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Abstract: The paper is focused on a comparison of three microcontrollers from computational
performance point of the view. The comparison is performed on motor control and fault detection
algorithm code executed from microcontroller internal FLASH memory. This code contains more
complicated mathematical functions. The computational performance is compared according to com-
putational time on STM32F4, STM32F7 and SAM E70 microcontrollers. Another aspects (like core
clock frequency, FLASH configuration, cache configuration, etc.) of microcontroller settings are
taken into account in experimental results.
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1 INTRODUCTION

There are high performace microcontrollers nowadays that are able to perform computations intended
only for Digital Signal Processors (DSP) in past. An ARM Ltd. Cortex-M class of microcontroller
cores is suitable for such tasks. PMSM Field Oriented Control (FOC) scheme is common in industry
and it is possible to run the algorithm even on the lower performance ARM Cortex M0. However
implemented fault detection algorithm is computationally demanding and requires high performance
microcontroller.

The main purpose of this paper is to verify different schemes of code execution from FLASH memory.
Such experiments are usually presented by microcontroller manufacturers, but only with generic al-
gorithms (FIR, FFT) [5]. For comparison, one Cortex M4 and two Cortex M7 microcontrollers
were selected. On the one hand STM32F407 ARM Cortex M4 microcontroller was tested with
STM32F4DISCOVERY kit [6]. On the other hand STM32F767ZI was tested with NUCLEO144
kit [7] and Atmel SAME70Q21 was tested with SAME70-XPLD kit [3].

1.1 DIFFERENCES BETWEEN FLASH CODE EXECUTION ON ARM CORTEX M4 AND M7
STM32F MICROCONTROLLERS

Program FLASH memories are significantly slower then microcontroller cores. Wait states (WS)
represent how often microcontroller core can request next instruction from FLASH. To decrease im-
pact of WS, microcontroller producers implement various FLASH memory accelerators. However
the new ARM Cortex M7 offers L1 CACHE coupled with core to decrease impact of WS. There are
more possibilities to run code from FLASH:

STM32F7 provides two paths for instructions from FLASH. The STM32F7 system architecture is in
Figure 1. First path connects FLASH directly with core through dedicated ITCM bus. This path
can be accelerated with ART accelerator [5] on FLASH memory side. The second path goes
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Figure 1: STM32F7 Series system architecture (adopted from [5])

through AXI BusMatrix. This path can be accelerated with L1 CACHE coupled with Cortex
M7 core [2]. FLASH dual bank mode is not considered in this paper.

STM32F4 provides only one path for instructions from FLASH memory through AXI BusMatrix.
This path can be accelerated by PREFETCH unit and instruction/data CACHE on flash peri-
pheral side [6].

SAM E70 provides also only one path through AXI BusMatrix. This path can be accelerated with
L1 CACHE coupled with Cortex M7 core [2].

1.2 MOTOR CONTROL AND FAULT DETECTION APPLICATION REQUIREMENTS

Beside typical multiple&accumulate DSP operations, motor control applications require also gonio-
metric functions, square root and division. The performance optimized versions of these functions
in single precision arithmetic are included in the ARM Cortex Microcontroller Software Interface
Standard (CMSIS) DSP library [1].

2 IMPLEMENTATION

The test firmware was generally created in two steps.

Simulink model was implemented for performance analysis of three selected microcontrollers. The
top level of Simulink model hierarchy is in Figure 2. This model is composed of three subsystems:
PMSM model, FOC Speed Control and Fault detection. All of these subsystems were included in
performance analysis firmware.

The PMSM model block represent model of real PMSM. Continuous time state equations were dis-
cretized with Euler approximation. There are only multiple and accumulate operations. Usage of the
PMSM model ensures same data in each experiment.
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Figure 2: Simulink model with FOC Speed control, PMSM model and Fault detection blocks evalu-
ated in computational performance experiment

The FOC speed control contains inner current control loop. This is more complicated algorithm.
Because of space vector transformations, it contains also sin/cos goniometric functions, variable sat-
urations and also square root computations. There are three discrete PI controllers.

Much more complicated than FOC is Fault detection algorithm. It is based on Extended Kalman
Filter (EKF), therefore Kalman gain in dynamically computed. The state vector has 6 six states.
According to EKF algorithm, there is requirement for many computationally demanding 6x6 matrix
multiplications. Measurement vector has 3 items, therefore 3x3 matrix inversion is required.

The Simulink model was prepared in two versions - the first one with single precision floating point
arithmetic and the second one with double precision arithmetic. Inside double precision model,
sin/cos functions and square root are computed in single precision arithmetic, other computations
are double precision. The ARM Cortex M7 newly integrated double precision floating point unit can
be tested with this model.

Simulink Coder was used with Embedded Real-time Target profile for automatic code generation
from the top level Simulink model.

The microcontroller code is consisted of the code generated with Simulink Embedded Coder and
microcontroller support libraries. These libraries contain microcontroller initialization (clocks, cache,
FLASH, etc.) and common library for mathematical functions CMSIS.

The projects for microcontrollers were managed with STM32CubeMX, SW4STM32 and Atmel Stu-
dio. The base firmware was enlarged with Simulink generated code. Then code was compiled with
GCC 5 with -03 optimizations.

3 EXPERIMENTAL RESULTS

The test bench was consisted of development kits and debugging tools only. Because of performance
comparison objectivity, there is no connection between firmware and microcontroller peripherals.
Therefore the core performance is not affected by DMA transfers or interrupts. All performance
measurement data were retrieved with the debugger.
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A set of measurement with different settings was divided into three groups. One table was prepared
for each group. All the tables show computational time and microcontroller core cycles count per one
model update/output period. Results are averaged from thousand samples. Core cycles was measured
with Data Watchpoint and Trace unit of microcontroller [8].

Table 1 shows comparison between STM32F407, STM32F767 and SAM E70 running at 407’s maxi-
mal frequency fCPU = 168 MHz. This results are also depicted in boxplot ( Fig. 3) to observe variance
of the measured computational times. Box plots are numbered according to the Table 1.

Microcontroller No. FLASH and core setting CPU cycles Time [µs]

STM32F4
1 PREFETCH and FLASH CACHE disabled 10953 65.21
2 PREFETCH and FLASH CACHE enabled 8050 47.87

STM32F7

3 ITCM, PREFEATCH and ART disabled 10865 64.67
4 ITCM, PREFEATCH and ART enabled 10434 62.11
5 AXI, Cortex M7 L1-CACHE disabled 11824 70.39
6 AXI, Cortex M7 L1-CACHE enabled 5006 29.80

SAM E70
7 AXI, Cortex M7 L1-CACHE disabled 24205 144.43
8 AXI, Cortex M7 L1-CACHE enabled 5270 31.53

Table 1: Measured computational time, fCPU = 168 MHz, single precision arithmetic
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Figure 3: Box plot of measured computational time, fCPU = 168 MHz, single precision arithmetic

Table 2 shows performance of STM32F767 with double precision code at fCPU = 168 MHz.

Microcontroller FLASH and core setting CPU cycles Measured time [µs]

STM32F7

ITCM, PREFETCH and ART disabled 25684 153.07
ITCM, PREFETCH and ART enabled 25531 152.13
AXI, Cortex M7 L1-CACHE disabled 28456 169.60
AXI, Cortex M7 L1-CACHE enabled 15049 89.73

SAM E70
AXI, Cortex M7 L1-CACHE disabled 40331 240.38
AXI, Cortex M7 L1-CACHE enabled 14706 87.70

Table 2: Measured computational time, fCPU = 168 MHz, double precision arithmetic

Table 3 shows best results of STM32F767 and SAM E70 microcontrollers running at the maximal
core clock frequency.
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Precision Microcontroller, frequency and core setting CPU cycles Measured time [µs]
single STM32F767, 216 MHz, L1-CACHE enabled 5250 24.43
double STM32F767, 216 MHz, L1-CACHE enabled 15076 69.91
single SAM E70, 300 MHz, L1-CACHE enabled 5277 17.65
double SAM E70, 300 MHz, L1-CACHE enabled 14796 49.41

Table 3: Measured computational time of STM32F767 and SAM E70 at maximal frequency

4 CONSCLUSION

The presented results verify that different microcontroller core configurations and FLASH peripheral
configurations crucially affect whole system computational performance. Because sophisticated im-
provements in microcontroller technologies, the more complicated algorithms can be computed. On
the other hand, the microcontrollers offer different settings focused on power consumption.

The motor control and fault detection algorithm is prepared for sampling period TS = 62.5 µs (16
kHz). Therefore experimental results confirm ability to run algorithm in single precision arithmetic
on all presented microcontrollers. At the same core frequency, STM32F767 and SAME70 are 1.6
times faster than STM32F407. Similar performance of the STM32F767 and SAM E70 was observed
with L1 cache enabled. The STM32F767 provides better performance then SAM E70 when L1 cache
is disabled. On the other hand SAM E70 offers higher maximal clock frequency and therefore the
best performance from selected microcontrollers. The double precision experiment shows that it is
possible to compute the motor control and fault detection algorithm real-time in double precision
arithmetic only with SAM E70 running at maximal frequency.

It was observed that it will be possible to run presented Simulink model in real-time. This is important
step of the traditional model based design workflow. Finally, the PMSM motor model can be changed
to microcontroller peripheral blocks, interfacing real motor inverter and motor sensors [4].
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