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Abstract - A novel approach of automatic induction motor(&!) 
parameter measurement under sensorless field-oriented 
control(FOC) is presented. No additional hardware is required in 
this approach. Before start-up, the inverter drive automatically 
performs the dc test, the no-load test, and the locked-rotor test for 
the driven M. Only input current signals are measured and sent 
to the fieldariented controller. The concepts of no-load test and 
dc test can be modified under the FOC structure. The 
conventional locked-rotor test requires that the rotor shaft has to 
be locked mechanically. Thls prohibits automatic measurement 
by the FOC inverter drive. A pseudo locked-rotor test for FOC 
structure is presented in this paper to facilitate automatic IM 
measurement. The test data are then computed to get the IM 
parameters and the exciting current command for FOC. The 
presented method has been tested on a 3-hp inverter-driven motor 
system. Its effectiveness is illustrated by experimental recordings. 

I. INTRODUCTION 
In most applications, ac machines are preferable to dc 

machines due to their simple and robust construction[l]. 
The field-oriented control (FOC) concept [2] has become a 
standard tool for high-performance control of ac motors 
because it gives control characteristics similar to a 
separately excited dc motor. In the case of IM drive 
systems, the FOC needs a speed sensor such as a shaft 
encoder for good performance. However, it is different to 
meant a speed sensor on the IM shaft in some cases, such 
as motor drives in hostile environments or high speed 
motor drives. Several FOC methods without speed 
sensors have been proposed [3-61. Rapid developments in 
the sensorless FOC technology may be expected in 
industrial applications. 

Sensorless FOC requires accurate IM parameters. 
Generally every installation requires specific tuning for 
adapting to m e r e n t  motors[7]. However, the IM 
parameters measured by conventional tests, the dc test, the 
no-load test, and the locked-rotor test[8], ape not directly 
applicable under FOC. The concepts of no-load test and 
dc test can be modified for the FOC structure. The 
exciting current command can be obtained in the no-load 
test under sensorless FOC. The conventional locked-rotor 
test requires that the rotor shaft has to be locked 
mechanically. This prohibits automatic measurement by 
the POC inverter drive. The mechanical locking of the 
rotor shaft can be omitted by substituting the three-phase 
locked-rotor test with a pseudo locked-rotor test[9]. This 
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test is especially appropriate for Vlf inverter-driven motor 
systemsand would be modified in this paper for FOC. A 
fully-automatic measurement system for IM parameters is 
developed. No extra hardware is needed in these tests. 
Only input current signals are measured and sent to the 
controller. Experiments are performed to venfy the 
effectiveness of the proposed methods. 

11. SENSORLESS FOC OF IM 
A. Model of Induction Machine 

The dynamic D-Q model of ac machines[8] is used. 
Shown in Fig. 1 is the combined per-phase equivalent 
circuit for the ds-qs equivalent circuits with counter emf. 

I 
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Fig. 1 The per phase circuit with counter d. 

l i r  1 + Vslr2 

Rs, Rr, LIS, Llr, Lm may be derived dlrectly from 
conventional dc test, no-load test and locked-rotor test. 
Voltages and currents in this dynamic model can be 
represented in the complex plane. 

( P  -j%)L R, + ( P - 

p = d/dt is the differential operator 
w, is the electrical speed of rotor 

( 3 )  
where 

vs = Vqs - JVdS 

B. Sensorless FOC 
A simple sensorless FOC with space-vector based 

current controller for PW-inverter is shown in Fig 2. 
The system consists of hardware and software. The 
hardware is voltage source inverter(VS1) connecting to IM. 
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IF cl G Space-Vector PWM 

Soilware ' Hardware 
Pig. 2 Block diagram of sensoriles FOC. 

The software forms in FOC, space-'vector PVdM and rotor 
speed estimation. For sensodess FOC, it is desiirable that 

( 5 )  

A I  

where is the exciting current, &, = is +i, 

,asl is the slip frequency 

&, is the estimation of e1a:trical angular velocity 

up: is the command of electrical angular velocity 
The transformation between the irotationary c;oor&nate 
system and the stationary system is 

where p(t)  = 5 (9) 
For space-vector based current controller, it is desirablt 

that anoouiput current space-vector follows c o m r p d s  iss., 
and i& [ill]. By comparing the commands i:! and 
with the practical currents i:= and j& ,  the digltal output 
signals (dx, dy) can be obtained. Then, the digital output 
signals (dx, dy) of the comparators select the state of 
inverter switches (Sa, Sb, Sc) according to Table I. This 
table defines the inverter output voltage. Furthermore, 
there are eight different voltage vectors in an inverter. 
Each output voltage vector of the inverter is shown in Fig: 
3. 

TABLE I SWITCHINGTABLE 

Since the prirnarly voltage can be cIibtain,ed by the 
switching tabh: (Sa, Sb, Sc) and primary current [y can be 
detected by seriwrs, the rotor speed of IBA c m  be estimated. 

III. PARAMETER M E A S m M E N T  
IM parameters are conventionally determined by the dc 

test, tlhe no-load test and the locked rotor tesl. In lhis 
section, these tluee tests are modified for automatic 
parameter measurement of EM under sensorless liOC. 

A. Dc Test 
In the automatic dc test, the inverter has to play the role 

of an additional dc power supply for measuring stator 
winding resist". Shown in Fig..Q(a) is the connection 
of the inverter and the three stator windings In this 
modified test, ehr: same control signals are applied to the 
phase b and the ]phase c legs of the inverter. In this way, 
the phase b leg of the inverter is equivalently short to the 
phase c. The inverter phase a output current is; sent into 
the phase a winding and is shared by phase b and phase c. 
The current in the phase a windmg is adjusted to the rated 
value, and the voltage between the terminals is measured. 
The current in the stator windings is adjusted to heat the 
windings to the temperature they would have during 
normal operation~[S]. The equivalent circuit is shown in 
Fig. 4@) and tlhe stator winding resistance can be found. 
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Fig. 4(c) shows the command "cations for this test. 
Under this Id**, Iq*=kated, and We** are specified. 

condition 

$1 = 1; = Ir& 

as = o  (W 

(11) 

The terminal current command, Irated is dc. In addition, 
for applying the Same control signals to phase b and phase 
c, dy is forced zero in the space vector modulator. In this 
way, only two vectors, ul  & u4, are utilized. The 
complete control flow for the modified dc test is shown in 
Fig 4(d). No extra measuremant is required. 

Ia=Irated 

(a) Invertermotor connection 

Rs 'IS 
I 

@) Equivalent circuit 

Software Hardware 
(c) Block diagram 

et: 

1.Record the switching statff of Sa & Sb. 
2.Get the averages of Vab & la 

Phase a is fed with the current which consists of dc and 
switching-frequency ripple currents. Inaccurate test 
results may appem due to the switching ripple effects. To 
minimize the switching effects, three test values under 
different switching frequencies are considered. A 2nd- 
order polynomial is constructed 

(13) pk (Xk ) = a& + alxk + U0 7 

where pk (.) for k=O, 1,2 are the test values 
q f o r  k=0,1,2 are the different switching frequencies 

The U, is then the estimate for the conventional dc test. It 
represents the dc stator winding resistance which is 
measured under dc current. 

The a0 may be solved by the Cramer's rule[l2]. 

B. No-load Test 
The conventional no-load test provides the information 

about the magnetization inductance Lm and its 
magnetization current. The test setup for the conventional 
no-load test is shown in Fig. 5(a). Two wattmeters, a 
voltmeter, and Wee ammeters are used. The KM 
equivalent circuit under the no-load test is shown in Fig. 
5(b). The equivalent input impedance is thus 
approximately[S] 

(a) Test circuit 

I 
h 

Vl 
I 

Ln 

(d) Flow chart 
Fig. 4 The modified dc test 
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(b) Equivalent circuit 
Fig. 5 The conventional no-load ted 



Three " m a n d s  Id*, I¶*, and me* are modified in the 
proposed automatic no-load test, as shown in Fig. 6(a). 
INtidly, a@*= @ate& Ia*= 0, and Id't= Irated. During the 
test, Id* is gradually adjusted down to an appropriate no- 
load value. Before Id* reaches its no-load value, lke three- 
phase inverter output voltage will be unbalanced. Fig. 6@) 
displays unbalanced output voltages when In* is larger 
than terminal current. The spacevector based current 
controller perform voltage vectors w6, u2, u3 and u5 in a 
cycle. Upon three-phase balance is; achievedl, Id* is the 
desirable command €or no-load test. The complete control 
flow €or the modified no-load test is shown in Fig. 6(c). 

Software Hardware 
(a) Block diagram 

Ix=l , dx-1 
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(b) IJnbalanced output voltages 

(c) Flow chart 
Fig. 6 The modified no-load test 

C Locked-Rotor Test 
To perform tlhe locked-rotor test, the rotor has to remaun 

stationany. Conventionally, the rotor shaft is locked 
mechanically difiuring this teest. For fully-automatic locked- 
rotor test, The rrieclxm.id loclcing is removed and the rotor 
stands still during test[9]. 

The automitic pseudo locked-rotor test can be 
performed under sensorless FOC. Three c:omtands are 

in Fig. 7(a) The n o r "  operating frequenlcy of the rotor 
is not the same a!; the stator. A typical mrnpronuise is to 
use a fiequericy 25 % or less of the 

The current comnmand 8;: is re1 
motor Another Current command has to be zero (set 
dy=0) for gum" the rotor state of being siatabonary. 
The output voltage vectors of the inverter are only 
switched by ull tQ u4 for the pseudo locked-rotor test. 
Complete control flow c for the modified locked-rotor 
test is shovm in Fig. 7@).  

modifid, Id*=(), l~q*'hated, md We*=0.25@.ated, aS Shown 

Software i Hardware 
(a) Block diagram 

v. 1 M P E " T S  & RESULTS 
A. Experimental Setup 

The test motor is three-phase Y-connected. Appendix 
gives tlhe machin'e data. The three-phase test input is 
provided by a variable-voltage variable-frqiiency inverter 
with Aicroprocessor-based control. 

B. Dc 'Test' 
The stator resistance of IM is calculated by ayeraging 

the samples of terminal voltage and current. 'They are 
graphically depicted by Fig 8(a). After five hundred 
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sampling, the average values of stator resistance will 
approach to a stable value. 

The experiments are performed under three different 
switching frequencies. Fig. S@) gives the test recordings. 
Utilizing eq.(13), the computed dc stator resistance is 
2.463Q. 

8 

- 0.251 I 

(c) Calculated Lts+Lm 

.2 O I  

-41 J 
0 500 1000 1500 2000 2500 3000 3500 4000 

(a) Average resistance values 
Numbers of Sample 

- 
1 3 . 1 4  5 1 1 . 4  m "  

Switching Frequency (kw 
(b) Average resistance values under different switching fi-equency 

Fig. 8 The result of modified dc test 

C. No-load Test 
The recordings of no-load test are shown in Fig 9(a) 

and (c). After three hundred samplings, the average 
values of Id* and Lls+Lm are graphically described by Fig 
9(b) and Fig 9(d), respectively. 

I 
o so too ica m o  >oo 360 100 ASO mn 

Numbers of Sample 
I 

@) Average values of Id* 

Numbers of Sample 

Numbers of Sample 

(d) Average values of Lls+Lm 
Fig. 9 Recordings of modified no-load test 

D. Locked-Rotor Test 
The locked-rotor test is performed at Bifferent input 

frequencies from 10 to 90 Hz. The computed leakage 
inductance and equivalent resistance&+&) are 
graphically described by Fig. lQ(a> and @),respectively. 
Arrows point to 25 % of the rated frequency. The leakage 
inductance and equivalent resistance drop as frequency 
increases. 

" 1 0 & ? 0  40 60 80 
input Frequency H 

(a) Equivalent resistance under different input frequency 

- 0.0135 
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3 0.012 

0.0115 
4 0.011 
3 0.0105 

w 

1 O A 2 0  40 60 8 0  ' LnputFrequency HZ 

(b) Leakage inductance under difkrent input frequency 
Fig. 10 The modifed locked-rotor test. 
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VI. CONCLUSIONS 
A simple sensorless FOC with space-vector modulated 

current controller for automatic M parameter 
measurement is presented. In lhis apprcsaclh, no extra 
hardware or disconnection of electrical wires is required. 
Only modification of commands in the POC could 
complete the job for the dc test, the no-load test, and the 
locked-rotor test. The modified no-load test also provided 
a convenient approach to determine the exciting current 
command for field-roiented control. Laboratory 
experiments are performed. The effectiveness of tlhe 
presented methods are verified by the experimental results. 
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APPENDICES 
A .  Induction Machine Data - 

rated firequency: 60 Hz 
rated voltage: 220 I' 380 V 
rated current: 8.6 I' 5.0 A 
rated power: 2.2 kW at 1720 r.p.im. 

B. Results oj'conventional tests - 
RS = 2.36 a. 
Rr = 2.22 n 
Lls =: Llr =: 10 mH 
L m  == 342 imH 
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