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Abstract: Field oriented control (FOC) and direct torque control (DTC) are two strategies used
in electric motor control, both with their respective advantages and disadvantages. This paper
presents a comparative analysis of these two control methodologies, focusing on their application
and performance within a MATLAB Simulink (R2024b) environment for an automotive Permanent
Magnet Synchronous Motor (PMSM) drive. The models are created with a focus on realistic drive
and test parameters. The simulation results are analyzed to highlight the strengths and weaknesses
of each strategy and identify use cases where one method may be superior to the other. In conclusion,
this paper contributes to the understanding of FOC and DTC by offering a systematic comparison of
their features, performance characteristics, and application scenarios for automotive use.
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1. Introduction

The ever-increasing supply and demand for automotive drives is unquestionable
today [1]. Additionally, the demand for more efficient and longer-range cars drives manu-
facturers to use PMSMs in their drivetrains to use the onboard batteries as best as possible
for a longer range with the same battery capacity [2]. The efficiency of the whole vehicle
can, however, be influenced by many other factors, such as car design with a better drag
coefficient, better wheels, or the use of an efficient motor control strategy.

FOC and DTC are among the most broadly used and researched types of controls for
PMSM applications [3-5]. The concept of FOC was first introduced by Felix Blaschke [6]
for induction machines, but it is also applicable in the case of PMSMs. DTC was also
introduced shortly after FOC by Takahashi and Noguchi [7], and first commercialized by
ABB [8,9], based on the knowledge of FOC and providing an alternative to it, stating that
DTC'’s fast reaction time and lower complexity could be advantageous in some applications,
also mentioning traction drives as an example.

The use of both of these methods can be justified for automotive traction applications
because of their respective advantages. This paper presents specific applications simulating
a Nissan Leaf PMSM. This car was the world’s most popular electric vehicle until 2020 [10]
and serves as a good example to test the simulation.

In the Methods and Materials section, the mathematical and theoretical models for
FOC and DTC will be presented in detail, highlighting the similarities and differences
between the two.

In the Results section, the implementation of the two different simulations in MAT-
LAB/Simulink will be described and compared. Basic testing of the models is presented to
assure proof of concept.
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In the Discussion section, the results will be reviewed and analyzed to compare the
details of the two control methods. Automotive-related topics will be highlighted.

In the Conclusions section, a short summary is presented on the results and the effects
of a use case in an automotive application.

2. Materials and Methods

The basic physical and control background will be described in this section for both
DTC and FOC. All the governing equations and the controls that are necessary to realize
these in a simulation environment will be presented.

2.1. The Background Used for FOC

The model for FOC uses the logic displayed in Figure 1a. The governing equations

used to simulate the motor are the following Equations (1)—(5) [11]:
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where Lq and L, are the quadrature and direct inductances of the rotor, respectively, A, is
the flux linkage, i; and i; are the quadrature and direct currents of the stator respectively,
vy and vy are the stator quadrature and direct voltages, R is the stator resistance, w, is the
electrical angular velocity of the stator field, w, is the mechanical angular velocity of the
rotor, P is the number of pole pairs, and T, and T}, are the generated torque and the load
torque. Since this is a general model of the PMSM these equations also apply for the DTC.
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Figure 1. Control diagrams for FOC and DTC. (a) Control diagram of FOC for PMSM using currents
as reference; (b) Control diagram of DTC for PMSM using torque and flux as reference.
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Based on Figure 1a, the motor takes inputs from the Voltage Source inverter (VSI). The
a, b currents are measured along with the position and angular velocity of the rotor. These
are required for the control with FOC.

The measured values are used to estimate the required input voltage to achieve the
desired torque. The equations used for the voltage calculation in the controller are the
following (6) and (7):

. di .
vg = Rsig + Ld?f - wequq; (6)

i |
vg = Rsig + Lqﬁ + we(Lygig + Am). (7)

As is visible from Equations (6) and (7), the model needs values in the direct-quadrature
coordinate system, which is a rotating reference frame fixed to the rotor. This implies that
a coordinate transformation is needed. These transformations, described in short, are

the following [12]:
Transformation from a—b—c to a—p (both stator-based systems) (8) and (9):
. 2/, 1. 1,
In =3 <zu — 5l - 2%), 8)
- 2(V3. V3
=3\ 2k ©)

where iy, i p are the stator currents in the a—f system and i,, iy, i. are the stator currents in
the a—b—c system.
The transformation from a—f to d—7 system (from stator-based to rotor-based) (10) and (11):

ig = ixcos(0) +igsin(0), (10)

ig = —igsin(0) +igcos(0), (11)

where iy, iq are the stator currents in the rotor-based reference frame, and 6 is the angle
between the stationary reference frame and the rotating reference frame.

Understanding these transformations makes it clear why the position of the rotor is
necessary for FOC.

The controllers for both currents are simple PI controllers. After having the values of
the voltages in the d—g system, they need to be converted back so the Space Vector Pulse
Width Modulator (SVPWM) can be fed with these inputs. The resulting control signal is
then fed to the Voltage Source Inverter (VSI) that drives the PMSM.

FOC strives for a zero current in the direct orientation, while the quadrature current
controls the magnitude of the torque in the normal operating region.

2.2. The Model for DTC

The model for FOC uses the logic displayed in Figure 1b. The governing equations
used to simulate the motor are the same as for the case with FOC, i.e., (1)—(5).

Based on Figure 1b, the motor takes inputs from the VSI These voltages are measured
for the model along with the a, b currents. These are required for the DTC control.

The equations used in the estimator to calculate the torque and the flux of the motor
from the measured voltages and currents are the following (8)-(12):

d:ll;lx = Uy — Rsiy, (12)
dpg .
I = vp — Rszﬁ, (13)

g = /93 + ¥}
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where 9, and ¢4 are the « and f components of the stator flux, v, and vg are the a and 8
the stator voltages in the stator stationary system, i, and iz are the stator currents in the
same system, s is the stator flux, and 6 is the angle of stator flux.

It is clear from the equations and also from the model in Figure 1 that a coordinate
transformation is necessary, from the a-b—c system to a—p. Since these are both in the stator
fixed reference frame, no inputs about the rotor position are needed.

The results from Equations (8)—(12) are used to estimate the current torque and flux
of the machine. These serve as an input to the hysteresis controllers, which evaluate if
the torque and flux delivered at a given time are sufficient. The last input for the voltage
vector selection is the sector information, which can be determined by the angle of the
stator flux (6). This evaluation is depicted in Figure 2, e.g., Sector 1 (51) ranges from —30°
to +30°. With the three inputs, the used voltage vector is determined by the logic displayed
in Table 1. These voltage vectors can be used to determine the switch positions in the VSL

Vo TV,

Figure 2. Sectors and voltage vectors.

Table 1. Voltage vector selection.

Flux Torque S1 S2 S3 S4 S5 S6
+ + V2 V3 V4 V5 V6 V1
+ - V6 V1 V2 V3 V4 V5
- + V3 V4 V5 V6 V1 \Y
- - V5 V6 \2! \¥ V3 V4

2.3. Comparison of the Models
2.3.1. Similarities

e  The control method used in both cases is torque reference-based. This type of control
represents the use in an automotive traction motor most accurately. Drivers control
the speed of a vehicle by pressing on the accelerator pedal, thereby demanding torque
from the drive. The desired end result is speed, but that is controlled by the driver as
an external loop in the system.

e  Both models use the same VSI and the PMSM. Motor data can be found in Table 2.

Table 2. Motor data Nissan Leaf [13].

Name Marking Data Dimension
Quadrature
Inductance Lq 43 mH
Direct Inductance Ld 1.6 mH
Flux Linkage Am 73 mWb
Stator Resistance RS 23 mQ)

e  Both rely on coordinate transformation.
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2.3.2. Differences

e  FOC utilizes PWM to create the desired voltage vector, DTC does not have one in the
original concept.

e  FOC thereby also has a constant switching frequency, whereas DTCs change depending
on the state of the hysteresis controllers.

e  FOC has coordinate transformations from a-b—c to a—f to d—g, which is needed for the
control of the current, whereas DTC has only an a—b—c to a—f conversion.

e  FOC needs position information to carry out the d—q transformation; this is solved by
a sensor in most cases, whereas DTC does not require this.

3. Results

Implementing the described models in MATLAB Simulink, a comparison can be made.
The models were made based on [14]. In this specific case, the comparison serves as a proof
of concept. Both models will be tested with the same input to evaluate if they are suitable
for use in an automotive drive.

Assuming the data from the Nissan Leaf (weight ca. 1686 kg, transmission ratio 4.35:1,
wheel size 205/55R16) and the highest Worldwide Harmonized Light Vehicle Test (WLTP)
acceleration demand of 1.666 m/s?, the maximum torque should be 200 Nm.

In the first test, the reference torque has a maximum of 200 Nm. The response from
both models is displayed in Figure 3a. Both DTC and FOC follow the reference signal very
accurately, so much so that they are within the linewidth of the reference. A magnified
view can be seen in Figure 3b to depict the differences more accurately. This is a detail
showing a corner point to showcase the accuracy and also the speed. The responses can
also be seen in detail in case of a settled reference.
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Figure 3. Reference and response (a) DTC and FOC; (b) DTC and FOC detail; (c) DTC and FOC
100 Nm step and slope; (d) DTC and FOC 100 Nm step and slope detail.

The second test reference with faster transitions is shown in Figure 3c. This also shows
accurate reference tracking from both methods. A detail from a similar corner can be seen
in Figure 3d.
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4. Discussion

In this section, a detailed analysis of the results will be presented focusing on the
strengths and weaknesses of FOC and DTC, and the application in an automotive drive.

The first test was chosen to show a demand in the case of standardized testing such
as the WLTP. This is to underline the application. The rate of change in the reference was
based on a human driver.

The generalized view from Figure 3a shows that both FOC and DTC are capable of
following the reference accurately and rapidly. This result can be analyzed further with the
details in Figure 3b, where it is visible that the DTC is lagging due to a built-in simulated
sampling time. This is contrary to the original concept of a fast response, but FOC has no
such delay. What causes DTC to be fast is the reduced amount of calculation demand, but
this is not implemented in this model. The accuracy of the two controls is similar; both are
within +1 Nm of the reference signal, which is 0.5%.

The results from an automotive user’s point-of-view are not discernable.

The second test was chosen to show dynamic response. This is a response to a
100 Nm step and a slope similar to the first test. Both control methods follow the reference
accurately, with overshoots for short periods from FOC. These are more prominently visible
in the detail view; the magnitude is 6% (106 Nm with 100 Nm reference) and the duration
is less than a millisecond. The settled signals show similar properties as with the first test,
i.e., £0.5% deviation.

From a driver’s perspective in a car, these deviations are practically unnoticeable.

5. Conclusions

According to the two tests carried out on the two control methods used for an au-
tomotive traction drive, it can be concluded that, although there are differences between
them, and the characteristic properties of the methods can be observed, from a car driver’s
perspective, there is practically no difference between the two.

The perspective of the driver is far from the only point of view that can be taken into
account when designing a control for an electric traction drive, but it is a very important
one. It can be stated that from a driver’s perspective, the two are nearly identical.
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