

- Configuration e Current Limits: Backup Batt Charge
o] L Unloc .
A send [ Request Default... 4 Open... ﬁLock ck ShOUId be Set fOF the size Of the

Generator Control m Thermal Current

Generation limit (W

backup battery. This is the

Regulator and HV Switch Enables

Disabled

LV A Regulator
LV B Regulator

Not Generating

LV A Regulator
LV B Regulator

Generating

LV A Regulator
LV B Regulator

+

RPM Watts

maximum current the regulator
current limit control will allow to
flow out to the battery.

Main Regulator 2 Main Regulator 2 Main Regulator 2500 0.0 e HV is Battery should be cleared if
8500 250.0
] Shore Power HV Power 5000 | 750.0 you do not have an HV battery. In
Voltages Power Limits 7000 1000.0 that case VO/tGgES.' HV Charge
HV Charge 50.000V ' HV Augment oW S 8000 0.0 simply sets the desired voltage of
HV Maximum  60.000V ' HV Discharge 1000w T the generator voltage control.
HV Minimum  40.000V  C  HV Charge 250 W > Lower voltages will be more
Main Regulator © H9" (28.5V)  Backup Batt Charge 204 { efficient, but the generator voltage
Low (25.0V) Main Regulator 30.0 A s

target should be at least 38V to
enable 30A regulator output
current.

Regulator output has
no battery in parallel

HV is Battery

Cell count 12S Resistance 0.1000 Q Integral HV

Figure 3 Power configuration for backup battery only.

C. Both HV and Backup Battery

If you have both batteries, combine the two setups:

e HVis Battery should be set with the appropriate cell count

e HV Charge and HV Discharge power limits should be set based on the size of the HV battery.

e High (28.5V) or Low (25.0V) should be set based on the backup battery chemistry and cell count.
e Regulator output has no battery in parallel should be clear.

e Backup Batt Charge current limit should be set based on the size of the backup battery.

D. No Batteries

It is possible to use IntelliGen without a battery, but it is not recommended: since the majority of the
IntelliGen’s useful features will be disabled. If there is no battery IntelliGen can obviously not start an engine,
but it is also unable to control the load on the generator because there is no reserve energy storage. This
reduces IntelliGen to a simple rectifier and DC/DC converter.

www.power4flight.com sales@power4flight.com 5
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Il. ENGINE CRANKING TESTING

Read the entire crank testing section before beginning. Initial cranking tests should be done with the spark
plugs removed so that engine compression does not provide resistance. Disable the engine ignition and fuel
system. Don’t forget to make sure the engine has some oil in it for lubrication during the crank testing.
Periodically add a small amount of oil if a lot of crank testing is being done.

A. Fuses

IntelliGen is a high-power low-impedance device, and it is easy to damage components if the electrical
connections are not properly made or the configuration of the software does not match the hardware. For
that reason, during initial configuration and testing, it is recommended that a fuse be installed in line with all
battery connections. For engine cranking fuses should be roughly 0.3A/cc (30A for an engine with a
displacement of 100 cc).

For cranking larger engines (greater than 50cc) you will likely need power on the HV battery rail, typically at
least a 12S battery. A power supply is likely not sufficient because of the current demand. If you do use a
power supply, be sure to include a high-power diode to prevent generator current from going back to the
supply; and put the battery in parallel with the supply. This way the supply (with appropriately set voltage
and current limit) can keep the battery charged, while the battery supplies the bulk of the cranking current,
and absorbs the regen current when the cranking ends.

B. Hall Sensor Wiring Verification

Configuration

The hall sensors and phases need to be wired in the

L | M Open... fSiLock muniock | correct orientation with respect to one another. Only
BRI Power Thermal Currents Comms Storage 1 out of 12 wiring combinations is correct. Wiring
Voltage Control Commutation errors can be corrected in software, but if you attempt

to crank the engine before verifying the hall sensor
wiring you are likely to damage the generator or

Forward 0.0 %
Pro 1.000 %V

Min Freq 24.0 kHz
Periods 6 /step

<> <> <>

Int 20.000 %/(V-s) Max Freq 48.0 kHz IntelliGen. The control configuration has these
Max Duty 100.0 % parameters used to correct wiring errors:
Power Control Rate Limit 2000 %/s

<> <> <> <> <> <>

e Hall shift: rotates the measured hall state (which

Filter 0.0 Hz S| |Advance 100° goes from 1 to 6) according to the shift value. This
e C0-0 < Ffeverse can be used to rotate the hall sensed rotor angle
S 0.5 00 S| Sensing in 60-degree whole steps, and optionally in
Int 10.000 v  Type  PreferBemf [ fractional steps. The shift value can range from -
ErrorMargin | 30° @ 0.5 to 5.495. Fractional shifts can only be applied
once the rotor is turning and cannot help with

RPM Control Bemfmin 2500 rpm C cranking.
S 100 Wirpm C  Bemfmax 8000rem U o ol order change: swaps the W and U hall sense
int 300 W/(rpms) T Demag  3125% @ signals. This changes the order of the sensors, such
.00 Wipm/s E Hall shift  0.000 S that hall states which were ascending are now

Brake O0rpm Hall order change descending.

Figure 4 hall sensor settings.

www.power4flight.com sales@power4flight.com 6
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1. Wire according to the datasheet

The datasheet from the motor manufacturer should clearly label the phases and hall sensors (with A, B, C or
U, V, W). Match the wiring on the motor to the pinouts on IntelliGen for both the hall sensors and the phases.
The pinouts for IntelliGen can be found in the IntelliGen datasheet. Not all motor manufacturers get this
correct, it is best to verify by going through the next steps.

2. Spin the motor by hand

i0€nable| [WESREREBIEN oncravorenavic | [RegulatorEnable| [HViEnsble| (LVAEnable| LVBEnable] o« | [NeEmer| 00:14:30.38
Figure 5 Main toolbar with User Enable off.

In IntelliGen Display disable the Generator Enable or the User Enable in the top toolbar. Spin the motor slowly
by hand and verify there are no hall sensor errors. You can chart the hall sensor signals and the hall sensor
state. You should see all three hall sensors changing — but only one sensor should change at a time. The three
sensor signals, w, v, u, should go through the following states: 101 (1), 001 (2), 011 (3), 010 (4), 110 (5), 100
(6), and then repeat. Notice that each sensor is active for half the electrical cycle, and there is a sensor
transition every 1/6% (60°) of an electrical cycle. Sensor readings of 000 or 111 are erroneous and can only
happen if there is a sensor problem.

As you are spinning by hand count how many cycles of hall sensors appear in one revolution of the generator.
This ratio should be the same as the Pole pairs in the generator configuration. Update as needed so the rpm
measurement will be correct. Pole pairs is simply the number of North-South magnet pairs in the rotor.

¥ Hall state 10 B
H Hall W - L1
Hall vV i
® Hall U i
1 b | 0
o T ]
-1
4 —
2 I — [ =2
0- —-3

00:36:20.000 00:36:25.000 00:36:30.000 00:36:35.000 00:36:40.000 00:36:45.000
Figure 6 Hall sensor state and signals spinning slowly in the forward direction (hall state increasing).

3. Static Hall Alignment

Make sure you have selected a battery source for engine starting (one of HV battery or Backup Battery in
the control configuration). With IntelliGen unlocked, enabled, and not spinning; you should be able to
command Static Hall Alignment... from Test Mode (Windows:Tools:Test Mode). Static alignment works by
energizing motor phases in sequence, half-stepping through an electrical cycle (12 half-steps) and measuring
the hall sensors at each half step to determine wiring errors.

The test time for static alignment is divided evenly among the steps. The test mode duty cycle sets the
winding duty cycle used during the stepping; a suggested starting point is 10 seconds and 5% duty cycle,

www.power4flight.com sales@power4flight.com 7
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increase to 10% or 15% if insufficient current flows. Figure 7 is a chart of the commutation outputs and hall
sensors during static alignment for the case where no wiring errors are present. Each step moves the rotor
sixty electrical degrees. Hall sensors should indicate the position of maximum torque, where the stator flux
is 90 electrical degrees (1.5 steps) from the rotor flux. Hence, if a single step is energized, the rotor should
align such that the hall sensors are 1.5 steps later than the energized step.

Hall state W Commutation state M Generator current $o5 Tt
6 —1 Time 10.000 s s Start Test
_ Duty cycle tests
B 0 No commutation 10 % 2
| — Static Hall Alignment...
4 Switched output
— '1 Regulator current limit control
- - b= Sensor failure
HallU Bemf U
— -2 Hall vV Bemf V
2 - Hall W Bemf W
B Force Hall Force Bemf
. — -3 Instantaneous tests
- Spinng Hall Alignment
0 | L — | 4 Skip Hall U Skip Bemf U
LU I S IR B NN B BN B I S I B N S N R S S N B N R Skip Hall vV Skip Bemf V
00:00:22 00:00:24 00:00:26 00:00:28 00:00:30 00:00:32 Skip Hall W Skip Bemf W
Figure 7 Chart of static hall alighment with no hall errors. Figure 8 Test Mode.

To affect a half-step commutation change, static alignment will toggle at 500Hz between adjacent steps while
it dwells; this will make significant noise. The engine needs to be free to turn, so the spark plugs should be
removed. When the test is complete a message will appear indicating the results of the test. If the test fails
it is because there is a hall or generator phase problem, or not enough time or current was used to get the
motor to align to each phase, or the motor was not free to turn.

Hall state ® Commutation state B Generator current

6 -1
I — -0
4- L
— -1
- - > @
2 - 2 Static hall alignment flips W and U and adds
- | shift of 2.
L ]
i —-3 Total resistance updated from 0.1003 to
L 0.100301.
0 — Y I L _4 ck)se

T I T ] T T LI | T T T T L | T T L T T T
00:04:10 00:04112 00:04:14 00:04:16 00:04:18 00:04:20
Figure 9 Chart of static hall alignment with hall errors found and fixed.

Figure 9 is a chart for static hall alignment when the hall sensors have a wiring problem. At the completion
of the alignment a message indicates the changes that were made to the hall sensor configuration. Static hall
alignment can be used to automatically determine the Hall shift and the Hall order change, but not the
Reverse flag. Note that static hall alignment always steps in the ascending order. If, during the test, you
observe the rotor going in the wrong direction you will want to set the Reverse flag.

www.power4flight.com sales@power4flight.com 8
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Itis common when installing hall sensors to end up with a “half-step” error. Hall sensors are normally installed
in the slots of the winding, to prevent the sensors from being influenced by the stator field.
A typical winding might have 12 slots and 14 poles; so, each slot

represents 30 mechanical degrees and 210 electrical degrees. ¢

Therefore, moving the hall sensors one slot over will shift the 7 s e e
result by 3.5 steps. The whole step shift can be fixed easily, but 2 Total resistance updated from 0.0804137 to
the remaining half step can only be corrected once the rotor is R

spinning. The static alignment should recognize this condition | Close |

and warn you.
Figure 10 Static alignment with half-step error.

Static hall alignment will also measure and set the Total resistance of the generator, which is a key parameter
used in the power feedback control system. The resistance measurement is computed from the measured
current and the applied voltage during the test. A note about currents: the generator current is the DC
current; it applies at the supply voltage. The current through the motor phases is transformed by the duty
cycle and the motor inductance (like a switching power supply). For example, if a 10% duty cycle produces
4A of DC current, the phase current must be 40A; because the phase voltage is only 1/10t" DC voltage and
the phase power must equal the DC power.

Static hall alignment is a powerful tool and is highly recommended as the easiest method to test your wiring
before trying to crank an engine. The spinning alignment in the next section is an alternative to the static
alignment; but the static alignment is preferred since it measures and sets the Total resistance.

4. Spinning hall alignment

In the IntelliGen configuration under the Control tab and Sensing section set the Type to Prefer Hall or Prefer
Bemf and the Bemf min to something less than your external starter speed. With both the engine and
IntelliGen disabled, spin the engine with an external starter. Verify the rpm read by IntelliGen is consistent
with the starter speed and is greater than Bemf min. Check for any hall sense, sensorless, or rectifier errors.
It is possible for an error to be present without an error report if the speed is not high enough.

([ ] Errors ® Errors
Dynamic Dynamic Dynamic
Gen Temp OK OK Temperature Gen Temp OK OK Temperature Gen Temp oK OK Temperature
Gen Volts [ OK OK Gen Amps Gen Volts [ OK OK | Gen Amps Gen Volts 770K OK'" Gen Amps
HV Volts OK OK HV Amps HV Volts oK OK HV Amps HV Volts OK OK HV Amps
Batt Volts OK OK Regulators Batt Volts OK OK Regulators Batt Volts OK OK Regulators
Hall Sense [NOK MISNISIGHE Sensorless Hall Sense REMIERSEB ["OK Sensorless Hall Sense RENERSED REVERSEB Sensorless
Rectifier [DISEEEED " OK cPu Rectifier |[DISEEEED] OK| cPu Rectifier |BISHEEEDl WWOKIN cPu
Settings OK OK Test Mode Settings oK OK Test Mode Settings OK OK Test Mode

Figure 11 A hall sensor shift error, hall sensor order change error, and with the generator running in the reverse direction.

With IntelliGen unlocked, and with the motor speed above the bemf minimum threshold, and with IntelliGen
not commutating (i.e. it is disabled) you should be able to command a Spinning Hall Alignment from Test
Mode. This will use the estimated rotor direction and position from both the hall sensors and the back-emf
sensing to determine the Reverse value, the Hall shift, and the Hall order change in the control configuration.
If you had errors before, they should now be gone. In addition, the spinning hall alignment will compute the
generator Voltage constant.

The Reverse setting is not used to fix the order of the wires but instead is used to fix the direction of rotation
once the wiring is correct. For example, if Reverse was clear, but the back emf sensor state progression is
descending, Spinning Hall Align will set the Reverse flag to indicate this is the desired direction.

www.power4flight.com sales@power4flight.com 9
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The spinning alighment always takes one second to complete, during which the rpm

[ Test Mode

Timed tests

should remain steady. During the test software is accumulating information to e 10000s 2 ST
determine the average alignment error and the voltage from the winding. The

spinning alignment will attempt to set both the whole and fractional value of the

v

Duty cycle tests

No commutation e 10 %

hall shift parameter. However, if the fractional component is less than 0.15 the Static Hall Alignment...

. . . itched
fraction will be discarded. e oD it
egulator current limit control
O Sensor failure

Hall U Bemf U

Spinning hall alignment is not flipped and Hall vV Bemf V

' adds shift of 0. Rotation direction is forward. Hall W Bemf W
° Force Hall Force Bemf

Generator voltage constant updated from
6.558 t0 6.57161. Instantaneous tests

Spinng Hall Alignment
Skip Hall U Skip Bemf U
Skip Hall V Skip Bemf V
Skip Hall W Skip Bemf W

Figure 12 Spinning Hall Alignment.

5. Hall sensor errors that cannot be fixed in software

Some sensor installation errors cannot be fixed by software. Hall sensors must be located such that:

Sensors should respond only to the rotor magnetic field, not the stator field produced by the stator
current. This is typically done by placing the sensors in the slots between the stator coils.

Sensors must be spaced apart electrical 120° degrees. Electrical angles are the mechanical angle divided
by the pole pair count. It is permissible to place sensors more than 120° apart, if the additional distance
is a whole electrical cycle. For example, on a 14 pole winding, the sensors can be at 0°, 840°, 1680°
electrical degrees (which is 0°, 120°, 240° mechanical). 840° is two electrical cycles plus 120°. 1680° is 4
cycles plus 240°.

Spacing the sensors correctly is not sufficient, the sensors also need to be located such that they signal
the stator field to turn on at the optimal location with respect to the rotor field. For example, on a 12-
slot 14-pole winding (a common design) the sensors would be spaced every 4™ slot; but this tells us
nothing about the starting slot. Each of the 12 slots is 210° electrical (30° mechanical) apart; moving all
sensors one slot over will shift the hall angle by 210°. This is equivalent to shifting the hall sensors by 3.5
steps (each step is 60 electrical degrees). Therefore, every other starting slot will have a 30° alignment
error compared to its neighbor.

When the generator system is spinning the actual alignment error © Sl

between hall and back-emf sensors is measured and telemetered,
see the “Hall offset” (short name “Hall E”) telemetry variable. If you =
are commutating with large hall offsets, using hall sensors as the -
source of commutation, the offset measurement is likely to be bad, -
because mis-commutation will prevent the back-emf rotor tracking -
from working correctly, so this error is best evaluated when the _,,
sensing source is back-emf, or when commutation is off. .

PWM (%) Temp (C)
100 -
" 140—

120—

100—
—60
= 44

o Duty 442 BEE 205 20—
: Gen 49.4 Sense bemf 0—
) [ Passive |20 =

Figure 13 Half step error.
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o Configuration
C. Initial Crank Testing A send | (& Request | i Open... flLock a
Once you have confidence in your hall sensor wiring you LSS Control Power Thermal Curents Com
can start testing the ability to crank the engine. The """ L
Voltage 10.00 V/KRPM Speed Limit 7500 rpm

plugs should be removed to minimize resistance until
later in the crank testing. A propeller must be installed  total Resistance  0.100 @
(a key part of starting is the angular momentum  Motor Resistance 0.050Q

Power Limit 500 W
Peak Power 500 W
Peak Time 30s

Pole pairs 7

<> <> <> <> <>

<> <> <> <> <> <>

invested in the prope”er). Motor Inductance 5.00 pH Hot Temp 85C
Temp Derating 5.00 %/C
1. Generator co nfigu ration Generator Temperature HV Battery Temperature
Type No Sensor (L] Type No Sensor %

Set the parameters on the generator configuration page

to match the generator hardware. The most important

Thermocouple 1 K-type e Thermocouple 2 K-type e

parameters to get right are: Figure 14 Generator configuration

Voltage: the voltage constant of the generator in units of Volts per thousand rpm. Voltage is measured
as the average value of the line-to-line voltage (i.e. highest phase voltage minus lowest phase voltage).
This is not VACrs, it is V rectified per thousand rpm. This value is automatically set by the spinning hall
alignment test. If your generator datasheet indicates a voltage constant in units of VACims multiply by
1.41 (v2) to get the peak rectified voltage; and multiply that by 0.95 to get the average rectified voltage.
Total Resistance: the resistance through two phases of the generator, including the resistance from the
connector and the phase lead wiring. This parameter is used in the power feedback control law and is
automatically set by the static hall alignment.

Pole pairs: sets the ratio between the electrical cycle and the mechanical cycle and must be correct to get
the correct rpom measurement. Note: if this value was wrong when you did the spinning hall alignment
test the computed Voltage constant will also be wrong.

Generator Temperature: if you have a temperature sensor (highly recommended) configure it now.
Power limit: the continuous power limit of the generator. This value should be at least as large as the
maximum power you expect to generate. For initial crank testing set this to a lower value, for example
the default is 1000W, but we set it here to 500W.

Peak Power: the maximum power that can be sustained for the Peak Time. Normally the power required
to start will exceed the Power Limit and use some of the Peak Power capability. For initial crank testing
set this to a lower value, for example the default is 2000W, but we set it here to 500W.

Motor Resistance and Motor Inductance are parameters that are not yet used by the IntelliGen firmware, but
they may be used in later versions.

2.

Control configuration

The control configuration has variables that are important for the engine start testing.

The sensing configuration determined earlier. The hall sensor configuration must be correct.

Select HV Battery if using a high voltage battery as the energy source to start the engine, smaller engines
may be able to use the Backup Battery.

Reverse duty, Reverse pow, and Reverse rate: set these to zero for now, which will disable the propeller
backup operation before starting. Later this will be re-enabled when the spark plugs are installed.
Cranking speed: is the desired speed to crank to start the engine. Depends on your engine configuration
but is typically 1500 to 2500 rpm.
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e Cranking time: how long the IntelliGen will «
continue to crank the engine to get it started. For
crank testing purposes set this to a low number, 2

A send

Enables

SeCOI'ldS. Bootup Disabled

Errors Stop Commutation

e Fault power: should be high enough to prevent the = isnoreenabie

Ignore Start Enable

fault detection logic from prematurely stopping the = & gnore start command

testing.

@ Hv

Engine Starting

Backup

e Power Control: Forward: normally this value is Advanced Stall Check

Beep duty 0.00 %

100%, but for initial testing without spark plugs, set  reverseduty 0.00 %
this to 0% to minimize control overshoot before the = Reversepow ow

Reverse rate 0 steps/s

winding parameters are verified. Crank speed

2000 rpm

e  Max Duty: normally this value is 100%, but for initial = crnktime 205

Initial Power O0W

crank testing without spark plugs reduce this value

Fault power 2500 W

to limit the maximum power and protect the Fauttime o030s

hardware before it has been verified.

€> €> <€) <> <> <> <> <> <>

Configuration

g Request L pefault... 4w Open... ﬂLock Unlocked
Generator Control Power Thermal Currents Comms Storage

Voltage Control
Forward 0.0 %
Pro 1.000 %V

Int 20.000 %/(V:s)

Power Control
Filter 10.0 Hz
Forward 0.0 %
Pro 0.500
Int 10.000

RPM Control

Pro  1.00 W/rpm

Int 3.00 W/(rpm:-s)
Der  0.00 W/rpm/s
Brake Orpm

7D

Commutation

Periods

<> <> <>

Min Freq

Max Freq

Max Duty

Rate Limit

Sensing

<> <> <> <>

Type

Advance
Reverse

24.0 kHz
6 [step
48.0 kHz
20.0 %
2000 %/[s
0.0°

Prefer Hall

Error Margin 30°

Bemf min 2500 rpm

Demag

<> <> <> <>

Bemf max 8000 rpm

31.25%

Hall shift  0.000
Hall order change

\N Z

€> <> <> <> <> <>

v
v
~
v

Figure 15 Control configuration specific to start testing

The other settings on this page can typically be left at default values. The control configuration uses RPM
error to command power, and power error to command winding duty cycle.

3. Power configuration

The power configuration determines how to generate and
distribute power once the engine is running. For start
testing configure the HV battery rail voltages correctly, see
section Il

Notice the green RPM value in the table. This is the speed at
which the IntelliGen will automatically switch from engine
cranking to generating mode. The yellow RPM value is the
speed at which, at the end of the crank time, IntelliGen will
switch to generating mode. Typically, these numbers are
greater than the crank speed, so IntelliGen won’t switch to
generating mode unless the engine starts making torque
and speeds up. That shouldn’t happen in your testing since
the engine ignition system should be disabled.

4. Initial crank attempts

e Fuses installed

e Hall sensors verified

e Configuration verified

e Engine disabled, plugs out

A send | & Request

L pefault.. | Ly Open...

Regulator and HV Switch Enables

Disabled

LV A Regulator
LV B Regulator
Main Regulator
Shore Power

Voltages

HV Charge 49.800 V HV Augment ow

HV Maximum  51.800 V HV Discharge 1000 W

HV Minimum 0V HV Charge 250 W

Ve R © High (28.5V) Backup Batt Charge 2.0 A

Low (25.0V) Main Regulator 300 A

Regulator output has
no battery in parallel

4 HV is Battery

Cell count 128 8 Resistance  0.1000 Q < Integral HV

Not

Configuration

LV A Regulator
LV B Regulator
Main Regulator
Shore Power

Power Limits

LV A Regulator
LV B Regulator
Main Regulator
HV Power

<> <> <> <> <>

ock

f Lock Unlocked

Generator Control mThermal Currents Comms Storage

Generation limit (W

2500
3500
5000
7000
8000

+

Watts
0.0
250.0
750.0
1000.0
0.0

Figure 16 Power configuration for start testing.

Setup a chart that shows the generator current, current command,
PWM, and RPM (x100). The default generator chart should work

e Maximum duty cycle limitto 20%  well for this. Note that during cranking the generator current will
e Max generator power to 500W be negative. Issue the crank command from the main tool bar of

e IntelliGen enabled

www.power4flight.com

IntelliGen Display. You should get something like this:

sales@power4flight.com

12


http://www.power4flight.com/
http://www.power4flight.com/
mailto:sales@power4flight.com

Y74\
www.power4flight.com \ &

In the first chart you can see the current command u RPM X100 B Generator current B Gen current cmd = Generator volts B PWM duty
goes directly to the 500W generator limit. The actual
current fails to reach the command because the 1
PWM reaches the limited value of 20%, and therpm  °7 = =
does not reach the desired value.

hrpm A
'

T

B

o

%

Increase the duty cycle limit and try again. In the |
next chart the duty cycle limit is at 50%, which is 1 %
more than required. The current reaches the
commanded value, but it takes nearly two seconds,
and the rpm still does not reach the commanded

value. ‘R///’_\
0 [—————|

To get better current response increase the
feedforward gain of the power feedback control
law. The next chart has the feedforward term at
100%. The feedforward term depends heavily on the 1
total resistance and voltage constant of the -
generator configuration. Try 50% before trying A YT
100%. You can see the actual current overlays the 1 e
commanded current. The rpm still does not reach

the desired value because the 500W generator limit o—f rijeo

is not sufficient.

—T T T T T T | T T T T | T T T T | T T T T
00:07:28.0 00:07:28.5 00:07:29.0 00:07:29.5 00:07:30.0 00:07:30.5

H RPM x100 M Generator current M Gen current cmd Generator volts B PWM duty
9 80

40 ¢

hrpm A
A

T T T T T T
00:10:22.0 00:10:22.5 00:10:23.0 00:10:23.5 00:10:24.0 00:10:24.5

40 ¢

hrpm A
|

To get more performance increase the peak power
limit of the generator configuration; only do this if |
you are confident your power feedback control is -e-
working well. Make these increases in measured

. H RPM x100 M Generator current M Gen current cmd Generator volts B PWM duty
steps, perhaps 250W on each increase. The next 1 - 80
chart increases the generator peak power limit to i
3000W. Notice how much more current is initially

T T T
00:39:50.5 00:39:51.0 00:39:515 00:39:52.0 00:39: 5 00:39: 0

- 60

—r—|
demanded and how much faster the engine £ Loz
accelerates. In this chart the proportional rpm -
feedback gain was left at 1.0, so a command of 2000 2
rpm is an initial command of 2000W (about 45A at B
45V). T00akt70 | 0045 | 0044180 004418 | 0044100 0044195

Figure 17 Simulated crank testing with gradually increasing performance.

Note the generator in these charts has a low enough resistance and voltage constant that the duty cycle does
not need to increase past 50% for the last chart, but that may not be true of your generator. If your duty
cycle limit is holding back the system increase it gradually until you can verify the power is well controlled
when the limit is no longer holding the system back; and then set the duty cycle limit to 100%.

During these limited checks monitor the amount of current being used to make sure it is consistent with your
fuses and the size of your generator. You can also check the speed of the generator and make sure it is
consistent with your voltage constant. If the plugs are removed the steady state current should be modest
and the voltage constant would be approximated as (Volts x (duty/100))/(rpm/1000). The voltage constant
should only be computed this way at zero current, but if your currents are small you can do a quick check.
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As you increase the power compare the rpm versus time. All windings have a saturation limit, above which
more power does not produce more stator flux. You may be able to see this effect in your data. Do not
increase the power past the point where the acceleration stops improving.

5. A note about the theory of engine starting

All this work on engine cranking is predicated on a simple problem: the torque available from the generator
is less than the torque required to drive the piston through compression at speed. As such the only way to
start the engine is to build momentum sufficient to force the piston through its compression stroke.

The momentum required can be predicted by considering the cylinder as an air spring. The work required to
compress the spring to top dead center depends only on the cylinder and crankshaft geometry. Once the
piston crosses top dead center the work is returned to the piston, so the problem is distilled down to that
first compression stroke. If the kinetic energy of the rotating system is more than the compression work the
engine will cross compression, otherwise it will stop.

yrvolts ® PWM duty ™ Steps since start This is why adding inertia helps; low inertia systems accelerate
— 80 quickly, limiting the time available to invest the necessary
energy. If the inertia is reduced (say, by using a lighter prop) you
may need more peak power to get over compression. A rough
rule of thumb is that we would like the system to be doing
around 800 rpm when it hits the compression.

Figure 18 is a zoom of Figure 17, with a new variable added: the
steps since start. This generator has 7 pole pairs, and therefore
42 steps per revolution. A typical two-stroke has about %
revolution to accelerate before hitting compression, or 21 steps.
This chart shows the speed as 900 rpm when the steps are 21.
The data are spaced 20 ms apart, so this takes about 80 ms from
the application of current. The actual acceleration required will
depend on your inertia and compression torque.

10 00:44:1715 00:44:17.20 00:44:17.25 Figure 18 Crank acceleration details.

To get more acceleration you need more power. You can get more initial power by increasing the
proportional rpom feedback gain, increasing the desired cranking speed, or by setting the Initial Power term
to a value which is greater than that provided by the proportional feedback term. However, your power will
always be limited by the peak power limit in your generator configuration; as well as the FET phase current
limit in the thermal configuration (which is set at the factory and cannot by changed by users).

olts ® PWM duty ™ Steps since start

There is one more parameter to consider adjusting. Notice the delay evident

between current command and measurement in Figure 18, this is caused by the
Leo duty cycle rate limit. You can get more initial performance by increasing this rate
: limit. In

20 Figure 19 this limit was increased 10x to 10000 %/s. You can see the increased rate
- limit resulted in faster close of the current error.

=0

T T T T T T T T
70 02:10:29.75 02:10:29.80 02:10:29.85
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Figure 19 Simulated crank with duty cycle rate limit at 10000%/s.

6. Install spark plugs

Install the spark plugs. Re-set the Reverse duty in the control configuration (use 5% if you don’t have a better
number). Make sure the engine is still disabled. If the current measurements from your previous tests were
close to the fuse limits, consider increasing the fuse size.

This time when you crank the engine you will notice the propeller first moves backwards to give the system
a running start at compression. Most customers are using two-stroke singles or boxer twins, so the
compression occurs once per revolution. For these installations backing the prop off compression is
enormously valuable. When you crank this time, you should see more steady state current and noise, but the
system should go through the compression event without noticeable hesitation.

Adjust the Reverse duty (or the Reverse pow) to get a reliable backup before cranking. The goal is to guarantee
the engine is against the reverse compression stop, but not to drive the engine into the reverse compression
and potentially trap the piston at the top. Consider using the Reverse rate feature to get step-controlled
reversing. You can see the descending hall state in Figure 20; which is the system reversing from crank angle
180 to crank angle 90. You can also see the current and rpm ripple which is caused by the compression torque
now that the plugs are installed.

B RPM x100 W Generator current ™ Gen current cmd Generator volts ® PWM duty Hall state

hrpm A
o
()
|
4
% A

== T B

02:20:42 02:20:43 02:20:44 02:20:45 02:20:46 02:20:47
Figure 20 Simulated cranking with plugs in and reversing enabled.

7. Fault power and time

Notice the Fault power and Fault time in the control configuration. These values are used to protect the
system in the event the crank operation cannot succeed. Software will allow the power to exceed the Fault
power up to the Fault time. Now that your engine is cranking successfully you should adjust the fault power
and time to the lowest reasonable values. The goal is to get the system to recognize a fault condition as
quickly as possible and abort the crank operation before something is damaged. Fault time is used both in
the power abort condition, but also the rpm abort condition: rpm must be more than 50 after the Fault time
has elapsed.
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8. Advanced Stall Check

You can also enable the advanced stall check. This is a feature which will rapidly abandon the crank attempt
if the software thinks the system is not going to get past compression. It does this by monitoring the change
in hall sensor periods and by checking for hall sensors reversion direction. This check is not on by default
because it can be fooled by some winding and hall sensor combinations. If the hall sensors might glitch (i.e.
if they are not latching), or if the rotor might oscillate quickly when energized, you could get an erroneous
abort. On the other hand, for low resistance windings, catching a stalled rotor quickly can save the hardware,
since if the system does get stopped at compression the loss of back-emf could lead to a catastrophic over
current event.

9. Examples of real engines cranking

Below is data from cranking a large engine (greater than 200cc) with a large low resistance winding (0.05Q)
with 10 pole pairs. This crank is done from a 24S high voltage battery with a target speed of 1500 rpm. This
engine was backed up using constant duty cycle of 4%.

B RPM x100 ™ Generator current ™ Gen currentcmd HW PWM duty High voltage volts
20 7 — 100 3 — 100

A%

hrpm A

44 46 48 50 52 47.6 47.8
Figure 21 Cranking a large engine with low resistance winding from 100V (24S) at 1500 rpm.

Interesting things to note in this graph:

e Power usage during constant duty cycle backup is approximately 150W (1.5A at 96V).

e You can clearly see the effect of the compression slowing the engine down, and the system commanding
more current in response to the proportional rpm control gain (here set to 2.5W/rpm). This system has
low inertia relative to the size of the engine, as evidenced by the loss in speed during compression.

e The telemetry rate is 20Hz. Since the rpm command is 1500 rpm (25Hz) there is a beat frequency of ~5Hz
in the data. The actual frequency of the rpm and current spikes is 25Hz (once per revolution), much higher
than is apparent in this graph. Version 2 software telemeters the most recent values during cranking
mode (instead of the average values as in other modes), this makes the graph much noisier but also allows
you to better see the details of the crank operation.

e Theinitial current command seems modest, but because the battery is 96V the power is 2kW. Notice the
duty cycle is only about 16%. This winding has a kV of 10.5 rectified volts per thousand rpm. The applied
duty cycle is almost entirely to balance the 15V of back emf that is generated at 1500 rpm; this is because
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the winding has low resistance, so the voltage difference (applied voltage minus back-emf) needed to
move the cranking current is small.

On the right you can see the “steps since start” in red. This winding is 10 pole pairs, so there are 60 steps
in a revolution, or about 30 steps before the first compression, at which point the rpm is about 1000.

As an alternative to the graph above consider the cranking operation depicted below. This is a 150cc engine
with a higher kV (20 rectified volts per thousand rpm), a lower voltage source (16S, 66V), and higher
resistance (0.2Q) with 7 pole pairs.

hrpm A

RPM x100 ™ Generator current ® Gen currentcmd B PWM duty ™ High voltage volts Hall state

20 80
M\ i
/ o[ 60
0 .
. a0 £
_20 —
— 20
-40 - m -0
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I
462 463 464 465 466 467 468 469

Figure 22 Cranking a 150cc engine with from 16S at 1500 rpm.

The backup operation was done using stepping. You can see the hall state in the graph (which is ascending
during backup — indicating the crank operation is being done in the reverse direction).

As before you can see the effect of the compression slowing the engine down. This system has more
relative inertia compared to the previous example. The same beat frequency of the telemetry is in effect.
The initial power command is again 2kW, but at the lower battery voltage the current is much higher.
You can also see the duty cycle is much higher, nearly 50%. This is because of the much higher kV, greater
resistance, and lower battery voltage.

This winding is 7 pole pairs, so 21 steps for the first half revolution before compression. The steps since
start indicate the system was doing about 600 rpm at the first compression. This is a bit slower than ideal,
but the greater relative inertia of this system is enough to push through compression.
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The engine charted below is a boxer twin less than 100cc, using a 12S battery with a 10 pole-pair winding
that has a kV of about 9.

e The data in this chart are at 100Hz, which provides a very detailed look at the initial acceleration.

e You can clearly see the significant loss of rpom on compression, and the excellent current control.

e The command power limit is set here to 1500W, which is close to the saturation limit for this
generator.

B PWM duty ® RPM x100 M Generator current M Gen currentcmd ™ High voltage volts | ™ High voltage volts M Steps since start
20 — 80 — 80

hrpm A

-20

3,974 3,976 3,978 3,980 3,982 3.9 3,974
Figure 23 Cranking a less 100cc engine with from 12S at 1800 rpm.
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