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Abstract

In traction applications, PMSMs are gaining attention due its reliability and
wide constant power speed ranges. The high maintenance cost and complicated
control methods are the disadvantages of PMSM. The efficiency of PMSM can
be increased to suit the requirements of traction applications by achieving direct
control of stator current. However it is quite unattainable due to the strong
coupling and non-linear nature of PMSM. To decouple the motor variables,
field oriented control technique is commonly used. In this paper, the closed
loop control of PMSM using improved flux weakening controller is designed
and simulated using Matlab/Simulink. The performance of the motor is tested
under running mode operation with load. The simulation results shows good
dynamic response of the drive with less ripples for varying speed and load
torque. Also, RLC filter is designed to reduce the voltage and current harmonics
at motor terminals. The improved flux weakening control method regulates the
magnetic flux throughout the entire speed profile. This can be seen from the
results that the desired speed is achieved with 2.6% of ripple for mechanical
load torque ranging from 200 Nm to 800 Nm whereas the reference speed is
maintained at 500 rad/s. Also, it can be seen from the results that the controller
adjusts the stator current component automatically without causing spikes
during switching and hence the PMSM motor can be driven without setting the
direct component of stator current to zero and DC bus voltage is maintained
constant at 560 V.

Keywords: PMSM, Traction drive, Field oriented control, Flux weakening
controller, PI controller, DC-DC fly back converter, Voltage source
Inverter.
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Nomenclatures

Abbreviations

AC Alternating Current

DC Direct Current

FOC Field Oriented Control

IGBT Isolated Gate Bipolar Transistor
MTPA Maximum Torque Per Ampere
Pl Proportional Integral Controller

PMSM Permanent Magnet Synchronous Motor
PWM Pulse Width Modulation

THD Total Harmonic Distortion

VSI Voltage Source Inverter

1. Introduction

A traction system is an integrated system of power converters, traction motors,
protection and regulation circuits intended to generate tractive forces to provide
relative motion in different applications. These systems are widely used in electric
vehicles, mining and railway locomotives.

Traditionally, DC motor drives have been used in traction drives due to low
cost of implementation and ease of control. The drawbacks of DC motors in
traction applications are low overload capacity, lower torque than AC motors and
higher maintenance on brushes and commutate. These drawbacks have made AC
motors to replace DC motors in industrial applications [1].

The requirements of the traction drive system have been best suited for
Permanent Magnet Synchronous Motor (PMSM) and hence it is considered as the
most promising motor in tracking applications due its advantages compared to
induction and DC motors [2].

These advantages attract PMSM in traction drive applications for replacing
induction motors and DC motors. However PMSM has some drawbacks such as
high maintenance cost and magnets heat up which are commonly related to the
permanent magnets and control methods.

In order to achieve the desired and effective performance of PMSM in traction
applications, direct control of stator currents is required. However it is quite
unattainable due to the strong coupling and non-linear nature of PMSM. To
decouple the motor variables field oriented vector control method must be used to
achieve faster dynamic response at different modes of operation.

To achieve this different methods has been proposed. In the field oriented
control inserting a decoupling block in between the Pl controller and PWM
controller is tested in [3]. It is proved to improve the performance of PMSM in
running mode. However the actual current over the set point can be observed.

Zhang [4] discussed the effects of setting the direct component of stator
current to zero throughout the speed range. The effects include high currents in
stator winding resulting in more losses. In order to minimize the losses, MTPA is
proposed as the best solution [5]. Though this method proves to be an efficient
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method, according to the discussion presented in [6] this method is most suitable
for interior permanent magnet motors due to saliency property.

To overcome the disadvantages of the above method, flux weakening control
is proposed in [7]. The speed range is widened in this method whereas the current
spikes are observed to be high in this method. To avoid the current spikes,
functional model predictive control method is employed in [8] which involves
huge computations.

In general, the flux weakening method commonly suffers from limited
constant power- speed ratio, current control instability and low torque control.
Another challenge in using flux weakening method is operating the motor at
constant power region.

In order to overcome the drawbacks of flux weakening controller, feedback
method is proposed in [9]. The feedback method is affected by the high integrator
gain which creates oscillations around torque set points and magnitude
overshoots. The direct drive system for PMSM in railway application is proposed
in [10]. The direct drive system reduces the control complexity whereas the noise
and temperature rise has become unavoidable.

The prediction of torque component method to control the speed of PMSM is
proposed in [11]. This method proved to overcome the drawbacks of feedback
method, however the inaccuracy in the prediction method limits the inverter
output voltage.

Also, the traction systems require different voltage levels and power
converters play the role of transformer for efficiently transforming the desired DC
voltages in these traction systems. A bi-directional multi input DC-DC converter
topology capable of boost during motoring mode and buck mode during braking
mode to charge a battery system is presented in [12]. Although the converter
provided more power to the system, it had drawbacks of power losses due to
switching and conduction. Also the bi-directional flow of power requires effective
protection and regulation systems that monitor the flow.

A boost integrated fly-back converter is proposed in [13]. It has achieved a high
level of performance by forcing each energy storage element to change its state as
independent as possible. The major disadvantage of this topology is excessive
voltage across the output capacitor under different load conditions. Jil et al.[14]
stated different solutions for this problem which include the simultaneous phase
shift and duty ratio control to independently regulate the output voltage across the
output capacitor. This offers a wide output voltage regulation range but the output
voltage is dependent on the load applied to the motor.

In this paper, the closed loop control of PMSM using improved flux
weakening controller for traction drive application is simulated and tested. The
design of flux weakening controller to overcome the drawbacks and to operate the
PMSM in constant power region is discussed in detail. The isolated fly back
converter is proposed to avoid the harmonics and to eliminate the disadvantages
of the non- isolated converters used in the other system. The simulation model of
flux weakening controller, Pl controllers, fly back converter and DC to AC
converters are also shown.
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The goal is to achieve the speed control performance of PMSM with low
overshoot, fast response time, low torque and current ripples. The controller is
designed to control the speed of the motor in traction applications with load. The
design of individual sections are integrated and the performance of the PMSM
traction drive is analysed using MATLAB/Simulink toolbox at change of
reference speed and motor speed conditions. The accuracy of the field weakening
method is discussed with applied load under motor running condition.

2. Design of Field Oriented Control System

In traction drive application, it is necessary to have high speed and torque ranges.
To achieve this, in field oriented control, flux weakening method is used in this
paper. The flux weakening controller generates reference stator currents which are
transformed to d-q axis using the rotation frame theory in park transformation
block. These flux and torque producing components are controlled by PI
controllers. Figure 1 shows the general structure of field oriented control using
flux weakening method.

Control Unit o
Flux | h 4 l
Weakening > 00 Voltage |
L =3 » Source o PMSM
Constant ly | g3 Inverter .
8

Torgue o T

Fig. 1. Typical field oriented control [15].

2.1. Improved flux controller

Maintaining constant speed in traction control system can minimize power loss
and improve efficiency of the system to a greater extent. The improved flux
weakening control algorithm used in flux controller maintains the speed profile of
PMSM. It also eliminates the need of another control unit to determine the
switching between constant torque and constant power region. The flux
weakening control algorithm switches the motor automatically to different
operating regions to provide best performance of the drive. This is achieved by
automatic regulation of the direct component of the stator current. To achieve
this, the control algorithm continuously samples the instantaneous air-gap
magnetic flux and its angle to produce a new direct component of stator current
from the rotor position and the speed

The purpose of the controller is to force the actual currents to track the
reference currents as fast and as accurate as possible. The dynamics of these
current controllers affect the transient and steady state response of the closed loop
control system. The flux weakening controller consists of three major blocks that
mathematically calculate the reference d-q currents and air-gap flux. The d-q
voltage and current equations are shown in Egs. (1) to (6) [15].

The stator reference currents are calculated as follows:
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Rotor position and speed is measured from the motor. The rated speed of the

motor is calculated as N = 12Tofwhere N represents the synchronous speed, f

is the frequency and P is the number of the pole of the motors. Reference torque
is generated from speed error signal which is regulated by PI controllers in the
speed block.

The magnitude and angle of the instantaneous flux if calculated using d-g axis
currents according to Egs. (3) and (4).

Vd = Rig + p®y — w,®, 1)
Vq = Riy + pPy + w, @y (2)
@y = Lyig + P, ©)
®, = Lyi, (4)

The electromagnetic torque developed by the machine can be expressed in the
d-qg axis as shown in Eq. (5).
3 . P
Te = E(g) (qulq + p(Ld - Lq)lqld) (5)
The g-axis current is calculated from the generated torque using Eqg. (6). The
non-salient pole PMSM considered whose stator inductances for the d-axis and g-
axis are equal, therefore the electromagnetic torque equation reduces to as shown
in Eq. (6).
3(p .
Te = > (E) (<Dmlq) (6)
The d-axis current is calculated from flux magnitude and angle using Eqg. (5).
PI controllers help to regulate the current errors.

Figure 2 shows the simulation model of field weakening controller using the
Egs. (1) to (6).
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Fig. 2. Flux weakening controller.
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The subsystems of d-axis, g-axis and air gap flux calculator blocks shown in Fig. 1
and expanded in Figs. 3 to 5. These blocks are designed using the motor equations.
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Fig. 3. d-axis reference current calculator.
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Fig. 5. g-axis reference current calculator.

2.2.Design of DC-DC flyback converter

A high frequency isolated DC-DC fly-back converter is used to provide regulated
DC voltage to feed the voltage source inverter. The fly-back converter is a single
stage converter in which the voltage error is calculated from the difference
between the reference voltage and the actual DC bus voltage at a particular time.
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The voltage error is regulated using a PI controller to supply the required current
at constant DC bus voltage for any changes in the load or speed. The output of the
Pl controller is compared to a saw-tooth waveform to generate the switching
pulses for the fly-back switch. The initial values of PI controller is chosen using
Newton-Raphson method. It continuously changes with output of flyback
converter to maintain constant duty cycle. The control algorithm is shown in Fig.
6. The details of flyback converter parameters is given in Appendix A.

PI Ve

controller
Constant
duty cycle

Saw-tooth
generator

Fly-back
converter

Fig. 6. Control algorithm for fly-back converter.

The PWM current controller sums up the reference and feedback stator
currents [16]. The resultant current is compared with the reference signal to
generate the switching signal. If the resultant current is greater than the reference
saw-tooth wave then the corresponding upper switch in the inverter leg is set high
and the lower switch low and vice versa. The simulation model and the switching
signal generated are shown in Figs. 7 and 8 respectively.
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Fig. 7. Current controlled PWM.
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Fig. 8. Pulse generation.
3. Simulation Results and Discussion

The simulation models of the individual sections discussed above are put together
to get the complete simulation model shown in Fig. 9. The speed holding capacity
of the flux weakening control of PMSM drive at different operating conditions.
The X-value of the graphs is measured in time in sec and Y -value of the graphs is
measured in Nm and rad/sec for torque and speed respectively. The motor
parameters are given Appendix B.

To supply large amount of energy for an extended period of time a battery is
used to feed the traction model. A three phase voltage source inverter with six
IGBTSs is used as the power electronic interface between the fly-back converter
and PMSM motor. The six IGBTs control the input currents of PMSM. A second
order low pass filter is used to reduce the current ripples and this increases the
overall efficiency of the traction system. A protection scheme to prevent the

abnormal voltages on DC bus during braking mode of the motor is also included
in the system

m @ [we] we 5 Discrete, =
E s = 52-05 e —E]
spesd We e =
o wret] 4 8
- > Gotold  [Dethfwret pove ergui theta
intermediste, mods Wref lg theta?
speed refrence -
1af Pulses) GobE
@—L = Fram1 i tzbe Pk ol
= -
Step a -
rom thet X e
c Ioading Controller thetad Gob2
varighble load model theta labe
FWM =
this changes the load

INVERTER fioad]

power
Vpoutje—a| + ! - puise vi F1 1 “_‘ motor measre  behargel
vout PUEE A
© o DT < Joutl]
out u| e vz F2 mz B
DC bis
Vinout ’—“
3

V- w3 F3

El

PMSM

DC-DC flyback comveter FILTER

Fig. 9. Simulation model of the complete system.
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The integrated system is tested under three mode of operation of the PMSM
motor. In all simulations the motor is assumed to have an initial mechanical load
torque connected and in practical cases this can be considered as weight of the
complete drive. The speed, torque, stator currents, stator voltage results for load
variations are presented.

3.1. Running mode

The reference speed of the motor is set to 500 rad/s and different mechanical load
torques are applied and removed at different times as shown in Fig. 10. It can be
seen from Fig. 11 that the speed of the motor is maintained constant for the
changes in load torque.

lnad applied T (M)
Al T T T T T T T

a0 : : : ; :
600 : : : . : :
k. : :

200 - : : :
0 1 i I | I 1 i 1 1

1] 0.5 1 1.5 2z 25 3 35 4 45 ]

Time offset. 0

Fig. 10. Load torque applied at a speed of 500 rad/s.

rotor speed [rad/s)
D ! ! ! \ ! ! ! !

Time offset. 0

Fig. 11. Rotor speed response at different load torque.

Though the speed of the motor is maintained constant small dips can be
observed on the speed profile during loading. It shows that during the loading, the
desired speed is delivered with 2.6% of ripple for mechanical load torque ranging
from 200 Nm to 800 Nm as shown in Fig. 12. This shows that the speed
difference between the desired speed and speed of the rotor was quickly
compensated by the field weakening controller. Also the speed is regulated within
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the acceptable ranges during the loading period due to good dynamic performance
of the field weakening controller.
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Fig. 12. Rotor speed changes (zoomed).

The effect of changes in load torque due to changes in stator current is shown
in Fig. 13. It can be seen that the stator current increases at the moment the load
torque is applied while the frequency of the stator currents is maintained constant.
The frequency does not change because the speed of the PMSM is maintained
constant during the torque changes. As the load torque increases, to meet the high
starting torque of the PMSM motor, the quadrature component of stator current is
increased to generate more accelerating torque. The corresponding developed
toque is shown in Fig. 14. It can be seen that the transitions of the developed
torque are similar to mechanical load torque except at starting where more torque
is needed to overcome the weight and frictional forces of the system.
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Fig. 13. Stator currents during motor loading.

During the motoring mode, the direct component of stator current is expected to
be always below zero and the quadrature component above zero. According to the
decoupling principle of the field oriented control, the quadrature component must
be above zero to generate positive torque and changes linearly with the torque
needed. This can be seen from Figs. 15 and 16. The DC bus current and voltage
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during loading is shown in Fig. 17. It can be seen to reduce the speed error and to
maintain the optimal performance of the motor, the DC bus voltage is maintained
constant at 560 V and the current is maintained similar to the stator currents.
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Fig. 14. Developed torque.
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Fig. 15. d-q stator currents.
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Fig. 16. d-qg stator voltages.
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Fig. 17. DC bus voltage and current.

3.2. CASE 2: Inter-mediate stop mode

In this mode a drive cycle was implemented to accelerate the motor from rest and
decelerate it at different intervals. The time to bring the motor to rest can be
increased by changing the gradients of transitions in a look-up table. The motor
drive cycle to illustrate the inter-mediate stop operation is shown in Fig. 18.

ieference speed [rad/s]
700 T T T w T T

Time offset: 0

Fig. 18. Motor drive cycle.

The developed torque and the motor speed for the change in speed is shown in
Figs. 19 and 20 respectively. It can be seen that during the deceleration of the
motor, a negative torque signal is passed to the field weakening controller to bring
the motor to rest. This causes the motor to operate in the second quadrant region.
It can also be seen from Fig. 20, the motor speed follows the reference speed with
good accuracy, minimum speed overshoot and ripples.

The change in stator currents for changes in reference speed is shown Fig. 21.
It can be seen that during acceleration time, current is limited to the maximum
value and this gives maximum acceleration torque according to the torque
equation. However, during the steady state, the currents are reduced to produce

Journal of Engineering Science and Technology February 2018, Vol. 13(2)



536 C. Venugopal

torque to overcome the mechanical load torque. During deceleration, the current
stays at the same magnitude as in steady state condition at low frequency. The
stator current is not reduced to zero to illustrate the situation where the motor is
on a climb-hill and braking mode is applied. Under this situation, it is required to
stop the motor without backward movement.
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Fig. 19. Generated torque.
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Fig. 20. Rotor speed.

To meet this condition, the motor has to produce some torque to overcome the
total load of the system and in this illustrated in Fig. 19, with the load not
removed during the deceleration of the motor to rest. Hence the stator current is
not reduced to zero as shown in Fig. 21.
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Fig. 21. Stator currents.
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In running mode, the load torque is changed from 200 Nm to 800 Nm and motor
speed is maintained at 500 rad/s. In Intermediate Stop mode, the load torque is
changed from 480 Nm, 100 Nm and 50 Nm. It can be seen from fig. 20 that the
motor speed tracks the reference speed irrespective of the torque changes. Also the
motor current is maintained around 100A in all torque conditions. From the speed
and torque graphs it can be seen that the field weakening algorithm drives the motor
into the flux weakening region with good speed and torque dynamics.

4. Conclusion

Permanent magnet synchronous motors (PMSMs) provide a competitive
technology for EV traction drives owing to their high power density and high
efficiency [17]. It is essential to drive the motor at constant speed in most of the
traction applications to minimize the power loss and improve efficiency. In this
research, PMSM using field weakening control method is developed and tested
to suit the different operations of traction applications. The PMSM is chosen
in this application because it is difficult for DC motors to achieve speeds above
its base speed in traction applications. Induction motors can reach the speeds
with increased slip but at the expense of efficiency and complexity of the
traction system.

Using the proposed flux weakening control method for PMSM in traction
drive applications, it can be noted that the actual speed of the tracks the
reference speed accurately in all modes of operation. Also, from the shape of
the developed torque and quadrature component of the stator current it can be
seen that the PMSM can be controlled easily like a DC motor using flux
weakening control technique. It is observed that from the onset of the direct
component of the stator current below zero at very low speeds, the motor can go
as far as 800 rad/s. The overshoots and ripples were kept low using the flux
weakening control.

However disadvantage of the proposed field weakening control is, it is
relatively slow and produces overshoots in actual values at set points when step
commands are used. This was solved by using ramp signals in simulation.
However, developed torque curves are steeper and in real practice this can
cause wheel slip during starting of the motor. This can be improved by
implementing neural network based controller to compensate the flux and
torque according to changes in speed.
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Appendix A
Traction drives specifications

Battery supply voltage 300 V

Maximum operating current 200 A

Maximum output power of fly-back converter 60 kW
Fly-back converter switching frequency 50 kHz

DC bus voltage 560 V

Drive switching frequency 10 kHz

Transformer turns ratio 2

Appendix B

PMSM motor Specifications
Parameter symbol Value
Rated torque T, 1100 Nm
Rated speed N, 5000 rpm
Stator resistance Ry 0.0085 Q
Stator Inductance Lq,Lq 0.0008 H
Flux constant D, 0.2
Moment of inertia J 0.011 kg/m?
Viscous coefficient B 0.001889
Pole pairs p 22
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