
Highly Integrated Inverter with Multiturn Encoder
and Software-based PFC for Low Cost Applications
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Abstract—Motor control gets more and more common
in fields where it was not applicable a few years ago. The
prizes for computing power due to higher integration of the
power electronics are going down. Because of this, brush-
less DC and permanent magnet synchronous machines
capture new markets and replace simple grid connected
induction machines. The rising standards for electromag-
netic interference (EMI) emissions make a power factor
correction (PFC) in a lot of applications necessary. In
addition a PFC offers some advantages because of the DC
bus regulation. In this paper an inverter with a particularly
low prize and a high performance is presented. A software
based PFC is integrated into the motor control circuit and
a low cost absolute position encoder has been developed.
In addition some synergetic effect between motor control
and PFC will be shown. The experimental results show the
feasibility of the integration of a field orientated control
with an integrated PFC in one low cost microcontroller.

I. INTRODUCTION

Due to the dramatically fallen prizes for controller per-
formance it is possible to implement high-performance
motor-control algorithms in a very cheap hardware.
Inverters can be used in applications which are normally
dominated by direct grid connected induction machines.
This allows a wide range of improvements. For example
it is possible to control torque, speed and velocity. The
use of an inverter enables a smarter design of the whole
application. The reduction of shock and jolt can increase
the mechanical durability. Normally an induction ma-
chine has to be oversized for start up and load peaks
and a huge amount of reactive power is needed. With
an inverter the grid does not need to supply the drive
with reactive power. Additionally a single phase supply
for smaller power amounts is sufficient instead of a
three phase supply. To comply with the international
regulations of system perturbation (standards of EMI
emissions) an integrated active PFC decreases the ripple
current which is responsible for EMI emissions. The

PFC controls the power factor which minimizes the
reactive power consumption. A unity power factor can
nearly be achieved. Due to the regulation of an active
PFC, the input voltage fluctuations have no effect on
the drive and there is no need for different designs
for 115V and 230V supply grids. The PFC allows a
higher motor voltage which increases the efficiency of
the drive. The disadvantage of an active PFC is the
price, which limits the field of possible applications. A
consistent reduction of components can compensate this.
A modern microcontroller like the Cortex M3 can handle
a high level motor control and a power factor correction
control algorithm simultaneously. The PFC adds only
a few components to the inverter design and there is
no need for an additional specialized PFC-controller.
Furthermore the number of components is reduced by
using a field oriented control with a single DC link shunt
measurement for controlling the motor.

II. DESCRIPTION OF THE HARDWARE SETUP

The consistent reduction of components leads to an
electrical circuit whose block diagram is shown in figure
1. The frontend of the inverter consists of an EMI
filter, a rectifier and a controlled boost converter. The
microcontroller, which is supplied by a flyback converter,
controls the frontend and the backend. Due to the cost
efficiency of a power module the backend of the inverter
is not realized in discrete techniques. To decrease the
costs for the input current measurement and for the
measurements of the motor currents some signal con-
ditioning is required. They are put into practice by using
one operational amplifier in each case. The voltages
are measured by resistance networks. Additionally a
movement to get the reference points after a power fail
with dead stop switches is not acceptable due to safety
and usability issues. A cheap solution has to be found.
Absolute position detection within a single turn can be



Fig. 1. Diagram of the hardware implementation

achieved with a normal potentiometer. Every angle is
correlated with a fixed value of resistance. The absolute
position within one turn can be achieved by measuring
the resistance. A gear with a transmission of less than
one can adapt this single turn sensor to several turns of
a faster rotating axis.

Fig. 2. Principle of the rotary position sensor and the necessary
gear

A potentiometer has some major disadvantages. First
of all the contact of the slider can degrade and a longtime
reliability is hard to archive. Second a potentiometer
cannot represent the full 360◦ of a circle due to the
mechanical limitations. A better solution is a ”Rotary
Position Sensor IC”. These circuits are detecting the
position of a small magnet by an array of hall sensors

like shown in figure 2. It is possible to detect the full
range of 360◦ with no limitations with a resolution of
12Bit. The position is transmitted via serial peripheral
interface (SPI) to the microcontroller. The necessary gear
can be very small and cheap, because it does not have
to transfer a high torque and it is just for rotating the
magnet over the sensor. For example gears like this can
be found in toy servo applications shown in figure 2 and
the costs are in mass production only a few cents.

III. IMPLEMENTATION OF THE FIELD ORIENTATED

CONTROL

The figure 3 shows the scheme of the field oriented
control (FOC) with the reference output to the PFC. It
is a cascaded design of a position, speed and current
controller followed by transformation and modulation.
The permanent magnet synchronous machine is equipped
with a multiturn absolute encoder described in II. The
provided position and the measured current are trans-
formed by the well known Park and Clark transforma-
tions. The resulting current which has to be separated
into the d- and q-component is the input for the current
controller.

Fig. 3. Block diagram of the field orientated control

The d-current should be zero because no field weaken-
ing is necessary in this application. The reference value
for Iq, representing the torque, is provided by the speed
controller. This controller is a standard PI controller
which is fed by the position controller with the reference
speed. The input of the position controller is calculated
by a motion profile generator. This module generates a
speed reference value based on a sin2 curve for smooth
movements. For better control performance, precontrol
values for speed and current are calculated by derivating
the position reference. The current controller actuating
value is summed with the precontrol value resulting from
the EMK calculation.



IV. SYNERGETIC EFFECTS OF FOC AND PFC

Normally a PFC is build by a specialized analog
controller. By implementing the motor control and the
control of the PFC into one microcontroller some syner-
getic effects can be achieved. The PFC can be driven in
three different conduction modes. Only with one of them,
the continuous conduction mode (CCM), it is possible to
full fill the EMI standards for electrical circuits with an
output power higher than 500W. The disadvantage of
the CCM is a complex control loop, which is difficult
to build with analog techniques. The microcontroller
allows using the CCM by controlling the PFC-Frontend
with a software algorithm. The control algorithm of the
PFC is shown in figure 4. The PFC is mainly supplying
the B6 inverter bridge which is controlled by the FOC
algorithm. So the current which has to be transferred
by the PFC is known. The FOC current controller can
provide this information to the PFC control. The control
can benefit from this information with a more precise
current control.

V. IMPLEMENTATION OF THE POWER FACTOR

CORRECTION

To achieve a unity power factor a high switching
frequency is required. The switching frequency is limited
in a digital controlled PFC because of the sampling time
delay and the necessary processing time. In common
PFC applications the microcontroller has to execute
many operations like conversion of input voltage, output
voltage and inductor current, PI regulation of voltage
and current, reference current calculation and duty cycle
generation in every switching cycle. These operations
limit the switching frequency. To be able to use a cost-
efficient microcontroller, the software has to be imple-
mented in a smart way. Several approaches were made

Fig. 4. Block diagram of the power factor correction control

to decrease the processing time for example by using
a predictive algorithm with the duty cycle generation

and the necessary calculations are mostly independent
from the switching frequency. With another approach
the processing time is decreased by calculating the duty
cycle only every second to tenth switching cycle. The
disadvantages of this approach are the increasing har-
monics in the line current. The characteristics of the here
described application which is controlling a synchronous
machine and a PFC with one microcontroller, requires
an economical source code, especially for controlling the
PFC. The bulk of the processing power must be reserved
for controlling the motor. In addition the code size must
be restricted. As shown in figure 4 the duty cycle is
calculated by the input voltage, the output voltage and
the inductor current. These three values are digitized
by the analog digital converter (ADC). To decrease
the degree of capacity utilization of the ADC only the
inductor current is measured every switching cycle.

Fig. 5. Jitter of the zero crossing detection

The input voltage value is displayed by a look up
table which contains the values of a half sine wave.
The virtual sine wave is synchronized with the real sine
wave of the input voltage by a phase looked loop. To
synchronize the virtual sine wave with the input voltage
only a fraction of otherwise needed ADC conversions
are required because the ADC is only used to find the
zero crossing of the input voltage. Figure 5 shows the
zero crossing detection which has a low jitter and the
constant delay can be easily corrected. The amplitude of
the input voltage does not have to be measured because
a feed forward voltage to stabilize the line voltage is
not necessary. The output voltage is measured every
third sine half wave because it changes very slowly. The
reference current Iref is calculated by multiplying the PI



controller output and the normalized reference voltage.
The duty cycle is calculated by the PI current controller.

VI. RESULTS AND CONCLUSION

The performance of the PFC is shown in the following
measurement results. The figure 6 shows the waveforms

Fig. 6. Line current and voltage waveforms

of the input voltage, the input current and the output
voltage. The input voltage and the input current are in

Fig. 7. Power factor measurement

phase, the output voltage oscillates with 100Hz phase
shifted to the input voltage and current. The input current

is sinusoidal and nearly without ripple current. The errors
in the progression of the current near the zero crossings
are caused by the above described jitter of the zero
crossing detection. The power factor and the current
harmonics which results from the above described input
current flow and input voltage are shown in the figures 8.
On the left side in the subfigure the progression of input

Fig. 8. Harmonics of the Power factor measurement

voltage and input current are shown at an apparent power
of 323VA which results in a power factor of 0.97 and
a cos Phi of 0.98. The associated harmonics of current
which comply with the limit values of the standards IEC-
1000-3-2 and IEEE-519 are additionally shown in figure
8. The step response of the speed controller is shown
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Fig. 9. Speed variations while rotating

in figure 10. The target speed of 400rpm is reached
after 15ms with nearly no noticeable overshooting. The
second plot displays the concentricity at final speed.
The speed is fluctuating with a little offset around the



reference value. The performance can by improved by
reducing these ripples. The detailed measurements of the
motor control in the final paper. It was shown that it is
possible do integrated both a PFC and a FOC into one
low cost microcontroller.
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Fig. 10. The step response of the speed controller

The total cost for the 1.5kW system including PFC,
wide input-voltage range (90V-265V), and muliturn en-
coder is less than 30$. The control resulting performance
is competitive with standard market solutions.
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