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Abstract. This paper focuses on the critical as-
pect of component selection in designing control
systems for field-oriented control (FOC) and
direct torque control (DTC) of three-phase per-
manent magnet synchronous motors (PMSMs).
The chosen components significantly influence
the performance, efficiency, and reliability of
the control systems. Key components include
high-speed digital signal processors (DSPs) and
microcontrollers (MCUs) for executing complex
FOC and DTC algorithms in real-time. Besides
that, the selection of insulated-gate bipolar tran-
sistors (IGBTs) and metal-oxide-semiconductor
field-effect transistors (MOSFETs) is handled
according to voltage and switching frequency
requirements. Power diodes are crucial for
protection against reverse currents, and sensors
for current feedback are essential for precise
control. Rotor position sensors are particularly
vital for both the FOC and the DTC methods
to ensure accuracy of motor control applica-
tions. Further exploration of these component
selections and their impact on FOC and DTC
systems will provide valuable insights into the
design considerations for motor control.

Keywords: Field-Oriented Control, Direct
Torque Control, Permanent Magnet Syn-
chronous Motors, Digital Signal Processors.

1. Introduction

Designing control systems for three-phase per-
manent magnet synchronous motors (PMSMs)
involves careful component selection to ensure
optimal performance, efficiency, and reliability
[1]. Field-oriented control (FOC) and direct
torque control (DTC) are two advanced strate-
gies that require high precision and real-time
processing [2–7]. Critical components include
high-speed digital signal processors (DSPs) in-
tegrated within MCUs, which execute complex
algorithms with higher accuracy [8]. The MCUs
are often chosen for their ability to integrate
multiple features such as ADCs, timers, and
communication interfaces, optimizing cost and
simplifying system design [9]. The selection be-
tween MOSFETs and IGBTs depends on power
and switching speed commands: IGBTs suited
for higher power loads (up to 1200 V, 400
A, and 20kHz) and MOSFETs preferred for
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fast, efficient switching (up to 100kHz) in lower
power applications (ratings of 1000V , 50 A) [10].
Power diodes, sensors, and proper cooling mech-
anisms, such as heat sinks and fans, also play
a crucial role in maintaining the long-term re-
liability of the control system [11]. The FOC
and DTC systems performance were enhanced
by sophisticated algorithms utilizing predictive
control, sliding mode, nonlinear control, search
algorithm, fuzzy logic [12–16]. The algorithms
require longer computing time in the drive sys-
tems. This paper examines the impact of these
components on FOC and DTC systems, guid-
ing designers toward more efficient and robust
motor control solutions. Next section is math-
ematical modeling of PMSM, and computation
of FOC and DTC drive methods. The third sec-
tion shows processing time and instruction count
for the FOC and DTC methods for a microcon-
troller, and selection of other related devices.
Conclusions are carried out in final section.

2. Mathematical modeling
and drives

The fundamental voltage equations governing a
PMSM in the natural abc coordinate system are
described as follows:

usa = Rsisa +
dψsa

dt
(1)

usb = Rsisb +
dψsb

dt
(2)

usc = Rsisc +
dψsc

dt
(3)

where: usa, usb, usc, isa, isb, isc, ψsa, ψsb, ψsc,
represent the phase voltages, phase currents,
flux linkages in phases a, b, and c; Rs is the
stator resistance. Flux linkages are expressed
according to Eqs. 4-6:

ψsa = Lsisa − Lm(isb + isc) + ψf cos(θr) (4)

ψsb = Lsisb − Lm(isa + isc) + ψf cos(θr) (5)

ψsc = Lsisc − Lm(isa + isb) + ψf cos(θr) (6)

where: Ls, Lm represent the self-inductance of
each phase, mutual inductance between phases;

ψf is the flux linkage due to the permanent mag-
net, θr is the rotor position angle. Electromag-
netic torque is shown in Eq. 7:

Te =
3

2
p(ψsaisa + ψsbisb + ψscisc) (7)

where: Te is the electromagnetic torque; p is
the number of pole pairs. Mechanical dynamics
equation is written as follows Eq. 8:

Jm
dωm

dt
= Te − TL −Bmωm (8)

where: Jm is the moment of inertia of the rotor,
ωm is the mechanical angular velocity of the
rotor; TL is the load torque; Bm is the viscous
friction coefficient. Two high-performance
PMSM drive methods are presented in Figs.
1-2. For both drive methods, Clarke Trans-

Fig. 1: PMSM drive using FOC method.

Fig. 2: PMSM drive using DTC method.
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form block computes αβ components of stator
current as follows:

isα = isa (9)

isβ =
isa√
3
+

2isb√
3

(10)

Following equations are implemented in space
vector pulse width modulation (SVPWM) block:

Uref =
√
u2sα,ref + u2sβ,ref (11)

α = tan−1

(
usβ,ref
usα,ref

)
(12)

ta = ts sin
(
sk
π

3
− α

)√
3
Uref

Udc
(13)

tb = ts sin

(
α− (sk − 1)π

3

)√
3
Uref

Udc
(14)

t0 = ts − ta − tb (15)

where usα,ref and usβ,ref are αβ components of
reference stator voltage vector, ts is switching
period of the SVPWM, skis an integer, (1 to
6). In case of the FOC, Inverse Park Transform
(IPT) block utilizes dq components of reference
stator voltage vector and rotor position θr to
obtain usα,ref and usβ,ref

usα,ref = usd,ref cos(θr)− usq,ref sin(θr) (16)

usβ,ref = usd,ref sin(θr) + usq,ref cos(θr) (17)

For the DTC, in the IPT block, quantities
including xy components of reference stator
voltage vectorusx,ref and usy,ref and orienting
angle γ, replace for usd,ref , usx,ref and θr,
respectively. The Id and Iq controllers in the
FOC are proportional-integral (PI) controllers:

usd,ref = Kp,deid +Ki,d

t∫
0

eiddt (18)

usq,ref = Kp,qeiq +Ki,q

t∫
0

eiqdt (19)

where Kp,d, Kp,q and Ki,d, Ki,q are proportional
and integral gains of two controllers. The ones
are similar to the flux and torque controllers in
the DTC. The PI speed controller uses motor
speed error eω to reference torque-component

current Iq,ref or reference motor torque Te,ref :

Iq,ref = Kp,ωeω +Ki,ω

t∫
0

eωdt (20)

where Kp,ω and Ki,ω are proportional and
integral gains of the speed controller. The Park
Transform block employs isα, isβ , and θr to
obtain feedback values of the Id and Iq control
loops:

Id = isα cos(θr) + isβ sin(θr) (21)

Iq = −isα sin(θr) + isβ cos(θr) (22)

For the DTC, the feedbacks are computed by
Eqs. 23-27):

ψsα =

∫
(usα −Rsisα) dt (23)

ψsβ =

∫
(usβ −Rsisβ) dt (24)

ψs =
√
ψ2
sα + ψ2

sβ (25)

γ = arcsin

(
ψsβ

ψs

)
(26)

Te =
3

2
p (ψsαisβ − ψsβisα) (27)

3. Processing time
computation and
instruction count

The real-time performance of FOC and DTC
is significantly influenced by processing speed,
memory capacity, and data transmission band-
width of the controller. A DSP/MCU with
high floating-point computation capability,
fast sampling rates, and low latency improves
control accuracy, minimizes disturbances, and
enhances overall system performance. In this
section, data processing time and instruction
for two described drive methods of PMSM
are evaluated on the PIC32MK1024MCM064
microcontroller. The microcontroller, with a
120 MHz clock speed, is capable of handling
the computational demands of both drive
methods effectively. The instruction counting
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is estimated based on general knowledge and
experience regarding the control blocks in the
FOC system. For a more accurate and scientific
estimate, a detailed analysis of each specific
block is necessary.
The Clarke and Park Transform blocks typically
include operations such as division, multipli-
cation, addition, and trigonometric operations
(see Eqs. 9-10), 21-22)). Generally, a Clarke or
Park transformation requires about 5-10 basic
operations. An approximate estimate of 200-300
instructions for both transformations is made.
Estimated instruction counting are 250 instruc-
tions with average assumption. Similarly, the
IPT block contains calculations for the current
and angle, as well as trigonometric operations
(see Eqs. 16-17)). This block approximately
consumes 200-300 instructions. So it requires
250 instructions in average.
For three PI controllers (see Eqs. 18-20)),
one controller typically includes steps such as
signals sampling, errors calculating, outputs
computing, and adjustments. With three
controllers, the total instructions may vary
from 150 to 300 instructions, depending on the
specific implementation. Average of total value
is 225 instructions.
The SVPWM block requires multiple opera-
tions to calculate the PWM pulses, including
analyzing and generating space vector. (see
Eqs. 11-15). This can take about 100-150
instructions. Estimated average instructions
are 125 instructions (average assumption).
Factors that are considered consist of sample
program, execution time and references. If
specific code for transformations or controllers
is available, it can provide insights into the
actual instruction count. Experiments or data
from scientific literature can offer more specific
information regarding the actual instruction
count required for each part. Studies from
existing literature on motor control algorithms
can provide more accurate information regard-
ing the required instruction count.
Based on the estimated instruction count,
execution time can be calculated for each part.
With a clock frequency of 120 MHz, the time
per clock cycle is calculated as follows:

Time per cycle =
1

Frequency
≈ 8.33ns (28)

For the FOC system, estimated time for each
part (with 5 cycles) are computed in Eqs. (29-
32:

TClarke&Park = Instructions× Cycles× Time per cycle

TClarke&Park = 250× 5× 8.33ns ≈ 10.42µs

(29)
TIPT = 250× 5× 8.33ns ≈ 10.42µs (30)

TPIControllers = 225×5×8.33ns ≈ 9.37µs (31)

TSV PWM = 125× 5× 8.33ns ≈ 5.21µs (32)

Total time is calculated as follows:

Total time = 10.42+10.42+9.37+5.21 ≈ 35.42µs
(33)

Actual time is added increase rate 5-50% of
total time:

Actual time = Total time× (1+ Increase rate)
(34)

With an increase rate of 50%, the actual time
for the FOC drive system is:

Actual time ≈ 35.42µs× 1.50 ≈ 53.13µs (35)

In case of the DTC system, the flux controller
is estimated to consume around 75 instructions,
and the inverse transformation approximately
250 instructions, covering current and angle
calculations with trigonometric functions. The
pulse width modulation requires about 125
instructions for pulse generation and vector
synthesis. The torque and speed controllers,
performing error calculations and adjustments,
are estimated at 150 and 75 instructions, re-
spectively. The coordinate transformation and
voltage reconstruction blocks consume about
50 and 125 instructions. Similarly, using a
clock cycle time of 8.33 nanoseconds, execution
times for each block are calculated as follows
(assuming 5 cycles per instruction):

TFlux Controller = 75× 5× 8.33 ns ≈ 3.12 µs (36)

TIP T = 250× 5× 8.33 ns ≈ 10.42 µs (37)

TS V PWM = 125× 5× 8.33 ns ≈ 5.21 µs (38)

TTorque Controller = 150× 5× 8.33 ns ≈ 6.25 µs (39)

TSpeed Controller = 75× 5× 8.33 ns ≈ 3.12 µs (40)

TClarke Transform = 50× 5× 8.33 ns ≈ 2.08 µs (41)

TV oltage Reconstruction = 125× 5× 8.33 ns ≈ 5.21 µs (42)
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The total estimated time is then calculated as:

Total time = 3.12× 2 + 10.42 + 5.21× 2 + 6.25 + 2.08
Total time = 35.41 µs

(43)
For a more realistic estimate, a 5-50% increase
rate is added to account for potential processing
overhead:

Actual time = Total time× (1 + Increase rate) (44)

With a 50%increase, the actual estimated time
becomes:

Actual time = 35.41µs× 1.50 = 53.12µs (45)

This approach provides a foundational esti-
mate of the processing time required for the
Direct Torque Control system on the micro-
controller, with refinements possible through
detailed code analysis and experimental val-
idation. With appropriate optimizations,
the PIC32MK1024MCM064 microcontroller can
process both FOC and DTC algorithms for
PMSM within the 100 µs constraint, supporting
real-time control at 10 kHz. In order to obtain
the efficiency of power conversion devices, the in-
verter power must be several times greater than
the several-kilowatt motor ones in [13] and [16].
So selected power electronic switches are the IG-
BTs [10], [17]. For FOC and DTC systems, fast
recovery diodes are chosen due to roles including
freewheeling, protecting against voltage spikes,
and supporting commutation. For stator cur-
rent measurements, the ICs in [18] are proper
selections. Commonly-used rotor position sen-
sors include encoders, resolvers, and Hall effect
sensors. Encoders offer high accuracy and are
suitable for applications requiring precise feed-
back but are susceptible to electromagnetic in-
terference. Resolvers are robust in harsh envi-
ronments but require more complex signal pro-
cessing. Hall effect sensors are cost-effective
and easy to integrate but provide lower resolu-
tion, making them more suitable for applications
with moderate accuracy requirements. For the
feedback of precise speed and position in wide-
range operation regions, high-resolution incre-
mental rotary encoder can be utilized [7], [13],
[19]. This demonstrates the microcontroller’s
robust capability for both listed motor control
applications and sensorless control methods of
PMSM drives such as model reference adaptive

systems, genetic algorithm, sliding mode ob-
server [20–24]. Simulation and modeling tools
such as MATLAB/Simulink, PLECS, and PSIM
can be utilized to analyse of the impact of con-
trollers, power devices, control and estimation
algorithms on overall system performance. This
facilitates optimized design and minimizes po-
tential issues during deployment.
Block diagram of the DSP and microcontroller
architecture utilized in the drive system is shown
in Fig. 3. The diagram outlines key components,
including the CPU, ADC, DAC, QEI, PWM,
and CAN FD, which are essential for efficient
data acquisition, real-time processing, and high-
speed communication. The Fig. 3 illustrates the
architecture and integration of these elements
within the DSP and microcontroller.

The PIC32MK1024MCM064-I/PT microcon-

Fig. 3: The PIC32MK1024MCM064-I/PT Architec-
ture.

troller is designed for high-performance motor
control applications, including DTC and FOC of
PMSMs. Its features, such as high-speed ADC,
multiple PWM channels, and CAN FD commu-
nication, are crucial for precise control and real-
time processing. Table. 1 summarizes its key
specifications and their relevance to DTC and
FOC systems.

4. Conclusion

The FOC and DTC methods integrated
SVPWM techniques were presented. The
PIC32MK1024MCM064-I/PT microcontroller
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Tab. 1: Parameters of two controllers.

Feature Details
Module Name PIC32MK1024MCM064-I/PT
Flash Memory 1 MB
RAM 256 KB
ADC Channels 7 channels with a sampling rate of 3.5 million samples/second
UART Interface Supports 6 Mbit/s transmission speed
PWM Channels Multiple PWM channels for speed, flux and torque control
CPU Frequency 120 MHz
ADC Operation Modes Continuous and on-demand measurement
Operating Temperature Range -400C to +1250C

is considered as the control system of two drive
methods. Its computed processing time is
suitable for both methods. The microcontroller
is also utilized for advanced motor speed control
algorithms or sensorless control techniques.
The power IGBTs, diodes, current sensors,
encoder are suitable in motor power, switching
frequency, command speed range.
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