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Abstract - The developed nonlinear permanent magnet
synchronous machine (PMSM) model established a virtual
model to simulate and assess the sensorless drive schemes for
PMSMs avoiding the experimental trial and error method. In
this paper, three sensorless PMSM drive schemes are
investigated and compared, which are all based on the high
frequency signal injection. The nonkinear PMSM machine model
is employed to accurately simulate the machine performance
and to analytically assess the efficiency of the semsorless
algorithm. Both the structural and saturation saliencies are
incorporated in this comprehensive model. The comparison of
the machine torque ripples induced by excitation signals are
carried out. The magnitude of injected signal and recordable
rolor position information are considered together as the
efficiency of the estimation algorithm. Addifionally, the
implementation and signal process computing costs are
considered for all the schemes. Finally, a2 comprehensive
comparison of all the methods is developed.

Index  Terms—uonlinear model, permanent magnet
synchronous machine, saturation saliency, semsorless drive,
structural saliency, torque ripple

I. NOMENCLATURE

Symbols and Abbreviations

P ,{} Projected flux linkages on a- and f-axis

A q Projected flux linkages on ¢~ and g-axis

Vodin Vi High frequency component of - and f-axis
voltages

furs Ep High frequency component of - and S-axis
currents

Vans Vah High frequency component of 4- and g-axis
voliages

Lans L High frequency component of 4~ and g-axis
currents

R Stator resistance

K. Ky Structural saliency factors of the a- and -
axis

K4 K, Structural saliency factors of the d- and g-
axis

K. StrSR: Structural saliency ratio

K. SatSR: Saturation saliency ratio

II. INTRODUCTION

The permanent magnet (PM) electrical machines, e.g. the
permanent magnet synchronous machine (PMSM), have
found wide applications due to their high power density
{compactness), high efficiency, ease of control, high torque-
to-inertia ratio, and high reliability. A lot of efforts then have
been made to improve the PMSM drive performance from the
aspects of power electronics, control theory or computing
techniques [1]-[3]. However, the application of PMSMs is
limited because of the unavoidable rotor position sensor,
which not only increases the system cost, but also perhaps
more importantly reduces the system reliability.

In recent years, numerous papers have been published that
address the sensorless control methods to eliminate the
mechanical position and/or speed sensors, among which the
high frequency signal injection technique is widely
employed. An external electrical signal is always injected
into the stator windings and the rotor position information is
observed based on the measured stator cwrrents or voltages.
The injected signal is always chosen as high frequency AC
signal or a series of short DC pulses [4] [5] so that the
excitation signal will not interrupt the machine normal
operation. On the other hand, the rotor position information
contained in the high frequency feedback is easier to be
abstracted from the fundamental machine electrical signals by
applying some signal processing techniques.

Based on the injection direction of the excitation signal, the




high frequency injection schemes could be classified as
rotating injection method, in which the carrier signal is a
rotating sinusoidal signal in the stationary reference frame [6]
[71; d-axis injection method, in which an AC voltage signal is
injected on the estimated rotor d-axis, rotating with the rotor
[8] and the rotor position offset could be observed from the
high frequericy component of the estimated g-axis current.
However, the drive efficiency of the schemes is hard to be
accessed and the development of the sensorless strategies
suffers the unknown nonlinearity of the model.

The traditional PMSM model is based on the linear
magnetic properfy assumption that the inductance of the
stator winding is a constant vatue for different stator currents.
The linear model functions reasonably well in describing the
energy conversion and the torque generation inside a PMSM.
The widely used field oriented control (FOC) and direct
torque control {DTC) methods were developed based on this
linear model and achieved good control performance.

However, there is not an analytical solution for initial rotor
position detection and sensorless drive method developed
because of the lack of accurate nonlinear machine model
incorporating the magnetic saliencies. The linear model is not
sufficient to accurately simulate the machine performance
and describe the machine magnetic nonlinearitics.
Experimental trial and error method is commenly employed
to develop and verify the sensorless drive schemes. At the
same time, there is not a uniform method to access the
sensorless drive methods yet. On the other hand, the machine
state observers developed based on simplified mathematic
model would lead to errors on the control side.

Several modeling methods have been proposed to
incorporate the magnetic nonlinearity. Considerations were
taken to calculate the machine inductance variation
associated with the saturation effect [9] and the mutual-
inductance between the orthogonal axes [10]. However, those
models are always established based on finite element
method (FEM), which requires huge computing cost and is
hard to be applied for dynamic performance simulation [11].

In [12], the nonlinear saturation effect, as well as the
structural saliency, is incorporated and expressed in the new
analytical machine model. Two factors, the structural
saliency ratio (StrSR) and the saturation saliency ratio
(SatSR), are defined to indicate the extent of magnetic
saliencies. The mathematic model of PMSM is derived in
both the stator and rotor reference frames. The nonlinear
inductance matrix is expressed as a function of the stator
current and the rotor position.

Based on this nonlinear PMSM model, the a-axis injection
method is proposed in this paper, in which an AC voltage

signal is always injected on stator a-axis and the rotor
position information is observed from the high frequency
component of the stationary f-axis current. Then the rotor
position estimation methods are investigated and compared.
The performance comparison is conducted based on the
torque ripple, drive efficiency and cost. An overall

performance comparison is then carried out.

HI. NONLINEAR PMSM MODEL

The magnetic saliencies in a PMSM could be classified as
the structural saliency that mainly comes from the salient
structure, and the saturation saliency induced by the magnetic
saturation inside the core [13]. For a given PMSM, these
saliencies could be decoupled since the saturation is due to
the nonlinear magnetic property of the core while the
structural saliency is not related to the magnetic nonlinearity.

A, Saliency Ratios: StrSR and SatSR

In a PMSM, the total flux linking the stator windings can
be attributed to two sources — the rotor permanent magnets
and the stator AC currents. Because of the nonlinear
saturation effect, the total flux cannot be separated into flux
spatial vectors due to the permanent magnet and stator
current, respectively. In order to express the extent of
magnetic saliencies, two parameters, StrSR and SatSR, are
defined for the structural and saturation saliencies,
respectively.

The structural saliency is always prefixed for a PMSM
when it has been designed. It is formed by the structure of the
rotor magnet and usually easy to obtain from the unbalanced
d- and g-axis inductances in the machine model.

To express and analyze the structural saliency, the average
linear inductance and StrSR are respectively defined as

: Ld"i"Lq
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where L; and L, are respectively the - and g-axis inductance
without excitation in the stator,

In the traditional SPMSM model, StrSR is usually
assumed to be zero because the structural saliency is very
small. In this paper, it is considered and expressed.

The saturation saliency is caused by the saturation effect
of the stator core and exists in both interior PMSMs
(IPMSMs) and SPMSMs. It is usvally discussed for SPMSM
because it is the main saliency inside an SPMSM, where the
structural saliency is always ignorable.

As discussed above, the saturation of the stator core
mainly takes place in the direction of the total flux vector. As
a result, the inductance in this direction can be treated as a
function of the equivalent total current, not a constant as
defined in the traditional PMSM model. Based on the
saturation curve, SatSR is then defined as
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As shown in (3), SatSR is also a function of the current
and the linear part will be discussed later after modeling

B. Nonlinear Model of PMSM

In order to compare easily with the rotor d~q reference
frame, the two-phase orthogonal a-f stationary reference
frame is used to express the machine electrical model instead
of a-b-c frame. Equivalent current vectors, i’ and z'} arc
defined, which produces the total flux linkage and the rotor
flux linkage. As shown in Fig. 1, i",is not equal to i, which is
a combination of the stator and rotor currents, because of the
structural and saturation saliencies.

Fig. 1. Phasor diagram in «-f stationary reference frame

The flux in the air-gap can be treated as a sinusoidal
distribution for most PMSMs. Therefore the flux linkages on
the a- and f-axis are defined as the projection from the total
flux linkage or called the equivalent flux linkage. The voltage
equations of PMSM machine can be described as

d

vy =Rig+—A4,
dt (4)
d,f

vy = Rig+—
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where v,, vg, i, and iz are the stator voltage and current in the
a-f stationary reference frame, R is the stator resistance, and
Vs /1*,; are the projected flux linkages on the a- and f-axes.
The structural saliency factors of the a- and f-axis are
- defined as K, and Kj, with the assumption that the linear
inductance follows a spatially sinusoidal distribution, and
they are expressed as

1+ K, cos28

(4
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Additionally, dA;/di; and A /i are not equal in the
nonlinear machine model due to the saturation effect. The
linear inductance A / il is then defined as L, and expressed

as
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Finally, the machine voltage equation (4) can be rewritten

as
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where e, and e; are the back-emf and the nonlinear
inductance matrix can be expressed as
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Fig. 2. Phasor diagram in d-g rotor reference frame

On the other hand, rotating orthogonal d-g axis is a widely
used rotor field oriented referemce frame, where the stator
side variables could be converted into rotor side rotating with
the rotor field. The projected current and voltage vectors are
relatively motionless to the rotor flux. The Park-Clark
transform can also be applied to the nonlinear machine model
because the flux vectors are all obtained from the total flux




linkage projection. Then the voltage equation
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is valid for nonlinear modeling, where A" and fq are the
cquivalent flux linkages on the 4- and g-axes which are
projected from the total flux linkage. The phasor diagram in
the d-g reference frame is shown in Fig. 2.

The flux linkages in (9) can be expressed by the total flux
linkage and the angle as below

(10)
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Similar as in stationary reference frame, the structural
saliency factors of the d- and g-axes are defined as

1+ K,

- 1+ K, cos2p
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1+ K, cos2p
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Based on the same definition of the linear inductance as in
(6), the PMSM voltage equation in the rotor reference frame
can be rewritten as

. I I , o
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where the nonlinear inductance matrix can be expressed as

(12
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From (12) and (13), the traditional PMSM linear model can
be obtained as an ideal condition, where the saturation
saliency is ignored, K,,=0, as shown below
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C.  Linear Inductance Component

(14)

The linear inductance component defined in (6) is still a
function of the stator current and the rotor position. Based on
the magnetization curve, the linear inductance A / i

variation is always smaller than that of the differential
inductance dZ; /di] and could be neglected. Then the linear
inductance component is assumed to be fixed and expressed
by using the given L, and L, values, which are always known
for the machine. The machine inductance matrixes in (8) and
(13) could be rewritten as
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where Ln, = (Ly+L,)2 is the average linear inductance in the
d- and g-axes expressed as
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V. VIRruar MACHINE MODEL

In order to build up a virtual machine model, an SPMSM
machine is chosen as the prototype. The machine parameters
are shown as in Table L.

TABLEI
PARAMETERS OF TESTED SPMSM
Parameter Value
Model TFT 6071-6AC21-2-Z,
Number of Poles 4
Rated Power 1000 W
Rated Voltage 128V
Rated Current 6.5 A
Rated Speed 2000 revimin
Rated Torque 4.8 N

The tested SPMSM has a small structural saliency, but a
reasonably large saturation saliency. The inductance values
and structural saliency are identified as

L, =0.0142H
I, =0.0159H

7 (17)
L, =00151H

K, =~5.65%

On the other hand, SatSR always depends on the nonlinear
magnetization curve of the material and cannot be
analytically expressed. The d-axis inductance is a fimction of
SatSR. for different current levels. Several tests have been
carried out to check the SatSR as in {12]. The relationship



hetween the current magnitude and the SaiSR is shown in
Table 1L

TABLE 1T
RELATIONSHIP BETWEEN CURRENT AND S4TSR
(Ar=0. 1495 Wb, {=0, Kar=-5.65%)

Current Offset Awverage d-inductance SatSR
i (A) L (mH) Ko (08)
0 14.23 [
i 14.14 0.60
2 14.08 1.02
3 13.91 223
4 13.74 339
5 13.57 4.59
[ 13.33 633

Based on this virtual model, the mutuval-inductances
between the orthogonal axes are calculated at different
current offsets. Fig. 3 shows the mutual-inductance L, under
different stator currents, where a sinusoidal curve K-sin(28) is
added to indicate the rotor position.
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Fig. 3. The mutual-inductance between a-and f-axes at different stator
current,

V. ROTOR POSITION DETECTION METHODS

The analytical machine model enables the accurate
performance simulation and efficiency comparison of
different sensorless strategies. Furthermore, new Injection

method could also be proposed based on the analytical
expression as well.

A, Rotating Carrier Infection Method

In the rotating carrier signal injection method, a high
frequency rotating voltage vector is superimposed on the
fundamental excitation and analysis of the resulting high
frequency current is conducted to track spatial saliencies of
the magnetic field. The injected rotating voltage can be

expressed as (18).
Von | | Vi cosayt
Vi B Vi, sin ot

where wy, is the injected signal frequency; V;, is the injected
voltage magnitude.

If the high frequency component of voltages and currents
are only considered and the rotor speed of the machine is
relatively small compared to the injected signal frequency,
the machine voltage equation, (4) could be rewritten as

. -1
i | \Zaw Zap| |Van
g | Zpe Zs| [V
For steady state operation, the StrSR and SatSR are fixed
and relatively small compared to one. Then the expression

could be simplified. The high frequency current component
could be derived as

(18)

(19}
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As in (20) and (21), the rotating component of the carrier-
frequency current contains the desired information about the
inductance saliency in its phase. It is noted that the second
part of the cuwrrent expression depends on the saturation
saliency and the third part is almost zero after demodulation
and signal processing. This estimation method is mainly
based on the rotor structural saliency, which is indicated in

where K =



the first part.

In order to estimate the rotor position from the phase
current vector, a tracking observer is added to extract the
rotor position with filtering of unwanted noise. The output of
the signal processing unit or the effective magnitude of rotor
position information could be simplified as

v, = %Kh $in 26[7, (1- K g 8in” )= Ly (1~ K,y c0s” O] (22)

B.  d-axis Injection Method

This method is also named as oscillating vector injection
or AC pulse injection method, where a d-axis sinusoidal
carrier signal in the estimated rotor reference frame is
superimposed onto the fundamental component voltage
vector.

The estimated rotor reference frame is established after the
initial rotor position is identified and rotates with the
machine, The injected signal frequency is sufficiently high
compared with the estimated rotor speed, the veltage and
current in the estimated rotor reference frame can be

expressed as
Var | | Viecos s
v;k | 0

Therefore, the voltage vector transferred to the rotating
reference frame yields

Va cosAé
=V,cosaptl
Vi —sinAé&

where A8 is the error angle of the estimated d-axis.
The components of the high frequency current in the
estimated rotor position reference frame is given by

(23)

(24)

. 1 o,
Var = Ky c08 wht[-iKmLav sin2’sin2A8
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Vou = EKﬁ 608 4t {K 1 sin 28 (I, cos” AO— L sin’ A9)

+5i0 2A0[ L, (1- K, sin® £) — Ly (1— K,y c0s® )]}

(26)

The carrier-frequency current for this oscillating vector
injection in the estimated rotor reference frame has the
desired inductance saliency information in its amplitude,
while the same information is in the phase of the carrier-
frequency current for the rotating vector injection in the
stationary reference frame. The g-axis component at the
carrier frequency is used to obtain the position error. The first

part of the g-axis current represents the saturation saliency
and it is relatively small than the second part, which indicates
the structural saliency based rotor axis position. The output of
the signal processing unit or the effective magnitude of rotor
position error could be simplified as

1 N .
v, = ?Z_Kh sin2A8[L,(1- K, sin? $y-L;1-K,, cos® &)
(27}

C. a-axis Infection Method

As shown in Fig. 3, the mutual-inductance between a- and
f-axes, Lo is a second order function of rotor electrical
position. Therefore, it is possible to estimate the rotor
position from f-axis current response when an AC signal is
set up to be injected into a-axis.

A simplified position sensorless scheme is then proposed
as a-axis injection, in which the AC pulse or carrier signal is
injected on the stationary a-axis as (28).

Vo - Vir.' COs aht
Vﬁ;7 0

The high frequency current component on F-axis could be
derived as

(28)

V,, cosmyt
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L (1= Ky, 005 28)(1- K, 5in°( +6)) (29)
J 2&’)/,
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Vo = Lo(l-K, cos28)K_, sin2({ + 6) (30
S,

It could be found that the rotor position I information
could be abstracted from the f-axis current component and
this rotor position depends on the saturation saliency.The
output of the signal processing unit or the effective
magnitude of rotor position error could be simplified as

LK sin2({ +8)

v et

in
[ 72 o,

(31)

VI. PERFORMANCE COMPARISON

In MATLAB/SIMULINK, a virtual machine model is
established and the sensorless strategies above are simulated.
In rotating carrier signal injection scheme, there is not
reference frame transformation required for the excitation
signal. The three-phase high frequency signal is generated
and applied to the stator with the fundamental voltage signals.
The implementation cost is very small. Signal process part is
needed to abstract the negative-sequence high frequency
current component. The collected information is a function of
the injected voltage magnitude, frequency and the machine




structural saliency. As an external signal injection, the torque
ripples caused by the high frequency signal is unavoidable.
Fig. 4 shows the electromagnetic torque output of the
machine under the rotating carrier signal injection. Vector
control is applied to drive the machine.
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Fig. 4. Torque output of rotating carrier injection method. (w==100x rad/s,
Si=500 Hz, 7r=4 Nm}

Secondly, in the d-axis injection scheme, the injection
reference frame is rotating with the rotor. Reference frame
transformation is needed to carry out the injection signal in
stationary frame. For the rofor position observer, the signal
process part has simple structure, in which only g-axis current
component at carrier-frequency is needed. On the other hand,
the rotor position error is smaller because the position
tracking is designed to minimize the angle error between the
real and estimation reference frames. For a perfect d-axis
injection sensorless drive, the external signal only takes effect
on d-axis and there is not additional torque ripples generated.
However, there is always an estimation error in the drive
system and the torque ripples are not longer zero. Fig. 5
shows the electromagnetic torque output when the rotor angle
cstimation error is £0.2 rad.

For e~axis injection method, the excitation AC signal has
fixed direction in stationary frame, which can be generated by
using a simple implementation procedure, Similar as the
signal process in d-axis injection method, only f-axis current
component at carrier-frequency is needed to estimate the
rotor position, On the other hand, this method is mainly based
on the nonlinearity and saturation saliency of the machine.
Therefore, it can be applied to both JPMSM and SPMSM.
However, some unexpected torque ripples will be generated,
_ especially when the rotor g-axis rotates to the position near
the excited a-axis. Fig. 6 shows the torque ripples of a-axis
injection method, The periodic torque ripples could be
identified in the current feedback loop. Therefore, this ripple
could be partially eliminated by modifying the PI controller
parameters or applying other advance current regulators.
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Fig. 5. Torgue output of d-axis injection method. 46=0.2rad. (=100
rad/s, ;=500 Hz, T;=4 Nm)
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Fig. 6. Torque output of g-axis injection method. (=100 rad/s, £#=500
Hz, 7;=4 Nm)

As shown above, the d-axis injection method could
achieve minimum torgue ripple on the output. However, the
implementation cost is relatively increased because of the
reference frame transformation.

On the other hand, the efficiencies of the sensorless
schemes could be analytically accessed by using (22), (27)
and {31). For a fixed machine, the signal injection frequency
could be chosen and fixed based on the rated speed of the
machine itself. Then the magnitude of the input voltage could
be set in order to collect observable current response to
effectively estimate the rotor position. It could be found that
the d-axis injection has the highest efficiency because it is
based on the rotor position error which is a small signal and
the reference value is always zero. The rotating injection
method has almost the same magnitude ratio but it is
designed based on the sinusoidal position values which will
leads large error especially for dynamic operation. Finally,
for the statiopary axis injection method, it is a simplified



method but the efficiency depends on the saturation effect or
the stator current level and the magnetic material properties
of the machine.

In a machine drive system, a compromise is always
needed to balance the cost, efficiency and the performance.
Fig. 7 shows the overall comparison of the mentioned
injection methods, including estimation efficiency (EE),
which is compared based on signal/output ratio;
implementation cost (IC), which is compared based on the
implementation computing cost; signal-process cost (SC),
which is compared based on the signal processing unit;
torque ripple (TR), which is compared based on the output
torque; and independence of machine-structure (IM). A larger
vector on each direction indicates higher performance, lower
cost, higher efficiency or smaller ripple.

EE

N

Rotating injection

D-axis injection

u-axis injection

Fig. 7. Overall performance comparison of the injection schemes.

VIL

This paper aims to develop a comprehensive comparison of
three sensorless schemes for PMSM, based on high frequency
signal injection. A nonlinear analytical machine model is
firstly established and then wsed as a virtual machine model.
High frequency signal injection methods, rotating carrier
signal injection method, d-axis injection method and the a-
axis injection method are then applied to the machine and the
simulation results are compared.

Not only the estimation efficiency but also the
implementation cost, signal process cost and the induced
torque ripples are considered. An overall performance graph
is developed to demonstrate the results tested based on the
comprehensive machine nonlinear model. Both the rotating
carrier injection and d-axis injection are based on structural

- saliency and could be applied to IPMSM. The d-axis injection
method could achieve the best efficiency and minimum
torque ripple but the computing cost is the relative large.

On the other hand, the a-axis imjection method has the
easiest implementation process and could be applied to both
IPMSM and SPMSM. However the torque ripple is too Iarge.
Improved current regulator could be introduced to reduce the

CONCLUSIONS

ripple.
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