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Abstract—This paper proposes a new sensorless method for a
synchronous machine with an inverter integrated rotor (SMIIR).
The SMIIR is a newly developed machine based on the wound
rotor synchronous machine (WRSM) but has no brushes and
slip-rings. The conventional high-frequency signal injection sen-
sorless methods are based on a physical magnetic saliency. There-
fore, the conventional methods cannot be applied to the SMIIR
since it has no adequate physical magnetic saliency. The proposed
sensorless method suggests a virtual resistance saliency created by
the rotor-side inverter, of which the saliency ratio and axes can
be arbitrarily set. Based on this virtual saliency, the rotor position
information can be included in the relationship between the high-
frequency stator voltage and stator current independent of the
machine parameters or operating conditions. Because the SMIIR
inherently injects a high-frequency voltage for the power transfer,
there is no need to inject additional voltage for the proposed
high-frequency sensorless control. The initial d-axis detection al-
gorithm using the rotor-side inverter without magnetic saturation
is also proposed. The feasibility of the proposed sensorless method
was verified by the experimental results of the prototype SMIIR.

Index Terms—AC machine, brushless rotating machines, motor
drives, sensorless control, signal injection.

I. INTRODUCTION

HE rotor flux position is necessary to perform the vector
control of the ac machine [1]. However, the position
sensors such as an encoder or a resolver increase the cost
and volume of the machine and have reliability issues related
to the sensor itself or its associated hardware. Therefore, the
so-called position sensorless control methods for finding the
rotor flux position without utilizing a position sensor have
been researched for over 30 years [2], [3]. These methods are
generally classified into two groups according to the principles
on which the rotor flux position information is extracted. The
first group is based on the back electromotive force (EMF)
[4]-[6], and the other group is based on the electrical saliency
of the machine [7]-[24].
The second group estimates the rotor flux position through
the relationship between the high-frequency stator voltage and
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current based on the saliency. There are several types of
methods in the second group. Some portions of the second
group use the pulsewidth modulation current ripple [7]-[10]
or a discontinuous signal [11], whereas others not in these
portions use a high-frequency signal [12]-[24]. These high-
frequency signal injection sensorless methods have two in-
jection algorithms: the rotating voltage signal injection in the
stationary reference frame [12]-[14] and the pulsating voltage
signal injection in the rotor reference frame [15]-[24]. Because
these methods cannot distinguish the magnetic polarity, other
methods to detect the magnetic polarity at initial states based
on the magnetic saturation have been developed [22], [23].

Most of these methods in the second group are based on
the inherent magnetic saliency of the rotor. Even if a machine
has no adequate inherent magnetic saliency, a high-frequency
sensorless control might be applied based on the induced mag-
netic saliency [23]. However, a certain limitation on magnitude
or frequency of the injected voltage can make this method
inapplicable to many cases, because the induced magnetic
saliency is highly dependent on the properties of the injected
voltage. There was a research among the second group utilizing
the high-frequency resistance saliency due to a high-frequency
skin effect, but its application is limited to the small machine
where the resistance is comparable to the reactance even at the
high frequency [24].

Meanwhile, there have been many studies to develop a new
kind of ac machine to reduce the rare-earth materials or even
eliminate the permanent magnet itself from the ac machine,
since the cost and availability of the rare-earth materials, which
are indispensable in manufacturing the permanent magnet, have
been uncertain.

One of these studies came up with the synchronous machine
with an inverter integrated rotor (SMIIR) [25]. The SMIIR,
which is shown in Fig. 1, has both a stator-side inverter and
a rotor-side inverter connected to its stator winding and rotor
winding, respectively, based on the conventional wound rotor
synchronous machine (WRSM). The WRSM is known to have
some advantages over the permanent-magnet synchronous ma-
chine such as an easy field weakening control capability, but
have serious disadvantages such as poor efficiency, poor torque
density, and the need for mechanical contact to the rotor field
winding for power transfer. Although there are many drawbacks
to the WRSM, the WRSM has been recently developed and
used for traction application of vehicles [26]. By the integration
of the rotor-side inverter inside the rotor, the SMIIR inherits
the easy field weakening capability of the WRSM but not the
disadvantages related to mechanical contact such as contact
loss, wear, and longer axial length.
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Fig. 1. Structure of the SMIIR.

The SMIIR has power supply issues with the rotor inverter,
because there is no mechanical connection between an outside
power source and the integrated rotor-side inverter. The rotor-
side inverter of SMIIR has to wirelessly receive the power from
the stator winding. The power should be equal to the total
power loss of the rotor-side circuit, including all losses of the
rotor-side inverter and field winding. The detailed operation
principles of SMIIR, including power transfer and control, have
been described in [25].

In this paper, a signal injection sensorless method for the
SMIIR is proposed. The conventional sensorless method based
on magnetic saliency cannot be applied to the SMIIR because
there is no magnetic saliency due to its round rotor structure.

The proposed method implements a virtual resistance
saliency manipulated by the rotor-side inverter. Based on this
virtual resistance saliency, the high-frequency signal injection
sensorless method can be applied to SMIIR although the ma-
chine does not have adequate physical magnetic saliency. This
virtual saliency is independent of the physical machine param-
eter, and therefore, the saliency ratio and axes can be arbitrarily
set. The proposed sensorless method uses the inherent high-
frequency stator voltage, which is injected to transfer power
from the stator-side inverter to the rotor-side inverter in the
SMIIR. The voltage is used not only to transfer the power to the
rotor-side inverter but also to induce the current response, which
contains the rotor position information. Additionally, an initial
d-axis detection algorithm without using magnetic saturation
is also devised. The feasibility of the proposed method is
verified by an experimental test on the prototype SMIIR with
an associated control algorithm.

II. BASIC OPERATION PRINCIPLE OF SMIIR

The SMIIR is based on the WRSM, but it has an integrated
rotor-side inverter instead of the mechanical contact device such
as brushes and slip-rings. The rotor-side inverter consists of
a dc link capacitor, switching devices, and its own controller,
and it is electrically isolated from the outside of the rotor. The
equivalent circuit of the SMIIR in the d-q rotor reference frame
can be deduced, as shown in Fig. 2, which is similar to the
WRSM or the wound rotor induction machine (WRIM).

The voltage source vy, and vy, denote the output voltages
of the stator-side and rotor-side inverters, respectively. iy, and
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Fig. 2. Equivalent circuit of the SMIIR in the rotor reference d-q frame.

ig, denote the output current of the stator-side and rotor-
side inverters, respectively. The inductance and resistance are
represented as L and R, respectively. Superscript r denotes that
the corresponding variable is expressed in the rotor reference
d-q frame; subscripts s, 7, [, and m denote that the correspond-
ing variables are related to the stator, the rotor, leakage, and
the air gap, respectively; and w, denotes the electrical angular
frequency of the rotor. The voltage equations of the SMIIR
shown in Fig. 2 can be derived as [25]

. d ) .
Vigs = Rsiges + = (Lsz:lqs + Lmz:lq,,)

dt
+ jwr (Lsifgs + Limigg,) (1)
T T d T T
’qu,r, = R""qu’r‘ + % (L’I"qu’r’ + Lmldqs) (2)

where Ly = L, + Lis, L. = Ly, + Ly

Based on the superposition principle, the control scheme of
the SMIIR can be separated into two parts depending on their
frequency region. One part uses the fundamental frequency
region for the machine drive, including torque control. The
other uses the high-frequency region for power transfer to the
rotor-side inverter through electromagnetic coupling between
the stator winding and rotor winding. The frequency used for
the power transfer should be high enough compared with the
cutoff frequency of the current controller to avoid interference
between power transfer and current regulation. Subscripts f and
h denote that corresponding variables are related to fundamen-
tal and high-frequency regions, respectively.

The basic operating principle of the SMIIR for torque control
remains nearly the same as the WRSM. This means that the
rotor-side inverter controls the fundamental frequency compo-
nent of the d-axis rotor current, i.e., i/}, > as dc in the rotor
reference frame to build a field flux. The stator-side inverter
controls the fundamental frequency component of the g-axis
stator current, i.e., i;s o0 regulate machine torque. In addition,
the fundamental frequency components of the g-axis rotor
current, i.e., igr Iz and the d-axis stator current, i.e., i/, 7, are
regulated as null in the constant torque region to minimize
copper losses.

For power transfer from the stator-side inverter to the rotor-
side inverter, the stator-side inverter injects the high-frequency
stator voltage, i.e., vgqrh, and the rotor-side inverter regulates
the high-frequency rotor current, i.e., ig,,,. The voltage equa-
tion of the high-frequency components can be presented in
phasor variables as (3) in the steady-state condition and can
be approximated as (4), because the high-frequency reactance,
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Fig. 4. Structure of the rotor-side inverter controller.

i.e., X, is much larger than the stator resistance, i.e., R, at the
injected high frequency [25]. Thus,

Vquh - (]XS + RS)Iquh + ijngrh (3)
Vtriqsh ~ jXSIquh + ijI:ilqrh (4)

where the bold capital letters, i.e., V and I, mean that the
corresponding variables are expressed in phasor at the high-
frequency wy,.

The power transferred through the high-frequency compo-
nents can be approximated as (5), and therefore, the efficiency
of the transferred power is maximized when the phase angle dif-
ference between the high-frequency stator voltage, i.e., vy,
and rotor current, i.e., i&qrh’ is controlled as 7, such as in (6)
[25]. Thus,

31 =
Ps,r ~ = §§Re (ngshngTh) (5)
quh = _kV:lqsh (6)

—oo

where means complex conjugate, and k is a positive
control parameter, related to the amount of power transferred
to the rotor-side inverter. The value of parameter & depends
on the magnitude of the injected stator voltage and the power
transferred to keep the dc link voltage of the rotor-side inverter,
which means the energy balance of the rotor-side inverter.

The control strategy block diagrams of the stator-side and
rotor-side inverters are shown in Figs. 3 and 4, respectively.
The stator controller consists of the “PI Current Controller,”
which regulates the fundamental frequency stator current for
the torque control, and cascaded notch filter and the open-loop
high-frequency voltage reference for the power transfer. The
rotor controller consists of the “Proportional and Resonant (PR)
Current Controller” to regulate both fundamental and high-
frequency rotor current, and “Injected Stator Voltage Estima-
tor” and “Rotor-side DC-link Voltage Controller” to regulate
the energy supply and balance of the rotor-side inverter. A more
detailed control scheme can be referenced in [25].
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III. PROPOSED SENSORLESS METHOD

In the general sensorless control methods, the accessible
data are only the stator voltage reference (or sensed) and
sensed stator current. This means that the rotor position in-
formation should be extracted from their relationship. In the
high-frequency voltage injection sensorless case, the rotor po-
sition information can be extracted from the response of the
high-frequency stator current, i.e., iqqsn, With regard to the
injected high-frequency stator voltage, i.e., vqqs7,. However, this
extracted rotor position information can be used only when
an adequate physical motor saliency exists. Therefore, these
conventional methods cannot be applied to the SMIIR, because
it does not have sufficient physical saliency.

A. Virtual Resistance Saliency

The SMIIR, which has the rotor-side inverter, can create
a virtual saliency. The purpose of the virtual saliency is to
imitate the role of the physical saliency, which makes a saliency
response of the high-frequency stator current from the injected
high-frequency voltage. Because the physical saliency is a
characteristic of the passive component, the whole rotor side,
including the rotor-side inverter, may be considered as a passive
component, not as an active voltage source, for convenience of
analysis.

The aim of the virtual saliency can be achieved by proper
control of the rotor-side inverter. The rotor-side inverter con-
trols the rotor current directly and can control the stator current
indirectly through electromagnetic coupling between the stator
and rotor windings. Therefore, it can make the saliency re-
sponse of the high-frequency stator current, i.e., i44sn, although
there is no physical saliency, by proper control of the high-
frequency rotor current, i.e., g4y, With regard to the injected
high-frequency stator voltage, i.e., Vgqsh-

The virtual inductance, whose magnitude is L ,, can be made
if the rotor-side inverter synthesizes its output voltage as (7).
The minus sign in the rotor current is to make its direction the
same as a passive component to apply Ohm’s law, i.e.,

4 (itrn)

dt M

r _
qurh - Ld(]

Thus, the virtual inductance saliency can be achieved by setting
the virtual inductance L4, differently as in

-7
d (7ldinj7“h)
T P A

/Udinjh = Ldi"j dt (8)
: ()
U‘Iinj h — LQinj T (9)

where d;,,; and ¢;,; denote axes where the maximum and mini-
mum values of inductance exist. Because the virtual saliency is
independent of the physical saliency, the inductance values and
axes of saliency, i.e., d;,;- and ¢;,,j-axes, can be arbitrarily set
and placed.

However, the implementation of this virtual inductance has
several problems in the SMIIR. It needs an extra output voltage
of the rotor-side inverter whose dc link voltage is quite small
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Fig. 5. Equivalent circuit of the SMIIR in the rotor reference d-q frame for

the injected high frequency.

to minimize the switching loss of the inverter itself. The extra
rotor voltage calls for an increased dc link voltage of the rotor-
side inverter and increased losses of the inverter before, finally,
increased power transfer from stator inverter.

To avoid these problems, the already existing high-frequency
stator voltage, rotor current, and stator current for the power
transfer can be simultaneously used for the high-frequency sen-
sorless control. The high-frequency signal injection sensorless
method can be applied without additional signals, and therefore,
there is no additional loss.

In the first step, the relationship between the high-frequency
stator voltage and current is explained as a passive component.
In (6), k can be seen as a virtual conductance. In other words,
the whole rotor side including the inverter can be seen as a
virtual resistance, which is defined as the inverse of a virtual
conductance k, as in (10) and as shown in Fig. 5. The minus
sign of the rotor current is used to make its direction the same
as a passive component. The approximation in (10) is based on
the assumption that the air-gap inductance is large compared
with the leakage inductance, i.e.,

VAl , T . 1
Ruirtual = I‘f? hox I“f? ho— z (10)
~tdgrh ~tdgrh

Similar to the virtual inductance saliency, the virtual resis-
tance saliency can be achieved by setting virtual conductance k
differently, as in

-

_ T
_Idin]”l"h - kdinj Vdin]‘ sh

k

an
12)

' _ s
QinjTh Qi'rLquijh

where kg, . and kg, . represent the virtual conductances. The
values of these conductances should be set differently to create
the virtual saliency.

The virtual saliency is artificially created by the rotor-side in-
verter, which means that it is not subject to the physical machine
parameters. Therefore, the ratio of the virtual conductances can
be arbitrarily set, and the axes of saliency can be located at any
place away from the physical rotor d- and g-axes. However, the
magnitudes of the virtual conductances cannot be arbitrarily
set because they are controlled by the “Rotor-side DC link
Voltage Controller” in Fig. 4 to balance the rotor-side energy,
as mentioned in Section II. Therefore, the virtual resistance
saliency can be made only by adjusting the ratio between the
maximum and minimum resistance, not by setting their abso-
lute values. The virtual resistance saliency is not affected by
operating conditions such as stator and rotor currents, rotating
speed, load torque, and temperature as long as the amount of
power transferred to the rotor-side inverter remains constant.
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Fig. 6. Diagram of the high-frequency voltage injection scheme.

B. Sensorless Control With the Virtual Resistance Saliency

Based on the virtual resistance saliency, a high-frequency
voltage injection sensorless method can be applied. The in-
jection diagram is shown in Fig. 6. The d-axis is where the
field flux exists, and the g-axis is its quadratic axis. The d;y, ;-
and ¢;,;-axes are where the maximum or minimum virtual
resistance, i.e., Rgin; O Rginj, is created as (10)—(12). Vari-
able 0;,,; represents the angle difference between the intended
injection axis d;,;, where the high-frequency signal is intended
to inject, and the rotor d-axis. The symbol “"*”” denotes that the
corresponding variable is an estimated value. For convenience,
din;- and g;y,;-axes are called the saliency reference frame, and
dmj- and §;y, j-axes are called the estimated saliency reference
frame.

The high-frequency voltage for the power transfer can be
injected along with the estimated injection axis (estimated
saliency reference d-axis), i.e., cfmj-axis, as shown in Fig. 6

and in
|:’Ugmj sh :| . VA [Sin(wht) :|
r — Ving .

T
inn]‘Sh 0

13)

According to the relationship between the saliency reference
frame and the estimated saliency reference frame, the injected
high-frequency voltage can be expressed in the saliency refer-
ence frame as

/Ugi,nj sh | _ coS év; sin 6:7' ’Ugmj sh
Ugmj | | —sinf,. cosb, vgm.iSh
cos 0, sin(wpt)
[ cosdsi 14
Ving [ —sin @, sin(wpt) "

where 6 means angle, and ér =0, — ér denotes the angle error
between the rotor d-axis, i.e., d, and the estimated d-axis, i.e., d.
Additionally, angle error 6, also coincides with angle difference
émj = Oinj — émj between angle 0;,,; of the intended injection
axis, i.e., dsnj, and angle émj of the estimated injection axis,
ie., czmj, where the signal is actually injected, as shown in
Fig. 6.

Substituting (14) into (11) and (12), the high-frequency rotor
current in the saliency reference frame can be calculated as

kg, . cosO, sin(wpt)

inj

_Zinjrh — —Vﬂ . ~ . 15
{z;mﬂh } e [ —kq,,, sin 0, sin(wpt) (15)
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Substituting (14) and (15) into (4), the high-frequency stator
currents in the saliency reference frame can be obtained as

|:Zig_mj8h :| — ‘/i”j
Z:zmjsh XS
XZkG, . +1 cos 0, sin(wpt + 1a,,.,)
x o (16)
—\/ X2 k3, + 1 sinb, sin(wnt +1g,,;)
where g, = tan’l(l/kadm) +7m  and g, =

tan ' (1/Xky,,,) + 7 denote the phase differences between
the high-frequency stator voltages and the high-frequency
stator currents in saliency reference d- and g-axes, respectively.

In practice, kadmj and ka(h‘nj are much larger than
unity because the reactance at the injected high frequency is
much larger than the corresponding resistances, which are the
inverse of the conductances, i.e., kg,,, and kg, .. Thus, the
current path at the high frequency is not through the magne-
tizing inductance but through the virtual resistance, as shown
in Fig. 7. Furthermore, the phase differences 1q,,, and vg,,
can be approximated to 7. In conclusion, the high-frequency
stator currents in the estimated saliency reference frame can be
derived as in

[igmjsh] _ [COS 0, — Sin~0~r:| [iémjsh] ~ XmVinj

i;m_ o) |sinb.  cosf, Ty sh X,
ka,,, cos® 0, sin(wpt) + kq,,, sin’ 0, sin(wpt)
[ $in20e (o k) sin(wit)

] . (17
ing qing
Because the magnitude of the stator current in the estimated
saliency reference g¢-axis, i.e., iZ, _sns 18 a function of angle
inj

error 6., angle error information & + can be extracted through
a simple demodulation process as in

ep =LPF (i x —sinwt)

Xm‘/zn . n
— = sin 20, (ka,,,, — kq,,.,)

41X, (18)

Q

where LPF represents a low-pass filtering process to eliminate
the 2wy, frequency component from the signal inside of the
parenthesis. Moreover, if the estimated angle error is small
enough, (18) can be approximated further into

_Xm‘/znj

—k,. ) 0,.
2X, ins)

gf ~ (kdmj (19)
Because the virtual resistance saliency can be arbitrarily
set, the position error can always be extracted from the high-

frequency component of the stator current, regardless of the
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Fig. 8. Control block diagram of the proposed sensorless method.

machine parameters or the operating conditions. Using an
appropriate state observer, the rotor position can be identified
from the position error information [20]. The proposed sen-
sorless control block diagram is shown in Fig. 8. The speed
observer is a classical cascade of PI and integrator, which is
also called the “second-order state filter” [13].

C. Initial d-Axis Detection

The detection of the d-axis at an initial standstill state is nec-
essary, because the proposed sensorless method can settle down
at the +d- or —d-axes at the initial state similar to the conven-
tional high-frequency sensorless methods. This is because the
error information € is a function of two times the angle error
ér, as seen in (18), which is similar to the conventional methods.
The conventional high-frequency signal injection sensorless
methods have exploited the asymmetric current responses be-
tween the +d- and —d-axes due to the magnetic saturation
related to the rotor flux. However, because the proposed method
has limits on the magnitude of the injected voltage, the conven-
tional methods cannot be applicable to the SMIIR.

In contrast to the conventional machine, by exploiting the
controllability of the rotor current, the asymmetric current
response can be forced by the rotor-side inverter of the SMIIR.
Using the asymmetric current response, the polarity of the
d-axis can be found. Although the asymmetric current response
can be implemented in both the d;,;- and ¢;,;-axes, the gy ;-
axis is only used for the initial polarity detection because the
dinj-axis stator current already has a high-frequency signal
due to power transfer and sensorless control. Therefore, during
the initial angle detection period, the g;,, j-axis rotor current is
regulated by the rotor-side inverter to send a signal to let the
stator-side inverter identify whether the estimated initial angle
is located on the +d-axis or not.

The rotor-side current sent as a signal can be transferred
and seen in the stator current by magnetic mutual coupling
between the stator and rotor winding. Due to the magnetic
mutual coupling, a symmetric ac signal biased with dc is not
useful because this signal is not distinguishable in the stator-
side viewpoint, as shown in Fig. 9(a), between the +d-axis
estimation case or the —d-axis case. A proper pulse signal can
be used to exaggerate the asymmetric response of the signal. If
the average of the signal is small enough, the peak signal can be
transferred to the stator without severe distortion. If the rotor-
side inverter makes +-g;,;-axis peak current and the stator-
side inverter senses ¢y j-axis peak current, then the estimated
rotor position is in the +d-axis. Otherwise, if the stator-side
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(a) Symmetric ac current with dc bias. (b) Asymmetric ac current with dc bias.

TABLE 1
MACHINE PARAMETERS OF THE WRIM MODIFIED TO THE SMIIR

Power 9 [kW]
Poles 6
Nominal Speed 1165 [r/min]
Parameters Voltage 220 [Vimg]
Stator Current 44 [Arms]
Rotor Current 29 [Ams]
DC parameter Rs/Rr 0.112/0.09[ Q]
High-frequency Lls, LIr 0.97 [mH]
parameter
(finj = 500Hz) Lm 14.3 [mH]
ij 25 [Vpeak]
Control parameter
dy G 0.15/0.1[S]

inverter senses —g;y, j-axis peak current, then the estimated rotor
position is in the —d-axis, as shown in Fig. 9(b).

According to the equivalent circuit in Fig. 2, the +g-axis
pulse in the rotor current should be seen as a —g-axis pulse
in the stator current because the current is set as an output in
each inverter. However, in the practical condition, the different
phase sequences such as “abc” and “acb” may change the sign
of the pulse seen in the stator side. The operation principle
of the SMIIR needs only the matched +d-axis between the
stator side and the rotor side, because rotor-side g-axis current
is controlled as null in the fundamental frequency region,
and high-frequency rotor-side g-axis current is controlled as a
negative to stator voltage as in (11) and (12). In other words, the
g-axis current remains the same in the stator-side point of view
regardless of the rotor-side phase sequence. Therefore, match-
ing the +¢-axis between the two inverters is not a concern, and
for convenience of explanation, the +g-axis rotor current pulse
is assumed to be seen as the +¢-axis stator current pulse.

IV. EXPERIMENTAL RESULTS

To figure out the feasibility of the proposed sensorless
method for the SMIIR, experiments have been carried out. The
parameters of the test machine are shown in Table 1. The test

2589

Rotor-side, ©
inverter
3 &

Fig. 11. Experimental results of error information as injection angle changes.
(a) Without virtual saliency; original saliency of the SMIIR. (b) With proposed
virtual resistance saliency.

machine was modified from an off-the-shelf WRIM where the
diameter of the rotor-side inverter is about 20 cm, as shown in
Fig. 10. The experimental setup was the same as in Fig. 1 with
a load machine. The stator was connected to the outside stator
inverter, and the rotor inverter was integrated inside the rotor,
as shown in Fig. 10. There was no communication with the
integrated rotor-side inverter, including the monitoring of the
parameters. That is, only the stator-side inverter was controlled
as the typical permanent-magnet synchronous motors. The
fundamental frequency region is up to 200 Hz, and the high
frequency is 500 Hz.

Fig. 11 shows the experimental results verifying (18). The
actual angle of the injected voltage, i.e., émj, was slowly
changed from —m to 7 as the rotor rotated to confirm the
electrical saliency. As shown in Fig. 11(a), the SMIIR reveals
no physical magnetic saliency for a conventional sensorless
control. The waveforms in Fig. 11(b), i.e., 0;,;, igiws, zgmjs,
and ey, clearly reveal the salient responses. In this experiment,
the intended injection angle, i.e., 0;,;, is set as m/4 and as



2590

i" 18I[A] i
inj! d,-njr

it O e

-r 2 [A]
qzn]

AAANMAM, wumm.m

-8[A] -
8[A] i

A
-8[ A
LPF (i} ) eix
jM:MlM‘JMML*W\ -

1ooms A Goms

(a) (b)

ldmj

LPF(i’ 7 S)
e ent k. . s

Fig. 12. Experiment results of initial d-axis detection at standstill. (a) Esti-
mated d-axis is aligned to the +d-axis. (b) Estimated d-axis is aligned to the
—d-axis.
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Fig. 13. Proposed sensorless speed control with no load. (a) —300 r/min —

300 r/min. (b) O r/min — 300 r/min — O r/min.

mentioned in Section III-B, ér = émj — /4. From the test
results, (18) can be clearly confirmed. € is negative when éinj
is ahead of 0;,;, and € is positive when éinj is behind of
0inj, so the rotor position can be tracked with a simple error
correction controller whose input is €.

Fig. 12 shows the experimental results of an initial
+d-axis detection. The proposed sensorless method settles
down at either +d- or —d-axes depending on the initial condi-
tion. In this experiment, the intended injection angle, i.e., 0;5,;,
is set as zero. The rotor-side inverter controls the dc component
of 77, to build up the field flux and the high-frequency com-
ponent of iy . for the power transfer. Meanwhile, during the
initial angle detectlon period, 77, Qiny is controlled to make pulses
to distinguish the polarity of the d-axis. After initial angle de-
tection, ¢, . is regulated to null in order to reduce the copper
loss. Because zq s has undesired signal noise, LPF (i qmjs)
is used to dlstlngulsh the +d- and —d-axes. Fig. 12(a) and (b)
represents the case when the estimated d-axis is aligned to the
+d- and —d-axes, respectively. By comparing the signs of the
peaks, the +d-axis can be found with the devised initial +d-axis
detection method.

Fig. 13 shows the speed control performance of the proposed
sensorless method. Speed error @Wyp,,, estimated speed Wypm,
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Fig. 14. Step load torque (30% of rated torque) response at standstill speed
control.

angle error 0,., and estimated angle 6, are shown starting from
the top. The proposed sensorless controller regulated speed
from —300 to 300 r/min with no load condition in Fig. 13(a).
During this speed control, the speed error was lower than
15 r/min, whereas the angle error was lower than 0.1 rad,
5.7°, at the peak. The estimated angle varies well according to
the variation of the estimated speed. The proposed sensorless
controller regulated speed from O to 300 r/min and back to
0 r/min at no load condition in Fig. 13(b). During this speed
control, the speed error was lower than 15 r/min, and the error
information was lower than 0.15 rad, 8.6°, at the peak.

Fig. 14 shows the load torque response performance of the
proposed sensorless method. Angle error 0,, estimated angle
6, load torque 77, and stator-side estimated rotor reference
g-axis current zg o are shown starting from the top. The proposed
sensorless controller regulated speed as null, whereas 0.3 p.u.
of the load torque was applied and removed in a step manner.
During this torque response, the angle error was lower than
0.15 rad, 8.6°, at the peak.

V. CONCLUSION

In this paper, a sensorless control method for SMIIR has
been proposed. This method creates a virtual resistance saliency
using the rotor-side inverter for the SMIIR, which does not
have adequate magnetic saliency for the conventional high-
frequency sensorless control. Because this artificially generated
virtual saliency is independent of physical saliency, the saliency
ratio can be arbitrarily set, and the axes of saliency can be
arbitrarily placed.

Based on the proposed virtual resistance saliency, the rotor
position information can be extracted from the relationship be-
tween the high-frequency stator voltage and current, regardless
of the physical machine parameters or operating conditions. Be-
cause the SMIIR inherently injects a high-frequency voltage to
transfer electric power to the rotor-side inverter, there is no need
to inject additional voltage for the high-frequency sensorless
control. Moreover, an initial d-axis detection algorithm using
the artificial asymmetry of the current response by the rotor-
side inverter has been devised.

The proposed method has been verified by an experimental
test with the prototype SMIIR. The error information based
on the virtual resistance saliency, the initial d-axis detection
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algorithm, and the speed control performances under various
operating conditions have been verified. The proposed sensor-
less control method for SMIIR might enhance the applicability
of the SMIIR to industrial fields, such as traction machines for
road vehicles and generators for conventional and renewable
energy systems.
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