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Abstract— The main goal of this paper is to evaluate and
compare various control schemes (scalar control vs vector
control) in Permanent Magnet Synchronous Motor (PMSM).
Mathematical modelling of PMSM was implemented and
used for this paper. Under scalar control, the V/f method
is studied. Under vector control, Field Oriented Control
(FOC), Direct Torque Control (DTC), Direct Torque Control
with Space Vector Modulation (DTC-SVM) are extensively
studied. By using MATLAB/Simulink, these control algorithms
are implemented in a PMSM motor drive. To that end,
MATLAB/Simulink simulations were used to examine and
compare the control output of Scalar, FOC, and DTC from
various perspectives. Further, it is shown that the shortcomings
of the classical DTC control technique are resolved by DTC-
SVM control to get a satisfactory control with computational
demand as the trade-off. This study compares these control
schemes based on the parameters of an existing 2.135-kW
surface mounted non-salient sinusoidal flux distribution PMSM
to find the noteworthy features associated with each control
scheme to understand which control method is to be preferred
where and for what desired accuracy.

Keywords: PMSMs, DTC, FOC, DTC-SVM, VFDs, PWM
I. INTRODUCTION

Motor control systems are critical in the new advanced
modern industry and society. It has various applications, from
general-purpose variable-speed drives like wind turbines to
high-performance robots, CNC devices, and electric cars. In
recent years, due to development in power electronics and
modern control theory, the development of AC motor drives
became convenient. PMSMs are gaining a significant share
of the EV motor drive market. Because of its popularity, an
increasing number of researchers are focusing on improved
control techniques for PMSM drives, which significantly
improve dynamic efficiency, device resilience and reduce
the complexity of PMSM drive control systems. L.boldea,
a. Moldovan and Tutelea [1] presents an overview of scalar
control (V/f and I-f) with open and closed-loop stabilization
for wide-range speed control of induction and synchronous
motor drives.[2], [3] Describes about the implementation and
modelling of Direct Torque Control (DTC) in PMSM drives
respectively. A thorough investigation has been carried out
in [4], and [5] which gives a brief simulation study and
the implementation of DTC using SVPWM control strategy
(DTC-SVM). In E. Yesilbag and L. T. Ergene [6] discuss the
configuration and simulation of the field-orientated control
(FOC) of the synchronous permanent magnet motor, which
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is one of the most often used industrial control systems.
Turksoy, Omer & Yilmaz, Unal & Tan and Adnan Teke, in
Ahmet. [7] presents the comparison of DTC and FOC control
strategies. [8] Discusses the techniques used to control volt-
age source inverters in modulated pulse width waves. Some
of the most efficient approaches discussed are modulation of
sinusoidal pulse width and modulation techniques of space
vector pulse width.

In this paper, we compare and evaluate the control strategies
present in scalar and vector control. Section II explains the
modelling of PMSM. Section III, IV, V, VI demonstrates the
theoretical understanding of scalar, FOC, DTC and DTC-
SVM control, respectively. Section VII gives a detailed
simulation analysis and comparison between each control
scheme. Concluding remarks and future scope are mentioned
in section VIIL

II. MODELLING OF PMSM

AC machines have a mathematical model that is time-
variant, multi-variable and nonlinear. To achieve a good
control of PMSMs, a mathematical model based on the
hypothesis below must be developed[9]:

1) Core saturation is ignored, regardless of hysteresis
loss and core eddy current;

2) Permanent magnet material has no electric conduc-
tivity;

3) The rotor has no damper windings;

4) Both the permanent magnet’s magnetic field excita-
tion and the three-phase winding’s armature reaction are
sinusoidally dispersed throughout the air gap.

Fig. 1. The flux linkage between stator and the rotor in various reference
frames Source: [9]

Fig.1 depicts the relationship between different reference
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Fig. 2. Block diagram of Scalar Control of PMSM

frames, with Yy denoting the stator flux linkage vector and
y; denoting the rotor (magnet) flux linkage vector. When
the stator resistance is ignored, the load angle is formed
by the flux linkages between the stator and rotor. The load
angle (8) is constant in the steady-state, corresponding to
the load torque, and both the rotor and stator flux rotate
at synchronous speeds[10]. The load angle changes during
transient operation, and the rotor and stator flux rotate at
various speeds. In the dq reference frame, the dynamic
equations of the three-phase PMSM are stated as follows[9]:

d Vsd

usd:Rsi5d+7 — WeVYsq (D
d
Usq = R isq + % + 0 Ysd 2
Ysd = Laisa + Yt (3)
Ysq = Lqisq (4)
3 . .
T.= E * Px (Wsdlsq - qulsd) (5)

Where ugg, Usq, isd» isd» Wsd» Wsq are respectively d-axis
and g-axis stator voltage, current and motor flux in dq
reference frame. Ry represents stator winding resistance,
. represents electrical angular speed of the rotor and Te
represents electromagnetic torque.

T.= 2" P (Wr.dsq + (La — Lq)isqisa) ©)
We = Px ™)
d

dt

Where P is the number of pole pairs, yr is the flux linkage
generated by the Permanent Magnets Ly and Ly are the g-
axis and d-axis inductances of the PMSM. In terms of load
angle and stator flux, the equation(6) may also be rewritten,
which is:

3P

Te = irgry | Vol BYilasind = |ys[ (Lo~ Lg)sin23] - 9)

There are two types of electromagnetic torque. The first
one is reluctance torque, and the second one is excitation
torque this is provided by the permanent magnet flux. The
disparity between the asymmetric flux paths in g-axis and
d-axis induces reluctance torque in the PMSM with saliency
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(Lg # Lg), which is absent in a non-salient pole PMSM][9].
Therefore to avoid disparity of asymmetrical flux in the
PMSM, control techniques comparison is made for non-
salient or surface mounted pole PMSM as our subject for
this paper.

ITII. SCALAR CONTROL

In general-purpose industrial AC motor drives, scalar
control, also known as V/f control, is common. Fig.2 shows
the block diagram of a scalar control scheme in a PMSM
drive. The magnitude of stator voltage is adjusted depending
on the frequency of operation to regulate the speed of PMSM
in V/f control. The drive system’s transient behaviour will
not be fulfilled because the scalar control focuses mainly on
the steady-state dynamics[9]. In this paper, for scalar control,
both open loop and closed loop analyses are performed.
And in the PWM block, two types of PWM methods are
implemented: Sine PWM (SPWM) and Space Vector PWM
(SVPWM).

In SPWM, sine wave and triangular wave are compared.
The triangular carrier wave and the reference modulating sine
wave intersection yields the switching points. SVPWM is
achieved by properly selecting inverter switching states and
calculating acceptable switching periods. The maximum volt-
age in SPWM is 0.5Vpc but maximum voltage in SVPWM
can reach 0.577Vpc for amplitude modulation index(m) =
1. This implies that space vector PWM produces about 15
% higher output voltage than sine PWM. SVPWM technique
has a lot of advantages, such as less total harmonic distortion,
high output quality. It provides more flexibility in control of
output voltage and frequency, the biggest need in AC drives.

IV. FIELD ORIENTED CONTROL (FOC)

Using Park transformation, the current components corre-
sponding to the field magnetising flux and torque production
in AC machines may be separated orthogonally, allowing
the field-magnetizing flux to be regulated without disturbing
the torque’s dynamic behavior and vice versa.[9]. This is the
FOC’s fundamental principle. Fig.3 shows the block diagram
of a PMSM drive mechanism with a FOC control system.
FOC control system is divided into two main loops: the d
loop, which controls the flux, and the q loop, which controls
the torque. The d loop controls the ig using a current PID
controller. The reference value for the d loop is set to 0. The
torque is controlled by the q loop by controlling iy using
the current PID controller. The speed is controlled using the
speed PID controller. The output value of the speed PID
controller is given as a reference to the q loop.
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V. DIRECT TORQUE CONTROL (DTC)

Fig.7 shows the block diagram of the PMSM drive mech-
anism with the DTC control system. The torque can be
regulated quickly with DTC. The amplitude of torque is
dependent on the load angle and stator flux amplitude as
shown by (10) with constant motor parameters in a non-
salient pole PMSM (Lg = Lg)

Tezj—i\ws\wfsina (10)
Equation (10) implies that the torque increases with increase
in 6. The regulation of the load torque and stator flux
linkage can be accomplished by choosing the necessary
stator voltage vectors[10], as shown in the equations and
discussions. PMSM drive systems generally operate with
three-phase voltage source inverter. The level of the three
power switches, which are labelled Sa, Sb, and Sc here,
determines the primary voltage Va, Vb, and Vc, as shown in
Fig.4

W‘i
a
C

Fig. 4. The voltage source inverter fed PMSM drive system

The controller produces eight voltage space vectors due
to the various switching statuses, six of which are non-
zero voltage vectors and the rest of which are zero voltage
vectors. Each voltage space vector is labelled numerically to
indicate the status of power switches in the order Sa, Sb, Sc.
The vector space for stator flux in the stationary reference
frame af is divided into six equal sectors to achieve the
circular stator flux trajectory, as shown in Fig.5. The sector
is chosen based on the estimated stator flux position, which
is calculated using the o and B-axis stator flux components,
as illustrated in (11).

Ysa )

0 = arctan(
Vsp

(In
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Block diagram of Field Oriented Control of PMSM

Where 0 represents angle of the stator flux.
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Fig. 5. Sectors and Voltage space vectors in o8 reference frame. Source:[9]

Closed-loop torque and stator flux linkage magnitude
control is required for classical DTC of PMSM. The stator
flux linkage and torque hysteresis comparators are depicted
in the proposed DTC control of PMSM as shown in Fig.6
and the logic is shown in (12) and (13).

-1 (Jys|" =y <0)
1 (Te*—T.>0)
ee=40 (T —T.=0) (13)
-1 (T"—T.<0)
Ay,

Fig. 6. Hysteresis level

Here ‘l[/s‘ * denotes the stator flux linkage reference, and
€y is the stator flux linkage regulator’s output. If the value
of ey is 1 indicates that the stator flux linkage needs to
be increased, a voltage space vector suitable for the sector
will be chosen. Otherwise, the stator flux linkage must
be reduced. The torque reference is T. *, and the torque
regulator’s output is e;. If the value e; is 1, the real torque
is less than the reference, otherwise it is greater. Table 1 is
created by evaluating all the possible combinations of stator
flux linkage and torque regulator outputs.
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TABLE 1
SWITCHING TABLE FOR THE SELECTION OF SPACE VECTORS IN
DIFFERENT SECTORS

Sector O(N)
ey er o(1) | 6(2) | 6(3) | 6(4) | 6(5) | 6(6)
-1 -1 Vs Ve Vi V, V3 Vy
-1 0 Vo \%i Vo V7 Vo \%i
-1 1 V3 Vy Vs Ve \ V)
1 -1 Ve \ Vv, V3 Vy Vs
1 0 V7 Vo \%i Vo \%i Vo
1 1 V, V3 Vy Vs Ve \

VI. DIRECT TORQUE CONTROL STATE VECTOR
MODULATION (DTC-SVM)

The DTC-SVM uses a switching SVM vector with con-
stant switching frequency. This control scheme eliminates the
use of hysteresis controllers. In the DTC-SVM implementa-
tion, the generation of gate signals applied to control the
inverter switches is based on a predictive controller. Fig.10
depicts the DTC-SVM control mechanism.

The error of torque AT = (T'¢* — Ty ), the stator flux link-
age reference y* serve as input to the predictive controller
in addition to actual flux, and stator resistance. The predictive
controller then determines the stator voltage reference vector
needed in aff frame. coordinates Vs = (Vsa_ref,vsﬁ_ref) for
space vector modulator (SVM), which finally generates the
pulses (Sa, Sp, Sc) for inverter control. A PID controller that
produces the increment of the load angle can minimize the
instantaneous torque error. Fig.8 gives an idea on calculating
change in flux and flux angle for required torque change in
stationary af3- frame.

A
Yk +1)
Y arer W +1 Ay
V)
A0 Yy
0 Wan
0 o
Valk+1) Ya(k) a

Fig. 8. Change of flux value in stationary af3 frame. Source:[9]
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Block diagram of Direct Torque Control of PMSM

Y= /(Us(t) _Rsis(t))dt (14

Through the discretization of (14), it can be shown that:

Viet= Wske1) — Wsto= (Us) — Rsis)/Ts (15)

VII. SIMULATION RESULTS

MATLAB/Simulink® R2018b 9.2 version software has
been used to implement the models. According to the theory
mentioned in the above chapters, various models have been
simulated for different speed control schemes. Every simu-
lation is done in a discrete environment with microseconds
sampling time. For all the models, the ode45 solver is used
to complete the simulation. The simulation focuses on the
motoring operation of PMSM in the constant flux region of
operation. Some simulations were simulated and executed to
get results for the comparison of different control schemes.
The machine parameters shown in Table 2 correspond to
the non-salient sinusoidal flux distribution 3-phase PMSM
motor.

TABLE 2
PMSM MACHINE PARAMETERS (SIEMENS 1FK7)

Parameters
Rated Output Power, Pyt 2.135 kW
Rated speed (mechanical), Nyatea 750 rpm
Rated frequency, frytea 50 Hz
Rated Torque, T, uteq 6.8 N-m
Rated Current, iryteq 4.4 A (RMS)

Pole Pairs, P 4

Stator Resistance, R 1.09 Q

Stator Inductance, Ly, Lgq 0.009 H

Moment of Inertia, J 4.15 x 10~% kg-m”

Damping coefficient, B 1 x 10~* N-m-s/rad

278

Permanent Magnet Flux, ypm 0.1821 Wb
Stator Flux reference 0.2 Wb
2-level Voltage Source Inverter (VSI) DC | 400 V

link voltage, Vdc

FFT window: 2 of 200 cycles of selected signal _FFT window: 2 of 200 cycles of selected signal

@

Current (A)
5 o

&

396 3965 397 3975 398 3985 3.99 3.99
Time (s)

306 3965 397 3.975 3.98 3985 399 3.995
Time (s)

Fig. 9. Steady-state stator phase currents at 750rpm and 6.8 Nm for Open
loop SPWM control (left) and Open loop SVPWM control(right)
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Fig. 12.  Steady-state stator phase currents at 750rpm and 6.8 Nm for
closed loop SPWM control (left) and closed loop SVPWM control(right)
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TABLE 3
TORQUE FOR SCALAR CONTROL (AT FULL-LOAD TORQUE OF 6.8 N-M
AND RATED MECHANICAL SPEED OF 750 RPM)

Closed- Closed- Open- Open-
loop loop loop loop
SPWM SVPWM SPWM SVPWM
Steady-state 10.848 9.378 15.324 14.563
torque ripple
(%)
Torque settling | 90 ms 75 ms 1050 ms 950 ms
time

From the speed and torque response comparison graph
from fig.14 and fig.15, respectively, it is observed that closed-
loop control is giving a much better response in terms of
steady-state as well as in transient state compared to the
open-loop model. At t = 0.15 sec, a rated step load torque
of 6.8 Nm is applied. Due to the load torque, a high amount
of speed ripple is observed in open-loop control, which has
a settling time of around 0.95 sec whereas in closed-loop
control speed settles in about 0.14 sec.

Flux § (Wh)

02 02 02
04 03 02 01 0 01 02 03 04 04 03 02 01 0 01 02 03 04

04 03 02 01 0 01 02 03 04
Flux o (W) Flux @ (W)

Flux o (Wb)

Fig. 16. Steady-state stator flux linkage trajectory for FOC (left), DTC
(center) and DTC-SVM (right)
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Fig. 17. Steady-state stator phase currents at 750rpm and 6.8 Nm for FOC
(left), DTC (center) and DTC-SVM (right)
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TABLE 4
STEADY-STATE PHASE CURRENT THD (%) (AT FULL-LOAD TORQUE OF
6.8 N-M AND RATED MECHANICAL SPEED OF 750 RPM )

THD (%)
DTC FOC DTC- | Closed-| Closed-| Open- | Open-
SVM loop loop loop loop
SPWM | SVM SPWM| SVM
5.07 0.37 0.33 2.58 2.60 4.11 3.76
TABLE 5

STEADY-STATE STATOR FLUX RIPPLE (%) (AT FULL-LOAD TORQUE OF

6.8 N-M AND RATED MECHANICAL SPEED OF 750 RPM )

Steady-state stator flux ripple (%)
DTC FOC DTC- Closed-| Closed-| Open- | Open-
SVM loop loop loop loop
SPWM | SVM SPWM | SVM
4.15 0.48 0.36 1.78 1.78 1.79 1.79

Steady-state stator phase current is shown in fig.9, fig.12,
fig.17 for open-loop, closed-loop scalar control and vector
control, respectively. Table 4 shows the current THD (%)
at rated operation for all the control schemes implemented,
which is observed from fig.11, fig.13, fig.18. It is evident
that DTC suffers from high distortion. DTC-SVM offers the
lowest THD (%), closely followed by FOC. Fig.16 shows the
steady stator flux linkage for vector controls. The steady-
state stator flux ripple (%) from table 5 is maximum in
the case of DTC. The steady-state flux ripple among scalar
control is nearly the same, irrespective of closed-loop or
open-loop. The flux ripple is minimum at DTC-SVM. The
speed and torque responses at rated load torque for vector
control schemes implemented is shown at 100 rpm, 400 rpm
and 750 rpm mechanical speed. Fig.19-Fig.21

3

) e JR 7 RO BERRY, 9

F—FOC Speed Response

|~DTC Speed Response ||
DTC-SVM Speed Response|

- “Reference speed {

DTC Torque Response
DTC-SVM Torque Response|
FOC Torque Response
Reference Torque

Motor Torque Te (Nm)
N

Motor speed N(rpm)
°
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Fig. 19. Speed and Torque Response of Vector Control at 100 rpm left &
right respectively for a step load torque change
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Fig. 20. Speed and Torque Response of Vector Control at 400 rpm left &
right respectively
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TABLE 6
TORQUE SETTLING TIME AT DIFFERENT SPEEDS ( FULL-LOAD TORQUE
OF 6.8 N-M)
Mechanical DTC FOC DTC-
Speed SVM
100 rpm 30 ms 139 ms 40 ms
400 rpm 35 ms 143 ms 43 ms
750 rpm 40 ms 150 ms 50 ms
TABLE 7
STEADY-STATE TORQUE RIPPLE (%) (AT FULL-LOAD TORQUE OF 6.8
N-M )
Mechanical DTC FOC DTC-
Speed SVM
100 rpm 10.03 1.20 1.15
400 rpm 7.89 1.37 1.36
750 rpm 6.84 1.50 1.57
'E;aoo g = =m e Em " .
%700 \ é 8 L
3 [=FOC SpeedResporse | | 3 6 I
600+ {~DTC Speed Response k3 4 ! DTC Torque Response
5 DTC-SVM Speed Response| 5 | DTC-SVM Torque Response
% |- “Reference speed 82 FOC Torque Response
= 500 = i Reference Torque
Q kmmmH 1

0.15 02 025 03
Time (sec)

0.155 0.16 0.165

Time (sec)

0.15

Fig. 21. Speed and Torque Response of Vector Control at 750 rpm left &
right respectively

Table 6 shows the torque settling time at speeds of 100rpm,
400 rpm and 750 rpm for rated torque of 6.8 N-m for the
different vector control schemes. It is observed that for a
particular load, for each control scheme, torque settling time
increases as speed reference increases. Also, it is shown
that DTC and DTC-SVM offer a faster dynamic response
as compared with FOC. Table 7 shows that the torque ripple
(%) is highest in DTC for different reference speeds given.
The torque ripple increases with increases in reference speed
given for FOC and DTC-SVM. In the case of DTC, torque
ripple increases with a decrease in speed. This suggests that
DTC shows poor performance at low speed.

Table 8 shows the speed settling times at rated operation
and no-load rated speed operation for all the control schemes
implemented. It is evident that speed settling time increases
as load torque increases. DTC-SVM offers the fastest re-
sponse. It is observed that Variable frequency drives provide
better dynamic performance than constant frequency. Table
9 provides a brief summary of comparison between different
vector controls. Scalar control techniques are proper for low-

TABLE 8
SPEED SETTLING TIME AT DIFFERENT LOADS ( AT RATED MECHANICAL
SPEED OF 750 RPM )

280

Load | DTC | FOC | DTC- | Closedt Closed Open-| Open-
Torque SVM | loop loop loop loop
SPWM SVM | SPWM SVM
0Nm | 100 135 46 130 120 250 200
ms ms ms ms ms ms ms
6.8 165 185 72 150 140 1050 | 950
Nm ms ms ms ms ms ms ms
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TABLE 9
OVERVIEW OF THE COMPARISON BETWEEN DTC, FOC AND DTC-SVM

DTC FOC DTC-SVM
Reference frame Stationary (af3) | Rotor (d, q) Stationary
(@)
Dynamic response | Fast Slow Fast
of torque
Steady-state High ripple and | Low ripple | Low ripple
behaviour for | distortion and less | and least
stator flux,torque distortion distortion
and current
Rotor position re- | No Yes No
quirement
Current control No Yes No
PWM modulator No Yes Yes
Coordinate trans- | No Yes No
formation
Switching Variable, Constant Constant
frequency depends on the
operating point
and during the
transients.
Sampling Very high High High
frequency
Control tuning Hysteresis PID gains PID gains
bands
Complexity Low High Very high
and Processing
requirements
Switching Losses High Low Low

speed changing applications but not appropriate for sensitive
speed and torque adjustments needed applications. This is
because the V/Hz control method controls the magnitude of
stator voltages based on the frequency of operation instead
of controlling the phase and magnitude of currents. Vec-
tor control enables the elimination of cross-coupling terms
by transforming 3-phase quantities into orthogonal 2-phase
quantities for precise control and hence faster responses
and satisfies the requirements of dynamic drives, where
quick response is desired. Compared to scalar control, the
advantages of vector control are better torque response,
producing full load torque at close to zero speed and near-
perfect speed control. However, complexity and cost is the
trade-off. It is a high-performance control.

Only if the mean switching frequency of inverter operation
is approximately comparable for all control schemes can a
fair comparison be conducted. Classic DTC, on the other
hand, has a variable switching frequency due to hysteresis
blocks, which is depending on the operating point of the
system.

VIII. CONCLUSION

The market for PMSM has resulted from the motor re-
quirements such as reliability, good performance, low power
loss, simple, cheap and low maintenance requirements. This
research develops and implements VSI-fed PMSM in MAT-
LAB/Simulink. The standard scalar (constant V/f) control
is used for sinusoidal PWM and space vector PWM for
PMSM and has been found to lead to high adjustment and
low dynamic response time even though the control is cheap
and basic. The vector controls (DTC, DTC-SVM, FOC) of
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PMSM had been increased and applied. DTC is used to
manage torque and flux efficiently with no variations in
machine parameters and load value. The speed and torque
can be regulated directly by a DTC inverter vector. DTC
can be used in PMSM for a variable speed application.
Applications requiring good dynamic efficiency need DTC
because it has a greater benefit than other control methods
due to its fast torque response characteristics. The findings of
the simulation were analyzed and find that the motor torque
has more ripple and high THD percent in motor current. Thus
FOC control is examined to minimize the ripple content,
which has dramatically improved the THD percent, but has
exacerbated the machine’s complex response. It is introduced
with a predictive controller to maintain rapid volatile and
low ripple material with constant DTC-SVM frequencies.
The results were obtained to promote the tests on broader
structures of the proposed approaches.
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