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Abstract— The focus of this paper is on an analysis of position, the fundamental and the carrier signal currents. Such

velocity, and flux estimation in ac machines based on the performance is often beyond that of the standard
injection of a carrier signal in addition to the fundamental synchronous frame Pl current regulator.

excitation. Specifically the paper addresses two problems of This paper first develops methods that allow the

carrier signal current injection: 1) the regulation of high -:ection of a higher frequency carrier signal current than

frequency currents with current regulators of limited . A .
bandwidth (regulation of the carrier signals with zero steady- used previously [5, 6]. The injection of a higher frequency

state error is necessary to avoid loss of spatial information), Carrier signal current substantially mitigates the problems
and 2) the extraction of the spatial information contained in ~associated with using a low carrier signal frequency. The
the induced voltages. paper then focuses on the extraction of the spatial
information contained in the induced voltages. Finally the
paper presents some experimental results of the proposed
The use of carrier signal injection superimposed on th&echnigue.
fundament_al component to frack spatial sahency 'mag&y FLUX, POSITION, AND VELOCITY ESTIMATION UTILIZING
has established itself in recent years as a viable means of S
o 2 " i . o ATIAL SALIENCIES
eliminating position sensors in AC drives for applications
requiring true, sustained, zero speed, zero frequency torqueln this paper it will be assumed that the machine
(and often also motion) control [1-8]. contains a single sinusoidal spatial saliency. The spatial
Voltage and current have both been used for such carrisaliency can be a result of a deterministic, rotor spatial
signal injection, the tradeoffs involved in using one ovemodulation [1-8] or saturation due to the rotor, stator, or
the other has been evaluated previously in [9]. Carrieir-gap flux [2,9].
signal voltage injection has an advantage over carrier Injection of a balanced, poly-phase, carrier signal current
signal current injection with a traditional voltage sourcevector (1) into a salient machine will impress a carrier
inverter since it is relatively easy to produce the desiregignal voltage, which contains information relating to the
excitation. Carrier signal current injection has the potentiadpatial position of the saliency.
advantage over carrier signal voltage injection of providing oot
a fairly large voltage signal, which contains the desired is,qu_C:ISCé (1)

§pat|al mformatlon: reIatlvel to the. amount Of. currents,, h carrier signal current excitation can be superimposed
injected due to the increase in magnitude of the impedang® ™. = ¢\ndamental excitation using a pulsewidth

(inductive reac_tanpe) with frequency. ._modulated voltage source inverter (PWM-VSI) as shown in
Current injection also has numerous potentla@

difficulties.  First, the relatively low frequency carrier 'gf' 1H f f th . ianal Y .
signal used with some of the proposed current injection It the requency of the carrier signal excitatian, Is
techniques [5, 6] diminishes the advantage provided by tg:?osen. S0 that it is s_ubsta_ntlally faster than th‘? stator
impedance magnitude frequency gain, requiring ynamics (;tator transient time constant), modehng_the
relatively larger magnitude of injected (current) signalMachine using only the stator transient inductance is a
Second, when a lower frequency carrier signal current @00d approximation [8]. In this case, the high frequency
used, the higher amplitude carrier signal produce§'achine model can be written as (3).

increased torque ripple. Third, the rather minimal spectral Vs qds Jjo, Lsosis,qds_c 3
separation makes isolating the carrier frequency conte - -
from the fundamental excitation more difficult while
simultaneously reducing the estimatiomandwidth.
Fourth, carrier signal current injection requires a curre
regulator of sufficient bandwidth to properly regulate both

|. INTRODUCTION

IItktor a machine with a single sinusoidally distributed
saliency, the stator transient inductance, in the stationary
nflrame, can be represented by the following matrix, (4).
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Fig. 3a shows the carrier signal voltage vectors drawn

Figure 1: Injection of Carrier Signal Current Excitation using a PWM- ) . .S .
for several carrier signal injection anglés, From this

Vsl plot it can be seen that the positive sequence component of
the carrier signal voltage vector traces out a circular pattern
Lsos= and that the overall carrier signal voltage vector traces out

(4 an elliptical pattern. The elliptical pattern is a result of the
_ two vectors that make up the overall carrier signal voltage
where ZL s =Errol (Loqs* Logg) IS the average stator  vector rotating in opposite directions. The orientation of

Erro!

transient inductance, this ellipse relative to the coordinate system, i.e. the angle
ALy =Erro! (LUqS—LUdS) is the differential stator from the major axis of the ellipse to the g-axis, is a
transient inductance, function of the saliency position. For this figure the
Logs Lodsare the g and d stator transient pgsition of the saliency with respect to the q—axﬁbis Q. '
inductances Fig. 3b shows the path traced out by the carrier signal
current vector for another saliency positié € 60). By

6, is the position of the saliency in electrical
degrees, and comparing Figs. 3a and 3b, the rotation of the ellipse as the

h is the harmonic number of the saliency. saliency rotates can be seen.

65 180° 8= 180°
BC: 225{ e‘:: 1350

The interaction between the carrier signal current vector
and the machine saliency will produce a carrier signal &= ZQ’ /Gf 135°
voltage (5), which contains information directly relating to
the position of the saliency.

_ - 2700 8= 90° 8= 270°
Vs,qu_c' v s,qu_cp+ v s,qds_cn (5) g-axis

where / N
eD: 3150 d-axis BD: 45° Q: 315° 45°
BC: 0° BC: 0°
v _y é’mct is the positive sequence (@ (b)
S,qu_Cp_J c_p component, Figure 3: Elliptical Pattern Traced Out by the Carrier Signal Voltage
Vectors in a Salient Machine: &), = (’; b) 8, = 60
. j(hBe - i i . .
Vsqds en = Ve né( € 'Csotrgeonnegrit've sequence Because only the negative sequence component contains
o) P ' saliency position information it is desirable to filter off the
positive sequence component. This can be done nearly

ideally using a simple high-pass filter implemented in a

reference frame synchronous with the positive sequence
Vc_p= W 2Lgglsc anch_n= W, Al gelse. carrier signal [7, 8]. After filtering off the fundamental and

carrier signal positive sequence components of the stator

The induced carrier signal voltage consists of botyoltage, a tracking observer can be used to extract the

positive and negative sequence components in thPatial information contained in the phase of the negative
stationary reference frame relative to the carrier sign&i€quence component of the carrier signal voltage.
excitation. The positive sequence component contains noFig. 4 shows the block diagram of the tracking observer
spatial information and is proportional to the average statdfsed to track rotor position when there is a rotor-position-
transient inductance. The negative sequence compongtependent saliency present in the machine @pted, for
contains spatial information in its phase and is proportiona 2 pole machine). The tracking observer consists of 4
to the differential stator transient inductance. The relativparts: 1) the cross-product between the estimated and
directions that the carrier signal voltage vectors rotate argctual negative sequence carrier signal voltage vectors,
shown in Fig. 2. which generates an error signal proportional to the sine of



the phase error between the actual and the estimatedgative sequence carrier signal component of the voltage,
vectors; 2) the controller, that forces the error to zero; 3yhose spectrum contains the fundamentg), (positive
the mechanical system model, that models the dynamics séquence carrier signaV( p) and the negative sequence

the actual system and provides an estimate of the rotegrrier signal \/, ) components. This idealized case is
velocity in addition to the rotor position, this model ossible only if the current regulator is capable of

includes a torque feedforward path which gives to theqq 1ating both the carrier and fundamental currents with
observer zero lag properties; and 4) a saliency model used,, steady-state error.

to produce the estimated negative sequence carrier signagq,.,se typical machine drives use voltage source
voltage vector. inverters, the injection of a carrier signal current requires a

T Mechanical §st current regulator that is capaldéregulating a smalhigh
Vector Controller yechanica ystem frequency signal precisely. If the current regulator fails in
Cross T Model

Product e regulating the carrier signal current with almost zero error,
S S i + +
+ +
—»(
kg

: A the carrier signal current itself will have both positive and
VQdS_Cn %i 1 ;
— H— ()
P Js|t T

negative sequence components, causing a loss of spatial
information in the negative sequence carrier signal voltage.
This result can be seen in Fig. 6, which shows the
m measured voltage and current spectrums for the case of
current injection. The test system had a Pl current
‘ N regulator with a bandwidth of 500 Hz and an induction
1 l(hE—cat)

machine with a deterministic 10% rotor slotting saliency,

i.e. the difference between the q and d axis terminal

Saliency Model impedance at 910 kHz is 10%. The carrier frequency for
(unit vector) this case wad, = 910 Hz. The carrier signal current

Figure 4: Zero-Lag Tracking Observer Used to Estimate Rotor Positoeommand was 5.52 A, and the measured carrier current
in a Machine with a Single Rotor Position Dependent Saliency was 2.0 A. This difference between the commanded and
The assumption used in this section of ideal currennheasured carrier currents is due to the low bandwidth of
regulation would not be true in general when using ahe current regulator. The expected theoretical values for
simple synchronous frame PI current regulator, especialiyie positive and negative sequence carrier voltage signals
if the signal being regulated is a high frequency signal angre 1.2 v and 0.12 V, respectively. The measured positive

the current regulator has limited bandwidth. In the nexind negative sequence carrier voltage signals are 1.15 V
section the problems associated with injecting a carrigfng 0.06 V, respectively.

current vector will be addressed. 1.4
1.27
[1l. EFFECT OFNON-IDEAL CURRENT REGULATION < 1r
. i .= 0.8
Fig. 5 shows the voltage and current spectrums (ignoring 2, 0.6t
inverter harmonics) for an idealized case of carrier signal, s 0'4,
current injection. 0'2 |
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3 l'sc Figure 6: Measured Complex Voltage and Current Spectrums for Current
! I ! Injection: =5 rpm,f; = 910 Hz,
'fc 0 fe fc . . . .
Frequeng The measured negative sequence carrier signal voltage is

Figure 5: Idealized Voltage and Current Spectrums for Current Injection ONly 50% of the theoretical value for this case. The
imperfect current regulation resulted in the spatial
The current spectrum has only the fundamen@lahd  jnformation being divided between the negative sequence
positive sequence carriefs) components. All of the carrier signal voltage and current. It should be noted that
desired saliency position information will be present in thgust increasing the commanded carrier current signal would



not compensate for this smearing of the spatial informatiofundamental and carrier signal currents independent of the
due to imperfect carrier current regulation. This is due tearrier frequency.  Adding additional carrier signal
the fact that increasing the commanded value will causg/nchronous frame current regulators in parallel with the
both the positive and negative sequence carrier signfiindamental component synchronous frame current
currents to increase by almost the same amount with ttiggulator achieves this goal. The first possibility is to add
spatial information still beindivided between the negative W0 additional PI current regulators: one to regulate the
sequence voltage and current components. It is clear tRRSItive sequence carrier signal component, and one to
this effect can be minimized if the current regulatorregmate the negative sequence carrier signal component,

bandwidth is increased. Unfortunately the bandwidth of ¥.Vhi0h is ideally equal to zero. Each of these additional

single current regulator would have to be several times thrggulators would be |mpler_nen_ted In_its  respective
synchronous frame, as shown in Fig. 8.

Fundamental Synchronous

carrier signal frequency in order to obtain the necessar
regulation. This result can be seen in Fig. 7, which shows
the theoretical complex vector frequency response functior).
(FRF) [10] of a single synchronous frame Pl current'ods_f

regulator for three different current regulator bandwidths.
15
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Figure 8: Block Diagram of Three Complex Vector Pl Current

Regulators Operating in Parallel: Each One Implemented in Its
Respective Synchronous Frame

-80+ eI The current regulators shown in Fig. 8 are modified
15 1.0 05 0 05 10 15 forms of the standard synchronous frame PI current
Frequengy (KHz) regulator, called complex vector synchronous Pl current

Figure 7: Theoretical Complex Vector FRF for a Single Currentf€gulators [10, 11]. The basic design theory behind this
Regulator, Shown in the Stationary Reference Frame: Fundamentgurrent regulator is to place the synchronous frame PI
_ Excitation frequency = 0 Hz _ controller "complex” zero to exactly decouple the plant
S_mce_ it is possible fc_Jr complex vector_s_to rotate in b‘?“@jynamics and cross-coupling caused by the synchronous
directions, the FRF is plotted for positive and negatiV§rame transform. This cross-coupling causes the classical
frequencies requiring the use of a linear frequency scalgynchronous frame PI control system to have oscillatory
The controller achieves the desired features of unity gaiﬁynamics, which degrade with increasing excitation
and zero phase shift only at the fundamental frequencyequency. By decoupling this cross-coupling, the complex
even if the bandwidth is 1 kHz. Another way to minimizeyector synchronous frame Pl controller achieves excitation
this loss of spatial information is to decrease the frequenqyequency invariant dynamics.

of the carrier signal, which is undesirable due to the |t should be noted that when using complex vector

reasons stated in the introduction. notation, this synchronous frame cross-coupling of the
IV. CURRENT REGULATOR DESIGN FORCARRIER SIGNAL machine appears as an asymmetric complex polewat -j
ROTATING VECTOR CURRENTINJECTION For the case of an RL load the plant pole is located at —R/L

— joy, in the fundamental synchronous reference frame; at —
jo, in the positive sequence carrier signal
nchronous reference frame, and at —R/Lwt ip the
egative sequence carrier signal synchronous reference
rame. For all the three current regulators the controller
problem it is possible to modify the current regulatorzeroes are designed to cancel the plant pole, includipg the
design to get the desired properties at specifics frequenciédf€Cts caused by the synchronous frame transformation.
To improve the regulation of the carrier signal current it 1h€ remaining conventional Pl gaing &nd k. are
is possible to modify the standard synchronous frame Pyned to achieve the desired bandwidth of each controller.
current regulator so that it properly regulates both th&ecause the carrier frequency is constant and well defined

The desired ideal characteristics for a current regulat
are unity gain and zero phase shift over a wide frequenc
spectrum. As was shown in the previous section, this is nQ
possible with a single current regulator unless it
bandwidth is almost infinite. To partially solve this



it is not necessary to have a high bandwidth for the carri@urrent regulator bandwidth, the distortion in the FRF of
signal current regulators. the modified regulator is negligible when compared with

If the carrier signal current regulators are designed tthe FRF of a single fundamental regulator. Because the
have the same bandwidth, then the only parameter thatGarrier signal current is regulated with zero steady-state
different in both carrier controllers is the sign in tog j €rror only the impressed carrier frequency voltage (or
term. Because of this, the implementation of the tw&arrier voltage command) needs to be measured for
carrier signal regulators can be simplified. Fig. 9 showBUrposes of tracking the spatial saliencies.

this simplified controller, which has the same properties as Table 1 — Motor Parameters
the controller shown in Fig. 8. Parameter Value
Fundamental Synchronous Rs 0.0135Q
. _Current Regulator Rr 0.01400
€ . v, s Lis 0.065 mH
—>+O—> O AC MachinesgﬁS Llr 0.078 mH
- +
L 0.530 mH
Rated speed 450 rpm
[ i Rated torque 4.82 N-m
- Kic| £ 1 Rated current 120 amps
O3 2Kpe il 7 SO —— P
Poles 4
of Stator slots 24
S
) Rotor slots 28
Carrier Synchronous Current Regulator Dc bus voltage 12V

Figure 9: Block Diagram of Modified Fundamental Component ] ]
Synchronous Frame - and Carrier Frequency Synchronous Frame- The current regulator shown in Fig. 9 was actually
Current Regulators. Fundamental Regulator Implemented iimplemented in the discrete domain. However, even for

Fundamental Synchronous Frame and Carrier Regulator Implementegn g]| sampling periods the digital regulator has degraded

in Stationary Frame. P .
) ] - _performance when compared to continuous-time regulator
The theoretical FRF of this modified current regulator isyom which it was derived especiallgr the case of high

shown in Fig. 10. frequency excitation when the regulator is implemented in
1.4] Modified Regulator | a stationary reference frame, as shown in Fig. 9. Because
Y Fundamenta(lJ Regulator of this, care must be taken when implementing the digital
g 1 form of the regulator.
E, 8'2 . F_ig. 11 shows a compgrison between the continuous and
s digital FRF’s of the modified current regulator in the high
= 0.4 Fundamental
lcsms 0.2 = Bandwidth frequency range.
s 0 -1000 0 1000 L9 —— Analog Controller
— — — Digital Controller
_Fundamental >, =
Bandwidth s
lgds ¢
-1000 0 1000 5 700 800 900 1000 1100 1200 1300 1400
Frequency (Hz) Ids
Figure 10: Theoretical Comple)_( Vector FRF for the Modified Current 80+ ‘ Analog Controller
Regulator, Shown in the Stationary Reference Frame: 1) Fundamental H _ __ _ Digital Controller
Excitation frequency = 0 Hz (500 Hz Bandwidth Regulator), 2) — 40r | \ g
Carrier Frequency = 1 kHz (50 Hz Bandwidth Regulator) g T |
The parameters of the RL load used in this figure are o o
numerically equal to the stator transient resistance and £ -0 |
stator transient inductance of the induction machine used in 80_‘\\\\
the experimental work. These parameters are shown in ) -
Table 1. It is important to note that the FRF of Fig. 10 has 700 800 900 1000 1100 1200 1300 1400
the desired properties of unity gain and zero phase shift at Frequency (Hz)

the fundamental frequency and positive and negativgigure 11: Comparison of the Theoretical Complex Vector FRF for the
. . . . . Continuous and Discrete Time Modified Current Regulator, Shown in
sequgnce carrier signal frequ'enmes' This conf|rm§ that the the Stationary Reference Frame: 1) Fundamental Excitation
modified current regulator is capable of regulating the frequency = 0 Hz (500 Hz Bandwidth Regulator), 2) Carrier
fundamental excitation and both the positive and negative Frequency =1 kHz (50 Hz Bandwidth Regulator)
sequence components of the carrier signal current with rgj
t

steady-state error. Furthermore, inside the fundamen e approximation used in the digital implementation was

rom Tustin, (6), where T is the sampling time.



s =Erro! Erro! (6) regulators have approximately the same FRF in the region

One problem with the approximation used in (6) is thaP'O_SG to the carrier frequenc_y, with the Qesired feature of
the frequency scale is distorted. For instance, if it &Mty 9ain and zero phase shift at the carrier frequency.

desired to design a current regulator with the desired F19- 13 shows a comparison between the actual
features of unity gain and zero phase shift at the carriéf€@sured voltage and current spectrums of the proposed
frequencyc,, the digital current regulator obtained by theMmodified controller with that of a single fundamental

approximation (6) may not give the desired performance &ontroller tuned_for 200, 500, or _1000 Hz bandwidths_ (all
the frequencya.. This result can be seen in Fig. 11 wherdMplemented using the test machine of table 1). The figure

the digital modified current regulator does not have th&hoWs only the resulting negative sequence components.

desired performance at the carrier signal frequency. EveH'® machine was running at 8n and the carrier signal
= 910 Hz. In all cases the positive

though it is not shown, both FRF’s are approximately equd/€duency wasic _ S th
in the low frequency range. sequence current was adjusted to beA2 &hich is 2% of

It is important in this application to design a digital rated current. The theoretical value for the magnitude of

regulator that closely approximates the FRF of thdhe negative sequence voltage component is approximately
continuous regulator within a bandlimited range close t®.12V.

the carrier frequency. This can be accomplished by 0.12
changing the gain of the digital controller [12]. Assume, 01l —— Modified
for example, that the continuous-time carrier current ' 1K Hz — Controller
regulator is designed to have the desired performance at the= 0.08}
carrier frequencyw.. If the digital regulator used the < 0.06¢
carrier frequency for its gain, as the continuous regulator g 0.04¢ 500 Hz
does, distortion would result that causes the desired > y! 200 Hz
performance to be at a different frequency, not the carrier '
frequency. If the FRF of the digital current regulator is to -0960 -910 -860
approximate the FRF of the continuos time current Frequeng (Hz)
regulator in the region of the carrier frequency, then the
gain used in the digital current regulator'c, needs to be 0-4:
calculated as a function of the desired carrier frequency = 3+ 200 Hz
and the sample period, as shown in (6) [12]. = Tt 500 Hz — -

w, = Erro! tanErro! (6) ;,0.2: 1K Hz Modified

Fig. 12 shows a comparison between the FRF of the “_= (1} Controller 1
continuous and digital (with modified gain) forms of the 07 ]
modified current regulator in the high frequency range. 2930 910 890

o — Analog Controller Frequeny (Hz)
— — — Digital Controller Figure 13: Measured Complex Voltage and Current Spectrums for

Current Injection. Comparison of the Modified Current Regulator
and Multiple Bandwidths for a Classical Synchronous Frame PI
Current Regulatoro§=8.5 rpm,fc = 910 Hz)

Magnitude

Several conclusions can be drawn from Fig. 13. First,
the modified controller is capable of regulating the carrier
signal components as designed. The negative sequence

| qds
,2* 700 800 900 1000 1100 1200 1300 1400 carrier signal current component is approximately zero and
lgds the positive sequence carrier signal current component is
801 ————Analog Controller | equal to the commanded value
— — — Digital Controller | Second, the negative sequence carrier signal voltage has

an amplitude equal to its theoretical value, suggesting that
all of the saliency spatial information is contained in it as
desired.
Third, for the case of only one controller (a classical
synchronous frame PI) the saliency spatial information is
700 800 900 1000 1100 1200 1300 1400 djvided between the negative sequence voltage and current
Figure 12: Comparison of theF[I?ifonroét(iigl Complex Vector FRF for theSignaIS' This result worsens as the bandwidth of the Single
’ Contiﬁuous [;nd Discrete Time (modified g[;ins) Modified CurrentContrOIIer is decreased. The Smgle controller is unable to

Regulator, Shown in the Stationary Reference Frame: 1) Fundament@Pntrol the carrier signal adequately due to its limited
Excitation frequency = 0 Hz (500 Hz Bandwidth Regulator), 2) bandwidth.
Carrier Frequency = 1 kHz (50 Hz Bandwidth Regulator)

In this case both the continuous and discrete time

Phase, (deg.)




V. EXPERIMENTAL RESULTS filter off the fun_dar_nen;al excitation. Filt_ering of the
' fundamental excitation is not necessary since the signal
The extraction of the spatial information from theused in this case is the voltage command from the output of
negative sequence carrier signal voltage is slightly differerihe carrier synchronous current regulator (see Fig. 8). The
depending on whether a single current regulator or thi@tering properties of this regulator achieve the goal of
modified current regulator is used. The signal processing/iminating the fundamental component.

steps used for both cases are shown in Fig. 14. Table 2 shows the processing requirements for each
technique. As can be seen, the total number of adds and
Current Injection Current Injection multiplies is the same for both cases.
(Single Current Regulator)  (Modified Current Regulator) i .
s s Table 2 — Processing Requirements
ads gds Current Injection
+ + Single “i” Regulator Modified “i” Regulators
2nd Order Modified Current Rotations 2 3
High-Pass Filter Regulator adds 8 6
v V multiplies 16 12
v adds 8 4
18t Order 1St Order multiplies 8 4
High-Pass Filter High-Pass Filter Regulators 0 1
v adds 0 8
. multiplies 0 8
Rotation Rotati
Observer 1 1
* adds 4 4
Total
Stationary Saliency Stationary Saliency adds 20 22
Decoupling Decoupling multiplies 29 29

With carrier signal current injection the current regulator
Observer directly limits the bandwidth of the estimate. Fig. 15
shows the experimentally measured estimation accuracy
FRF @,Ar /8,) for carrier signal current injection.

Observer

>I
@ >
[

9,

(a) (b)
Figure 14: Signal Processing Used to Extract Spatial Information from 10 — — n
Current Carrier Signal Injection (including Modified Design): a) Position Estimation FRF  (9,/ 6
Current Injection (single current regulator); b) Current Injection 5t
(modified current regulator) =
The first step for the case of carrier signal current= 0r
injection with a single current is to filter off the & 5
fundamental component. This is very effectively done byg
rotating the total stator frame signal to the fundamenta .10}
synchronous frame and then applying a high-pass filters
The signal is then rotated to the positive sequence carrier -15 — 0
: - Lo 10 10 10
synchronous frame and high-pass filtered to eliminate the
positive sequence carrier signal component. The filtered Frequeng, (Hz)
signal is rotated then to the negative sequence carriggure 15: Measured Frequency R?SPOI”S? of the Rotor Position
synchronous frame. In this reference frame the negative EStimation Using Current Carrier Signal Injection
sequence carrier signal rotates with the position of thehe observer and the carrier synchronous current regulator
saliency, which rotates with the rotor or flux position.pandwidth were both tuned for approximately a 50 Hz
Furthermore, in this reference frame it is easier to decouplgandwidth. The difference between the tuned observer
the effects of stationary saliencies [8]. After decouplinghandwidth and the experimental estimation bandwidth is
the stationary saliencies the tracking observer of Fig. 3 {§ye to the fact that the observer bandwidth is affected by
used to estimate the saliency position. In this case Mgyh the carrier signal voltage level and the current
current regulator has to have a bandwidth of several imegg,jator bandwidth [8]. For this example the measured
:Egrge?:e';coy %fistthoertigimirr Cl;rnrqeer;triilgn%lf totheensireatﬁg%tstimation bandwidth is approximately 33 Hz. The filtering
. X . -anng spall provided by the current regulator does produces a "clean"
information. Although possible, this high of bandwidth is ignal (less ripple on the estimate). Obviously if the carrier
not practical for the frequency of the carrier signals used iR PP ' y .
this paper. synchronous current regulator was tuned to give a
dandwidth higher than the observer bandwidth the

For the case of carrier signal current injection with the™ =" ) o
modified current regulator, the differences in the signafStimation bandwidth would be limited by the observer.

processing are the inclusion of the modified currenknfortunately, the bandwidth.of. the carrier synchronous
regulator and the elimination of the high-pass filter used tgurrent regulator must be limited to prevent it from

10

-1 1 2

10



distorting the bandwidth of the fundamental current The simplest measurement approach for current
regulator. injection would regulate the carrier frequency current
The experimental results shown for the estimation FRERMplitude such that only the impressed carrier frequency
are not the highest that was achievable with the curretPltage signal (voltage command) would becessary for
regulator bandwidth used for the experimental resultdlux, position, and velocity estimation. This is analogous
Instead the observer bandwidth was deliberately detuned @ voltage injection whereby the carrier voltage amplitude
make the FRF measurement easier. It is possible to tulfe regulated such that only the resulting carrier current
the observer to give higher estimation bandwidths, but f1€€dSs to be measured. _ o
becomes more difficult to accurately measure the FRF. The 1€ Key to injecting a small amplitude carrier signal

A ) rrent at a relatively high frequency is having a current
FRF shown in Fig. 15 was measured using a SIOemuﬁggulator capable of regulating both the fundamental and

analyzer and a random noise e_xcnatlon W't.h a con_stan rrier signal current commands with almost no error. The
power frequency spectrum. At high frequencies the &gn%‘ze of properly designed, parallel-operating current
power was not high enough to cause large movements Fggulators was shown to resoive this problem.
the rotor position. This results in the degradation of the
experimental FRF as the frequency increases.

Using an induction machine with a deterministit0% ACKNOWLEDGMENTS
(of rotor leakage) rotor slotting saliency (see Table 1), The authors wish to acknowledge the financial support
rotor position estimation was implemented using carrieand motivation provided by the Ford Motor Company,

signal current injection with the modified current regulator CNPg-Brazil, and the Wisconsin Electric Machines and

Fig. 16 shows an overlay of the experimentally estimateBower

Electronics Consortium (WEMPEC) of the

and measured rotor position and error obtained using théniversity of Wisconsin — Madison.

modified current injection system for a speed command
from O rpm to -15 rpm to 15 rpm, and back to O rpm. A
carrier frequency of 1 kHz was used for this test[ 1
significantly higher than used in previously published
results using carrier signal current injection. As can be
seen from the figure, the estimated rotor position follow$2]
the actual rotor position quite well, even at zero speed.
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Figure 16: Overlay of Experimentally Estimated and Measured Rotor

Position, and Error for Steps in the Rotor Speed (0 rpm to -15 rpm tfY]
15 rpm to O rpm) Using Current Injection via the Modified Regulator

VI. CONCLUSIONS

Injection of a carrier signal current into a salientg;
machine produces impressed voltages that contain
information relating to the spatial position and magnitude
of the saliency.

A tracking observer can be used to extract the spati§1]
position information and provide wide bandwidth estimates
of the flux, rotor position, and velocity, at virtually all
speeds and frequencies, including low and zer{O]
speed/frequency.

The carrier signal frequency selection for currenlll]
injection should be high enough so that an impedance-
based voltage gain is realized and the estimation bandwidth
is not severely limited. Since the rotor flux linkage[i2]
deteriorates with higher frequencies there is a diminishing
return to very high frequencies. Thus, the carrier
frequency can be optimized.
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