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Abstract— In this paper, the torque ripple of an induction motor
due to dc injection for the stator resistance estimation is analyzed.
In the analysis, the fundamental component of rotor flux is used
for rotor flux orientation to avoid the perturbation issue in
synchronous reference speed. On the synchronous reference frame,
flux and torque fluctuation due to injected dc and arbitrary 2"
harmonic current is calculated. Furthermore, the current
reference that nullifies the fundamental frequency torque ripple in
the whole operating condition is proposed. An integral-based
average filter is applied to extract dc signals in phase voltage and
current. Simulations and experiments are carried out to verify the
performance of the proposed methods.

Index Terms— Induction motors, dc signal injection, sensorless
control, stator resistance estimation, torque ripple reduction.

NOMENCLATURE
- Iy, Current vector at the stationary reference
das . frame.
i = I Current vector at the estimated
das 55 synchronous reference frame.
2 = Air Rotor flux vector at the estimated
dar ,1; synchronous reference frame.
A() Ripple component.
O Reference value.
@) Estimated value.
R Stator resistance.
R, Rotor resistance.
Ly Magnetizing inductance.
oL Stator transient inductance.
&=L/ R, Rotor time constant.
We Synchronous speed.
Wyl Slip speed.

[. INTRODUCTION

HE estimation of stator resistance of an induction motor

(IM) is important for improving stability and torque
accuracy in sensorless control, and also can be used for thermal
monitoring of the stator winding. Especially in sensorless drives,
the accuracy of stator resistance information directly affects
control performance in the low-speed region because the
current model, which is an alternative to the voltage model, is
not available in that region due to the lack of speed sensor [1].
Since the stator resistance varies considerably according to the

load and environmental conditions, the online estimation
method for the stator resistance is essential in sensorless drives
not only to enhance control accuracy but also to keep the
stability of the control system [2].

There are two main categories in the online estimation of the
stator resistance. One is the methods using model reference
adaptive system (MRAS), which exploit the rank redundancy
of IM model equations [2]-[5]. On the other hand, the stator
resistance also can be estimated by injecting dc in the stationary
reference frame during operation [6]-[13]. If the dc injection
method is applied, the rank redundancy of IM model could be
used for other parameter estimation [14]-[16].

However, the application of dc injection method has been
limited to the thermal monitoring, and it has not been applied
for control purposes due to the large torque ripple from the
injected current. When the only dc current is injected in the
stationary reference frame, the synchronous g-axis current
fluctuates and torque ripple occurs inevitably.

To mitigate this torque ripple, the additional 2" order
harmonic current injection method was proposed [6]-[8]. In [6]
and [7], the 2" order harmonic current nullifies the synchronous
g-axis current ripple while maintains the magnitude of injected
dc current. Thanks to the low-pass filtering effect by the rotor
circuit of IM, the injected synchronous d-axis current induces
little flux fluctuation in the mid- and high-speed region. Thus,
the torque ripple could be significantly reduced in these speed
regions compared to the case where only dc is injected.

However, the accuracy of stator resistance is crucial for
control performance in the low-speed region, where the d-axis
current fluctuation is not filtered sufficiently. The remaining d-
axis current fluctuation causes large flux and torque ripples at
low speed. In addition, this torque ripple would result in speed
fluctuation, which makes sensorless control more difficult.
Furthermore, the large flux ripple can cause the perturbation in
synchronous speed in the low-speed region. The ripple in the
synchronous speed can deteriorate the current control
performance and the injection of dc current itself would also be
distorted.

Instead of nullifying g-axis current ripple, a method of
injecting dc and 2™ order harmonic current along the constant
torque curve was proposed [8]. It can significantly reduce the
torque ripple in the whole speed region. However, its
applications are limited to the permanent-magnet synchronous
motors (PMSMs), not IMs.

Since dc and 2™ order harmonic currents fluctuate on the



synchronous reference frame, the current regulator should
provide the high bandwidth enough to control the fluctuating
current without delay. To achieve this in the high-speed region,
the proportional-resonant current controller has been adopted
[9].

In dc injection, the extraction of dc signal is also important.
Various extraction methods have been researched. To obtain
precise phase voltage information from voltage reference, the
compensation methods of the inverter non-linearity effect in dc
signal injection were proposed [10], [11], instead of installing
an additional voltage sensing circuit [9], [12]. To extract dc
signal from phase voltage and current, notch/low-pass filter on
the synchronous reference frame was used [9], [11]. Meanwhile,
F. Baneira et al. [13] analyzed the synchronous speed
fluctuation due to dc injection in low-inertia applications, and
proposed dc signal extraction filter on the stationary reference
frame.

However, most conventional dc extraction methods are not
applicable in the low-speed region. In the low-speed region, the
operating frequency components and dc signal are not separated
enough in the frequency domain. Thus, the conventional dc
extraction methods using frequency-based linear filters cannot
sufficiently segregate the dc signal from the operating
frequency components.

Unlike [6] and [7], which neglected the flux ripple due to the
injected current, this paper analyzes the torque ripple
considering the flux fluctuation generated by an arbitrary dc and
2" harmonic current injection. Through the analysis, the
optimal current injection trajectory minimizing the torque
ripple due to the current injection is proposed. The proposed
method is applicable for the whole operating condition and is
effective, especially in the low-speed region. Besides, to inject
dc as much as desired under large flux ripples, the fundamental
flux-oriented control is proposed. Furthermore, the dc signal
information is extracted using an angle-based synchronized
filter, instead of the frequency-based linear filters [9], [11], [13],
which are vulnerable to the low operating frequency. By
reducing the torque ripple with the proposed methods, dc
injection method can be applied to IM sensorless drive even in
the low-speed region to improve torque accuracy and control
stability without much penalty on torque ripple.

In addition to the previous work [17], this paper provides the
following improvements.

1) Detailed mathematical analysis of the proposed method.

2) dc signal extraction method in the low-speed region.

3) Simulation and experimental results at various operating

conditions.

II. DC AND 2> HARMONIC CURRENT INJECTION

It is well known that the stator resistance can be estimated by
injecting dc signal into IM [6]-[13]. When an additional current
is injected into the motor, the current reference can be expressed
as

iedqs’r = Iqu* + Ai?iqs* : (1)

If’;qs* denotes the fundamental current at the estimated
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Fig. 1. Conventional dc and 2™ harmonic current injection.

synchronous reference frame, which generates average flux and
torque. Aifiqs represents the injected current for stator
resistance estimation at the estimated synchronous reference
frame.

When the dc current with the magnitude of Incu," is injected
to the stationary d-axis, the injected current reference can be
represented as

R S/ R
Aifiqs = l* =| P . (2)
Al 0

qs
By calculating the ratio between dc components of stationary d-
axis voltage reference and injected current for one electrical
period, 7, the stator resistance can be estimated by

R :(L_[Tv“dt)/(ijri”dt) 3)
s TJo ds T Jo ds .
Since the current is regulated on the estimated synchronous

reference frame, the current reference in (2) can be converted to
the one at the estimated synchronous reference frame as follows

by multiplying the rotation matrix, R(—H;) .
. AL e . |cos(d)
Aldqs = R(_He)'Aldqs = IDCIn/‘ : oA
—sin(6,)

Injected current in (4) contains synchronous d- and g-axis
injected currents, Aii" and Aif", which fluctuate with the

“4)

synchronous speed, @.. In the high-speed region, A" is
filtered out through the rotor circuit of IM, and d-axis flux
fluctuation, A/ij,, , can be neglected. However, in the low-speed

region, A4, dueto Ai%’ has anon-negligible effect on vector

control. If the conventional rotor flux-oriented vector control is
applied, w. would also fluctuate [13]. This fluctuating
synchronous frame deteriorates the current control performance,
and actual injected current may differ from (4). Hence, this
paper proposes fundamental rotor flux orientation (FRFO),
which synchronizes the reference frame to the fundamental
component of rotor flux. FRFO allows the synchronous speed
to be kept as the average speed of rotating flux. The detailed
implementation method for FRFO is described in chapter IV.
Meanwhile, the injected current in (4) can generate torque
ripple in the whole operating region due to the torque
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(a) dc injection w/o 2™ harmonic. (b) d-axis injection (Conventional dc and 2" harmonic injection). (c) Tilted axis injection. (d) Injection with tilted ellipse.

component current fluctuation, Ai’". Furthermore, AZ; at

low speed also generates torque ripple. To mitigate these torque
ripples, dc and 2™ harmonic current injection methods have
been proposed [6]-[7]. Both stationary dc and 2" harmonic
currents are expressed in terms of the fundamental frequency
components on the synchronous reference frame, where dc is
the negative sequence, and 2" harmonic is the positive
sequence. Therefore, a proper 2™ harmonic current injection
can reduce the torque ripple due to the dc injection, while
maintaining the magnitude of dc current. Ref. [7] injected 2™
harmonic current with the same magnitude of dc to nullify Aijs* ,

as shown in Fig. 1. Then the current reference at the estimated
synchronous reference frame can be derived as

P .| cos(d,) .| cos(d,)
Aldqs :IDCIry' . oA oChj | . oA
—sin(6,) sin(6,)
DCinjection 2™ harmonic injection
. cos(é)
=200, {0 ¢ } )

Because A’ is nullified and Ai§" does not cause AZ; inthe

mid- and high-speed regions, torque ripple would be
significantly reduced except for the low-speed region. In
contrast, Ai$" is doubled compared to the dc injection in (4).

Since AA; also would be doubled, still large torque ripple

would be generated in the low-speed region.

In this paper, the current injection method minimizing the
torque ripple is proposed. The flux and torque fluctuation due
to dc and 2™ harmonic currents with arbitrary phase and
magnitude are calculated, and the current reference minimizing
the torque ripple is deduced.

A current reference including dc and arbitrary 2" harmonic
current can be represented as

AL cos(0, = )
AI;S cos(d, —ﬂq)
As IM satisfies the symmetry regardless of current injection
angle, d-axis injection phase offset, 4, can be set to zero for

simplicity without loss of generality. Then (6) can be rewritten
as

Aié T =

dgs

(6)

AiSy = Al c08(6,) + AL, sin(d,) (7)
where
cL AL )
AIE s,cos e * . 8
4 Al cos ( ﬂq )
.. 10
AI; s,sin = e* . (9)
E AL sin ( B, )
In (7), ALy, and Al " are the magnitude of cosine and

sine components on d- and g-axis at FRFO, respectively. Fig.
2(a)-(d) show various cases of dc and 2" harmonic injection
trajectory, and each case can be expressed with (7). For
example, Fig. 2(a) is the dc current injection and can be
expressed as

AL | [|A]
AL | =[] A1] (10)
/j’q —/2

The conventional dc and 2™ harmonic current injection is
shown in Fig. 2(b), which is the case where A" is set to null.

Likewise, when f, is zero, the current injection forms a
trajectory as in Fig. 2(c). Fig. 2(d) shows the most generalized
case of arbitrary dc and 2" harmonic current injection.

The magnitude of injected dc current and its torque ripple can
be decided by the values of Aij", Ail", and f3,. The injected

s " can be

dc current at the stationary reference frame, I, ¢ »

formulated as
AIL" —AI " sin( B
« 2 A /s s
IflquC :LJ‘ Ai, d@:l ‘ ! ( q)
’ 2rJ0

(11
2

Meanwhile, a certain level of injected dc current should be
guaranteed to secure enough signal-to-noise ratio (SNR)
considering inverter non-linearity or sensing errors in voltage
and current measurements. Therefore, in this paper, torque
ripple is compared under the condition of the same magnitude
of the injected dc current for fair comparison between various
methods.
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Fig. 3. Inverse-I" model of IM
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Fig. 4. Graph of M and N according to w, and 7.
(a) T=—1.0 pu. (b) 7. =—0.5 pu. (¢) T, =0 pu. (d) 7. =0.5 pu. (e) 7. =1.0 pu.

III. Ry ESTIMATION WITH REDUCED TORQUE RIPPLE

A. Flux and Torque Ripple due to Current Injection

The inverse-I" model of IM is shown in Fig. 3, and its rotor
flux equation can be expressed as
4
dt
In (12), 7. stands for rotor time constant, L,, for magnetizing

é
)\‘dqr

=L,iy, —(I+J37,0,)h,, - (12)

z-r dgs r sl

inductance, wgy for slip frequency, I for [(1) (ﬂ , and J for

[(1) _01} . If the current reference of (7) is injected, the

differential equation (12) would result in the following form of
the solution in the steady state.
A, = AL +AAS . cos(0,)+ AN

dqr dqr dqr,cos dgr,sin Sin(ee) . (13)
Eq. (13) can be segregated into three components; one for

average flux, A®

dqr °
AAS

dgr,cos °

AAE

dqr,sin °

one for a coefficient vector of cosine term,

and one for a coefficient vector of sine term,

TABLE I. MOTOR PARAMETERS.

Rated power 3.7 kW
Rated frequency 60 Hz
Rated current 14 Arms
Rated line to line voltage 220 Vims
Stator resistance(R;) 0.5 Q
Mutual inductance(L,,) 60 mH
Rotor time constant(z,) 0.2 s
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Fig. 5. Graph of 6y, Oy, and 6,+y according to w, and 7.
(a) 7=—1.0 pu. (b) 7. =—0.5 pu. (c¢) 7. =0 pu. (d) 7. =0.5 pu. (e) 7.=1.0 pu.

Since the steady state and FRFO are assumed, w. can be
treated as constant and the following equation can be obtained.

d cos(ée) | . sin(ée)

dt sin(ée) o, cos(ég) .
Applying (13) and (14) to (12), the flux ripple, in the steady
state, can be calculated as

|:Aj,} NAIZ* cos(ée -0,)
= + . .
0 MAI cos(6, +6,,)

(14

+ALE

dqr

=A¢

dqr

;\’é

dqr

+[—MAIW cos(d, - B, +9M)} 15)

NAI;_* cos(éﬁ -B,-06y)
where
M=L —f——. (16)

(17

2L (18)



tan 6, —f;é - (19)

The detailed process to get (15)-(19) is described in APPENDIX.
In (16)-(19), f'stands for z.w., and g for 7,wy. Therefore, fand g
would correspond to operating speed and torque, respectively.
The graphs of M, N, 6y, and Oy are shown in Fig. 4 and Fig. 5
for the IM with the nominal parameters listed in TABLE L. In Fig.
5, Oy denotes G+ On. M, N, Oy, and Oy have symmetry on the
positive and negative wy. N and Oy are the self-inductance and
its phase shift from A%’ and AI;S* to AA’, and AA; ,
respectively. M and 6y are the cross-coupling inductance and
its phase shift from Al and AI;S* to AA; and AA°, ,

respectively.

Observing (16), M is null when wy; is zero, and it can be noted
that there is no cross-coupling term at the no-load condition.
However, even if there is an only d-axis current injection in the
loaded condition, both d- and g-axis fluxes would fluctuate
because of the presence of M. Besides, since M and N converge
to null as w, increases, the flux ripple due to current injection
decreases as the speed increases.

Based on the calculated flux in (15) and the current reference
in (7), the output torque can be calculated as follows:

Te(é(,) (z;, i~ 200 ) =T, +AT,, +AT,,, (20)
where

T =2 AL @

AT, (0.)= 35 (AZLIE + ALAL —AALLS) . (22)

AT, (6, ) (Me AL~ AZEAL) . (23)

T avg stands for the average torque, A7, .. for the torque ripple
fluctuating with ., and AT, 2, for that fluctuating with 2"
harmonic frequency, 2w.. AT, .. consists of the products of the
ripple variables, and AT, .. comes from the product of an
average variable and a ripple variable. Since the flux and
current ripples are smaller than their average values,
AT, we>>AT. 20e can be satisfied.

B. Torque Ripple in Conventional Methods

The torque ripples in conventional methods can be calculated
from (20)-(23). For dc injection method (conventional method
1) and conventional dc and 2" harmonic injection method
(conventional method 2), the magnitudes of AT... can be
deduced as (24) and (25).
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Fig. 6. Torque ripple in conventional methods.
(a) Conventional method 1. (b) Conventional method 2.

The approximations in (24) and (25) are based on the property
of Oy+n, which is
7

M+N

=atan2(f,-1)= 7 /2 (26)

Fig. 6(a) and (b) demonstrates the
calculated torque ripples in conventional method 1 and 2
according to rotor speed and output torque when the injected dc
current is 0.1 pu, respectively. As shown in (24) and Fig. 6(a),
LI'T

ds ~ DC Inj

where =70, >>1.

* . . . .
remains even in the mid-speed region and the

torque ripple does not decrease in conventional method 1. In the
case of conventional method 2, the torque ripple converges to
zero in the mid-speed region, as shown in (25) and Fig. 6(b).
However, in the low-speed region, torque ripple does not vanish
at the loaded conditions, where M #0 and Ijs* +0.

C. Proposed Current Injection Method
AL

and
gs
B4, while desired dc current is injected simultaneously. By
applying (15) to (22), AT, e can be expressed as

3P(

AT, can be nullified by selecting proper Al .

AT,

v, AIE L Ie* cos(él -B)- AIjS*MIj: cos(éﬁ +6,,)
—AIL"MI cos(0, - B, +6,)) + Al NI cos(6, —6,)
~AIL" NI cos(d, - B, - 6,)). 27
Since ATewe is a linear combination of cos( é ) and sin( é ),

ATewe and AT . we cannot be zero at the same time for any 9

except when AT, ,.=0 for all 49(,. Therefore, AT, can be

nullified for all4,,
satisfied.

if and only if the following equations are

ATz =¥IDCW*\/((N + M sin(0,,,)) 15 ~M cos(0y,, )5 ) +(M cos(8y, )IE ~(L, + N —Msin(0,,,)) 1)
< o0 g (v o1
|A o eomen :3TP2 petn \/(NIE* MP*COS(QMw)) (Mlj: Sin(‘9M+N))2 z-’ZTPZIDCW* (NI::)Z +(M15: )2 . (25)
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By solving (28) and (29), Alqi* and f, nullifying the torque

ripple for a Al can be obtained as follows:

qa—qbcos(9M+N)+pbsin(9M+N)] (30)

=6, t
Z N+aan[pa—qbsin(9M+N)—pbcos(6M+N)

and
e a b
Al :——cos(ﬁq—HN)+—cos(ﬁq+6’M) 3D
p p
where
a=AIS'NI . (32)
b=AI"MIS. (33)
p=L,I;" NI} cos(6,)-MI, cos(6,). (34)
q = NI sin(6,)—MI. sin(6,,) . (35)

AI;; and S, obtained from (30) and (31) for the IM under study

are depicted in Fig. 7. AIS’ is set to 20% of the rated current.
In Fig. 7(a), Alqés* is close to null at no load and in the high-
speed condition. In Fig. 7(b), 5, is close to -90° for motoring
mode, and 90° for regenerating mode regardless of the
operating speed above 5% of the rated speed.

By substituting A" and g, for (11), the injected dc current,

[S

ds,DC >

and Fig. 8, followings can be figured out.

can be calculated as shown in Fig. 8. Observing Fig. 7

1) I}, ¢ is reduced in the regenerating mode if AIS" is set

to constant, and it increases in the motoring mode.
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Fig. 11. Block diagram of dc signal extraction method.

2) Most of the injected dc current is on d-axis at the stationary
reference frame, since cos(f,)~0.
Therefore, to keep I ,. constant, AI% should be changed

according to speed and load conditions. To achieve constant
I3, pc » @ simple dc current controller can be designed as shown

in Fig. 9. It calculates the injected dc current and adjusts AI;:

to obtain the desired magnitude of dc current to be injected.

Fig. 10 depicts the trajectories of injected current on the
synchronous reference frame for various speed and load
conditions. In the high-speed region, the current trajectory
coincides with that of Fig. 2(b) which does not inject g-axis
current. On the contrary, the trajectory minimizing the torque
ripple converges to the tangent line of the constant torque loci
in the very low-speed region, as shown in Fig. 10(a).

D. DC Signal Extraction Method in the Low-Speed Region

Another obstacle to dc injection in the low-speed region is dc
signal extraction. Most existing dc signal extraction methods
are constructed with IIR low-pass and notch filters under the
assumption that dc signal and operating frequency are far
enough in the frequency band. However, it is hard to segregate



” .,

* Injected current

H H

H .

o, :

opem reference calc. :

) e ¢ - . PWM
e Ie * ‘ le vg vs N )
ds,Rutfd—P Current dos ) E: dgs | Current |['das ) dos | dq IV, | inverter

T, —> reference calc. controller - ¢ | /abe >
A T " .
i N i 3
L R(-0,) 1 <
abc

M

Aifiqs \A 4

[ AS

1 Ay abs Aggr )“:qr | Flux [«
E observer |«
Poo AR =1
: b dqr | Flux ripple (€
:4— atan2 calc.

{

R; estimation & fundamental rotor flux orientation

R
R < estimation
s

Torque
transducer

-.,A.;w-*. 'm--

Fig. 13. Experimental setup.

the operating frequency and dc signal with linear filters in the
low-speed region. Therefore, to extract dc component from
phase current and voltage reference, this paper proposes a
nonlinear dc extraction method using an average filter reset at
every rotation period.

Fig. 11 shows the block diagram of the proposed dc signal
extraction method. The key part consists of two simple blocks;
an average filter and a sample and holder. First, every rotation

period is known from ég . For every rotation period, the average

filter integrates the current and voltage values, and they are
sampled by the sample and holder. The estimated stator

resistance, ﬁs , can be obtained by dividing sampled voltage

and current.

It is noticeable that an error in the rotation period would
deteriorate the performance of the proposed extraction method.
Therefore, FRFO is essential to avoid fluctuation in measuring
the rotational period of IM. Besides, a low-pass filter is added
before the integration to attenuate the effect of non-dc
components which would be at the operating and 2" harmonic
frequency.

IV. SIMULATION & EXPERIMENTAL RESULTS

A. Implementation

Fig. 12 shows the block diagram of the proposed dc injection
method on FRFO. The sensorless flux observer is constructed
by the method in [18], which estimates the instantaneous rotor

flux on the stationary frame, A The flux ripple due to

dqr *

injected current in (30) and (31), AA;

5

aqr » 18 calculated. The

fundamental rotor flux, A

* from A’

dqr

ar » 18 obtained by subtracting
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Fig. 14. dc current injection at @,=0.1pu (Simulation results).
(a) Conventional method 1. (b) Conventional method 2. (¢) Proposed method.
The algorithm of Fig. 12 is implemented on simulation and
through the experimental setup. The current control bandwidth
is set to 300 Hz to regulate the injected current without delay.
For the verification of the proposed method, torque ripples are
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compared in conventional methods and proposed method. IM
in TABLE I, shown in Fig. 13, is used for the experimental
verification. In the experiments, a torque sensor is used to
measure the output torque ripple. The magnitude of injected dc
current is set to 10% of rated current in all methods.

B. Simulation Results

Fig. 14 shows the simulation results at 10% of rated speed.
Load torque is varied from -1pu to 1pu, injecting dc current
simultaneously. In Fig. 14(a), the torque ripple is considerable
regardless of load condition. In Fig. 14(b), since the g-axis
current injection is removed, the torque ripple in light load
condition is reduced near to null. However, the torque ripple
appears in loaded condition and the magnitude of torque ripple
increases to around 9% of rated torque in the full regenerative
load. These results correspond to Fig. 6. However, with the
proposed method, the torque ripple is reduced conspicuously
regardless of the same magnitude of the injected dc current to
conventional method 2. As discussed in chapter IILA,
remaining torque ripple with 2" order harmonic, AT, e, is
much smaller than AT, ..

R, estimation error under load changes is depicted in Fig. 15

to verify the effectiveness of the proposed dc extraction method.

The extraction method in [11], which is based on the frequency-
based linear filter, is implemented for the comparison. The
proposed dc injection method in Fig. 14(c) is applied to both
extraction methods. For the fair comparison, the bandwidth of
the low-pass filters has been set to 0.25 Hz for both cases in

calculating Rv . In Fig. 15, the proposed extraction method

shows better dynamics under load change than the conventional
linear filter, which has severe transient errors.

C. Experimental Results

Fig. 16 shows the experimental results corresponding to the
simulation results. The magnitude of injected dc current is well-
regulated around 10% of rated current in all three methods, and
the magnitudes of torque ripple are very similar to those of the
simulation results. The maximum magnitude of torque ripple in
the proposed method is around 3% of rated torque. The increase
of torque ripple compared to simulation results could come
from parameter mismatch and other torque ripple sources such
as cogging torque of the load machine.

The performance of R, estimation is verified in Fig. 17. The
motor speed is maintained at 10% of the rated speed in the test
process. For the first 300s, IM under test applies the full
motoring load without R; estimation. Since the error in R

i [0.25pu/div]

AR AR M
ANV AR
9 A i-.[0.25pu/div]
uka/VWVMWN\WW\
] WAL

A [Dcm;k [0.05pu/div]

i

| i

i [0.25pu/div]
I

1/3
i°10:25pu/div]

L/s

-+

ey [0.05pu/div]

i LA
'u'\f\f\j‘\ﬁ\ﬂj\wd‘lm

Wy

| .
AR J\WIJ M WJ‘L ol e

T.[5%/div]
(b)
120 25pu/di\vr]1 A
et I
B S - ,{/S [0: 25pu/d1v]
—> JV\/V\M/\N\/\N\NV\J
2s

Ipe "10.05pu/div]

“'VW,WWMW

T L‘Wwwmmwwj VAT \N\f“vw‘wl\ FARIA
T.[5%/div]
©

Fig. 16. dc current injection at @,=0.1pu (Experimental results).
(a) Conventional method 1. (b) Conventional method 2. (¢) Proposed method.

Full load
(Heating up)

No load Full load No load
(Cooling down) (Heating up) (Cooling down)

<€

B e

= | I
i [0.25pu/div]
100s i [0.25pu/div]

qs

R [5%/div]

T.[2.5%/div]

Proposed R, estimation

No estimation

Fig. 17. Proposed R, estimation under load torque variation (Long term).



~ Noload  Motoring  Regenerating
| ‘U‘“n),k, [100/min/div]
" oa] | T[30%/div] |

R [5%/div]

T.[5%/div]

Fig. 18. Proposed R, estimation at various operating conditions.

directly deteriorates the torque accuracy, the torque error
increases up to 5% of the rated torque as the temperature rise
due to the full load operation. From 300s, the proposed method
starts to estimate R,, and the average torque error is reduced
below 2.5% of the rated torque. From the results, it can be said
that R, estimation works properly following temperature
fluctuation due to repeated no-load and full-load conditions.
The torque error is well-regulated under 2.5% regardless of the
temperature rise and the operating conditions in the sensorless
control mode.

In Fig. 18, the performance of R, estimation at various
operating conditions in sensorless control is depicted. IM under
test applies null torque, full motoring load, and full regenerating
load and the motor speed is changed to 10%, 15% and 20% of
the rated speed for each load condition. For the whole test
process of 100s, the magnitude of torque ripple is well-
regulated within 2.5% of rated torque, thanks to the proposed
method. The estimated R, slightly increases from 1.03 times of
the rated value to 1.06 times due to the resistive loss of the stator
winding.

V. CONCLUSION

This paper proposes a torque ripple reduction method and a
dc signal extraction method in dc cutrent injection in the low-
speed region in sensorless control of induction motor. First, the
flux ripple in arbitrary dc and 2"¢ harmonic current injection has
been analyzed. Based on the analysis, the current reference,
which nullifies torque fluctuation, is calculated. For the
extraction of dc voltage and current information, angle based
averaging filter has been proposed. In the proposed method, the
perturbation issue in the synchronous speed of rotor flux
orientation is avoided by applying fundamental rotor flux
orientation. The applicability of the proposed method is verified
by simulation and experimental results. Thanks to the proposed
method, the stator resistance, which is the most crucial
parameter to the stability and torque accuracy of sensorless
control of the induction motor at low speed, is accurately
estimated. And, at overall load torque conditions in the low-
speed region, the torque control accuracy has been improved
from 5% error bound to 2.5% error bound still keeping torque

ripple under negligible magnitude.

APPENDIX
FLUX RIPPLE DUE TO CURRENT INJECTION

Applying (13) to (12), the following equations can be
deduced.
AA? -, sin Ali cos* A/\ér cos
S{ :,“ :|:Lm|i dé“ *:|_T|: :’ :l (36)
A/\qr,sin A[qs,cos AAqr,cos
and
AAZ' cos 0 AA zéir sin
-S . |=L, s +|-T o 37)
AAZr,cos AIqx,sin AA;r,sin
where
0
S {f } . (38)
(U
1 —
T= { o } . (39)
g 1
Eq. (36) and (37) can be rewritten as follows:
AAteir,cos Al(jéchog*
AAjr cos. Alé o ~*
= L] (40)
AAteir,sin 0
AAjl‘,sin ;s,sin
where
T S
P= . 41
{_ ' T} @41)

Therefore, multiplying P!, the flux ripple can be calculated as
follows:

*

AAZr,cos al Clz —a3 614 A]t(;s,cos
AA;)"CQS _ Lm _aZ al _a4 _a3 ;x,cas* (42)
AAzr,sin % % % & A];Y~Sill*
where
a=f+g*+1. (43)
&=~ -)g. (44)
a=(f g +)f. (45)
a,=2fz. (46)
In (42), det(P) can be calculated as follows:
det(P)= (1>~ g> +1) +4g°
=(~f2+g +1) +4f”
=(f2+gi+1) +4r7¢ 47)

Observing (42) and (47), M, N, Oy, and Oy can be deduced as
follows:



(48)

(49)

= m . (50)
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