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Introduction

The construction of modern BLDC motors allows them to be controlled like permanent magnet synchronous motors.
This means that a sophisticated technique called Field Oriented Control (FOC) is also applicable to BLDC motors. The
FOC algorithm is useful in the applications that require fast dynamic response with independent control of torque and
flux. Sensor-based FOC is advantageous for providing rotor position at slower speeds.

This application note describes the implementation of a Hall effect sensor-based FOC algorithm for three-phase BLDC
motors using Microchip Technology's 16-bit dsPIC33CK DSC’s. The mathematical computations and transformations
are performed by the DSP engine, while the on-chip peripherals, such as PWM, SCCP, op amps, Comparator with DAC,
simplify the implementation and reduce the overall system components. The following figure shows the block diagram
of the solution.

FIGURE 1: SYSTEM BLOCK DIAGRAM
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1.0 FIELD ORIENTED CONTROL IN SENSORED BLDC

Field Oriented Control is a commutation method that keeps the rotor and stator magnetic fields at 90 degrees under all
conditions, enabling maximum torque generation from the motor and regulation of speed/torque under changing load
conditions. It deals with the fluxes (stator, rotor or air-gap). One of those is used as a reference frame for all other
quantities with the purpose of decoupling the torque- and flux- producing components of current. The decoupling
ensures the ease of control of the three-phase motor, similar to the DC motor with separate excitation. This means that
the armature current is responsible for the torque generation, and the excitation current is responsible for the flux
generation. In this application, the rotor flux is used as a reference frame. 

The air-gap flux is equal to the sum of the rotor's flux linkage, which is generated by the permanent magnets plus the
armature reaction flux linkage generated by the stator current. The air-gap flux for this motor is smooth, and the Back
Electromagnetic Force (BEMF) is sinusoidal. This control scheme is created for the sensored BLDC motor that is used
as a hub motor in electric scooters. The motor's transversal section is shown in the following figure.

FIGURE 2: MOTOR’S TRANSVERSAL SECTION

For applications requiring precise control or high torque generation at low motor speeds, sensored control is preferred.
In the sensored FOC implementation, rotor position and speed are determined using an encoder, resolver or Hall effect
sensors. This application note describes the Hall sensor-based implementation with the target application in driving
electric scooter hub motors.
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2.0 BLOCK DIAGRAM OF SENSORED FOC

FIGURE 3: FOC BLOCK DIAGRAM

The control process in the previous figure can be summarized as follows:

• The three-phase stator currents are measured. For a motor with balanced three-phase windings, only two phase 
currents are sufficient to be measured. The third current is calculated using the following equation: ia + ib + ic = 0.

• Clarke Transform: The three-phase currents are converted to a stationary two-axis system. The conversion pro-
vides the variables iα and iß from the measured ia and ib values. The values iα and iß are time varying quadrature 
current values as viewed from the perspective of the stator.

• Park Transform: The stationary two-axis coordinate system is rotated to align with the rotor flux using a transfor-
mation based on the angle measured at the last iteration of the control loop. This conversion provides the id and iq 
variables from iα and iß. The variables id and iq are the quadrature currents transformed to the rotating coordinate 
system. For steady state conditions, id and iq are constant.

• Reference values of currents are defined as follows;

- id reference: controls rotor magnetizing flux

- iq reference: controls the torque output of the motor

• The error signals are fed to PI controllers. The output of the controllers provide vd and vq, which are the voltage 
vectors that will be applied to the motor.

• A new transformation angle is measured and calculated based on the Hall sensor’s state. The new angle guides 
the FOC algorithm as to where to place the next voltage vector.

• Inverse Park Transform: The vd and vq output values from the PI controllers are rotated back to the stationary ref-
erence frame using the new angle. This calculation provides the succeeding quadrature voltage values vα and vβ.

• Inverse Clarke Transform and SVM: The vα and vß values are used to calculate the new PWM duty cycle values, 
which will generate the desired voltage vector.

• The speed (ω) is calculated with every Hall state change, which happens after every discrete PWM cycle.

The FOC firmware is implemented in the ADC Interrupt Service Routine (ISR), which runs at the same rate as the PWM
switching frequency.

 

Inverse 
Clarke

Transform 
and SVM

3-Phase 
Inverter 
Bridge

Position and 
Speed

Motor

Speed ( ) 

Hall A

Hall B

Hall C

,  

A,B ,  

d,q 

,  

d,q 

Electrical 
Position 

( e)

I  

I  

Iq 

Id 

V  

V  

Vq 

Vd 

Iqref 

PIPI

ref 

PI
e

Ia 

Ib 

Ic 

+-

Clarke
Transform

Park
Transform

Inverse 
Park
Transform

Idref 

-+

-+

Software Hardware
 2021 Microchip Technology Inc. DS00004064A-Page 3



AN4064
3.0 FLOWCHART OF SENSORED FOC

The flowchart in the following figure shows the equivalent sequential routine of the FOC in software, and the change
notification routine used for measuring the speed and rotor position. The complete source code of the solution can be
found in Appendix A: “Source Code Listing”.

FIGURE 4: FLOWCHART
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4.0 PI CONTROLLER 

4.1 PI Controller Background

A complete discussion about the Proportional Integral (PI) controllers is beyond the scope of this document. However,
this section provides some basics of PI operation. 

A PI controller responds to an error signal in a closed control loop, and attempts to adjust the controlled quantity to
achieve the desired system response. The controlled parameter can be any measurable system quantity, such as speed
or flux. The benefit of the PI controller is that it can be adjusted empirically by varying one or more gain values and
observing the change in the system response.

A digital PI controller is executed at a periodic sampling interval. It is assumed that the controller is executed frequently,
hence the system can be controlled. The error signal is formed by subtracting the desired setting of the parameter to be
controlled from the actual measured value of that parameter. The sign of the error indicates the direction of change
required by the control input. 

The Proportional (P) term of the controller is formed by multiplying the error signal by a 'P' gain, causing the PI controller
to produce a control response, which is a function of the error magnitude. As the error signal becomes larger, the 'P'
term of the controller becomes larger to provide more correction.

The effect of the 'P' term tends to reduce the overall error as time elapses. However, the effect of the 'P' term diminishes
as the error approaches zero. With proportional control, in most systems, the error of the controlled parameter gets very
close to zero but does not converge. The result is a small remaining steady state error.

The Integral 'I' term of the controller is used to eliminate small steady state errors. The 'I' term calculates a continuous
running total of the error signal. Therefore, a small steady state error accumulates into a large error value over time.
This accumulated error signal is multiplied by an 'I' gain factor and becomes the 'I' output term of the PI controller. 

4.2 Adjusting PI Gains

The 'P' gain of a PI controller sets the overall system response. To tune the controller, set the 'I' gain to zero. Then,
increase the 'P' gain until the system responds to set point changes without excessive overshoot or oscillations. Using
lower values of 'P' gain will slowly control the system, while higher values will give aggressive control. At this point, the
system will probably not converge to the set point. 

After a reasonable 'P' gain is selected, slowly increase the 'I' gain to force the system error to zero. Only a small amount
of 'I' gain is required in most systems. The effect of the 'I' gain, if large enough, can overcome the action of the 'P' term,
slow the overall control response and cause the system to oscillate around the set point. If oscillation occurs, reducing
the 'I' gain and increasing the 'P' gain will usually solve the problem.

This application includes a term to limit the integral windup, which occurs if the integrated error saturates the output
parameter. Any further increase in the integrated error does not affect the output. The accumulated error, when it does
decrease, will have to fall (or unwind) to below the value that caused the output to saturate.

There are three PI control loops used to control the three interactive variables in this application. The outer loop controls
the rotor speed; the two inner loops control the rotor flux and the motor torque, respectively.
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5.0 COORDINATE TRANSFORMS

Through a series of coordinate transforms, users can indirectly determine and control the time invariant values of torque
and flux with classic PI control loops. The process begins by measuring the 3-phase motor currents. In practice, the
instantaneous sum of the three current values is zero due to the balance phase windings. Therefore, by measuring only
two of the three phase currents, the third will be determined, which reduces hardware costs by eliminating the need for
the third current sensor.

5.1 Clarke Transform

The Clarke Transform transforms the quantities from the three-axis, two-dimensional coordinate system referenced to
the stator, to a two-axis stationary coordinate system.

FIGURE 5: CLARKE TRANSFORM

5.2 Park Transform

The Park Transform transforms the quantities from the two-axis stationary coordinate system to a two-axis rotating
coordinate system that rotates with the rotor flux. Theta is the angle of the rotor flux from the stationary reference frame.

FIGURE 6: PARK TRANSFORM
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5.3 Inverse Park Transform

The Inverse Park Transform transforms the quantities from the to the two-axis rotating coordinate system that rotates
with the rotor flux, to a two-axis stationary coordinate system.

FIGURE 7: INVERSE PARK TRANSFORM

5.4 Inverse Clarke Transform

The Inverse Clarke Transform transforms the quantities from a two-axis stationary coordinate system to a three-axis,
two-dimensional coordinate system referenced to the stator. The alpha and beta axes are interchanged from that of a
conventional Inverse Clarke transform to simplify the SVPWM implementation, which will be further discussed in the
next section.

FIGURE 8: INVERSE CLARKE TRANSFORM
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6.0 SPACE VECTOR PULSE WIDTH MODULATION (SVPWM)

The final step in the vector control process is to generate pulse-width modulation signals for the 3-phase motor voltages.
If the Space Vector Modulation (SVM) technique is used, the process of generating the pulse width for each of the three
phases is reduced to a few simple equations. In this implementation, the Inverse Clarke Transform is folded into the
SVM routine, which further simplifies the calculations.

Each of the three inverter outputs can be in one of two states. The inverter output can be connected to either the plus
(+) bus rail or the minus (-) bus rail, which allows for 23 = 8 possible states of the output.

The two states in which all three outputs are connected to either the plus (+) bus or the minus (-) bus are considered
null states because there is no line-to-line voltage across any of the phases. These are plotted at the origin of the SVM
star. The remaining six states are represented as vectors with a 60-degree phase difference between the adjacent
states.

FIGURE 9: SPACE VECTORS OF THREE-PHASE INVERTER

The process of SVM allows the representation of any resultant vector by the sum of the components of the two adjacent
vectors. In the figure below, UOUT is the desired resultant. It lies in the sector between U60 and U0. If during a given
PWM period T, U0 is output for T1 / T and U60 is output for T2 / T, the resulting voltage for the period T will be UOUT.

FIGURE 10: AVERAGE SVPWM

T0 represents a time where no effective voltage is applied into the windings; i.e., where a null vector is applied. The
values for T1 and T2 can be extracted with no extra calculations by using a modified Inverse Clarke transformation. If
Vα and Vβ are reversed, a reference axis is generated that is shifted by 30 degrees from the SVM star. As a result, for
each of the six segments, one axis is exactly opposite that segment and the other two axes symmetrically bound that
segment. The timings of the vector components along those two bounding axes are equal to T1 and T2. The null vectors
are applied in the remaining time T0 of the switching period T.
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The dsPIC DSC is configured in the center-aligned PWM, which produces the symmetrical pulse pattern as shown in
the following figure. This configuration reduces the ripple current while minimizing the switching losses in the power
device.

FIGURE 11: PWM SIGNALS FOR PERIOD T
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7.0 SENSORED IMPLEMENTATION OF POSITION AND SPEED MEASUREMENT

An important part of the algorithm is how to calculate the rotor angle needed for the FOC. This section of the application
note explains the process of estimating the rotor angle (ϴ) and motor speed (ω). The sensored control technique
estimates those parameters from the information obtained from the discrete states of the Hall sensor inputs. 

The block diagram of the position and speed measurement is shown in the following figure. The sensored technique
uses the GPIO and SCCP (Capture/Compare/PWM/Timer) peripherals. The GPIO with Change Notification feature is
configured with mismatch style, which means that it detects changes from the last port read. The SCCP peripheral is
configured into Timer mode, using the FCY Clock of 100 MHz and prescaler of 64. The SCCP Timer period is based on
the minimum motor speed to avoid overflow and accommodate the maximum period. 

FIGURE 12: POSITION AND SPEED MEASUREMENT DIAGRAM

Whenever the motor rotates, there is a Hall state change, which happens every 60 electrical degrees, the Change
Notification ISR (CN_ISR()) is serviced. Within the ISR, the Hall sensor’s state is read, and the rotor sector is calculated.
The interrupt event also measures the timer count of the SCCP Timer between subsequent interrupts.

The following figure illustrates the Hall states and its changes that trigger the interrupt events. The period calculation is
done by measuring the current timer count (ActualCapture) and subtracting it from the previous timer count
(PastCapture). The calculated period is filtered using the moving average filtering method. The moving average filtering
method is optimal for reducing random noise while maintaining a sharp response. It is done by getting multiple period
samples at a time, and taking the average of those to produce a single output point. The average period is used in
calculating the rotor position, while the raw calculated period is passed to the speed calculation routine.
DS00004064A-Page 10  2021 Microchip Technology Inc.
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FIGURE 13: TIMER COUNT CAPTURE FOR PERIOD CALCULATION

7.1 Position Measurement

It is important to know the accurate rotor position for the FOC to work correctly. The low-resolution discrete inputs from
the Hall effect sensor states would not be sufficient for the FOC because it requires a higher angle resolution to properly
execute the control. 

The rotor sector is needed to properly get the rotor sector phase value. Rotor sector is the absolute position of the rotor,
in electrical degrees, in 60-degree steps.  That information is obtained by reading the digital value from the three Hall
effect sensors. There are six valid sectors that are assigned with corresponding phase values in signed integer format.
The values are tabulated in the following table with the corresponding Hall state and sector number.

TABLE 1: RELATIONSHIP OF SECTOR TO ANGULAR POSITION

The phase values serve as references to calculate the high-resolution transformation angle. The reference phase value
based on the sector is acquired with every change notification interrupt event, while the calculation of the transformation
angle is done in ADC_ISR(). The reference phase value is initially loaded to the transformation angle within the
CN_ISR(), given by the following equation.

EQUATION 1: INITIAL TRANSFORMATION ANGLE

The _90_Degrees_Phase_Offset keeps the stator and rotor flux at 90 degrees from each other. It is equivalent to 16384
and computed from the whole electrical angle rotation of 65536. 

The time period measured between subsequent Hall sensor states is inversely proportional to the speed of the motor;
therefore, a proportionality constant is needed. The PHASE_INC_CALC is a constant that is used to compute the phase
increment from the average period. 

Hall C Hall B Hall A Sector Reference Phase Value

0 0 0 Invalid Invalid

1 1 0 6 32767

0 1 0 2 -21844

0 1 1 3 -10922

0 0 1 1 0

1 0 1 5 10922

1 0 0 4 21844

1 1 1 Invalid Invalid
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EQUATION 2: PHASE INC CALC

EQUATION 3:  PHASE INCREMENT

EQUATION 4: FINAL TRANSFORMATION ANGLE

From the equation above, the constant PHASE_INC_CALC is derived from dividing the SCCP Timer clock by the Timer
Prescaler and PWM switching frequency and multiplying the quotient by the equivalent phase value of 60-electrical
degrees. The phaseInc variable is computed from dividing the PHASE_INC_CALC by the average period. The phaseInc
value is used to increment the transformation angle in every ADC_ISR() cycle. The computed transformation angle
reflects the electrical angle at a distinct moment in time. The process continues until another change notification interrupt
event is serviced, and a new reference value is obtained. For a more elaborate illustration on the relationship among
the sector number, rotor sector phase value and transformation angle, see the diagram in the following figure. 

FIGURE 14: ROTOR ANGULAR POSITION

7.2 Speed Measurement

Due to motor mechanical construction and that the Hall effect sensors might not be perfectly placed at 120 degrees from
each other, the time between the change of the Hall states is slightly different. For this reason, a single period capture
is not sufficient to accurately calculate the speed. To complete a single electrical rotation, it will take six change
notification interrupts. The period measured from those succeeding interrupts are integrated and used to calculate the
speed. The following equation is used for calculating the raw speed. 
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EQUATION 5: SPEED CALCULATION

The Period_Summation is a moving average summation that ensures that the calculatedSpeed will always be computed
after every six change notification interrupts. The calculatedSpeed is filtered using the moving average filter to ensure
that the measured speed is smooth and has no random noises. 

The final output of the position and speed block are the measured speed and electrical angle that are fed to the PI control
blocks. 
 2021 Microchip Technology Inc. DS00004064A-Page 13
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8.0 FAULT DETECTION AND PROTECTION

The application firmware is equipped with fault detection and protection against shoot-through, overcurrent,
overtemperature and undervoltage. These unwanted events may damage the motor and motor drivers, thus it is
recommended to prevent them.

8.1 Shoot-through

It is a failure event when two complementary switches in a voltage source inverter are turned on simultaneously,
consequently short-circuiting the supply. 

The PWM peripheral has the dead-time generator that is applied in both the rising and falling edges of the PWM signals
to prevent shoot-through. The dead time lasts for 1 µs, ensuring that discharge or turn-off delay time does not falsely
switch ON the complementary switches simultaneously.

8.2 Overcurrent Protection

Overcurrent describes a sharp and fast rise in current over a short period of time. It can be caused by improper
commutation, excessive load, line-to-ground or line-to-line faults. In this condition, the value of the current is far greater
than the nominal line current and may result in the circuit overheating. 

The current is monitored through the current-sensing circuits connected to the phase A of the motor. The resistor
RSHUNT is tapped at the low side of the inverter. The voltage across RSHUNT reflects the current that flows through the
inverter. The DSCs internal op amp is utilized for measuring and conditioning the voltage signal. The output of the
internal op amp is fed to the non-inverting input of comparator with DAC. The DAC is connected to the inverting input
of the Comparator and sets the reference value. The DAC has a 12-bit resolution that can provide 5% to 95% of AVDD.
The measured voltage signal is continuously compared to the reference voltage set by the DAC. If the voltage signal
goes higher than the voltage set by the DAC for 100 μs, the PWM drivers are disabled and the motor is stopped.

8.3 Overtemperature Protection

The operating ambient temperature range of dsPIC33CK64MP105 is from -40 to +85ºC. The overtemperature detection
for the microcontroller is done through the Temperature Sensor tied to AN19 pin of dsPIC. The diode in the temperature
sensor has a negative temperature coefficient. The ADC is used to monitor the die temperature through channel AN19.
The temperature limit is set depending on the measured voltage at normal operation and adjusted on the ambient
temperature range. At 25ºC, the measured ADC value is 240. The formula for getting the ADC Value is expressed in
the following equation.

EQUATION 6: EQUIVALENT DIGITAL VALUE OF SENSED TEMPERATURE

Rearranging the previous formula in the previous equation leads to the following equation. 

EQUATION 7: VOLTAGE MEASURED AT ROOM TEMPERATURE

This Vtemp @ 25ºC is used as the reference voltage in which the change in voltage across the diode with the temperature
coefficient of -1.5 mV / ºC will be added or deducted depending on the rise or fall of the temperature. The new Vtemp is
computed using the following equation.

EQUATION 8: VOLTAGE MEASURED AT ANY TEMPERATURE
DS00004064A-Page 14  2021 Microchip Technology Inc.
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The fault protection is designed to shut down the system if the temperature rises to 57ºC or equivalent to the ADC value
of 225 because it is recommended that the battery of the electric scooter not operate in a temperature greater than 60ºC
or equivalent to the ADC value of 224.

8.4 Undervoltage Protection

Undervoltage is defined as a condition in which the voltage drops to less than 90% of the rated voltage for at least one
minute. 

The undervoltage in VBUS is directly monitored by the controller using the VBUS/16 signal, which has a direct connection
to the dsPIC AN15 channel input. The routine used for monitoring the bus voltage is within the Interrupt Service Routine
used for driving the motor. It is checked for every 20 µs. To avoid false triggers for undervoltage, a counter is used for
counting the elapsed time for the undervoltage. If the counter exceeds 1 minute, the undervoltage fault will be activated,
which causes the system to be disabled.

It is recommended not to let the battery drop below 70%, so the controller undervoltage protection would be 0.7VBAT.
Using the following equation, the voltage limit is computed.

EQUATION 9: VOLTAGE LIMIT
 2021 Microchip Technology Inc. DS00004064A-Page 15
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9.0 APPLICATION OF SENSORED FOC IN ELECTRIC SCOOTER

In recent years, the use of electric two-wheelers, such as the electric scooter, as a means of personal transportation
became widespread. An electric scooter is composed of a battery, battery charger, motor, motor driver, DC-DC
converter, intelligent controller and other accessories.

The motor is fixed in the hub of the wheel. The sensored BLDC motor has a very similar construction with a permanent
magnet synchronous motor used as a hub motor. The reason for choosing BLDC is its compactness, low maintenance,
and noiseless operation. The Hall effect sensors are already included in the construction of the motor. The hub motor
typical voltage is 36V – 42V, with the speed ranging from 150 RPM to 650 RPM or 5 kph to 25 kph. 

The sensored FOC technique is very suitable for driving the electric scooter because it provides an efficient way to
control the BLDC motor in adjustable speed drive applications. The FOC technique improves the torque response and
dynamic speed accuracy. The sensored nature of the solution makes it appropriate for the high precision drive of the
electric scooter hub motor.

With an increasing demand for electric scooters, a board was developed to cater to the need for intelligent control of
electric scooters. The electric scooter board was developed with a DC-DC converter, intelligent controller and motor
driver with a fully protected power stage. The board only requires the throttle signal, battery and battery charger to
completely control the electric scooter. The board was used in testing the solution discussed in this application note.
The reference design of the board was released in a separate document. The figure below shows the front and back of
the electric scooter board.

FIGURE 15: FRONT AND BACK BOARD PICTURES

The stopping of the motor is an important consideration in controlling the electric scooter. Regenerative braking is an
additional feature used for speeding up the deceleration and extending the battery life.

9.1 Regenerative Braking

Regenerative braking is the process of using a motor in motion as a generator, consequently, making the motor slow
down. The energy recovered in the process is stored back to the battery. The energy can only be stored when the Back
EMF generated by the BLDC motor is greater than the battery voltage.  For practical application, regenerative braking
is preferred at high-speed motor operation. 

The three-switch regenerative braking method is used in this application. An additional pin is used as an input for
processing the signal coming from the brake lever. The braking routine is included in the interrupt service routine used
for driving the motor. When a brake signal is sensed, the PWM signal is applied to the low side switches of the inverter
while the high side switches are turned off, as shown in the following figure. 
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FIGURE 16: LOW SIDE SWITCHES ARE MODULATED

This switch configuration allows the converted electrical energy from the rotating motor to be boosted to a higher voltage
than the DC bus voltage. The second step in the process is turning off the low side switches, letting the current flow
back to the source through the MOSFET body diode, as shown in the following figure. The boosted voltage is, then,
stored back to the battery.

FIGURE 17: LOW SIDE SWITCHES ARE OFF
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10.0 TESTING ON THE ELECTRIC SCOOTER BOARD

This section presents the results of testing the sensored FOC drive in an electric scooter at no load condition. This
illustrates the rotor angular position, the SVM line-to-ground voltages and the SVM line-to-line voltages. The diagrams
and graphs are captured using X2CScope, a virtual oscilloscope tool that allows run-time debugging and data
visualization.

FIGURE 18: ROTOR ANGULAR POSITION AND SECTOR PHASE VALUE

FIGURE 19: SVM LINE-TO-GROUND VOLTAGES
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FIGURE 20: SVM LINE-TO-LINE VOLTAGES
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11.0 CONCLUSION

The sensored FOC based on Hall effect sensor achieved the high-precision speed and position control of the 3-Phase
BLDC motor through developing a high-resolution algorithm out of Hall effect sensor states. The 16-bit Microchip
dsPIC33CK DSC efficiently used its DSP for executing the FOC algorithm and its on-chip peripherals for a cost-effective
solution. The solution presented in this application note effectively drives the 3-Phase BLDC hub motor of the electric
scooter. Fault protection was added to the system to ensure that unwanted events that can cause system failure can be
readily detected and stop the system’s operation.
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APPENDIX A: SOURCE CODE LISTING

The latest software version can be downloaded from the Microchip website (www.microchip.com). The user will find the
source code appended to the electronic version of this application note.

http://www.microchip.com
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