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1 Introduction 
 
Signal processing needs in low cost MCUs are increasing. The microcontroller domain tackles many 
control applications in the analog and regulator domain like AC motor control and PID regulator designs. 
The lack of DSP processing power in current MCU devices has severely limited the possibility to 
perform high speed complex DSP algorithms in low cost designs. The latest ARM Cortex-M4 is targeted 
as a solution to these needs as it comes with an extensive set of DSP instructions. 
 
Part 1 of this article introduces the basics behind DSP technology and discusses how advanced 
algorithms like digital filters, FFT's and control loops can be efficiently implemented without having to go 
into low level assembly programming. In part 2, the design of a motor control application using a 
sensorless vector control algorithm is discussed. 
 
Click to open part 1 (chapter 2-4) 
 

 
5 Case study—motor control application 
 
In this chapter we will look closer at a motor control application, where the use of the Kinetis MCU is 
suitable. 
 
 
5.1 Sensorless vector control of the sinusoidal permanent magnet synchronous 
motor 
 
Sinusoidal PM (permanent magnet) synchronous motors have become more popular for new drives. 
They replace brushed DC, universal, and other motors in a wide application area. It has better reliability 
(no brushes), better efficiency, lower acoustic noise, and other benefits for electronic control. A 
disadvantage of PM synchronous motor drives might be the need for a more sophisticated electronic 
circuit. But today, applications need electronic speed, torque regulation, and other features that need 
electronic control anyway. 
 
An actual trend that is visible mainly in the appliance market segment tends to remove costly speed and 
position sensors, such as encoders or resolvers, and replace them by sophisticated rotor position 
estimation algorithms that utilize the computation performance of the MCU (sensorless control 
techniques). Also, instead of expensive current transducers the more price-optimized shunt resistors 
can be selected together with the power of the MCU that is used here for signal filtering. 
 
5.1.1 Vector control algorithm 
 
High-performance motor control is characterized by smooth rotation over the entire speed range of the 
motor, full torque control at zero speed, and fast acceleration and deceleration. To achieve such control, 
vector control (sometimes also referred as Field oriented control) techniques are used for PM 
synchronous motors. The basic idea of the vector control algorithm is to decompose a stator current into 
a magnetic field-generating part and a torque-generating part. Both components can be controlled 
separately after decomposition. The structure of the motor controller is then as simple as for a 
separately excited DC motor. 
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The overview block diagram of the control algorithm is illustrated in figure 5-1. The aim of this control is 
to regulate the motor speed at a predefined level. The speed command value is set by high-level 
control. The algorithm is executed in two control loops. The fast inner control loop is executed with a 
hundred µsec period range. The slow outer control loop is executed with a period of msec range. 
 
The fast control loop executes two independent current control loops. They are the direct and 
quadrature-axis current (isd,isq) PI controllers. The direct-axis current (isd) is used to control the rotor 
magnetizing flux. The quadrature-axis current (isq) corresponds to the motor torque. The current PI 
controllers’ outputs are summed with the corresponding d and q axis components of the decoupling 
stator voltage. Thus, the desired space vector for the stator voltage is obtained and then applied to the 
motor. The fast control loop executes all the necessary tasks to achieve an independent control of the 
stator current components. These include: 
 

• Three-phase current reconstruction 
• Forward Clark transformation 
• Forward and backward Park transformations 
• Rotor magnetizing flux position evaluation 
• DC-bus voltage ripple elimination 
• Space vector modulation (SVM) 

 
The slow control loop executes the speed controller, field weakening control and lower priority control 
tasks. The PI speed controller output sets a reference for the torque producing quadrature axis 
component of the stator current iq_ref and flux producing current id_ref.  
 
To achieve the goal of the PM synchronous motor control, the algorithm uses feedback signals. The 
essential feedback signals are three-phase stator current and stator voltage. For correct operation, the 
presented control structure requires a speed feedback on the motor shaft. In the case of the presented 
algorithm, a sensorless algorithm is used, that estimates the angular speed and the rotor position. 
 
 

 
  Slow speed control loop    Fast current control loop 
 
Figure 5-1.  Block diagram of PMSM Sensorless vector control algorithm 
 
 
5.1.2 Sensorless control of the PM synchronous motor 
As described in previous section, the rotor position angle and angular speed need to be measured or 
estimated to implement the speed vector control. Different techniques can be used for the rotor position 
estimation: 
 

• Utilization of magnetic saliency 
• Calculating an appropriate motor model 
• Combination of two sensorless algorithms  

 
In the solution described in this article, the method based on the calculation of the motor model is used 
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– Back-EMF observer. Because the sensorless technique based on back-EMF is proposed, the position 
cannot be estimated at a zero or low speed. Therefore, the motor start-up is provided with a vector of 
constant current amplitude. Anyhow, there are applications, where this approach is not possible due to 
load characteristics. 
 
The estimation method for the rotor position and angular speed is based on the motor mathematical 
model of interior PMSM motor with an extended electro-motive force function which is realized in 
estimated quasi synchronous reference frame γδ. The back-EMF observer detects the generated motor 
voltages induced by the permanent magnets. A tracking observer uses the back-EMF signals to 
calculate the position and speed of the rotor. The transformed model is then derived as follows: 
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where  

 
• RS  - stator resistance 
• LD, LQ  - D-axis and Q-axis inductance 
• ke  - back-EMF constant 
• ωe - angular electrical speed 
• uD, uQ - stator voltages 
• ID, iQ - stator currents 
• s - operator of derivative 
• iq’ - first derivative of iq current 

 
The position estimation can now be performed by extracting the θerror term from the model. 
 
 
5.2 Implementation of the FOC on Cortex-M4 processor and processor load 
 
The algorithm was implemented on Cortex M4 using highly optimized intrinsic functions. All unimportant 
partial results were stored in registers instead of local variables.  
 
5.2.1 Numbers representation and mathematical operations  
Cortex-M4 uses integer, two’s-complement format. The positive number is represented as simply binary 
value and the negative number is represented by inverting all the bits of corresponding positive value 
and then adding 1.  
 
For all mathematical operations within discussed application only one fixed-point format has been 
selected: Q0.15 or Q0.31, that means all numbers are within the <-1,1) interval. This is the fractional 
format as it is known from the DSP processors and controllers. The main benefit is that the multiplication 
is never saturated or overflowed, but care must be taken for addition and multiply-accumulate 
instructions. Proper scaling of the quantities has to be chosen. Also, the selection of a single number 
representation format for all computations avoids rescaling (shifting) of the values between particular 
calculations. 
 
As for all fixed-point integer machines, the operation of multiplication has to be followed by arithmetical 
shift right when operands are of fractional format. There are more ways to emulate the fractional MAC 
instruction. Here signed multiplication followed by single arithmetic shift left and saturating addition was 
used. 
 
5.2.2 Example of using intrinsic functions  
One of the equations from the Back-EMF observer that is described in the section 5.1.2 here 
demonstrates the use of intrinsic functions, supported by the IAR C/C++ compiler: 
 
register int q31tmp; 
… 
udtIObsrv = __SMULBB(udtIObsrv, f16IScaled); 
udtIObsrv = udtIObsrv >> 15; 
q31tmp = __SMULBB(f16UScaled, pudtUdq); 
q31tmp = q31tmp << 1; 
udtIObsrv = __QADD16(q31tmp, udtIObsrv);  
 
 

Fractional multiplication 

Fractional multiply-accumulate 
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5.2.3 Machine cycles and execution time 
For the performance of the microcontroller, the machine cycles needed for execution of the fast control 
current loop (50 to 200 µs) are relevant. Execution of slow speed control loop (1 – 5 ms) can be 
neglected for evaluation of the CPU load. Figure 5-2 shows the machine cycles needed for the 
calculation of the whole control loop. For better illustration, the aggregated value is divided to particular 
functions, so it can be seen how much load they represent. Figure 5-3 then shows the CPU load derived 
from the execution time that is needed for calculating the algorithm. The listed values of the execution 
time assume that the program is running from program RAM. It is obvious, that even for 50 MHz CPU 
speed there is enough margin of CPU power that can be used for the rest of the application. 
 

 Figure 5-2.  Machine cycles                                     Figure 5-3.  Execution time and CPU load in [%] 
 
 
5.2.4 Operation constraints at CPU speed higher than 36 MHz 
Microcontrollers from the Kinetis family are equipped with dual-bank program flash memory. Its access 
time is 28 ns that is 36 MHz. The flash memory controller contains 64-bit pre-fetch speculation buffer 
and small 32x 64-bit cache. The speed of the flash memory has to be considered, when the designer 
wants to operate the MCU at higher frequencies (up to 96 - 120 MHz, depending on the Kinetis 
subfamily). If the code is linear (no branches) there are no wait states inserted, that means, the 
execution speed will not be affected. But at a branch, the data from the cache must be flushed and 
loaded again from the new address. Thus, the wait states are inserted during the program execution and 
the CPU speed is considerably affected. Comparing the measures and simulated values of the 
execution time for fast current control loop of PMSM sensorless vector control, we get 20% to 40% 
worse performance, depending on the function (for example Space Vector Modulation algorithm 
contains more branches than PID regulator, therefore is the performance more affected). There are 
possibilities to minimize this unfavorable behavior. The developer should avoid function calls in the time-
critical part of the code. One of the options is also to copy the whole code, or part of the code (the most 
time-critical function) to the program RAM, just after the application start. In that case, changes in linker 
file have to be made. The developer has to put the function at an absolute location in the flash memory 
to be able to copy it to RAM. 
 
 

6 Conclusions 
 
As can be seen from the results of the execution time calculation and measurement of sensorless 
PMSM vector control algorithm, microcontrollers with Cortex-M4 core are capable of using in the 
application areas where the DSP functionalities are required. Of course, the sensorless PMSM vector 
control can be made also with a 16-bit DSC or even a general purpose MCU, so it doesn’t bring 
significant effect to use a Cortex-M4 processor solely for driving the motor. But the rich peripherals set 
of the Kinetis MCU family and sufficient margin of computation performance makes it possible for the 
developer to enhance the application to different kinds of communication as well as visualization via 
graphic or segment LCD. 
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