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Position Sensorless Control for an Interior
Permanent Magnet Synchronous Motor SVM
Drive with ANN Based Stator Flux Estimator

Kalyan Kumar Halder, Naruttam Kumar Roy and B.C. Ghosh

Abstract—An Interior Permanent Magnet Synchronous
Motor (IPMSM) drive fed by Space Vector Modulated (SVM)
inverter without rotor position sensor is proposed in this paper.
The control system estimates the motor stator flux and its
position through a Real Time Recurrent Neural Network
(RTRNN). The RTRNN is trained off-line to estimate stator flux
from the speed error and stationary a- and B- axis current
components obtained through Park’s transformation. Vector
control of the motor is achieved through command torque and
magnetizing current components generation and necessary
transformations. The estimated flux and rotor angle are found
to match accurately with their corresponding actual values. A
Proportional plus Integral (PI) controller is used to control the
motor variables in closed loop. The effectiveness of the drive
system is tested for different operating conditions. The
proposed system is found to work satisfactorily under these
conditions and perturbations of parameters.

Index Terms—P1I controller, Park’s transformation, real time
recurrent neural network, space vector modulation, and
sensorless control.

I. INTRODUCTION

Interior permanent magnet motors are recently introduced
in industries and domestic appliances for their large
torque/weight ratio and constant operating speed with high
performance [1]-[6]. Both the constant torque and field
weakening modes of operation are studied in detail in [1].
The authors of this paper describe four quadrant operation of
the drive system implemented in a microprocessor-based
system. Fuzzy logic and four switch (IGBT) converter based
IPMSM drive is described in [2]. Digital Signal Processor
(DSP) with hysteresis current control is used for their drive
system implementation. The same authors apply Fuzzy Logic
Control (FLC) to achieve indirect vector control of IPMSM
[3]. A modified current control mechanism for VSI-fed
IPMSM drive is introduced in [4]. DSP environment is used
for practical implementation in this paper. A detailed
simulation study and microprocessor-based implementation
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is proposed in [5] for application of IPMSM in vehicle.
Simple current control mechanism is shown to work
effectively in this paper. Maximum torque/ampere control is
shown in [6].

Interior permanent magnet motors has g-component
inductance, L, higher than the d-component, L that requires
proper modeling for controller design. A detailed analysis of
IPM lumped parameter model starting from variable
inductance and mutual coupling is presented in [7]. The
paper shows the d-q equivalent circuit and describes
methodology to measure the lumped parameters of the
machine. Machine inductances based on angle dependent
reluctances are considered in [8] for dynamic analysis.
Simulated results those comply with their proposal are shown
in this paper.

Normally, IPM motors are of small size and have
applications in low power converting systems. The cost of
drives therefore should be kept as small as possible. The
drive system avoids position and speed sensors are shown in
[9]-[11]. IPM motors posses magnetic saliency that
introduces harmonics in the motor current. This phenomenon
is introduced in [9] to find out position and speed of the IPM
drive. An extended induced voltage model based sensing of
back emf and rotor position is presented in [10]. It uses a
position error estimator to calculate speed and rotor position.
A sliding mode observer based estimation of back emfs along
stationary mutually perpendicular reference frames is shown
n [11]. The estimated back emfs are then used to find out the
rotor position.

Interior permanent magnet synchronous motors require
position sensors with the motor to detect the rotor field
position. Generally, resolvers or shaft encoders are used for
this purpose. This paper proposes a rotor position estimator
using stator flux components based on RTRNN. The stator
flux components along stationary mutually perpendicular
axes are used to calculate instantaneous position of the rotor.
Space vector modulation technique is used to reduce the
ripple in torque.

II. MATHEMATICAL MODEL

The flux of permanent magnet in an IPM machine is
assumed to act along d-axis of synchronously rotating frame.
The stator voltages and currents act along the physical
symmetric a-, b-, c-, coils represented as stationary axes. The
torque and magnetizing current components i, and i,
respectively, act along mutually perpendicular axes. The
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stationary axes a-, b-, c-, their two phase equivalents a-, 3-,

and the rotating axes are shown in Fig. 1.

In this

representation J is the torque angle and y is the instantaneous
angle of the reference pole of IPMSM.
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Fig. 1 Stationary and rotating axes of IPMSM

The mathematical equations of the IPMSM motor in d-q
axes are written below [7]

v, =Ri,+pLi +oy +aol,,

vy =Ri, +pL,i, —@. L,

Flux Linkages along the fictitious d- and g-axis are:

Aq= Lylq
Aa= Wyt Laig

The developed electromagnetic torque is written as:

3Pp . ..
Te :T(Wflq +(Ld _Lq)ldlq)

The torque balance equation for the motor speed dynamics is

given by

where, the symbols have their usual meanings.

III. PROPOSED CONTROL SCHEME

A control scheme proposed to implement the SVM based
vector controlled IPMSM drive is shown in Fig. 2. The high
performance control strategy is implemented in closed loop
using PI controller in speed loop. The speed error is
processed to generate the torque producing component of the
stator current (i, ). The torque angle d is a function of (i,/ i,, )
and in this study is:

i
O=tan" | +— (7)
lm
The d- and g- axis reference current components are
formulated as follows [12]:

i, =i cosd—1I sind @®)

(€))
The reference voltage components ¥, and ¥, "are calculated
using (1) and (2). The reference voltage vector u~ and the
inverter switching time are calculated using the formula
presented in [13].

If y is the angle between the resultant voltage vector and
g-axis then

i,=1,cos0+1, sino
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Fig. 2 Proposed Control Scheme of the IPMSM
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IV. REAL TIME RECURRENT NEURAL NETWORK (RTRNN)
BASED STATOR FLUX ESTIMATION
In the proposed algorithm stator flux components are
estimated from stationary o-, B- axis stator currents and speed
error, E,. An equivalent RTRNN is then proposed which
results in the following matrix equation [14]:

Au(k+1) | Wy, 0 A ()| [, |, i
AaGAn| | 0wy | 4,0 {WJZ‘”()

W |. W
+ {sz } 5 (k) + {WB }Ew (k)

where W, W, W, ,Ws, etc. are the weights of the
RTRNN, which is shown in Fig. 3.

(13)

A, (k+1)

Ips (k)
Eyw —>C

—> Ay (k+1)

Fig. 3 Stationary o- and B-axis stator flux estimation by Real Time Recurrent
Neural Network (RTRNN)

V. SIMULATION RESULTS

The proposed control scheme was tested by simulation in a
Pentium-based PC with C++ environment. Solution of
differential equations was carried out using R-K 4™ order
method. The rating and motor parameters used in this
simulation are given in Appendix. The space vectors
generated with different switching sequences are used to
obtain phase voltages. The sampling time interval is 5 ps. The
stator phase voltages are shown in the Figs. 4(a), (b) & (c)
respectively.
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Fig. 4 Stator voltages for (a) phase —a, (b) phase —b, (c) phase —c.

A.  Performance of RTRNN to Estimate Stator Flux and
Rotor Angle

The control system and machine model was simulated
simultaneously to visualize the accuracy of the RTRNN flux
estimator. The RTRNN was trained off-line under different
operating conditions with the exact values obtained from the
mathematical model. The estimated and actual values of a- &
B-axis stator flux components are shown in Figs. 5(a) and
5(b). Position of the rotor is estimated using these flux
components and applying to (11). A comparison of estimated
value with the actual position from an arbitrary reference is
indicated in Fig. 5(c). Perfect matching of the values can be
visualized from this figure that indicates the acceptability of
the RTRNN to obtain the flux of the [IPMSM.
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Fig. 5 (a) a-axis components of estimated and actual stator flux, (b) B-axis
components of estimated and actual stator flux, and (c) Estimated and actual
rotor angle for the IPMSM drive.

B.  Starting Performance of IPMSM drive
The motor was started with a command speed of 955 rpm
from standstill condition. Fig. 6(a) shows the simulated speed
response of the drive. It is observed that this drive follows the

command speed very fast and reaches the set value at t=0.20s.

Fig. 6(b) shows the developed torque that oscillates around
the load torque when the motor reaches the set speed. It is
noticed that higher electromagnetic torque is generated
during the motor acceleration. Some pulsations in
electromagnetic torque is noticed which is due to switching
voltage disturbances of the devices with SVM.
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Fig. 6 (a) Simulated speed response, (b) Developed electromagnetic torque
under transient and steady-state conditions.

C. Performance under Different Operating Conditions

1) Sudden Change of Load Torque

The motor was started from standstill condition with load
torque 1.0 N-m. Suddenly at t=1.0 s load torque is increased
to 4.0 N'-m. The developed electromagnetic torque and speed
response with change of load at t=1.0 s is given in Figs. 7(a)
and (b). Sudden application of load torque causes a negligible
oscillation in speed. The steady-state error is almost
negligible.
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Fig. 7 (a) Developed electromagnetic torque, (b) Simulated speed response
for the IPMSM drive for change of load torque (1.0 N'm to 4.0 N-m).

2) Variation of Stator Parameters
The effect of mismatch in the value of stator resistance on

angle estimation was studied by increasing it to double its
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nominal value suddenly at t=0.25 s. Fig. 8(a) shows the effect
of stator resistance change on angle estimation. The
estimated angle still follows the actual angle. Thus the
change in resistance has negligible effect on the accuracy of
rotor position estimation. Fig. 8(b) shows the effect of stator
inductance change on angle estimation. The d- and g-axis
inductances are doubled at t=0.25 s. It is noted that change in
inductances does not affect the rotor position estimation.
Thus the drive performance is insensitive to stator parameter
variation.
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Fig. 8 Estimated and actual rotor angle for the IPMSM drive for change in (a)
stator resistance (R to 2R) (b) stator inductances (Lq to 2Lq and Ld to 2Ld).

3) Reversal of Speed

Fig. 9(a) shows the speed response for reversal of speed. It
is observed that the drive system follows a very fast speed
response and takes almost double time when the speed is
reversed from +955 rpm to -955 rpm or vice versa in
comparison to starting condition (0 to +955 rpm). Fig. 9(b)
shows corresponding developed electromagnetic torque.
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Fig. 9 (a) Simulated speed response and (b) Developed electromagnetic
torque for the IPMSM drive for change in reference speed from 955 rpm to
-955 rpm and again to 955 rpm.

VI. CONCLUSION

The control methodology proposed in this paper is found
to work satisfactorily without any position sensor. It needs
only a speed transducer and simple 3-phase voltage regulated
SVM inverter. The RTRNN flux estimator is accurate and
robust under parameter deviation conditions. The proposed
control scheme is sufficiently stable and robust to load
disturbances, and speed reversal. Very fast response of the
system without oscillation indicates the effectiveness of the
proposed control scheme.

APPENDIX

The motor parameters, PI gains and weights used in the
system are summarized below:
Interior permanent magnet synchronous motor,
Rating: 3-phase, 1 hp, 300 V, 3A, 50 Hz, 2-pole pair.
Parameters:
Stator resistance, R =5.8Q
d-axis inductance, L,;=0.0448 H
g-axis inductance, L,=0.1024 H
Motor inertia, Jn,=0.0087 Kg-m2
Rated torque, T,=6 N'm
Friction coefficient, B,,=0.0008 Nm/rad/sec
Magnetic flux constant, y,(rms) = 0.533 Wb
Speed loop: K, = 0.30, K; = 0.016
Weights of the RTRNN: W j,= W2,,=0.962, W, = Wy, =
0005, W]g = -W21 = 0008, W13 = W23 =0.0001
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