A New Model for IPMSM with Rotating High Frequency Voltage Injection

S. Damkhi', MS. Nait Said*,and N.Nait Said’®

1Department of Electrical Engineering, Batna University,Algeria
sihemd@ymail.com,n_naitsaid@yahoo.com
2Departmen‘t of Electrical Engineering, Batna University,Algeria
medsnaitsaid@yahoo.fr

Abstract

Controlled synchronous machine drives without mechanical
speed sensors at the motor shaft have the attractions of low
cost and high reliability. The eliminating of the speed
sensors requires the estimation of speed from the machine
itself. At standstill and low speed only the high frequency
signal injection methods (HFSIM’s) able to give accurate
position estimation. The HFSIM’s exploit the machine
saliency property which contains the information about the
rotor position or flux position and track it by injecting a
high frequency excitation. For applying these methods the
machine drives must be presented the saliency, as the
interior permanent magnet synchronous machine (IPMSM)
presents an inherent saliency in its rotor, the application of
HFSIM is available. This paper presented a high frequency
IPMSM model adopted for sensorless control applications.
This model is obtained by add the rotating high frequency
signal voltage to fundamental supply. The effects of injected
signal to the performance of IPMSM are studied and
analyzed in this paper through the simulation test.

1. Introduction

Interior permanent magnet synchronous machine (IPMSM) is
very popular in industry because of their good performance,
high efficiency and power density. However for [IPMSM control
applications the use of position sensors to measure the rotor
position angle can be increased the cost and reduces the
reliability of system. Extensive research has been directed
towards sensorless control of IPMSM and several approaches
are reported in the literature. IPMSM position sensorless control
techniques are classified in two categories: methods based on
fundamental model [1,2] and methods based on spatial saliency
[3,4,5].The methods based on fundamental model, estimate the
rotor position from machine fundamental equations, present
good performance in middle and high speed region. However at
frequency near to zero, the voltage drop on the stator resistance
cannot be neglected while the back emf becomes lower and
lower, vanishing any possibility of having continuous low or
zero speed operation and limits the application of methods based
on fundamental model [6]. In order to improve the position
estimation in low speed range the second type of methods are
appeared. The spatial saliency based methods are often referred
to as high frequency signal injection methods (HFSIM’s), in
which high frequency signal is superimposed on stator supply.
The applied signals interact with the rotor saliency or magnetic
anisotropy of the machine and the resulting current or voltage is
processed to extract the rotor position information. These
methods can operate over a wide speed range, including zero
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speed, and can achieve parameter independent position
estimation [7]. The types of injected signal that have been
proposed in literature can be classified into three main
categories. The first one is injection high frequency carrier
signal(rotating carrier injection current or voltage, pulsating
carrier injection current or voltage) the second injection a
transient signal(test voltage vector injection superimposed on
fundamental PMW)the third standard PMW switching exploit
the switching of fundamental PMW waveforms[8]. The
applications of HFSIM’s require the existence of saliency in the
machine. Since the IPMSM has an intrinsic saliency (the direct
d-axis inductance is substantially different from the quadrature
g-axis inductance), so it has natural potential to be used for
sensorless estimation at standstill and low speed. In this paper a
new model of IPMSM based on pulsating high frequency signal
injection is presented. The rotating injection is carried out by the
application of a balanced set voltage. The interaction between
the rotating injected signal and saliency presented in the IPMSM
is detected in current response. Simulation test is applied for
presenting the effects of rotating injected signal on the
performance of IPMSM.

2. The model of IPMSM under fundamental voltage
excitation

The equations voltage and flux linkage in the stationary
reference frame (a,f3) are:
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Where
Rg  :1is stator resistance,

Wy, ¢ is the amplitude of permanent magnet flux linkage.



V,I,%¥ : are voltages, current and flux linkage of the stator
respectively,

L : is the average stator inductance,

AL : is the differential stator inductance,

I and lq are the direct-axis and quadrature-axis synchronous

inductances,
0y : is the rotor position in electrical degree,

p :is differential operator.

Substituting (2) in (1):
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The electromagnetic torque and system motion equation can be
expressed by (5) and (6) respectively.

Te=P(Is*$s ) (©)
e-T1=1] it (6)

From (4), (5),(6) we can claborate the model of IPMSM under
fundamental excitation, however for sensorless control at
standstill operation this model becomes not suitable therefore a
new IPMSM model based on high frequency excitation will be
presented.

3. The model of IPMSM under high frequency voltage
excitation

In order to elaborate the model of IPMSM appropriate for
sensorless control at low speed range. A persistent high
frequency excitation (.5+1khz) is used to feed the IPMSM. The
persistent high frequency excitation can be rotating or pulsating;
rotating if it consists a balanced set voltage, pulsating if it
injected only in a phase or consists of three identical
voltage[9].This paper will be concerned with rotating voltage
injection. This type consists to inject a balanced polyphase
voltage vector rotating at a high frequencyw . The polyphase
carrier voltage can be established as in (7) and is illustrated in
Fig. 1.

VS = Veel@:t )
Where

Ve, wc represent the amplitude and the frequency of the
injected vector voltage, respectively.
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Fig.1. Rotating vector injection in the stationary reference frame
[10]

As consequence of injecting of rotating voltage
-The machine responds with an elliptic current Fig .2;

-The ellipse is correlated with the anisotropies presented in the
machine;

-The rotor position information is included in the high frequency
current.

Fig.2. Elliptic current response [10]

Using (7) as injected signal, the model given by (4) can be
simplified by considering the following assumptions
[11,12,13]:

- The frequency of the injected signal w is high to the w

-The stator resistance Rg can be neglected compared to the
high frequency reactance

-At low speeds the back-emf is negligible.

So the mathematical model of IPMSM in HF voltage excitation
can be written as:

Vssa_c . 2L-ALcos(20y)  -ALsin(20y) Issa—c ®
Vssﬂ—c Jec -ALsin(20y)  XL+ALcos(26y) Issﬂ'c
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The HF current response for rotating HF voltage injection can
be deduced from (8) as:

(leas) !

.c= VE_c ©9)

Where

I os 1s the stator transient inductance matrix in stationary frame

The calculation of (L' o )_l allows writing (9) as:

Pagc| 1 |L+ALcos(26y)  ALsin(2y) || Vogzc 10
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Where

A=(2L)2 -(AL)2 = lgld (11)

Substituting (7) in (10) the total expression of resulting HF
current is

fss-c = icpej(@ct)+icnej(26' -@.t) (12)
Where
oo Ve ZL i VeAL
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It can be noticed from (12) that the resulting HF current contains
both positive and negative sequences components. The first

component called the positive-sequence component I

P
proportional to the average stator transient inductance and
contains no information on position 84 . The second component

called negative-sequence component I on broportional to the

differential stator transient inductance and it contains

information on the position Qr. We can remark also if the

machine is no salient (lsd:lsq) soAL=0, the negative

sequence component is zero so no information about rotor
position. As consequence the HFSIM’s require the presence of
saliency in the machine. The demodulation of negative
component allows extracting the rotor position which can be
used in sensorless control of IPMSM.As described previously
the injected HF signal voltage induced the HF current
characterized by two components. To illustrate the effects of the
presence of induced HF current on IPMSM a simulation test will
be applied.

4. Simulation results
For evaluating the performance of IPMSM with and without

injection of high frequency signal the modelling simulation test
is accomplished. The IPMSM parameters are given in Table 1.
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Table 1.Machine parameters

Machine value machine Value
parameter parameter
Maximum 1800(rpm) ly 42.44(mH)
speed
Number of 2 l 79.57(mH)
pole pairs
R, 193(@) 7 0
Y 0.314(Wb) J 0.003(kgm2)

4.1. IPMSM without high frequency signal injection

In the first time the simulation test correspond to simulate
IPMSM without HF signal injection, the IPMSM is fed by
27,5 (Vyms) balanced set stator voltage pulsate at 5 (Hz) .It
runs at no-load condition. Fig.3 and Fig.4 show the speed and
electromagnetic torque responses, it is evident from these
figures that the speed and electromagnetic torque responses
reach the main value at steady state without any oscillation.
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Fig.3. Rotor speed response without HF injection
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Fig.4. Electromagnetic torque response without HF injection

Due to the presence of saliency (Id ilq ) in IPMSM the stator

transient inductance becomes not constant. It depends on the
rotor position its trajectory presents an elliptical shape as shown
in Fig.5.
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Fig.5. Stator Inductance Trajectory

From Fig.5 it can be observed that the IPMSM presents an
intrinsically saliency which can be exploited for estimating the
rotor position, this saliency can be tracked by high frequency
signal injection. This presents the aim of next test of
simulation.

4.2. TPMSM with high frequency signal injection

In this section the [IPMSM is supplied by high frequency
voltage superimposed to the stator voltage supply. The IPMSM
is operated at no load with, 20 (Vjyg),500(Hz) as high
frequency rotating voltage superimposed to 27,5 (Vyys),5 (Hz)

normal supply stator voltage. Fig.6 shows the supply stator
voltages in stationary reference frame.

Time{sec]

Fig.6. Supply Voltage

The injection of high frequency voltage signal creates the
harmonics which appear in both current and flux responses.
Generally the harmonics presented in response current are using
to extract the position of rotor speed in sensorless control. In our
case the harmonics present in the current are sufficient to clear
the affect of high frequency signal injection.

The Fig.7 shows the stator current spectrum with HF signal
injection. It can be seen from Fig.7 that a three harmonics
appeared the first one corresponds to the main frequency of
stator supply fp = 5(Hz) . The two second harmonics are due to

the injected HF signal voltage; the first one presents the positive
sequence component it pulsates at fo =500(HZ) it has high

amplitude compared to the second component (negative
sequence), which is the result of the interaction between the HF
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Fig.7. Spectrum of stator current s_q With HF signal injection

and the saliencies presented in the machine it pulsate at
fc -2fy(Hz) .It contains the information on rotor position it is

used for extracting the rotor position, rather the others
harmonics which can be eliminated by filtering. The Fig.8
shows the effects of additional HF signal that creates a HF ripple
in the electromagnetic torque but has almost no effect on the
motor speed.
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Fig.8. Electromagnetic Torque and rotor speed with HF signal
injection

As describe previously the consequence of injected HF signal
voltage the new stator courant is induced, presented as the
negative component and positive component. The effect of HF
signal voltage appeared clearly in electromagnetic torque and



stator current rather than in speed response.
5. Conclusion

Recently new sensorless methods are appeared, this methods
called high frequency signal injection methods (HFSIM’s). It
relies on the use of superimposed signal to normal supply this
signal can be voltage or current, as known at low frequency the
methods based model failed. The (HFSIM’s) is able to provide
the information about the rotor position at zero frequency and
standstill. These methods require the presence of saliency in the
machine. As the IPMSM presents an intrinsically saliency the
application of these methods is easy. In this paper a new
approach of modelling of IPMSM is presented, this approach
relied on the injected of HF signal rotating voltage. When we
inject a signal voltage to the normal supply an induced current is
produced in stator. Simulation test using an additional HF
rotating voltage has been performed. Apart from the resulting
current contained two components one of these components
called negative sequence included the information about a rotor
position which has no parameter dependant and can be used in
sensorless control. The HF injected signal has no effect on rotor
speed.
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