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Abstract: This paper briefly discusses the use of induction motors in traction and then, shows
direct control techniques suitable for electrical traction applications, comparing the classical
DTC and the emerging predictive strategies PTC, PTC-DSVM and MPTC through experiments
in a test bench composed of an induction motor attached to a brake. The dynamic and steady-
state response to torque, flux and speed, as well as the THD of stator currents, the computational
burden and the impact of the parametric mismatches in stator resistance are analysed. Results
show that PTC has the best performance, DSVM can be used to improve computational burden
and MPTC is inefficient in the usage of DC bus voltage. Also, the fixed frequency does not
directly translate to better THD. The variation of stator resistance shows low impact on the
performance of the controllers, showing robustness relative to this parameter.
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1. INTRODUCTION

Large electrified agricultural machinery may be far from
practical use (Scolaro et al., 2021), but small familiar
solutions can be explored (Melo et al., 2019), mainly
traction-only tractors.

The challenges of electrifying a tractor differ from road
cars. A tractor uses it’s weight to improve traction in
loose terrain, so the energy density in the accumulator
is not crucial. The battery size and location are not as
constrained due to space availability and design charac-
teristics. Also, the work cycle for is short and it can be
allied with sustainable energy generation in the field for
even better decarbonization (Troncon and Alberti, 2020).

For field use, the motor drive must be robust and have high
torque in low speeds. Also, a good torque and speed control
also can improve efficiency and traction by controlling
wheel slip (de Melo et al., 2022). The IM is one of the
most common traction motors according to Un-Noor et al.
(2017) and fulfill this requirements.

Its build process and technologies are broadly known and
documented, it is generally cheaper and highly robust
(Jia et al., 2019). It’s efficiency and torque density can
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be on pair with PMSM when a copper rotor and tight
tolerances are employed (Lee et al., 2021). Jia et al. (2019)
and Mohanraj et al. (2022) compare ways to improve IM
efficiency to met the best found in industry standard.

The use of IMs in traction must not be discarded and it
can be a way to develop new products and applications
using cheaper off the shelf motors and inverters from well
established brands. The marginal efficiency and autonomy
gains of using more complex and expensive machines can
be used in future product iterations and development.

1.1 IM Control strategies

Modern IM drives use vector control to decouple the flux
and torque control, enhancing performance and robustness
needed to use in traction drives.

Direct torque control (DTC), proposed by Takahashi and
Noguchi (1986), uses hysteresis controllers to control the
flux and torque of the machine directly. A switching table
controls the inverter without using a modulator. This
creates a fast dynamic response with variable switching
frequency.

Predictive Torque Control (PTC), proposed by Rodriguez
and Cortes (2012), modernizes the direct control strategy
based on the Model Predictive Control (MPC), improv-
ing dynamic response for torque and flux while allowing
for constraints and non-linearities such as current limit,
control effort limit, and switching frequency penalization
(Karamanakos and Geyer, 2020). The Finite Control Set
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(FCS) PTC uses the model of the inverter that can apply 7
distinct voltage vectors in the motor, resulting in relatively
high torque and flux ripple in steady state compared to
modulated strategies. This can be mitigated increasing the
sampling frequency of the controller, but it rapidly increase
the computational burden (Amiri et al., 2018).

A method to mitigate the high ripple is the use of a
Discrete Space Vector Modulation (DSVM), shown by
Amiri et al. (2018) and Zhang et al. (2023). The sample
time is divided in n equal parts — normally three or two
(Bhaumik and Das, 2023) — to form virtual voltage vectors.

Compared to the conventional PTC, when using the same
sampling frequency, the application of three vectors in
one sample time brings clear performance benefits (El-
morshedy et al.,, 2021), but the computational burden
increases 5 times. Amiri et al. (2018) shows a discussion
about the advantage of using a sampling frequency 1/3
smaller and achieving comparable results as the PTC.
There are methods to decrease even further the possible
voltage vectors (Amiri et al., 2018) but is can led to sub
optimizations as shown by Osman et al. (2020).

Another possibility is to use a PWM modulator in conjunc-
tion with the predictive controller as shown by Rivera et al.
(2015) and Comarella et al. (2023), making the strategy
a Continuous Control Set or Modulated Model Predictive
Control (M2PC) or Modulated Predictive Torque Control
(MPTC) (Yaramasu et al., 2020).

This strategy attenuates the torque and flux ripple but
it’s not efficient using the DC bus voltage (Yu et al.,
2022). It can also hit some sub optimizations and invalid
duty cycle calculations outside linear modulation regions,
making necessary strategies to handle overmodulation (Yu
et al., 2022)(Tian et al., 2023).

1.2 Structure and Contribution

The MPTC is shown as an alternative to variable fre-
quency controllers and the main use argument is that
the fixed frequency can improve the THD and torque/flux
ripples. This paper analyses this argument comparing the
MPTC to other direct control strategies: DTC, PTC and
PTC-DSVM, comparing beyond the shown in literature
(Tibamoso and Onate, 2017)(Aberkane et al., 2018)(San-
tos et al., 2022) and analysing robustness to parametric
variation of the stator resistance.

The controllers are compared in experimental setup in the
same DSP, inverter, DC bus, data acquisition, machine
and load, looking forward to make a more realist analysis
compared to Hardware-In-Loop (HIL) or simulations.

2. SYSTEM MODEL

The IM dynamic model uses a space vector representation
in the stationary «f frame (Rodriguez and Cortes, 2012).
The use of this reference frame instead the dgq synchronous
frame can increase robustness, since the parameter mis-
match don’t interfere in the field orientation as discussed
in Figueiredo et al. (2022) and Oliani et al. (2023).

dwa,@s
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djaﬁ,s = Lsiaﬁ,s + Lmiaﬁ,r (3)
¢a,{3,r = Lmiaﬁ,s + Lria,ﬁ,r (4)
3 " .
Te = ip{waﬁ,s X leﬂ,S} (5)

L, and L, are the stator and rotor self inductances, L,
is the mutual inductance. The stator and rotor resistances
are R; and R,. Stator voltage is v,gs and stator current is
taps- The stator and rotor flux are 9,5, and 9,4,. Te and
p are the torque and pole pairs. The asterisk represents the
complex conjugate of a vector.

The motor is fed by a two level VSI (Fig. 1), composed by
six controlled switches (IGBTs) and have eight possible
switching states: six actives and two zero voltage states.

5 &%g}&%g} -

Figure 1. VSI topology.

Table 1 shows the voltage vectors in stationary frame for
each switching state. S1, So and S3 represents the state of
each inverter leg and V. is the DC bus voltage.

Table 1. VSI switching states and voltage vec-

tor.
Vetor S; S Ss v(fB’s
vis, 0 0 0 0 Vee
Vig, 10 0 2Vee
v 1 1 0 (A4 Ve
"’2Bs 0 1 0 _% +]T)VCC
vi;, 0 1 1 =2Vee
v 001 (Ch-pv
’Ufzﬁ,s 1 0 1 (% - lg)‘/“
v, 1 1 1 0 Vee

3. CONTROLLER MODEL

This section shows a brief model for the DTC, PTC, PTC-
DSVM and MPTC.

3.1 DTC - Direct Torque Control

In DTC (Fig. 2), the electromagnetic torque and stator
flux magnitude are controlled through the direct selection
of the optimal switching strategy of the available vectors
in the inverter (Table 1). The voltage drop in the stator
windings and the flux dynamics aren’t considered.

The switching state selection is made using a lookup table
that consider the stator flux position in the af plane
and the commands originated from hysteresis controllers
(Takahashi and Noguchi, 1986) to increase or decrease the
torque (hy) and flux (hy).
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Figure 2. DTC Block Diagram.

The stator flux vector is estimated using the integrator or
voltage model (6), derived from (3):

waﬂs = /('Uaﬂg - Rgzaﬁs)dt (6)

3.2 PTC - Predictive Torque Control

The PTC (Rodriguez and Cortes, 2012) (Fig. 3) uses the
motor and inverter model to predict the future values of
flux and torque for each voltage vector (Tab. 1). It uses
a cost function to optimize the possible switching state,
using the predictions, the control references and weighting
terms.

Tre f / TN Sa
e
> Predictive controller Sb
[ Bed| Torque and Flux S
q Estimator
- J .
A A . Tabe
wmec

Figure 3. PTC block diagram.

The predictions are made using a discrete model of the
machine for instants [k] and [k + 1]. This brings an ad-
vantage to linear controls since the controller is naturally
discrete (Rodriguez and Cortes, 2012).

In the controller interruption routine, the first step is the
estimation of the stator and rotor flux (7). The rotor flux
(8) is obtained combining (3) and (4) and discretizing,.

Do ] = e 1) T b 1)~ Radas b)) (7
Tl 4 sl (Lo = 2 ) (9

¢a5,r[k] = ﬂ
The next step is the predictions of the stator flux (9),
stator current (10), and torque (11). In these predictions,
v!,5.4[k] represents the voltage vectors from the inverter
(Table 1).

The 7 different predictions are evaluated using the cost
function (12) to minimize the control error. Ay is the flux
weighting term (Karamanakos and Geyer, 2020).
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3.8 PTC with Discrete Space Vector Modulation (DSVM)

The DSVM is a strategy that consist in the division of the
sample time of the controller in n equal parts, creating a
virtual voltage vector (13) used in the predictions. This can
improve the performance of the controller without expo-
nentially increasing the computation burden, as explained
by Amiri et al. (2018).

Vi + vy
n

Ugl,],k) — “F'Uk; (13)

Making n = 3, theoretically, 8% virtual voltage vectors can
be generated, but excluding super positions that produces
the same voltage (for example (1,0,0), (0,1,0) and (0,0,1)),
37 different virtual voltage vectors can be applied (Fig. 4).

Figure 4. Virtual Voltages vector of DSVM with n = 3.

3.4 MPTC - Modulated Predictive Torque Control

In the MPTC (same block design as PTC shown in Fig.
3) the controller first finds the sector where the optimal
vector is located, then calculate the proper duty cycles and
synthesizes the optimal vector using two adjacent vectors

and a zero vector using a switching strategy (Yaramasu
et al., 2020)(Yu et al., 2022).

First step is to calculate g* (12) for each i vector (Table
1), using the equations from the PTC. Then, a new cost
function is calculated (14) for each vector pair.

gj = d1-g1 =+ dg.gg (14)
Where ¢1, g2, di and dy are the cost function and duty
cycles (calculated using the system (15)) for each consec-
utive vector, and where gy and dj is relative to the null
vector.
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From (14) the pair of vectors and duty cycles (15) that
minimizes ¢ is chosen and the calculated voltage can be
synthesized using SVM or using the DSP PWM hardware.

4. EXPERIMENTAL RESULTS

The test bench (Fig. 5) consists in a 1,1kW IM (parameters
in Table 2), a 600V/15kW VSI, a 5kW variac (used to
control DC bus voltage) and a electromagnetic brake. The
DC voltage bus is set to 400V in all tests.

Table 2. Induction Motor parameters.

Nominal power 1,1 kW

Nominal speed 1700 rpm

Nominal torque 6,18 N-m

Nominal Flux 0,7 Wb
Pole pairs 2 -
Stator Resistance 7,1 Q
Rotor Resistance 3,98 Q

Stator inductance 545 mH
Rotor inductance 545 mH
Mutual inductance 526 mH

A LAUNCHXL-F28379D development board and a sensor
signal conditioning board developed in LEPS ("UFABC
Power Electronics and Smart Grids Lab”) is used.

The internal variables and sensors measured with the
DSP (torque, flux, current and speed) are synthesized
through the four PWM-DACs and measured/saved using
an oscilloscope. The data processing and plotting is done
using Python and Matplotlib, both open source.

CiSk

X, D @
(

\ o >
= Auxiliary
Circuits

Figure 5. Experimental bench.

The sampling frequency is set to 20 kHz, except for the
PTC-DSVM that is sampled in 6,66kHz. This makes the
controllers have the same quantity of possible voltage
vectors per sampling time, leading to a better comparison.
All predictive controller uses Ay = 27, empirically chosen
for this IM, and delay compensation to mitigate sampling
errors due to calculation time (Cortes et al., 2012).

4.1 Torque and Fluxz Control

A reference step in torque (-3 Nm to 3 Nm) and flux (0,4
Wb to 0,7 Wb) is shown in Fig. 6. Table 3 shows the
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rise time metrics. The brake is adjusted to 100% to avoid
accelerations beyond the DC bus limit.
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Figure 6. Detailed step response.

The results show in Table 3 very good dynamic perfor-
mance with low steady state error. The DTC acts quicker
in the torque and slower in flux, opposite to the predictive
strategies that consider A\s as a wheighting factor for the
flux control.

Table 3. Torque and Flux rise time to 90%.

DTC | PTC | PTC-DSVM | MPTC
Flux rise time [ms] 5,5 1,3 1,4 2,2
Torque rise time [ms] 1,0 2,3 2,9 2,8

A parametric variation analysis for the stator resistance
(from 0.66 to 10 times the real resistance) is shown in
Figure 7. The plot shows the Mean Absolute Percentage
Error (MAPE) and the ripple, both relative to the refer-
ence. The ripple is considered as two standard deviations
from the reference, to eliminate outliers.

The parameter variation test shows no clear lack of ro-
bustness relative to increasing of the stator resistance in
any method. The only noticeable result is that the PTC is
sensible when the real resistance is lower than the modeled.

The PTC and MPTC shows smaller ripples compared
to the DTC and the lower sampling frequency seems to
degrade the DSVM performance by some percent relative
to the PTC. While the MPTC have small torque ripple,
the MAPE is greater than the MAPE in PTC and DTC.

4.2 PI Speed Control

The speed is controlled using a PI with gains &k, =
0,03 and k; = 0,5 and saturated at 8Nm. The gains
are empirically chosen to smooth the torque reference,
avoiding distorting phase currents due to high proportional
gain, enabling good comparison of the inner control loop.

A speed inversion from —110rad/s to 110rad/s, with the
brakes configured to 50% and the flux set to 0.5Wb is user
to verify steady state error and energy quality. Fig. 8 and
Table 4 shows the results and metrics.

To check overall reference tracking and speed limits, a
longer speed control is implemented, simulating the EPA
velocity profile for an Agricultural Tractor with full load.
Results are shown in Fig. 9 and Table 4.

The speed control results match what is expected from
literature, with the PTC having the best result in THD
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Figure 7. Errors and Ripples from parametric variation analysis.
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Figure 9. EPA velocity profile for agricultural tractor.

Table 4. Speed control metrics.

Speed reversion

DTC | PTC | PTC-DSVM | MPTC
rise time [ms] | 230 232 231 230
MAPE [%)] 1,05 | 2,53 2,28 5,39
THD [%)] 15,4 7,8 13,1 17,3
EPA speed Profile
DTC | PTC | PTC-DSVM | MPTC
MAE [rad/s] 4,5 3,8 4,1 28

and error in reference tracking. The DTC shows good
dynamic results but poor THD, what can impacto overall
efficiency of the drive.

The MPTC have the worst results because it’s working
near the modulation limit in the reversion test and in the
EPA profile test reaches the DC bus limit.

4.8 Computational Burden

The computational burden of each controller is measured
using a GPIO that is set while the program is the controller
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interruption. Figure 10 shows the interruption and free
time of each controller.
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Figure 10. Computational Burden visualization.

The DTC is the simplest controller and this is shown in
these results. The PTC is the second fastest controller
and the DSVM shows great improvement in computational
burden, being the controller with more idle time. The
MPTC results shows that the duty cycle calculation don’t
impact too much the computational burden, at least in a
FPU accelerated DSP.

5. CONCLUSION

Even with all controllers showing good results in perfor-
mance and robustness, the PTC is the best choice over
these classical approaches for traction drive systems: it
shows great in ripple, steady state error and THD. The
DSVM strategy can be used in case of limited computa-
tional power, but gives sub optimal results.

MPTC shows good results for torque and flux ripples but
a more robust implementation is needed to use the DC bus
more efficiently. Energy quality wise, the fixed frequency
implementation do not directly translate to lower THD in
this motor drive configuration.

The parameter variation test shows no clear lack of ro-
bustness relative to the stator resistance for any method,
evidencing robustness for field use.
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