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NIRAN NAEWNGERNDEE : STUDY OF PARAMETER ESTIMATION
FOR SINGLE-PHASE INDUCTION MOTOR DRIVE WITH LOSS
MINIMIZATION. THESIS ADVISOR : ASSOC. PROF. THANATCHAI

KULWORAWANICHPONG, Ph.D., 142 PP.

POWER LOSS MINIMIZATION/SINGLE PHASE INDUCTION MOTOR/

GENETIC ALGORITHM

Energy saving is an important issue for energy stabilization of the country.
Electric motors are devices that consume a huge amount of electric energy. Single-phase
induction motors are widely used in many household and industrial applications.
This thesis is to develop a concept of energy loss minimization for single-phase induction
motor operation. It is based on a mathematical model of the single-phase induction motors
expressed by using the dg-frame theory in which their parameters are accurately tuned by
using genetic algorithms associated with conventional machine parameter testing.
The variable voltage and variable frequency drive is applied to the single-phase induction
motor in order to find a condition of minimum loss operation. However, to simplify
this operation, motors are assumed to consume constant power. Two sets of experiments
were conducted. The first was to vary the voltage amplitude of the supply source while the
supply frequency remained constant. By varying the load power from no-load to full-load,
the voltage amplitude that gave the minimum loss at a particular frequency was found.
At 40% full-load with 165 V 50 Hz supply, the power loss was reduced by 24.76%

from the base case. The second experiment was to vary the frequency where the voltage



amplitude was fixed. The operating frequency that leads to the minimum loss can reduce

the power loss by 28.83% at 40% full-load with 220 V and 70 Hz supply.
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Conwvergence curve (best solution) at 120V
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20%-load 0.0637 -8.2365 321.5159
30%-load 0.0383 -5.6500 269.4162
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70%-load 47.8 157.80 0.12
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Voltage-dependent Parameter Refinement for Single-phase Induction
Motors using Genetic Algorithms
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Abstract: - This paper presents a genetic-based approach to correct the parameters for single-phase induction
motors in various supply voltage levels. From conventional tests, electrical (resistances and inductances) and
mechanical (moment of inertia and damping coefficient) parameters of the stator and the rotor can be
estimated. The set of obtained parameters is able to apply for steady-state performance analyses. In transient
stales, motor responses generated by these parameters are not met the condition of acceptable accuracy. By
some efficient search method incorporate with experimental data, the obtained parameters can be refined to
yield the best curve fitting in both transient and steady-state responses. A 0.37-kW, 220 V, 50 Hz single-phase
induction motor was used for test to verify the effectiveness of the proposed algorithm. Furthermore, with six
different motor supply voltages, voltage-dependent parameters of single-phase induction motors can be
established. As a result, the voltage-dependent parameters of the induction motors can be satisfactorily
improved to represent the motor dynamic in various supply voltages.

Key-Words: - Single-phase induction motor, Space-phasor model, Voltage-dependent parameter, Genetic
algorithm, Retardation test, blocked-rotor test, No-load test.

1 Introduction appliances. To achieve these goals, model-based

To date, three-phase induction motors have been ﬂlgm_’lthms must bc_dcvclopcd. Motor parameters
mncreasingly important for industnal electric motor obtained by con\-'cntlona.l test SI‘:hcmcs ncc?d to be
applications. It should note that there still exist DC corrected to support the high performance d‘"“’e;"‘- X
motors in some limited applications, e.g. motors for _ Over half a century, steady-state apal}s:s of
vehicles. Apart from a largesize electric motor mductlon_ motor_s has }Jecome a powerlul_ tool_ to
drive, single-phase induction motors are commonly characterize their performances [2-4] It is fairly

used in houschold clectric motor applications. These ~ £00d in describing steady-state behaviours. For
applications typically consume the power of a simple control where accuracy and precision are not

that much important, any steady-state model is
moderate. However, nowadays, a very accurate
torque-speed control of induction motors via the
space phasor theory, called vector control [3,6], is
increasingly required by industries [7.8]. Thus.

fractional horse power up to around ten horse
powers. Although most electric appliances require a
few amount of kilo-watt input, minimizing power
losses during their operation gives a greal benefit
resulting in nationwide electric energy used by

houscholders. accurate parameter identification of induction
In general, single-phase motors are controlled by motors 15 f:])allf:ngoq, Although many methods of
a thyristor-phase controller or a variable resistor. parameter identification [8-12] have been proposed

This is quite simple, but it is not efficient in terms of ~ Within the last decade, so far there is no strong

energy consumption. To achieve this goal, complex cwdcncc:' to verify their usc. )
control strategy cannot be avoid as long as ac In this paper, an alternative approach based on

machines are involved. One of widely-used control S0me cﬂ‘lci""_"t ntelligent search teclmiq_ues was
schemes is variable-voltage, variable-frequency introduced. The space phasor modelling was
(VVVF) [1]. It can be applied for motor control in employed to represent induction motors. Parameters

many forms. However, this control strategy does not ap!)carcd in c()m]?]ex space phasor cqualirms can be
guarantee minimum loss operation. Therefore, ~ Adjusted by using a simple tuning procedure
adjustable frequency and voltage of the power proposed in this paper. One _cﬂ]clcnt .mtclllgcnt
supply is more flexible and can lead to more scarch technique, Genetic Algorithm (GA) [13], was

cconomical operation of houschold electric used to illustrate this identification by using
parameter  information  obtained from  the

ISSN: 1991-8763 45 Issue 1, Volume 4, January 2009
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conventional tests. Also, comparisons among results
obtained by the use of the intelligent identification
technique and the conventional technique were
examined. With six different supply voltages that
can possibly feed the motor stator by means of
reduced voltage operation, sets of voltage-dependent
parameters for single-phase induction motors were
illustrated.

This paper contains six sections. Modeling of the
single-phase induction motor in the space phasor
expression was reviewed in the next section. Section
3 gave conventional tests for obtaining those
motor’s  parameters.  Section 4 illustrated
methodology  for voltage-dependent parameter
refinement based on genetic algorithms. Section 5
presented simulation results and Section 6, the last
section, was the conclusion.

2 Modeling of Single-phase Induction
Motors

Siator e axis
——— ok
-~ . NW
/,/ Var \ ‘-.>_\,.\
' N
/ N AT 1
/ 97) \ N
I(' ot e "\l.— e
p / I/f \
e q axis
] 117
T
s
Vo
LIES R THTT]

\
- .
d axis

Fig. 1 Winding alignment of a single-phase motor

Single-phase induction motors can be characterized
by several different models. The space-phasor
approach [2,4] is the method used in this paper.
With this model, motor currents, torque and speed
can be observable. The space-phasor model is very
complicated and needs more space for explanation.
However, in this paper only a brief description is
presented as follows.

Fig. 1 describes winding alignment of a single-
phase induction motor consisting of main and
auxiliary windings with their induced voltages and
currents. As shown in the figure, a stationary
reference frame which is along the axis of the main
stator winding is defined and used for mathematical
analysis throughout this paper. It is essential to
inform that all quantities especially on the rotor need
to be transferred to the stator axis. This can be
performed by using the following transform matrix.

ISSN: 1991-8763
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v, cos®  sin0Q, ¥,

vy I —sinQ,  cosO, v
The superscripts s and r indicate the reference axis
in which the vanable belongs to. The dynamic
machine model for a single-phase induction motor
with squirrel-cage rotor in a stationary reference can
be expressed as follows [15].

(1)

:[ )?.w = —f"f,fw +v, (2)
&t =i+, 3
L =i+ 2 ()
&=y (5)

By rearranging (2) — (5) based on flux linkage
and current relations of the single-phase induction
motor, the state-space model, in which stator and
rotor currents, and rotor speed are state variables,
can be formed.

L {x]=[4][+]+ [B][u] ©)
[y1-[c]l+ )
Where
[K=[i, & i i o]
[4]=[6T"[M]
[B]=[G]"[¥]
T 0 Ly 00
0 L, +L, 0 L, 0
[6]=| L, 0 L +L, 0 0
0 i 0 L+L, 0
L0 0 0 0
., 0 0o 0 0
0 - 0 0 0
X X 0
[ﬂ'f]— ™ r r
X, o0 0
oy -ei, 0 0 --—=
Mo o1
01 0
00 0
W= 00 0
00 - !
L JN
P-I
X.=al X =6 (L,', ILW).a— =
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e P v b a Ay P oAy ale the cwrent and flux

R
linkaze of the stator and rotor wirdings, L I, I

ak the lealage mdwctances of the stator and mior
windings. I is the stator-rotor rotial induetanee.

Footu oty A the shtor and rotor resistances. All

variables and parameters are referred to the
stbionary rein-winding reference. J_ iz motor's
moment of irertia awd B 1= dargang coefficient.

Epplvng a mmencal tme-=tepping method to
solve a set of differential equations, motor cwrents,
argular speed and posibion can he caleulated
nuraericallw

3 Conventional Tests of the Single-

phase Induction Motor
In practes, windirg remstances, rmin and auxiliary
[if amw” windings, of the =rgle-phase induchon
motor can be deterrined accwrately. Leakase and
magnehmng imductances are pactical problens.
Thezse =<almes wvary conmderably accoming to the
motor opermting state, tarslent or steadv-ctate. The
irductances caleulated from the comventional tests
can ke furwvused when the steadwstate analw=is 1=
1mwrobred. It 1= becanse thess comentional fests are
perforred i the steadwstate operation. In this
raper, detnil of the cormeertional tests 1= not
nece s=an v diseissed becanse readers can find this
ammaociated mfcrmation from several research articles
or even some well-lmown textboolks [11,15].
Briefl, the cormventional testz for the electncal
tarameters can be categonzed m two pocedumws,
the blockedrotor and the no-load tests. Fach of
wiich 15 also divicde d by winding confizimation to be
1) awalary winding opered and 11) mamn winding
opened.

3.1 AuxdBarywind inz opened

Thiz test perforred by disconnechng  the
awciliary winding from the rein winding. For
blocked-motor test, an equrvalent cir it represanting
the corowt commecton s showmin Fig, 2.

Fiz. 2. Blocked-rotor fest of auxibary winding
opened

ESN 19915163

LN

N.H3ewngerndes, T. KiMo@was Eipoig

From this test, nput inpedance, total resistance
and total reactance of the ciruit can ke deterrmined
b (8) — (100, With shtor resistance ndornmaton
from the winding resishmre tests e g, volt-amapere
method or direct olvue measurerment, effectrre
resistance and lealage wactance of the rotor bars
canbe caleulatedbwming (113 —(13), respectivelw

-y (2)

Fon
Rumin @
S - L (10
R =R +R, (11)
X, =X +K, (12}

Fiz. 3. Mo-load test of amiliarywinding opened

For the noload test, an egqumalent cirowmt
reprezenting the schermtic comecton is shown m
Fig. 5.

From this test, rmgmetzing reactance of the
ciromt canbe deterraimed ber (130 — (18],

'

A (3

B= it 14
nf

) a9

b b o (18)

Exae 1,WoRme 4, J3snan 2009
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3.2 Main windinz, op ened

This test perfrrmed by discomechng the mam
widing finra the mam winding. For blocked-rotor
test, an equrvalent circuit mpesenmting the circmt
connecton 1= shownin Fig, 4.

-

&
—ich

FRTEN PP

Fiz. 4. Blocked-rotor test of maim wanding opened

Thi= test 1= eraploved m crder to deterraine the
effectrre hon ratio of the auwxiliary winding to the
ran windiyg berexecutng (17 (190,

[

R,.= 7
R,=R,-F,

E=J§
2

3.3 Retard aiion test

MEchanical pararmeters, the rotor irerba and the
wiscous fhiction coefficient, can be deterrmined by
the test of retrdation. This test performed by
amplving the rmted shtor woliege. The wotor is
accelerabrg to 1= mo-load speed Without any
connecton of addiiore] inertia rass coupling to the
rotor shatt the rotor willbe decelerate d frorm the no-
load speed dowm to zero dependent on its rotor
irertia only. B obsarang this deceleration, the mior
rorent of inertia can ke appeorivate d

(1an

(18)
(15)

i £ T Y

B AR e
L L B VR LI

Heastvp-ull

deemadrgiz sy e ra

RTY

Fiz. 5. Fotor deceleration cwrve for rmchine’s
retardation

4 GAsfor Parameta Rdinanent

There exist rany different appmaches to adjust the
motor parameters. The Ghs 15 well-known [16,17],
there exist a hundred of worlz eraplosarg the Ghs
techrique to identif sstem parameters in vanos
forms, The Ghis 1z a stochashe search techmque that
leads a zet of populaton m solution space evolned
using the pmoples of genete evolubon and natural
selection, called gemetic operators ez cromover,

IS5N: 19915763
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mutation, etc. With succe=ive updating new
generabion, a set of updhted solubons zradually
cormrverges to the real solubon. Becanse the Gh=s 15
wery popular and widelv imed in most research areas
[16-21] where an mtelhzent search teclhmaue 1=
applied, 1t can be surarenzed briefly as shown n
the flowchart of Fiz. & [15].

In thus payer, the Ghs 1= mlected o banld wp an
algonthm to refine all motor parameters (all
resistances and inductances, the rotor inertia and the
fraction coefficient). To medure progrararung
complication, the Cenete Algonthrs (GADS
TOOLECOX i LIATLAR [17]) &= emploed to
generate a zet of 1utial random parameters. With the
searching process, the parareters are adusted to
grve msponss kest fithng cloze to the desived
response bazed on the minitmra least square ervor.

| Sp=aly the porocaces lor tha ]

[ cwwac i populnica |

llT.J.a... ]

Find b= liaes el mch iodisdual
loube s pepulouca

|Dw.'0:n.tl
_[ Aty T8

Fiz. 6. Flowchart of the Ghs procedure

md

=

5 Voltage-dependent Parametas

The levw amwapton made in this research 1= that
motor’s pararmeters are not corstant for all operating
conditions, The v can be varied fom one operating
condition 1o others. However, sorne pararnetes can
be conmdered as fived pmrawneters. These are the
rofor imerta and the darnping coefficient. Thew are
raechamical pEmmeters and thewr walues do not
change with electical excitation. The electrical
excitation can be categorzed nto cuwrrent and
voltage excifatiors. The cwrrent excitaton depends
on a mechameal leadmg condibon. Ths excitabon
stromgly results in change of winding resistances dus
to matenal thernml chamcteristics and leakage
inductances due to negnetic mtiration of magnete
cores,

In thuis paper, only voltage -dependert pararneters
are enphazized. The tests can he conducted by
varving the 50-Hz single-phase supdy -woliage
somrce of 220 WV, 200 V, 180 W, 160V, 140 V and

Efae 1, Wolme & Janian 200
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120 V. Neglecting all loading conditions, no-load
tests for the six supply voltages are performed. No-
load speeds are recorded for each case and used for
parameter refinement. With the help of genetic
algorithms, accurate parameters for each supply
voltage can be obtained.

6 Results and Discussion

To examine the effectiveness of the proposed
intelligent identification, a 0.37-kW, 220-V, 50-Hz,
single-phase, squirrel-cage induction motor was
used for test as shown in Fig. 7.

'""’””m""':'u,-.iluu;

2N, -

Fig. 7. Experimental setup

With the conventional resistance, no-load,
blocked-rotor and retardation tests, the parameters of
the single-phase induction motor can be obtained as
follows.

Resistance Test:
Main winding resistance=7.3 &
Auxiliary winding resistance =1.3 Q

No-load and blocked-rotor tests:

[ Voltage [ Current | Power
With the auxiliary winding opened
No-load test [ 220V 28 A 120.6 W
Blocked- 996V 34T A 1945 W
rotor test
With the main winding opened

Blocked- 1007V |317A 296.5W
rotor test

The estimated parameters are listed below.
rs=T30 rn=885330,r;=2130,
Ly, = 003776 H, Lis =0.03243 H,

Ly = 003776 H, Ly =0.03772 H,

ISSN: 1991-8763
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Retardation test: (Result shown in Fig. 8)
The estimated rotor inertia is 0.784 kg-m”.

With the parameters obtained by using the
conventional tests, the simulation result of the motor
speed at the rated voltage can be compared against
the experimental result as shown in Fig. 9.

K EIEE 100 srsl 1Acqs
T

1

Aew

— WIE 500mv W™ 2.50s ChiJ
Fig. 8. Retardation test result

[

speed at 220V

1600 ”H ] ' I H
1400+ 1
1200F
expetiment
g ook
s 300
E sirmdation
B gonf
400F
200
i . .
0 0.3 1.5 &
time(sec)

Fig. 9. Simulation result using a set of parameters
from the conventional tests (220 V)

As can be seen, the response of the simulation result
is able to satisfactorily fit the experimental data in
the steady-state condition only. This parameter set is
not suitable to be used for the parameters of the
space phasor model where the transient behavior is
typically an important issue.

To correct the parameters for appropriate use
with the space phasor model, some refinement
technique to adjust those obtained parameters from
the conventional tests must be applied. For
intelligent identification, the GAs is employed. The
followings describe parameter setting and search
space (set arbitrarily) for the GAs used in this paper.

Number of population = 100

Issue 1, Yolume 4, January 2009
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Crossover probability = 70%
Mutation probability = 4.7%

From the parameter setting given above with initial
values from the conventional tests, the rotor speed
can be simulated within the GAs loop through the
space phasor equations as described in Section 2.
When one of the termination criteria is met, the
search process 1s terminated. Hence, a set of the best
parameters, as shown in Table 1, that fit to the
experimental data can be found. Fig. 10 shows the
convergence of the search process performed by
using the GAs.

Table 1. Variable limits (search space):

Parameter | Minimum Maximum
Fas 5 15
2 5 15
i 20 50

| Ligs 0.01 0.05
Ly 0.01 0.05
Lias 0.01 0.06

| T 0.1 0.6
g 0.003 0.02
B, 0 0.004

Convergendce curve (best solution) & Z200

Finessvaue

) L

0042 |

004

no3a
1]

100 200 300 400 500
Giener gion

Fig. 10. Solution convergence for 220-V case

Table 2. Optimal parameters for 220-V case

Parameter Optimal value

T 552190

Ty 11.94 Q

Tis 26.937 Q)
Lig 0.030599 H
Ly, 0.048808 H
Lig: 0.041793 H
Lings 0.37862 H
A 0.008788 kg-m’
B, 0.000552 kg-m/s
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With the parameters obtained by using the search,
the simulation result of the motor speed can be
compared against the experimental result as shown
in Fig. 11.

speed & 220V
1800
1400} '
1200
1000
E
a
5 &0
600
400
200 begt
== Smuldion
o . L L . . ' . .
0z 04 06 08 i 12 14 16 18
timefssc)

Fig. 11. Simulation result using the set of parameters
from the GAs (220-V case)

In the same manner, parameters for each voltage
case can be obtammed and summarized in Table 3-7.
Fig. 12, 14, 16, 18 and 20 arc solution convergences
of GA scarch results for 200-V, 180-V, 160-V. 140-
V and 120-V cases, respectively. Fig. 13, 15, 17, 19
and 21 are comparison of the test result and the best-
fit of the simulated motor speed for other five
respective cases.

Table 3. Optimal parameters for 200-V case

Parameter Optimal value

Tas 6.0995 Q

Ty 8.3755Q

Fids 24.595 Q
Lz 0.037003 H
Ly, 0.024528 H
Lis: 0.025479 H
L 0.40243 H
i 0.008788 kg-m’
B, 0.000552 ke-m/s

Table 4. Optimal parameters for 180-V case
Parameter Optimal value

T 6.2126 Q

¥ 7.4612 Q

s 36.18 Q
Ligs 0.028312 H
Ly, 0.024079 T
Lyas 0.051837 H
Ligs 0.44792 1
i 0.008788 kg-m*
B, 0.000552 kg-m/s
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Table 5. Optimal parameters for 160-V case

Parameter Optimal value

Ty 6.7585 Q

T 6.1975Q

Ty 36.626 Q
Lt 0.02674 H
Ly 0.020242 H
Ly 0.04168 H
Limgs 0.5004 11

e 0.008788 kg-m*
B 0.000552 kg-m/s

Table 6. Optimal parameters for 140-V case

Parameter Optimal value

Tas 0.2702 Q

ry 7.1434Q

i 36.305 Q
Lips 0.036223 H
Ly 0.018638 H
Ly 0.049867 H
s 0.51775 H

L 0.008788 kg-m"
B, 0.000552 kg-m/s

Table 7. Optimal parameters for 120-V case

Parameter Optimal value

Tgs 7.4503 Q

ty 5.6556 Q

Vs 45.800 Q
Ligs 0,032499 H
Ly 0.015448 H
L 0.031344 1
Lings 0.55269 H

I 0.008788 kg-m2
B, 0.000552 kg-m/s
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Fig. 14. Solution convergence for 180-V case
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Fig. 15. Simulation result using the set of parameters

from the GAs (180-V case)

Ftness vaue

speadirpm)

Convergence curve {Ded sofution) & 160V

0125 -

012

o115

opes

ooal o
0 100

Fig. 16.

1600 T ™ T

200

300 A00

Gonaraion

speed o 160V

500

Solution convergence for 160-V case

1400

1200 - i

1000

=00

BO0

400 -

200

o L L

] P T
|

1] 02 o4 [1]]

03 1
tirmeaisec)

Tig. 17. Simulation result using the set of parameters
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Fig. 18. Solution convergence for 140-V case
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Fig. 21. Simulation result using the set of parameters
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With the refined parameters obtained in this paper,
control and drive of single-phase induction motors
can be performed more accurately. Parameter-based
or model-reference approaches can be used
extensively to a wide range of applications. Fig. 20
concludes the simulated speed response of all cases
in  comparative with their corresponding
experimental result.

o—o mmulanon

—— cxperiment

08 1 12 14 L&

time (sec)

Fig. 20. Comparison among simulation and test
results for six voltage cases

15

7 Conclusion

This paper illustrates an intelligent approach to
estimate dynamic parameters of a single-phase
induction motor. Due to the complication of the
space phasor equations describing dynamic
behaviors of the single-phase induction motor, the
parameters can be roughly estimated through
conventional tests (no-load, blocked-rotor and
retardation tests). These tests are based on the
steady-state analysis. Therefore, they may cause
inaccurate estimation, especially when transient
characteristics are interested. In this paper, some
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efficient intelligent search technique, Genetic
Algorithms (GAs), is employed to demonstrate this
intelligent identification. With the additional key
assumption made in this paper, some parameters are
voltage-dependent and can be varied due to the
supply voltage. In single-phase motor applications,
reduced wvoltage control is typical for domestic-
based electric appliances due to its lower cost. As a
result, the speed response simulated from the
proposed method satisfactorily fits to that obtained
from the experiment. In comparison with the
conventional parameter tests, the effectiveness of the
proposed scheme is confirmed.
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Abstract: - Single-phase induction motors are widely used in household electric motor applications. Although
most electric apphiances require a few amount of kilo-watt input, minimizing power losses during their operation
gives a great benefit resulting in nationwide electric energy used by householders. In this paper, a model-based
simulation for logs minimization using the space-phasar theory is proposed. Instead of a fixed 220 V, 50 Hz AC
power source, a variable-voltage,variable-frequency (VVVF) control scheme is assumed to function the AC
supply. By formulating and solving a constrained optimization of single-phase induction motor drives with
VVVF, aperation of the single-phase induction motor with minimum power losses can be attained. To evaluate
this control strategy, test cases of a single-phase induction motor drive with variable mechanical loads are
situated to evaluate its performance.

Key-Words: - single-phase induction motor, optimization, variable-voltage-variable-frequency control,
sequential quadratic programming, loss minimization, space-phasor theory

In this paper, the control scheme of VVVF in
order to minimize total power losses in a single-phase
induction motor. There are five main sections to
illustrate the proposed strategy. Section 2 1s
Modeling of Single-phase Induction Motors, Section
3 is Problem Formulation, Section 4 is Simulation
Results and Section 3, the last section, is Conclusion.

1 Introduction

To date, three-phase induction motors have been
increasingly important for industrial electric motor
applications. It should note that there still exist DC
motors in some limited applications, €.g. motors for
vehicles. Apart from a large-size electric motor drive,
single-phase induction motors are widely used in
houschold electric motor applications.  This

application typically consumes power of a fractional
horse power up to around ten horse p