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Today, phase permanent magnet synchronous motor (PMSM) applies to
electric drives. But due to its structure and control scheme, PMSM suffers
from ripple performance when a control scheme like direct torque control
(DTC) is used. This work uses a simple scheme to generate switching
signals and determine duty ratios. The duty ratio is obtained from the Volt-
second balance. Switching signal generation is performed in the DTC
scheme by incorporating the effects of duty ratio, torque error, flux error,
and sector number. Dwelling time is obtained in volt-seconds using the
reference voltage magnitude and sector number. But voltage state selection
is done using the DTC lookup table. Since the DTC lookup table is used for
voltage state selection only one active and one null voltage is used. Both
active and null voltage periods are divided into two parts and each voltage
vector is applied twice in one total switching period. The proposed scheme is
tested in MATLAB 2021b. Simulation results indicate that the method is
effective in terms of dynamics and harmonics. The scheme torque ripple is
12.5%. Likewise, the flux ripple and harmonic are 0.69% and 0.79%,
respectively. Additionally, the scheme is effective for both four quadrants
and wide-speed operation. Verification of the proposed scheme is done with
OPAL-RT (OP4500). The scheme appears to be effective.
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1. INTRODUCTION

In drive applications, a fast dynamic response is required to respond on time to any external
disturbance. It is recommended to use direct torque control whenever a fast response is required [1], [2].
A direct torque control (DTC) algorithm results in significant torque ripples when applied to phase
permanent magnet synchronous motor (PMSM) [3]-[6]. Field weakening is integrated into DTC for PMSM
control in [7]. This control scheme is recommended when driving a motor above its rated speed. It was
mentioned in [8] that an adaptive model can improve ripple performance compared to conventional DTC.
Extended finite duty reduces torque and flux fluctuations [9]. It is possible to achieve multiple voltage
outputs using a midpoint saturation controller [10]. Saturation controllers improve steady-state response.
According to [11], torque ripple can be reduced without trust and flux gain tuning. To obtain the fastest
dynamic response and optimal steady state, a duty ratio based on root mean squared error minimization is
applied to determine a duty ratio for optimal torque ripple reduction [12].
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The [13], [14], the duty ratio is computed to minimize torque and flux ripple. An easy method for
computing the duty ratio that only considers torque and speed errors is presented in [15]. Fixed switching
pulse width modulation (PWM)-based DTC is forwarded for the PMSM drive in [16]. The duty cycle
optimization is performed by taking the sum of actual changes due to applied voltage and setting it equal to
an error. Duty ratio manipulation of DTC based on a PMSM drive supplied by a hybrid voltage vector was
proposed in [17]. A hybrid vector is supplied according to the subsector within the conventional sector. The
conventional sector is divided into five subsectors and different voltage combinations are selected for each
subsector. Duty is computed as the ratio of error to maximum compensation obtained when voltage is applied
for the entire period. Optimal voltage-based DTC for a brushless DC motor is presented in [18]. The main
disadvantage of this work is high harmonics, which significantly impact the drive system. The lookup table
was replaced with fuzzy logic to include the magnitude of the error and the sign of the error [19]. This
method has a better response than conventional direct torque control because it applies different vectors for
different levels of error. But in this scheme, also one vector stays for the whole period once it is applied
based on the given criteria. The work in [20] presents a novel control strategy for a five-phase permanent
magnet synchronous motor (5P-PMSM) focusing on sensorless speed regulation. It integrates a genetic
algorithm (GA) with a backstepping control method to optimize system performance.

The work incorporates the GA to determine the best control gains, addressing the limitations of
traditional empirical tuning methods and sliding model observer to estimate the electromotive force, rotor
position, and motor speed, reducing the need for physical sensors and enhancing system reliability. The work
presented in [21], discusses the analytical design of self-sensing control (SSC) for PMSM using a quasi-
direct (QD) calculation method. The focus is on simplifying the commissioning of SSC systems, making
them more accessible for a wider range of applications. The work in [22] presents a novel method for
controlling PMSM using a compensated duty ratio optimized DTC scheme. The primary aim is to reduce the
ripple magnitude in the developed torque, which is a common issue in conventional DTC systems. The work
presented in [23] focus on the high fidelity and computational efficiency of the finite-element analysis
(FEA)-based model to present a performance prediction strategy for DTC of PMSM under different pulse
selectors. The work presented in [24] focus on a novel sliding band for torque and flux hysteresis controllers
to improve the current total harmonic distortion (THD) with a special focus on low-speed regions. The
proposed DTC schemes offer smooth low-speed operation with only a marginal increase in switching
frequency. The work in [25] presents the model predictive control direct torque control (MC-DTC) method
that employs residual vectors (RVs). Whereas the work presented by [26], focuses on deadbeat control
theory, offering improved steady-state and transient performance for PMSM drives by minimizing stator
current ripples and optimizing torque dynamics. By employing a novel maximum torque per ampere (MTPA)
based reference calculation and reducing computational complexity. Whereas the work in [27] presents a
proportional-plus-integral resonant (PI-RES) controller-based model predictive control (MPC) approach for
PMSM drives, effectively minimizing torque ripples and improving current control performance.

This paper presents a method to determine duty ratios without optimizing the cost function. By
using this method, the duty ratio is calculated without the slope. In this work, the opposite of DTC-SVPWM
is performed. In DTC-SVPWM, torque and flux error are used for reference voltage generation. The control
signal is generated from dwelling time computed using a volt-second balance. This work uses the reference
from the controller output and feedforward for calculating dwelling time. Taking the dwelling time, a sign of
torque error, a sign of flux error, and flux sector number, the switching signal is generated. Only one active
voltage is used in this method. The null voltage is applied in such a way that the number of commutations is
low. The same active voltage is used in a two-interval gap.

2. METHOD

The proposed system consists of four main components: the switching signal processing unit,
inverter, motor, and feedback system, each playing a crucial role in ensuring efficient motor control. The
switching signal processing unit is responsible for generating accurate control signals to drive the inverter.
This process begins with the computation of dwelling time, which determines how long each switch in the
inverter remains active within a switching cycle. Using this dwelling time, the duty ratio is then calculated,
controlling the pulse width of the switching signals for precise modulation. To ensure real-time accuracy, the
torque error is computed by comparing the actual motor torque with the reference torque, enabling dynamic
adjustments. Similarly, the flux error is determined by evaluating the deviation between the measured flux
and its reference value, ensuring efficient energy use and stable operation. Another essential step is the
determination of the flux sector, which identifies the rotor flux vector's position within predefined sectors,
guiding the selection of appropriate voltage vectors in the inverter. Finally, the switching signals are
generated based on the computed duty ratio, sector number, flux error, and torque error, ensuring that the
inverter applies the correct voltage and current to the motor. This coordinated control strategy optimizes
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motor performance, enhances stability, and enables a robust closed-loop system for precise speed and torque
regulation. This can be seen in Figure 1.

The details of switching signal generation and the rationale behind this work are explained in the
diagram depicted in Figure 2. The diagram in Figure 2(a) indicates the scheme used for signal generation,
whereas the diagram depicted in Figure 2(b) indicates the comparison of conventional DTC, duty ratio
optimized DTC, and the one proposed in this work. The legend for this picture is given in a diagram depicted
in Figure 2(b). This function generates switching signals based on torque error, flux error, sector number, and
time span indicators. It begins by initializing all signals to zero and then assigns specific values according to
predefined conditions. This process effectively implements sector-based switching logic for motor control,
ensuring optimal performance by adapting switching states to different operating conditions. The time span is
divided to apply active and null voltages twice within a single switching period. Table 1 defines the
switching logic and selects the appropriate null voltage based on the state of the active voltage.

The dwelling time is obtained from the control signal when Vdff and Vgff are direct and quadrature
axis feedforward voltage magnitudes. The switching time for active voltage is obtained as the sum of T; and
T,, when T; and T, are switching states for the first active voltage and the second active voltage. Vref is the
reference voltage and Ty is the total switching period.

_ 3XVrefxTsXsin(3—-6)
Vdcxsin(%)
(n-1pi 1

3XxVref xTsxsin(0 _T)

T2_

Ty

Vdcxsin(%i)
The value of T, is obtained by subtracting the active voltage time from the total switching period. The
expression depicted below shows the simple way to determine the duty ratio.

_ T1+T,
Ts

D 2

A conventional direct torque control considers only torque and flux error when generating switching signals.
The simple lookup table for conventional direct torque control is shown in Table 1.

Table 1. Conventional lookup table

Ay AT Sector number
1 2 3 4 5 6
1 1 V2(110) V3 V4 V5 V6 V1
0  \0(000) V7 VO V2 VO V2
-1 V6(101) VI(100) V2 V3 V4 V5
0 1 Vv3(010) V4(011) V5 V6 V1 V2
0 V7(111) VO v7 VO V7 VO
-1 V/5(001) V6 Vi V2 V3 V4
Ref A signal processing and switching signal 3-phase
> gnal p g g Sig > p
generation system 2-Level
(a)
A
Feedback
Tre, D >
Dwelling Time n g
calculation using Swi mh;;]g
(1), ar |
(b) D~(T1+T2)Ts —m  generafion
Vdref A

idref

Figure 1. lllustrates the overall layout and operating principle of the proposed system, where (a) shows the
proposed scheme and (b) shows the duty ratio determination and switching signal generation
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Figure 2. Shows the details of switching signal generation and comparison of DTC when (a) shows switching
signal generation and (b) shows the comparison of DTC in different active and null voltage combinations

As it is shown in Table 1, based on the sign of the error of torque and flux voltage state is selected.
But the one voltage states are applied throughout the switching period. This increases the ripple magnitude.
In this section, the on-time for active voltage is obtained from the dwell time. The switching signal is
generated using the sector number, torque error, flux error, and duty ratio. The duty ratio is translated into
time, and the switching signal is generated based on these four parameters. In addition to the four parameters
mentioned here, the total switching period is divided into four parts. A time span is determined by using the
four logic AND gates shown in Figure 2. Based on the torque error, flux error, sector number, and time, the
voltage state is applied. For instance, if the AT is positive, Ay is zero, and the sector number is six, the
voltage state is selected based on the time span. For case mentioned above, for the time span 0—TI,
T1-T140.5T0, T1+0.5T0—T1+T2+0.5T0, and T1+T2+0.5T0—Ts, voltage state is V2(110), V7(111),
V2(110) and V7(111) respectively. For the period from 0—0.5Tsp, the active voltage is applied, whereas for
the time from 0.5Tsp—0.5T0+0.5Tsp, the null voltage is used. In the same fashion, for the time from
0.5T0+0.5Tsp—Tsp+0.5TO, active voltage is applied. Whereas for the last span for the time from
Tsp+0.5T0—Ts, the null voltage is used. The advantage of this scheme is reducing the effect of inertial
forces. The null voltage is selected based on the scheme that enhances the reduction of the commutation
number. Both voltages are applied twice in one switching period. This scheme is employed to reduce the
ripple level. Figure 2(b) depicts the advantages of the scheme assuming T1 = T2 and Tsp is the sum of T1
and T2. As the number of partitions increases, the level of torque ripple decreases. For specific n, AY, and
AT, when n represents sector number, A¥, and AT are errors in flux and torque; the voltage is used in the
sequence depicted in Figure 2(b), shown in black color. A line in red in Figure 2(b) indicates the torque
response without a duty ratio, and a line in green indicates the torque response with a duty ratio. The black
color line shows when both active and null voltages are applied twice by dividing the time into two parts.

3. RESULTS AND DISCUSSION

MATLAB 2021b is used for simulation, with data from Table 2. Figure 3 shows results at constant
speed and torque, evaluating steady-state performance. In the simulation, to see the dynamics and steady-
state performance, the reference speed and load torque were kept at is kept at 752 rpm and 5 Nm, and the
simulation was done.
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Table 2. Data used in the simulation
Parameter Magn Parameter Magn
Inductance  10.5mH  Magnet flux 0.725 Wb
Frequency 10 kHz Rated current 10 A

Resistance  1.12 ohm  power 3.7 kW
Pole pair 4 speed 1500 rpm
E 800 ' ' ' ‘ ' E 100
Eﬁt]ﬂﬁ Z. 50(\/1\
=l T
5 = 0
a 2 b =
( ) S o0 . . . ‘ ) ( ) = =50
0 002 004 006 008 0.1 0 002 004 006 008 0.1 012
Time(s) Time(s)
i s /I/I/
] =4t 1
] z
= e 4
© 507 @ =z, ]
=
] 0.02 0.04 0.06 0.08 0.1 012 0 0.02 004 006 008 0.1
Time(s) Time(s)
6 ' ' ' . ' =277 ' ' ' ' '
g =) ||l<"\ o ~¢ ~¢
2 4 1 =1
5 = ol RS
2
0 0.02 004 006 008 0.1 0 002 004 006 008 0.1 0.12
Time(s) Time(s)
e~
. /
b
~ 200 =
- —
Tj‘ oy
g 0 Ea
= h i
@ %, (h)
0 002 004 0068 008 0.1 \
Time(s) 05 '\\M

05 0 05
d-axis flux

Figure 3. Steady-state performance of the proposed scheme: (a) speed response, (b) torque response, (c) flux
magnitude, (d) flux angle, (e) sector number, (f) current waveform, (g) voltage waveform, and (h) flux plot

Figure 3 illustrates the steady-state performance of the proposed scheme. The speed response
(Figure 3(a)), torque response (Figure 3(b)), and flux magnitude (Figure 3(c)) are shown along with the flux
angle (Figure 3(d)) and sector number (Figure 3(e)). Figures 3(f) and 3(g) display the current and voltage
waveforms, while Figure 3(h) provides the flux plot, collectively representing the system's behavior under
steady-state conditions. The rise time for the speed is 3.5x10° seconds, whereas the settling time is 7x10°
seconds. An overshoot is 16%. The ratio of ripple from reference to maximum deviation can be used to
represent ripple performance. When A maximum deviation from the reference.

0.54
0.5(T min +T max)

Trippie% = x 100 (3)
PMSM is mostly used in applications where speed reversal is required. Depending on the situation, torque
may be applied. The results shown in Figure 4 are taken to assess the effectiveness of the proposed scheme
for four-quadrant operation. The speed and torque were kept constant, and the direction of motion and sign of
load torque were changed to see the performance in all four quadrants.

The diagrams in Figure 4(a) to Figure 4(i) were drawn by taking the simulation at different speed
levels. The speed is varied from 250 to 1000, and the mentioned variables were calculated. A power loss ratio
is calculated by dividing harmonic current loss by total current loss.
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Figure 4. Shows the four quadrant operation of PMSM with a proposed control scheme: (a) four quadrant
operation of the motor, (b) flux angle, (c) flux sector, (d) speed, (e) torque, (f) current, (g) voltage, (h) torque
ripple and current harmonic performance, and (i) percentage of speed overshoot and harmonic power loss to

total active power loss

4. EXPERIMENTAL VERIFICATION

Hardware-in-the-loop (HIL) simulation is a powerful technique used to evaluate the efficiency of
control methods by integrating real-time hardware with software-based simulations. This approach enables
rigorous validation and testing of control algorithms under realistic operating conditions before deploying
them in real-world applications. Figure 5(a) illustrates the HIL system layout, which consists of the OPAL-
RT OP4500 real-time simulator and a desktop computer. The OP4500 serves as the core computational unit,
capable of running high-fidelity simulations while interfacing with external controllers. The desktop
computer is responsible for monitoring, configuring, and analyzing the simulation results in real time. The
results obtained from the HIL system, as shown in Figures 5(b) to 5(e), demonstrate the system’s response
under specific operating conditions. The experimental setup was subjected to a load torque of 8 Nm while
maintaining a rotational speed of 752 rpm. The results depicted in Figure 5, according to (3), the magnitude
of ripple for speed and flux is 0.265 and 1.37 %, respectively. This indicates that the speed and flux ripple are
small. Additionally, the current, voltage, and flux waveforms are distortion-free.
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Figure 5. Shows the real-time simulation scheme when (a) real-time simulator, (b) speed response,
(c) torque response, (d) current, and (e) flux magnitude

5. CONCLUSION

A simple and improved DTC scheme for PMSM was proposed in this study. Both duty ratio
determination and switching signal generation are simple in this scheme. The duty ratio is calculated from the
Volt-second balance principle for space vector pulse width modulation. DTC schemes generate switching
signals by incorporating duty ratio effects into the switching signal generation. According to the results, the
scheme performs well. In addition, the scheme is effective for four quadrants, variable torque, and speed
operation. The hardware result also proves the effectiveness of the proposed scheme.
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