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ABSTRACT This proposed work demonstrates the illustration of dynamic performance intensification
of a Permanent Magnet Synchronous Motor (PMSM) employed by a PWM controlled inverter which
synchronizes with the rotor movement intimation. PMSM are widely hired in electric vehicles since it
possesses better dynamic response, improved torque-speed property, and reduced noise, energy-efficient
and power factor in comparison with traditional motors. In the present work, it is observed that by few
modifications of the position control strategy as good as sinusoidal stator currents response generates less
torque ripples. The mathematical model for PMSM is derived from park’s transformation. Further, a maiden
attempt is taken to introduce the performance indicator ’sensor angle’ to estimate the rotor position in
this strategy. From the established model, the various dynamic behavior of the drive system is determined
analytically without and under various load disturbances. Additionally, a particle swarm optimization (PSO)
technique is adopted to optimize the performance of the proposed dynamic strategy. An efficient speed
control strategy by the variation of DC bus voltage is achieved which is equivalent to the armature voltage
control of the conventional dc machine. Further, efficient and simple control circuitry of the voltage source
inverter (VSI) is obtained in this strategy. To verify the efficacy of the proposed algorithm, necessary tests
are carried out in a real-time setup. Therefore, an improved control strategy obtained from the simulation
and an experimental approach meets the dynamic behavior employed in light weight electric vehicles.

INDEX TERMS Dynamic response, light vehicle, permanent magnet synchronous motor, rotor position,
pulse width modulation (PWM), speed control.

I. INTRODUCTION
Since the progress of permanent magnet materials, modern
power electronics and the sophisticated control technique
including semiconductor fabrication technology PMSM
Motors are significantly appointed in different industrial,
commercial and indifferent domestic applications. Light elec-
tric vehicles are currently designed to gain lower automobile
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emissions. The electric motors are used in electric vehi-
cles require better torque-speed characteristics to obtain
higher operating range and improved efficiency. Generally,
the characteristics of flux density distribution in the air
gap and the back emf produced in the armature wind-
ing supplied by permanent magnets exhibit sinusoidal
characteristics [1], [2].

The typical speed control procedures of this kind of
machine could be incorporated in a method equivalent to
a traditional DC machine-either by the variation DC link
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voltage/DC bus voltage or by modifying the analogous brush
assembly through a variation in the sensor position on the
rotor in accordance with the rotor frame identified by the pro-
posed parameter, sang, in in this proposed concept. The func-
tion of the mechanical commutator, here is performed by
the typical 3-phase VSI which is triggered in coordination
with the position information. Consequently, the frequency
of the currents and/or voltages in each armature phase of the
PMSM is dictated by the machine speed rather than the oppo-
site, which generally occurs in a conventional synchronous
machine.

This is the true essence of, self-control, or, self-
synchronous, operation whereby the rotor position dictates
the commutation of devices in the armature and hence the
frequency of voltage or current in the armature [3], [4].

In this proposed work an investigation on the dynamic
strategy is established for the proposed PMSM while the
armature is operated by a three-phase bridge inverter. In this
strategy, a multi-phase inverter is controlled in synchro-
nism with the rotor movement. Pulse width modulation is
employed to adjust the power delivered to the load through
the provision of a switching period of the devices [5], [6].
The total time period for the power delivery to the load
computes the voltage across the load for a VSI. The inverter
is designed to be operated from an adjustable rectifier source
Vdc gained by the incorporation of a frond-end converter
can be adjusted to introduce the speed control effectively,
in the similar strategy as voltage control performed in a
separately excitedmachine. In this proposed concept different
dynamic behaviour like interaction torque, electrical speed,
direct and quadrature axis currents, phase voltage and current,
position information of the rotor under various operating
conditions are determined analytically to reduce the ripples,
noise and obtain the simple and economic control circuit
[7], [8]. After determining all the performance indices of
the drive system by simulation studies proposed concept is
implemented in a real-time experimental set up for the val-
idation. An updated PSO technique has been introduced to
optimize the performance the PMSM drive through a tuning
of the sensor angle based control algorithm. In a light electric
vehicle while PMSM was employed through digital PWM,
the input current of the motor needs to be controlled in
order to limit its stator current due to the load applied. This
could be done by sensing the current input to the motor and
reducing the current to a value lesser than a predefined limit
[9], [10]. Overall cost and cleanliness of the environment
is a major issue in an automotive application. By designing
the inverter control circuitry with few modifications of the
position sensor and controlling the inverter dc-link voltage
smooth and economic speed control is achieved which is
advantageous.

In this proposed work an improved dynamic strategy on
a PMSM drive is executed and optimized to illustrate the
better dynamic and steady-state performance characteristics
[11], [12]. While appraising the above discussion the main
contributions are listed in the following way:

• An improved dynamic strategy of a self-controlled
PMSM machine has been established under various
operating conditions and an effective speed control
strategy equivalent to the traditional dc machine was
introduced.

• A newly adopted mechanism through the displacement
in the field and armature mmf space vector can be
examined to estimate rotor movement intimation in this
strategy.

• A reformed PSO algorithm was employed for tuning the
proposed control strategywithout the optimization of the
current and speed controller parameters which improve
the dynamic behavior of the PMSM drive and all the
other parameters of the machine are unaffected.

• Further, an elementary as well as economic control cir-
cuitry of the inverter was obtained to estimate the rotor
position and finally an improved nature of the armature
current was established to ensure better electromagnetic
torque as desired in a light electric vehicle.

The other sections of the carried-out work are organized
as follows: The analysis and design of PMSM are described
in Section II, detailed discussion on sensor angle and rotor
position control are given in Section III, Simulation and
experimental study of proposed work are detailed in Sec-
tions IV and V respectively. Finally conclusion and outcome
of the work are presented in Section VI.

II. PERMANENT MAGNET SYNCHRONOUS MOTOR
DRIVE-DYNAMIC ANALYSIS
To determine the dynamic behaviour of a PMSMdrive system
under different operating conditions in an open-loop manner
the main components like power electronic inverter, refer-
ence frame theory, machine dynamics (transient and steady-
state) are incorporated. The proposed dynamic model of the
drive system is carried out by representing the modelling of
PWM controlled voltage source inverter in different switch-
ing conditions, mathematical analysis of parks transformation
and the dynamic behaviour of PMSM machine in different
operating conditions and the proposed control strategy. This
proposed model of PMSM can be obtained by the mechanism
of PWM controlled inverter conducted in 180deg conduction.
To obtain the smooth voltage waveform, sinusoidal PWM
strategy is adopted in the proposed inverter circuitry to main-
tain the output voltage. The information of rotor position is
observed by the incorporation of absolute position encoder
and this signal is forwarded to the control circuitry of the
inverter section [13]. This inverter controller section employs
this typical information which in turn produces the switching
signals for the inverter circuitry. Fig. 1 depicts the proposed
scheme of the drive system.

Van + Vbn + Vcn = 0 (1)

Vno =
1
3
(Vao + Vbo + Vco) (2)

Vno =
1
3
(Vao + Vbo + Vco)

=
1
3

(
1
2
Vdc −

1
2
Vdc −

1
2
Vdc

)
= −

1
6
Vdc (3)
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FIGURE 1. Simplified layout diagram of a 3-phase bridge VSI fed PMSM
drive.

FIGURE 2. Positions of d and q-axes with rotor position when two
switching 612 and 123 are ON.

As per the convention of the scheme, one switch from the
upper leg and two switches from the lower leg are simul-
taneously conducting at some particular instant [14], [15].
Therefore the time gap between the switching modules of the
same leg of the inverter is assumed to zero. For the proposed
PWM controlled VSI the possible switching combinations
are represented as 612, 123, 234, 345, 456 and 561. Hence,
for different switching combinations the pole voltages of
different legs and with reference to the DC link mid-point,
0, is represented in terms of DC link voltage of the proposed
VSI [16]. The positions of d and q-axes with rotor position
when two switching 612 and 123 are ON are shown in Fig. 2.

Van = Vao + Vno =
2
3
Vdc (4)

Vbn = Vbo + Vno = −
1
3
Vdc (5)

Therefore, by using the different switching combinations
phase to neutral voltages can be determined in terms of DC
link voltage of the proposedVSI. The strategy for the harmon-
ics control and adjustment of the fundamental elements can
be accomplished through a change in the span of the applied
input voltage. It is identified by changing the pulse width to
gate signals of the PWM operated inverter [3], [17], [18]. The
modelling and dynamics of Permanent Magnet Synchronous
Machine are established using parks transformation theory
or d-q axis frame theory. Therefore all the mathematical
equations are arranged to represent the model.

fdqo = KS fabc (6)

VdVq
V0

 = √2
3

 cosθr cos(θr − 2π/3) cos(θr + 2π/3)
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While comparing the proposed control strategy equivalent
to the traditional DC commutator machine, the developed
electromagnetic torque as a function of sensor angle and dc
link current, can be proposed as

Te =
(p
2

)
1.655ψ0cos (sang) ilink (13)

Eq. 13 can be used to compute the magnitude of electro-
magnetic torque as well as mechanical power developed in
a self-controlled PMSM machine. Moreover, Eq. 13 clearly
illustrates that the torque developed can be precisely con-
trolled through the variation in sensor angle in this proposed
strategy.

III. CONCEPT OF SENSOR ANGLE AND ROTOR POSITION
CONTROL
The rotor position encoder system works in synchronism as
per the conduction sequence of the inverter switches. While
investigating the typical model it is realized that the proper
identification of a position encoder system with the corre-
sponding inverter switching combinations provides a space
angle during the rotation of the machine. The concept of
sensor position can be described by a, phase displacement,
variable categorized as, sang, which can be analyzed to be
zero when the permanent magnet field MMF space vector
(mean value taken on every 60◦ instant considering a specific
sequence of three inverter devices are on as per 180◦ mode
of operation) acts in space quadrature with the corresponding
stator voltage trajectory [19]. It is anticipated that due to the
rotation of rotor and inverter switching combinations average
phase displacement for various sensor lead angles are differ-
ent. Therefore the nature of electromagnetic torque profiles
would be different with the corresponding sensor lead angle
variation. Hence, the variation of, sang, may be an effective
tool for achieving speed control. The effect of changing the
sensor lead angle is hereby observed to be similar to that
of varying the brush position in a conventional DC motor
with the mechanical commutator and brush assembly. Hence,
by the variation of identical brush arrangement through a
variation in the sensor position on the rotor with respect to
the rotor frame, speed and position control can be achieved in
this strategy. In this proposed work different dynamic strategy
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i.e. speed, torque, phase voltage, d-q axis current, rotor move-
ment are examined through the variation in sensor angle with
rapid load disturbances. It is observed that due to variation
of sensor lead angle of 30◦ leading, with the inclusion of
load torque the nature of armature current response is more
acceptable, establishing sinusoid characteristics [20].

IV. SIMULATION RESULTS AND DISCUSSION
To determine the different performance characteristics of a
PMSM drive, mathematical modelling and dynamic simu-
lation is carried out using flowchart depicted in Fig. 3(a).
As bio-inspired algorithms are widely used in recent years
than conventional techniques due to conventional algorithms
most of researchers are focused to implement those algo-
rithms for their specific applications. Thereby an array of
algorithms have been introduced for various applications like
design and modelling of fuel cell, solar [21], [22], maximum
power extraction of power from solar PV [23], [24], load
frequency control of multi interconnected renewable energy
resources [25]. With this motivation authors used particle
swarm optimization algorithm for enhancing performance of
light electric vehicle.

An updated PSO algorithm was introduced to optimize
the proposed control strategy. As the PSO is one of most
widely used optimization technique to solve various multi
dimensional problems and it has been successfully applied
in various fields of study [26], [27]. Moreover in compari-
son with the traditional PSO an updated strategy based on
normal distribution is applied. Further the mechanism based
on velocity mechanism is eliminated. The necessary flow
chart diagram for the implementation of an updated PSO
is depicted in Fig. 3(b). Since this methodology seizes in
priority of the particle population and eliminates few neces-
sary co-efficient values of social and velocity criteria. Fur-
ther, this algorithm was applied since optimal behavior of
the drive was achieved due to the tuning of the proposed
performance indicator i.e. sensor angle. For a given DC-link
voltage inverter generates three-phase voltages which are
converted into equivalent two-phase quantities through the
park’s transformation. Therefore, machine block used to
receive d-q axis signals and through rotation, it gives as
electrical speed and position information. Fig. 4 to Fig. 8
shows the nature of responses of net developed torque, speed,
particular phase voltage and corresponding phase current,
direct and quadrature axis currents, rotor position at various
DC bus voltages of VSI with an adjustment of front end
converter.

In the next case i.e. when simulated voltage is equal to
96 V (double of the previous case) is employed at DC bus
of the VSI of PMSM drive; with all other conditions remain
unaltered, is compared with previous one it is found that
speed obtained as in Fig. 4 in this case at steady state is
higher with increased input voltage [28]. Therefore, it is
concluded that by the variation the DC link/bus voltage of
inverter speed control can be achieved which is identical
to separately excited DC machine armature voltage control.

FIGURE 3. (a) Typical flowchart for dynamic simulation of a PMSM drive,
(b) Flow chart for updated PSO algorithm.

FIGURE 4. Speed versus time nature (a) when applied voltage is 48 V
with Tl =0, (b) when applied voltage is 96 V with Tl =0.

The average torque and torque ripples depicted in Fig. 5 in the
second case (when 96 V is applied) are also higher because
of increased input voltage and increased final steady-state
speed. The back-to-back torque ripple in terms of percentage
of the average torque is higher here as the armature phase
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FIGURE 5. Dynamic behavior of electromagnetic torque (a) when applied
voltage is 48 V with Tl =0, (b) when applied voltage is 96 V with Tl =0.

FIGURE 6. Dynamic response of Phase A voltage (a) when applied voltage
is 48V with Tl =0, fn = 0.45 Nm− sec , (b) when applied voltage is 96 V
with Tl =0, fn = 0.45 Nm− sec .

FIGURE 7. Dynamic current response (a) when applied voltage is 48 V
with Tl =0, (b) when applied voltage is 96 V with Tl =0.

current wave shape does not change much from the previous
case. The particular phase voltage response in Fig. 6 appears a
six stepped voltage waveform in accordance with the 2-level
VSI controlling under 180deg conduction. The correspond-
ing phase current Fig. 7 and frequency of this waveforms
are observed to gently increases from starting so that speed
slowly builds up and frequency of voltage/current is directly
locked with rotor speed because of self-synchronous oper-
ation. The amplitude of phase voltage and phase current is
also higher than the previous case. The magnitude of the
frequency of the voltage or current is higher as the speed is
getting increased. The rotor movement intimation as depicted
in Fig. 8 is observed to changes dynamically as the frequency
is slowly rising; since the drive motor is supposed to acquire
with the new position intimation. In this control strategy,
several dynamic strategies i.e. interaction torque, electri-
cal speed, stator current, corresponding phase voltages are
analyzed and compared through the proposed updated PSO

FIGURE 8. Rotor movement information curve (a) when applied voltage is
48V with Tl =0, fn = 0.45 Nm− sec , (b) when applied voltage is 96 V with
Tl =0, fn = 0.45 Nm− sec .

FIGURE 9. Speed versus time response (a) ’sang’=0deg, Tl =5 N −m,
without optimization (b) ’san’=-30deg, Tl =5 N −m, with optimization.

FIGURE 10. Torque versus time response (a) ’sang’=0deg, Tl =5 N −m,
without optimization (b) ’sang’=-30deg, Tl =5 N −m, with optimization.

algorithm having load disturbances. The dynamic behaviour
of the drive system under sensor angle based control strategy
is depicted from Fig. 9 to Fig. 12 respectively. It can be
observed that during the variation of sensor lead angle from
0◦ to −30◦ tuned through PSO, having load disturbances the
nature of armature phase current response is improved, estab-
lishing pure sinusoid characteristics. In Fig. 9 - Fig. 10 due to
this proposed optimization technique, ripples component in
the speed and torque was improved. Additionally, the torque
pulsations even with the load disturbances and tuned through
sensor angle exhibits better dynamic response. The effect
of changing the sensor lead angle is hereby observed to be
identical by the variation of brush position in a separately
excited DC machine having mechanical commutator and
brush assembly. Hence it is also an effective kind of speed
control strategy that can be applied for economic operation
of the drive system. This topology can be implemented by
adjusting the rotor position encoder system.

VOLUME 9, 2021 5



C. Sain et al.: Self-Controlled PMSM Drive Employed in Light Electric Vehicle-Dynamic Strategy and Performance Optimization

FIGURE 11. Phase A current versus time response (a) ‘sang’=0deg, Tl =5
N −m, without optimization (b) ‘sang’=-30deg, Tl =5 N −m, with
optimization.

FIGURE 12. Phase voltage versus time response (a) ‘sang’=0deg, Tl =5
N −m, (b) ‘sang’=-30deg, Tl =5 N −m.

FIGURE 13. Test bench (a) Complete experimental test bench, (b) Internal
circuitry of FEC and inverter control panel.

V. EXPERIMENTAL RESULTS AND DISCUSSION
To illustrate the efficacy of the proposed scheme, perfor-
mance of the proposed PMSM drive system is observed and
verified in a real-time experimental set up using d-SPACE
control desk. In this experimental setup, PMSM motor is
mechanically coupled with a cage-type induction motor
which acts as a load on the PMSM. The present system
mainly consists of Motor-Generator set (Induction motor
coupled with PMSM), two front end converters (FEC-1 and
FEC-2), Inverter-1 for induction motor control and inverter-
2 for PMSM control. Front end converter which boosts and
regulates the DC bus. The inverter takes input from the DC
bus. Fig. 13(a) depicts the setup used for experimental work.
The proposed algorithm of the drive system simulated in
MATLAB/SIMULINK is interfaced through d-SPACE hard-
ware for implementing the real-time validation. To achieve
the desired performance of the drive system digital PWM
technique is implemented for such sophisticated control with

FIGURE 14. Results (a) DC link voltage and current on no-load operation,
(b) Variation of DC link voltage and current for on-load operation.

FIGURE 15. Results (a) Variation of Speed as a function of DC link voltage
in real-time set up, (b) Electrical speed versus time response in real-time
set up.

lesser ripples and smoother operation. All the detailed inter-
nal circuitry of front end converters and inverters are depicted
in Fig. 13(b). Here FEC-1 and Inverter-1 are connected with
Induction motor and FEC-2, Inverter-2 is connected with
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FIGURE 16. Results (a) Electromagnetic torque versus time response at
no-load operation in real-time set up, (b) Electromagnetic torque versus
time response at loaded condition in real-time set up.

PMSM motor panel. To validate the drive performance in
real-time set-up, Fig. 14(a), 14(b) depicts the variation of
DC link voltage and current on load variation, respectively.
Therefore it is observed that with the load variation distor-
tion is quite larger compared to no-load condition. Similar
behaviour of the drive system is monitored in simulation
studies. In the real-time, speed control of the drive system is
achieved by varying the DC link voltage by implementing the
proposed algorithm more smoothly as shown in Fig. 15(a).
Electrical speed versus time response in real-time set up is
depicted in Fig. 15(b). The speed control technique in this
manner signifies the samemethod of armature voltage control
in a separately excited DC machine. Fig. 16(a), 16(b) depicts
the electromagnetic torque profile of the PMSM drive system
operating under no-load and on-load conditions, respectively.
It is observed that by implementing the inverter control algo-
rithm, position sensor settings and by machine parameter
variation better torque profile is obtained with lesser ripples
which are the outcome of to the simulation result. Further by
the introduction of the updated PSO, torque pulsations are
lesser which reduces the noise and improves its steady-state
performance in a multi-quadrant operation. Hence it is
observed that rotor position is controlled precisely due to
the variation of frequency in proposed concept. Variation of
rotor position information is depicted in Fig. 17 in real time
set-up which is analogous in a repetitive manner, the drive
motor is supposed to adapt with the new position information.
The armature current response due to this dynamic strat-
egy was illustrated in Fig. 18 exhibits sinusoid in nature.
Moreover a sudden variation in the load disturbances affects
the magnitude of current at certain point; however a stable
behavior was achieved finally to meet the steady-state torque.
To estimate the speed various samples are taken in a flexible
operating region and depicted in Fig. 19. Since it indicates
that no further deviation was achieved in comparison with
the traditional technique and shows better accuracy. Further,
to exhibit the dynamic behavior torque-speed curve was

FIGURE 17. Rotor position versus time response in real-time set up.

FIGURE 18. Speed estimation at various samples.

FIGURE 19. Armature current response.

FIGURE 20. Torque-speed characteristics.

established in Fig. 20. It is emphasized that nearly at 950 rpm
magnitude of torquewasmaximum and gradually it decreases
due to the increment in speed at various intervals. Finally,
a satisfactory dynamic behavior of a PMSM drive was carried
out which meets the requirement in light weight electric
vehicles.
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VI. CONCLUSION
In this article the dynamic performance enhancement of a
PWM controlled updated PSO optimized PMSM drive under
different control strategies are described and compared in a
real-time experimental platform. This improved and efficient
dynamic model of the drive system can evaluate dynamic
as well as steady-state behaviour under different operating
conditions. Effects of changes done for different DC link
voltages, different sensor positions and different loads can
be easily investigated with this model. It has been found
that for a leading sensor position of 30o, the armature cur-
rents of the machine of the particular PMSM are near sinu-
soidal. These near-sinusoidal armature currents interact with
the sinusoidally distributed permanent magnet flux to yield
an electromagnetic torque with less torque ripples. Further,
through updated PSO optimized strategy current ripples and
torque pulsations are reduced in a significant manner. There-
fore, an extremely simple control circuit of the inverter is
achieved which is economical and advantageous in a light
electric vehicle application. Hence the outcome of proposed
work is to apply and analyze the control strategies of a PMSM
drive in automotive industries for the benefit of society and
mankind.
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