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performance is exposed to failure due to the high risk of short circuit (SC)
fault. Although the output current of the resolver is negligible, its thin

copper wires increase the probability of the short circuit fault. To avoid
the propagation of the turn-to-turn SC fault to the whole coil and
undesirable performance of the motion control drive, it is necessary to
diagnose it at the very beginning of its development. Meanwhile, the first
step of diagnosing faults is their modeling. Time stepping finite element
analysis is the most accurate, but computationally expensive method for
modeling the electromagnetic devices. Therefore, it is required to
establish an accurate, yet computationally fast model. In this regard, an
analytical model based on d-q axes theory is proposed to consider
multiple faults, simultaneously. Then, the success of the proposed model
is validated by experimental tests on the studied sensor.
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phase signal windings on the stator. Since the
excitation winding is fed by an AC voltage, a rotary
transformer (RT) can be used for non-contact
transferring of the voltage [4]. In this regard, the
primary coil of the RT is wound on a primary,
stationary core of RT and fed using a high-frequency
voltage. Then, the induced voltage on the secondary
coil that is located on the rotor is used for supplying
the rotor winding. Despite the advantages of RT in
non-contact transferring the voltages, its usage adds
some difficulties such as excessive dimensions of the
sensor, increased phase-shift error, and accuracy
deterioration as a result of RT’s leakage flux linking
i the resolver’s windings [5]. Therefore, some
engineers prefer to use resolvers that have a robust researches propose to omit the individual core of RT

structure due to their similarity to electrical machines. b . 1 dicul h in sl
In fact resolvers are two-ohase svnchronous y grooving a new slot perpendicular to the main slots
n ’ p y of the sensor [5]-[7]-

generators with high-frequency excitation voltage.
They have an excitation winding on the rotor and two-

1. INTRODUCTION

High-efficiency electrical machines are widely used in
electric vehicles and other industrial applications [1]-
[2]. Most of the high-efficiency machines are inverter-
driven ones that their improved performance is
depended on their accurate position estimation. In
this regards, position sensors are employed. The most
common position sensors are optical encoders and
resolvers. Although optical encoders offer higher
accuracy and lower cost, they have undesirable
performance in harsh environments where there are
wide temperature variation, high level of noise, and
vibration [3]-[4]. Therefore, in such applications

Some other researchers try to omit the rotor
winding and consequently their proposed resolvers
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don’t need any RT. They proposed variable reluctance
(VR) resolvers [8]-[15]. VR resolvers have no-winding
on the rotor and the excitation winding is moved to
the stator side. They worked based on the sinusoidal
variation of air-gap’s reluctance. So, the resolvers are
divided into two groups: sinusoidal air-gap length [8]-
[10], and sinusoidal area [10]-[14] resolvers. Although
VR resolvers have simpler structure and lower price
in comparison to WR resolvers, they have some
difficulties in 2-pole applications [15]. Therefore, in 2-
pole applications, WR resolvers are often preferred to
VR types and in the focus of this paper is on WR
resolvers. Although there are different configurations
of WR resolvers include cylindrical resolvers [16],
disk type ones [3]-[8] and linear resolvers [17]-[18],
the most commercial WR resolvers are cylindrical
ones. Furthermore, none of the mentioned researches
referred to electrical faults. However, there is high
risk of short circuit fault in resolvers due to their thin
wires. It worth noting that short circuit fault in other
electrical machines is considered in literature [19].
However, the only manuscripts in this field are [20]-
[23]. Among them [20]-[23] have been done on VR
resolvers using finite element analysis. The only
manuscript that discusses the short circuit fault of
wound rotor resolvers is [23]. In [23] a mathematical
model is proposed for performance evaluation of the
WR resolvers under short circuit fault in stator
windings. It is supposed that there is only one turn to
turn fault in one of the stator windings. While in this
paper that is the extended version of [23], the
mathematical model and the equivalent circuit are
obtained to consider multiple faults, simultaneously.

It should be mentioned that diagnosing turn-to-
turn fault at the very beginning of its development is
necessary to avoid the propagation of the turn-to-turn
SC fault to the whole coil/winding(s) and undesirable
performance of the motion control drive. In this
regard, an accurate but computationally fast model is
required. Although time stepping finite element
method is the most reliable and accurate method for
modeling of electromagnetic sensors, it is time-
consuming and it is not recommended for use in on-
line fault diagnosing/canceling programs. Therefore,
in this paper, an analytical model based on d-q axes
theory is proposed to study the performance of the
WR resolvers. The success of the model is evaluated
by experimental measurements.

2. CONFIGURATION OF THE SENSOR

The studied resolver is a two-pole, cylindrical, WR
resolver. Both the stator and the rotor have made
from a laminated ferromagnetic material. The stator
has 12 slots and the rotor has 16 slots. The schematic
of the studied resolver’s core along with its rotary
transformer is shown in Fig. 1.

12

It should be mentioned that in WR resolvers
usually a perpendicular winding is wound in the rotor
slots along with the excitation winding. It is a short
circuit winding, called damper winding [13]. For the
healthy resolvers with conventional distributed or on-
tooth variable turn windings, using the damper
winding has no significant effect on the performance
and only helps to improve the accuracy of the sensor
under mechanical faults. While, for the resolvers
equipped with the fractional slot or constant turn on-
tooth winding, even in healthy condition using
damper winding helps to suppress the sub-harmonics
and improve the accuracy.

(a) (b)
Figure 1: The schematic of the studied brushless resolver:
(a) The stator and the primary of RT, (b) The rotor and the
secondary of RT.

3. ANALYTICAL MODEL

The schematic of the stator and rotor windings is
shown in Fig. 2. As mentioned earlier, the stator has a
two-phase perpendicular winding that is connected to
the resolver to digital converter (RDC), called sine and
cosine windings. Since the input impedance of the
RDC is significantly high, the current in the signal
windings of the resolver is negligible [4]. Also, the
rotor has a two-phase perpendicular winding: the
excitation winding that is fed by the secondary coil of
RT and a damper winding. Some turn to turn short
circuit faults are assumed on the stator windings,
called SCA1, SCA2, ..., SCAn, and SCB1, SCB2, ..., SCBn .

Figure 2: The schematic of the resolver’s windings.
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The voltage equations of the windings can be
written as:

il =[5 w01+ L ?
il=15 R+l Y

Vscfk =0= Rscfkiscfk + dt 'f
=ABandk=1ton

where R; denotes the stator resistance, R, rotor
resistance, Rsgx short circuit turns’ resistance, i
current, v voltage, and A flux linkage. Subscripts a, and
b denotes phases a, and b, respectively. The
superscripts s, r, and sc refer to stator, rotor, and
short-circuit, respectively. The flux linkages, in the
terms of the winding inductances and currents, for

k=1, 2, ..., n, can be written as:
AS
a?] = i [ie] + Lin 1] @
I
+ Z ( scAkLmS [ scak ] + kschLms [Isch )
k=1

il =[]+ ]
(5)
+ (LrscAk oni LrschISCBk)

k=1

is
AscAk = [ SCAks [ig] + [ ScAkr [i:]
(6)

n
SCAKscAj
P e,
j=1

L'b] 4 [SCBkr [:] o

SCBkscBj
Py pnsanr
j=1

where the submatrices of the stator-to-stator, and
rotor-to-rotor, winding inductances are:

— JSCBks
Asch =L [

— [ asas Lasbs] — [Lls + Lms 0 (8)
ab Lasbs Lbsbs 0 Lls + Lms
T Larar Larbr] — [Llr + Lmr 0 (9)
ab Lbrar Lbrbr 0 Llr + Lmr

st cos @, —sinb,
b = Lsr [sin@r cos 6, (10)
LscAkr
= LscAkr [Cos(escAk - er) Sin(gscAk - gr)] (11)
Lschr
= Lschr [Cos(esch - 91‘) Sin(gsch - e‘r)] (12)
LSCAkS = LscAks [COS(QSCAk) Sin(gscAk)] (13)
LSCBkS = Lschs [COS(QSCBR) Sin(esch)] [14)
and for k, j=1 to n:
; Necar\ (Nsca
o = () (%), 1.1,
= (KscAk X scA])Lms (15)
; N N
poenwsen = (o) ( jVCB’) (Lis + Lmg)
s
( ScBk scBJ)Lms (16)

where L;s is the per phase stator winding leakage
inductance, L is the per phase rotor winding leakage
inductance, Lus is the mutual inductance between the
stator windings, Ly is the mutual inductance between
the rotor windings, Ly is the peak value of the stator-
to-rotor mutual inductance and Lgckr/Lscks are the value
of the short circuit-to-rotor/stator = mutual
inductances. It should be mentioned that considering
k=j in (15) and (16) gives the short turns-to-short
turns winding inductances.

Neglecting MMF drops in ferromagnetic parts, the
inductances can be re-written as:

_ _ NscAk _
LscAkr - scAkNrPg - N N N P - kscAkLsr (17)
ScBk
Lgcprr = NycpiNo Py = N NsNrPg = kschLsr (18)
s
N Ak
Lcaks = scAstPg = ;;s NstPg (19)
= KscanLms
Bk
Lgcprs = schNng = 1\;5 NstPg 20)
= KycpiLms

Then, to facilitate the computation of the transient
solution of the resolver, it is required to transfer the
differential equations with time-varying inductances
to differential equations with constant inductances. In
this regards, d-q mathematical transformation is used.
The transformation matrix and its invers are:

and those of mutual inductances, for k=1, 2, ..., n, are
defined.as:
J. Elec. Comput."Eng. Innov. 2019, Vol. 7, No. 1, pp. 11-18, DOI: 10.22061/JECEI.2019.5558.237 13

www.manaraa.com



Hamed Lasjerdi et al.

—sin6,

_ [cos 8,

[Taa] = [siner cos 6, (21)
-1_[cosB, sind,

[Ta] = [—sin@r cos 6, (22)

Then, the equations can be written in stationary
reference frame. Furthermore, the rotor and the short
circuit quantities should be referred to the stator side.
Finally, the stator and rotor voltage equations can be
written as:

o] = =[] + ] @3)
i) = G e+ e 5
ol ] .
where
8- w81 ]
(7 ) =+ )
(26)

= (G )+ i+ ]+
(L B P | R e

For the voltage equation of short-circuit winding,
considering f=4, and B, and k=1, 2, .., n, Eq. (3) can be
rewritten as:

_ COS(Hscfk) R i + d/lscfk (27)
= Sin(gscfk) scfktscfk dt
Considering the transformation matrix of:
(28)

[ dSkal _ [COS(Hscfk)

qucfk h Sin(escfk)

]fscfk

where f can be voltage, current, or flux linkage, the
voltage of (27), after referring to the stator side can be
written as:

I d X 29
0= scAk [ SCAk] + Ekschk [ S(;Ak ( )
0= [ ] [ 0 (30)

= Rocni scBk dt SCBk A scBk
where
[A’scAk = [/1:1'1] (31)
0 0
14

0] = 2] >
A’sch Azn
Those equations can be used to draw an equivalent

circuit for the resolver. In this regards, substituting
(31) and (32), into [29) and (30), will result:

I’scAk Am (33)
Rs [ 0 ] scAk dt [ ]
0 (34)
R, —k —[ ]
s [1 scBK scBk dt /1271
Furthermore, since the stator currents are

negligible, the voltage drop on the stator windings’
resistance and leakage inductance is almost zero.
Therefore, substituting (25) into (22), will result in:

A (34)
de (A7 lvg
Then, substituting (35), into (33) and (34):

, _k Ak 35
IscAk = RS: U; ( )
' _ ksch s (36)
1 SscBk — R q

S

Then, the d-q equivalent circuit of the resolver
under short circuit fault can be given as shown in Figs.
3-a, and 3-b. After simplifying the parallel branches,
the simplified d-q circuit of Figs. 3-c, and 3-d is
obtained.

The mentioned equations are employed in
MATLAB/SIMULINK to analysis the performance of
the sensor. The output voltages of SIMULINK are used
to calculate the position error of the resolver. In this
regard, Hilbert transform is used to obtain the
envelope of the voltages [4]. Then, inverse tangent
method is used for calculating the position. Comparing
that position with the reference position leads to
position error of the sensor. Fig. 4 shows the block
diagram of the simulation.

The analog voltages of the health resolver obtained
from the SIMULINK are presented in Fig. 5-a. After
using Hilbert transform the envelope of the signals is
obtained [4]. The envelope of the sine voltage versus
that of cosine voltage is presented in Fig. 5-b. Then,
harmonic content of the envelopes can be calculated.
Total harmonic distortion (THD) of envelopes,
maximum position error (MPE) and the average of
absolute position error (AAPE) for the health resolver
are 0.0531%, 0.2465°, and 0.0129°, respectively. It
should be mentioned that the computation time
required for one mechanical rotation of the rotor,
using Intel® Core™i7-6500U CPU@2.50 GHz, is about
one second. Therefore, the proposed analytical model
can be employed in the on-line fault detection
algorithms or design and optimization of the sensor.
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Figure 3: The equivalent circuit of the studied WR resolver
under short circuit fault: (a) d-axis equivalent circuit, (b) g-
axis equivalent circuit, (c) Simplified equivalent circuit of d-
axis, and (d) Simplified equivalent circuit of q-axis.

The simulations are divided into two groups. In the
first group, four independent short circuit faults are
simulated. In the first simulation, called SC-1, the fault
is considered on the cosine coil with maximum
number of turns, where 1/16 of the turn numbers are
shorted. In SC-2, 1/14 of the turns of cosine winding
are shorted. In SC-3, and SC-4, 1/16 and 1/8 of the
turn of sine winding are assumed to be short circuit,
respectively. The second group that is referred to
simultaneous faults consisted of three simulations. In
SC-5, 1/16 of the turn numbers of both sine and
cosine coils with maximum number of turns is
considered.

[

iy = cos 8, i, —sin 6, i}
lS(‘Ak

lseai

——— i ir
p iy =sin®, iy + cos 0, i}
N

Hilbert Transform gy Vscar | T scpre
Calculating the 1
3(’? ('{ ‘r’sr:Ak
envelope of [lm]:Lm( p +.z [ < ]
voltages v ‘f i1 =
o)
+|
[rolD
envelope of v, vy d [}
6, =tan™t —————~ =—[ ]
[’ an envelopeofv,,j vl delAg

Figure 4: The block-diagram of the simulation.
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Figure 5: The results of the healthy sensor obtained from
the proposed model: (a) Analogue voltages, (b) The
envelope of sine voltage versus that of cosine voltage.

In the second simulation, SC-6, two short circuit
faults (1/12 turn number on the coils with 130 turn
number) on sine winding is considered. The last
simulation is referred to two faults on the sine
windings (1/16 turn short circuit on the cosine tooth
of 150 turn number, and 1/8 turn on the coil with 75
turn number).

Harmonic contents of the sine and cosine voltages’
envelope for the health resolver along with those for
different independent fault conditions are presented
in Figs. 6-a, and 6-b, respectively. Those results for the
simultaneous faults are given in Figs. 6-c, and 6-d,
respectively. It can be seen that the harmonic levels
are increased under short circuit fault condition.
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Figure 6: The harmonic content of the voltages’ envelope:
(a) for the sine voltage (independent faults), (b) for the
cosine voltage (independent faults), (c) for the sine voltage
(simultaneous faults), and (d) for the cosine voltage
(simultaneous faults).

Figs. 7-a through 7-c show the variation of
envelopes’ THD, MPE, and AAPE under the different
scenarios of short circuit faults using the proposed
analytical model, respectively. Considering the results
of THD and the AAPE, it seems that simultaneous
short circuit faults have more destructive effect on the
performance of the resolver. However, it should be
mentioned that the most reliable index for
performance evaluation of resolvers is AAPE. Because
THD is not sensitive to the harmonic orders while
position error is. Finally, it can_be concluded that the

16

performance of the sensor is significantly deteriorated
under different short circuit faults. Therefore, it is
required to diagnose the fault occurrence before its
propagation to whole winding or wundesirable
performance of the drive system.
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Figure 7: The performance of the studied resolver under

different fault conditions: (a) THD of envelopes, (b) MPE,
and (c) AAPE.

4. EXPERIMENTAL EVALUATION

To evaluate the results of the proposed analytical
model, an experimental test is carried out. The
experimental test circuit is shown in Fig. 8-a. It can be
seen that a DC motor is used to rotate the resolver
with 300 rpm. The 4 kHz excitation voltage is built
using a digitally synthesized function generator with
the resolution of 0.1 Hz and the output signals are
captured and saved using a digital oscilloscope. The
output voltages are presented in Fig. 8-b. Those
voltages are imported to the MATLAB to use Hilbert
transform for calculating position error. Comparing
the results of the experimental test with those of
simulations indicates an acceptable agreement.
However, the experimental position error is higher
than that of simulation. To explain this difference,
some points should be considered. The effect of rotary
transformer is not considered in the simulations. So,
for more agreement of results, it is required to model
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the rotary transformer as well as the resolver.
Furthermore, the non-linear behavior of the
magnetizing core of the resolver is not taken into
account. Although the operating point of resolvers is
far from the saturation region [4], it may be stuck in
the non-linear area of the beginning of the
magnetizing curve. The other reason for difference
between the results is using inaccurate parameters in
d-q model. So, authors plan to conduct some more
research on parameter identification of the resolver
and improve the model by taking the RT and the non-
linear magnetization curve of the ferromagnetic core
into account.

\ g
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(b)
Figure 8: The experimental evaluation: (a) The test circuit,
(b) The measured voltages.

5. CONCLUSION

Although the current of signal windings of the
resolver is almost negligible, since their employed
wire is very thin, there is high possibility of short
circuit fault in signal windings. Therefore, in this
paper a comprehensive mathematical model based on
d-q axes theory was proposed to evaluate the
performance of cylindrical, wound rotor resolvers
under short circuit fault. Different amount/number of
faults, even turn to turn short circuit faults, could be
simulated using the proposed model, independently
and simultaneously. Furthermore, the proposed
model was fast enough to be integrated into an on-line
fault detection algorithm. The simulations of the
proposed model were done in MATLAB-SIMULINK

and the Hilbert transform was used to decouple the
excitation voltage. Then, the envelope of the AM
voltages was used for calculating the position error.
The results of the model were evaluated by comparing
them with those of experimental measurement.

NOMENCLATURE
Ap/vip/ion Flux linkages/voltages/currents of the stator
s s us Flux linkages/voltages/currents of the stator in dq
dq/vdq/"dq
Reference frame
Ao /Vep /oy Flux linkages/voltages/currents of the rotor
. Flux linkages/voltages/currents of the rotor in dq
dq/vdq/"dq .
Reference frame referred to the stator side
Lscar/lscrj The current of kt short circuit on phase A/B

The current of kth short circuit referred to the stator
Side on phase A/B
The flux linkages of kth short circuit referred to the

r r
IscAk/I SCBk

A A
seae/ X sco stator side on phase A/B
A A Leakage flux of the stator/rotor winding
[qu] d-q transformation matrix
0, Rotor position
Rs/R, Stator/rotor resistance
Rscar/Rseare k™ short circuit resistance on phase A/B
b Matrices of stator-to-stator inductances
o Matrices of rotor-to-rotor inductances
o Matrices of mutual inductances stator-to-rotor
Lscaksca Matrices of inductances kt short circuit in phase A
to jth short circuit in phase A
LscBisca] Matrices of inductances kt short circuit in phase B
to jth short circuit in phase B
[scakr /pscBkr Matrices of mutual inductances kt short circuit in
phase A/B to the rotor
The mutual inductance between the stator/rotor
Lms/Lmr P B
windings
Lis/Ly The leakage inductance of stator/rotor winding
L The peak value of the mutual inductance stator-to-
T rotor
L /L The peak value of mutual inductances of the kt
scAkr/=ScBKT short circuit in phase A/B to rotor
L /L Value of the kt short circuit in phase A/B to stator
scAks/ZseBks  mutual inductances
Ng/N, Stator/rotor turn numbers
Nicgie/Nseare kt short circuit on phase A/B turn numbers
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