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Abstract: This paper proposes a vector control methodology
for Four Switch Three Phase (FSTP) inverter fed Interior
Permanent Magnet Synchronous Motor (IPMSM) drive with

Real Time Recurrent Neural Network (RTRNN) based stator
Sflux estimator. In the proposed control scheme, instead of a

usual Six Switch Three Phase (SSTP) inverter a Four Switch

Three Phase (FSTP) inverter is used. This reduces the cost
of the inverter, the switching losses, and the complexity of
the control board for generating six Pulse Width Modulated
(PWM) signals. A simulation model of the drive system is

developed and used in this paper. A Proportional plus

Integral (PI) controller is used to process the speed error.

Closed loop vector control technique with Clarke’s

transformation is used in this study. Two independent
hysteresis current controllers with a suitable hysteresis

band are utilized for inverter switching. The robustness of
the drive system is tested for different operating conditions

and found to work acceptably under these conditions.

Key words: Four switch three phase inverter, interior
permanent magnet synchronous motor, real time recurrent
neural network and sensorless control.

1. Introduction

In recent years, permanent magnet synchronous
motors (PMSM) have been widely use in several areas
such as traction, automobiles, robotics, and aerospace
technology [1]. The power density of PMSM is higher
than one of induction motor with the same ratings
because no stator power is dedicated to the magnetic
field production. Nowadays, PMSM is designed not
only to be more powerful but also with lower mass and
lower moment of inertia [2]. Hence, PMSM drives are
a topic of interest of the current researchers and
different control schemes are being developed for
speed control purposes.

With the invention of high speed power
semiconductor devices six switch three phase inverters
become popular for variable speed ac drives. But these
inverters have some disadvantages such as losses in
the six switches, complexity of the control algorithms
and generating six PWM logic signals [3-6]. Many
researchers have been working in this area to reduce
the inverter size and cost without altering the drive
performances. In [3] an AC to AC converter is
developed for three phase Induction Motor (IM) with

minimum hardware and improved power factor. A cost
effective FSTP inverter is proposed for IM drive in
[4]. The authors also show a performance comparison
of the FSTP inverter fed drive with SSTP inverter fed
drive in terms of speed response and total harmonic
distortion of the stator current. The same authors
propose fuzzy logic controller (FLC) based control
scheme for FSTP fed IPMSM drive [5]. An entire
implementation for vector control of induction motor
using FSTP inverter for high performance industrial
drive systems is presented in [6]. The complete vector
control scheme is verified by simulation and
experimentally in a DSP environment.

The rotor position information is necessary to
achieve the vector control drive system of PMSM
which can be detected by shaft encoder or resolver
sensor. In cost sensitive applications like appliance
drives or in a hostile environment, a mechanical shaft
encoder can often not be used [7-8]. However, position
sensors make the total system larger in volume, and
less reliable. In [7] a mathematical model of IPMSM
using the extended electromotive force in the rotating
reference frame is utilized to estimate the rotor speed
and position. A completely encoder-less Interior
Permanent Magnet (IPM) motor drive with direct
torque controller (DTC) is proposed in [8]. The
authors use a new sliding mode observer for speed
estimation. [IPM motors possess magnetic saliency that
introduces harmonics in the motor current. This
phenomenon can be utilized to find out the rotor speed
and position of the IPM drives [9]. A position
sensorless control scheme for FSTP fed Brushless DC
(BLDC) motor drive using a Field Programmable Gate
Array (FPGA) is presented in [10].

This paper investigates the performances of
position sensorless interior permanent magnet
synchronous motor drive fed from four switch three
phase inverter. The absence of position sensor and
reduced inverter size make the drive system more
attractive for industry applications. A mathematical
model of IPMSM using the stator flux estimator is
utilized to estimate the rotor position. A real time
recurrent neural network based adaptive integration
methodology is proposed for stator flux estimation to



improve the transient and steady-state performances.
Estimated flux components are obtained from speed
error and a- and B-axis stator current components.
Moreover, the hysteresis controller is used to control
the current so that it can follow the command current
as close as possible to the sinusoidal reference. The
performances of the proposed drive have also been
studied for sudden change of load torque, parameter
variations, and speed reversal conditions.

2. Mathematical Model of IPMSM

A mathematical model of the IPMSM is required for
proper simulation of the system. Fig. 1 shows the
different axes of [IPMSM. The dynamic model of the
IPMSM motor in the synchronously rotating d-q
reference frame can be expressed as follows [11]:
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Fig. 1 Stationary and rotating axes of IPMSM
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The developed electromagnetic torque is given as:
3P, . .

T; =Tp(l//flq+(Ld_Lq)ldlq) (5)

The mechanical motion of the IPMSM can be
expressed as:

1,=T,+J,pw,+B,0, (6)
®, =p, 0, 7
Where,

vy and v, = the dg- axis stator voltages;
igand i, = the dg- axis stator currents;
/q and 4, = the dg- axis stator flux linkages;
L, and L, = the dg- axis inductances;
wy = the permanent magnetic flux linkage;
R = the stator resistance;
@, = the angular speed of rotor;
@,, = the mechanical speed of rotor;
= the electromagnetic torque;
J,, = the motor inertia;
B,,= the motor friction coefficient;

P, = the number of pole pairs;

d
dt

p

3. Four Switch Three Phase Inverter Model
In the four switch inverter, as shown in Fig. 2, a
three phase system is obtained by connecting the phase
¢’ terminal of the stator windings directly to the
centre tap of the DC link capacitors. The single phase
AC supply is rectified by the front-end rectifier. The
capacitors are used to level the output DC voltage. The
three phase voltages of the IPMSM motor can be
expressed as follows [4]:

v, = V; 45, -25, -1] @®)
Vb = V;c [4Sb _2Sa _1] )
Kzgikg—&+ﬂ (10)

Where, V,.is the maximum voltage across the DC link
capacitors; S, and S, are the switching logic (either ‘0’
or ‘17).

If S,=1 then T, is on and T, is off
If S, =0 then T, is off and T, is on
If S, =1 then T; is on and T, is off
If S,

=0 then T; i1s off and T, is on
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Fig. 2 FSTP inverter fed IPMSM drive.

4. Proposed Control Scheme

The proposed vector control scheme is shown in
Fig. 3. The speed error is processed through a PI
controller to generate the torque producing component
of the stator current (i, ) The magnetlzlng component
of the stator currents i, along with i i, are then used to
generate the reference currents i, and i,. Two
independent hysteresis current controller with a
suitable hysteresis band are used to command the
motor currents i, and i, to follow the reference
currents. The hysteresis controllers also generate four
switching signals which will fire the power



Front-end
Rectifier
) — T [ [
i iy Hysteresis [ T
O N s )y PI > Vector —» Current TZ FSTP
‘ Controller Rotator L Controller =2 Inverter
A T,
O . A |
Flux Im F
Program i [,
RTRNN Flux | fas T 1.1
< Clarke ilili
and Angle ; . al *b|te
. Igs| Transformation
Estimator |¢ v
IPMSM
Speed Transducer

Fig. 3 Proposed Control Scheme of the IPMSM.

semiconductor devices of the three phase inverter to
Produce the actual voltages to the motor. The three
phase motor currents i, i, and i. are transformed into
o-, and f-axis components through Clarke
transformation.

The Real Time Recurrent Neural Network (RTRNN)
is a single layer neural network with input and output
nodes. The output nodes act as summing nodes and in
this study the two output variables, i.e., a- and [-
components of stator flux linkage are fed to the input
with unit delay operator. The value of activation
function at the output node is taken unity. The
common inputs for both the outputs are o- and B-
components of stator current and the speed error which
results in the following matrix equation [12]:
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Fig. 4 Stationary a- and B- axis stator flux estimation by
RTRNN.

The inputs are connected to the output node through
the weights Wy, Wi,, Wy, W, etc. as indicated by the
line segments and shown in Fig. 4. Each output node is
also connected to the corresponding recurrent input
node through weights. The weights indicated by the
different line segments are adjusted by training the
neural network.

Estimated angle of reference pole,

Aq
0=tan'| 2

A
The reference currents are formulated as follows:
i, =i cos@—1, sin@

(12)

(13)
iy =i, cos(0~120") = [/ sin(@~120")  (14)

The stationary 3-axes (a-, b-, c-) to stationary 2-axes
(a-, B-) transformation is given by

i, =i,—05i,—0.5i, (15)
N
Lg :7(11; —i,) (16)

5. Simulation Results

Computer simulations have been carried out in order
to validate the effectiveness of the proposed control
scheme under different operating conditions. The
system under consideration has been simulated in the
C++ environment. The name plate rating and motor
parameters used in this simulation are given in
Appendix.

5.1 Stator Flux and Rotor Position Estimation
The performance of the proposed RTRNN has been



demonstrated before implementing it in the drive
system. Fig. 5 (a) & (b) show the actual and estimated
responses of o- and B-axis stator flux components
under transient condition. Fig. 5 (¢) shows the actual
and estimated rotor angle under transient condition.
Similarly, Fig. 6 (a) & (b) show the actual and
estimated responses of a- and P-axis stator flux
components under steady-state condition.
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Fig. 5 Actual and estimated responses of (a) a-axis stator
flux, (b) B-axis stator flux, and (c) Rotor angle for the
IPMSM drive under transient condition.

Fig. 6 (c) shows the actual and estimated rotor angle
under steady-state condition. From the figures it is
apparent that the estimated responses are matching
absolutely with the actual responses both in transient
and steady-state conditions. Thus the acceptability of
the proposed RTRNN has been confirmed.
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Fig. 6 Actual and estimated responses of (a) a-axis stator
flux, (b) B-axis stator flux, and (c) Rotor angle for the
IPMSM drive under steady-state condition.
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5.2 Starting Performance of the IPMSM Drive

The motor was started with a command speed of
1500 rpm and load torque of 1.0 N-m from standstill
condition. At t=0.45 second the motor reaches to the
command speed. Fig 7 (a) shows the speed response of
the IPMSM drive. The actual speed follows the
command speed accurately without steady-state error
and oscillations. Fig. 7 (b) shows the developed
electromagnetic torque of the drive under starting
condition. It is observed that higher electromagnetic
torque is generated during the motor acceleration.
Some oscillations in electromagnetic torque is noticed
which is due to switching of the devices with
hysteresis controller. Difference between developed
and load torques is due to viscous damping torque of
the drive system. Fig. 8 (a) and (b) show the actual
phase currents under transient and steady-state
condition.
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Fig. 7 (a) Simulated speed response, and (b) Developed
electromagnetic torque for the IPMSM drive under
transient and steady-state condition.
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Fig. 8 Three phase actual currents under (a) Transient
condition, and (b) Steady-state condition for the IPMSM
drive.

5.3 Performance under Different Operating
Conditions

The performance of the IPMSM drive under
different operating conditions was also investigated in
order to verify the robustness of the proposed control
scheme. The load torque of the motor was suddenly
increased from 1.0 N-m to 2.0 N-m at t=1.0 second
when the motor has started from stalled condition at
t=0.0 second. The developed electromagnetic torque
and speed response with change of load is given in
Figs. 9 (a) and (b) respectively. No fall and oscillation
in speed is noticed due to this load torque disturbance.
This indicates the robustness of the drive system.

To observe the effect of parameter variations, the
motor stator resistance was doubled (keeping other
parameters constant) at t=1.0 second. Fig. 10(a) shows



the effect of stator resistance change on speed
response. The speed does not drop at all due to change
of stator resistance. The stator inductances (d- and g-
axis) was increased to double (keeping other
parameters constant) at t=1.0 second. Fig. 10 (b)
shows the effect of inductances on speed response.
The speed does not drop or rise due to change of g-
axis and d-axis inductances. Thus the drive
performance is insensitive of stator parameter
variations.
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Fig. 9 (a) Developed electromagnetic torque, and (b)
Simulated speed response for the IPMSM drive for
change of load torque (1.0 N-m to 2.0 N-m).

To monitor the effect of speed reversal, the
command speed was reversed from 1500 rpm to -1500
rpm at t=0.6 second and again to 1500 rpm at t=1.4
second. Fig. 11 (a) shows the speed response for
different set of speed. It is observed that the drive
system follows a linear pattern and takes smaller time
to reach from 1500 rpm to -1500 rpm in comparison to
starting condition (0 to +1500 rpm). Fig. 11 (b) shows
corresponding developed electromagnetic torque of the
IPMSM drive.

2000
——Reference speed
——Actual speed
£ 1500
e
£
- 1000+
(]
(3]
2 /
0 /
5004 /
04

00 05 10 15 20 25
Time in second

(a)
2000
——Reference speed
—— Actual speed
1500 ,
=
s /
£
T 10007 |
Q
()] /
5001 /
0+ . .

00 05 10 15 20 25
Time in second

(b)

Fig. 10 Simulated speed response for (a) Change of
stator resistance (R to 2R), and (b) Change of stator
inductances (L4 to 2L4 and Lq to 2L,) for the IPMSM
drive.

6. Conclusions

This paper presents a position sensorless control
methodology for four switch three phase inverter fed
interior permanent magnet synchronous motor drive.
The results obtained and presented in this work
indicate that the proposed control scheme produces
very fast response of the IPMSM drive. It is also
observed that the proposed drive with RTRNN based
flux estimator is capable to estimate stator flux and
rotor position both in steady-state and transient
conditions accurately. The drive is also robust to load
disturbances, parameter variations, and speed reversal
conditions. The proposed control scheme with low
cost fulfills all the necessary requirements needed for
industry applications.
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Fig. 11 (a) Simulated speed response, and (b) Developed
electromagnetic torque for the IPMSM drive for change of
command speed from 1500 rpm to -1500 rpm and again to
1500 rpm.

Appendix

The motor parameters are summarized below:
Interior permanent magnet synchronous motor,
Rating: 3-phase, 1 hp, 208 V, 3A, 2-pole pair.
Parameters:

Stator resistance, R=13Q
d-axis inductance, L;-0.04244 H
g-axis inductance, L,=0.07957TH

Motor inertia, J»=0.003 Kg—rn2
Friction coefficient,  B,=0.001 N-m/rad/sec
Magnetic flux constant, y; (rms)=0.311 Volts/rad/sec
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