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Abstract — A general model suitable for the vector controbf
the unsymmetrical two-phase induction machines isrpsented in
the paper. Both the rotor flux oriented and the stéor flux
oriented control strategies are analysed and theisuitability for
low and high-speed operation is discussed. In theathematical
model the machine main and auxiliary winding are rgresented
in the stationary reference frame and the effect otore losses
and the main flux path saturation are included. A pecial 2)
technique is used to model different levels of satation on the
two axes of magnetisation. The model can be emplaléor the
accurate simulation of both the steady-state and th transient
operation of the unsymmetrical two-phase inductiormachines. 3)

1)

I. INTRODUCTION 4)

The unsymmetrical two-phase induction machines are
widely used in high volume commercial applicatiahse to
their relative low cost and high reliability. Comtmnally,
these machines are fed from a single-phase ac mappy.

Il. MATHEMATICAL MODEL

The proposed model is based on several assumptions,
generally acceptable [8]:

only the fundamental space-harmonic component of
the air-gap flux distribution is considered,

there is a unique distinct non-linear magnetisation
curve along each of the two orthogonal axes of the
machine (the magnetic-flux saturation effects are
modelled and superposition is not used),

the core losses are modelled through a non-linear
resistor associated with the total stator flux digk,

the stray losses, the magnetic diffusion (i.e. daap
effect), the temperature effects and the rotational
losses are neglected, but the model can be further
developed to include them.

Since the stator windings of the unsymmetrical phase
induction machine are not identical, the motor paters are

To achieve variable speed operation a power eRiCBO constant only in the stationary reference framedig co-
inverter can be used. Although in this case a gométion ,iginates. the machine model, represented in Figis1

with a single phase input / three phase outputrtevelriving mathematically described through the following (ffe of
a three phase induction motor seams to be econtb}micgymbms is given in Appendix I):

preferable, it is believed that for certain apgimas the true
potential of the unsymmetrical two-phase inductimotor

« stator voltage equations

L i P 1
drive is not yet exhausted. Vas = Rulgs * L Pligs = Tqre) * P4 gm (1)
The performance of a two-phase induction motovys = Ryuigs + Lia P(igs = ige) + PA g (2)
controlled by field_(_)rien_ted methods has been aealyn [1], « rotor voltage equations
based on a simplified linear non-referred models lknown . ) 1 3)
that iron losses and magnetic saturation are artieagnain 9 = Rrlsr * Lir Plgr = f“)r/‘ ar+ PAgn
causes of motor parameter variation, which — unsestable 0= K2R, s + K2 Ly Pigu + ko Ao+ P, 4)
compensatory measures are employed — can lead to } _ a
significant performance deterioration in an elegically * flux —linkage equations
controlled drive. In this respect several modermted A,q = L, (igs—ige) * A qn (5)
f[echnllques have be_en proposed, but only for theetphase Ay = L (igs =i g0) + A gy (6)
induction motor drives [2]-[6]. A general theoryrfdhe o 7
unified treatment of core losses and saturatiorthe d-q Agr = Lirlgr + Agn )
models of electrical machines has been describgd.in Agr = K Ligigr + Ay (8)
The main objective of this paper is to present dgirmal Ao = (ive =i oo i o)l e =L i ) )
method developed for de-tuning the effects of tba losses an = (lgs “lare ¥ gr)l qn =L qnl ol an
and main flux path saturation in vector controlledAy, = (igs ~igeti gk am=L ol o o (10)
unsymmetrical two phase |r_1duct|on motor drives, mrﬁle «  current equations
d-g motor parameters are different along the two aktesill i =i+ (11)
be shown that the method ensures satisfactory npesfocce 95~ "aR " afe " * am
compensation and is suitable both for rotor fluxl atator iy5+i4z =i geti gm (12)
flux oriented control. ) I E—
|m = | qm +1 dm (13)

Because the machine is unsymmetrical, the timeatian
of the magnetisation flux-linkage @q axes is given by:



m (14)
dAdm Adm Idmlqm Gdl aqm
di, Im iZm dt
dAgm _ dAgm i%m +ﬁ | Zam | dign
dt di, i’m i, 1°m ) dt (15)
d/]qm _Aqm idnj quEidm
di, i, ) i’m dt
By introducing the following notations:
d Ay = Lypg dynamic inductance in axis d
di, "
dAgm =L, dynamic inductance in axis q Fig.1 Thed-q axes equivalent circuit of the unsymmetrical two-
di, q phase induction machine including the iron loss thedmain flux
Adgm static inductance in axis d path saturatic
i Lams machine. The voltage matrix equation in state-tdgidorm
" is [9]:
A L . .
am _ static inductance in axis g, = Apx +B
i Fans ; :T :[Fi))'( i'X i o o (2072
the induced voltage in the magnetising branch besom _ ?S’ ?S’ "R
Aoy _ | Dion , | ian ey o [V'es, V45,0, 0]
V = m = m +
dm dt am gt da gt where ,
dA di di Vie= —2X R
— qm  _ aqm dm P =i i fe
Vam = dt = Lqm at + quF (17) {' 'qs = ?qs_? i and e Ru * Ryee !
where the inductance terms are described by th&aes: Pas T las Tl V' = Vas OR .
I-dm = I-dms + (Ldmd_ L dm; COSZ 10 n (18) RA * Rdfe
. + L
L = (Ldmd_ Ldms)SInzpm (19) LM I'qv Ltm «
a 2 ad o bt Ly La 27)
Lqm = Lqms + (L qmd_ L qm; COSZ 10 n (20) an Lqi L|R+Lcm Lqi
_ (Lqmd - Lqms)Sin2 10 m Lﬁq Ldn Ld] kZLIR+Lcm
Ly = (21)
2 — -
Pm = arctan[f"”"j (22) RiRe 0 0 0
Idm R‘/l + %9
The electromagnetic torque equation and the mecahni RR
X ) 0 e 0 0 (28)
movement equation are: B= R+R.
T = P (Kl geli ot i o
e~ 4 ms' dR\' gS R ' qfd
2 e ) (23) o T R TRy
_E Lomsl r( ast1 ar™T ad = EQ( Ak dR_EA IR ok | ka1)LqmS 0 ko (L + Lqms) l<2RR
T.-T,=J, pw, + B,w, (24)

The machine parameters can be computed, prefetgbly The model described above was verified by comparing

FEA, or measured through classical experimentahaus. COMPuted and measured results.

The value of the resistance used to model the lioga is

determined from a standard no-load test, at firsthw ll. ROTORFLUX VECTORCONTROL OF AN

sinusoidal supply at rated frequency, and then &itRWM  UNSYMMETRICAL TWO-PHASE INDUCTION MACHINE

supply at rated frequency. The same test is usedetsure

discrete points on the magnetising curve of thehimgc The  As the stator windings of the unsymmetrical twoggha

methods for the measurement of the motor parameters induction motor are unbalanced, the machine paemnetre

described in more detail in references [2]-[3]. different in between thel and theq axis and the vector

control principles have to be implemented in a slesay.

Under transient operation, the system of equat{@ji$24) The waveform of the electromagnetic torque dematestr

describes the performance of the two-phase inductithat the system is unbalanced. Even if the orthabgetator



currentsigs andigs are of equal amplitude the torque contains .~ 1 . 1 a . Lims: a 36

an AC term as it can be seen from equation (23). PAgr = _quR B E(“’a W) A gt T "2 s (36)
In order to eliminate the AC term from the torque de LdR

expression some relations between the stator darngare PAGR = ———Agp t K(w,—w )A e+ =290 (37)

proposed in [1]. However, these relations are vaifity under T4r T4r

linear assumptions (saturation and iron core losaes wherea is the angular speed of the arbitrary refereremé:.
neglected). Furthermore, the model proposed in ik

implemented using a non-referred equivalent circwitich Rotor flux oriented control system.

requires some complicated measurements of the wmoidr

stator magnetising and mutual inductance. Based on the derived rotor flux model, the rotaldfi
A new relation for computing the torque can be amieed oriented control system can be adapted to a twsepha
by substituting (7)-(10), in (23): induction machine. The machine equations in therréitix

reference frame can be obtained from (36) and &Bd)then

1, o
_[ P J E/“’R' wobank kAol od ko | (20) using the constraint condition for rotor flux fiettientation

oL L 1 control. The resulting equations are as follows:
REAR |44 A | KLgme— = L
qR7"dR qms k dms w A L
mfr — _—ams i’ o (38)
where: k Tor q
' =i ol
IQS .qS .qfe p/ +i/1 :Ldei, (39)
I ds = IdS_I dfe (30) ' Tyr ' TR a8t
LqR = I‘IR + Lqms

where A is the rotor flux amplitudew,, = w, - w, and

is the angular speed of the rotor flux as seen fitwerstator.
Y" The torque expression in the rotor flux orientechtoal
state oscillating term can be obtained by imposthg system becomes:

— 12
LdR =k I‘IFZ + Ldms
As L, . =k? L qms» @ tOrque expression without a stead

fc.)I‘Iovxﬁr?q conditions: T o= P KLgps A (40)
I'as =1 gsa (31) ‘e 2 L. r! gs1
o bamsber., o (32) Fig. 2 shows an indirect rotor flux oriented cohggstem,
les = k L L qs1 ™ k=i qs: with the references denoted by the * superscript.
gms—dR

_ . L The voltage source inverter and PWM module is fgd b

By substituting the variablé&s andi’gs, into (29), the torque gjgnals provide by current controllers (PI, fuzzy, neural

expression becomes: networks type). The input of these controllersis difference

T = [Ej KLgms (/] it - ) (33) between the estimated and measured values of #ter st
¢ 2 Lyr drR7 sl TaR' ds] current reduced by the equivalent iron-loss braoatrent.
Based on this new expression, which is equivalerthat The influence of saturation is implemented in tipeesi or

of a symmetric machine, i.e. no oscillating terms jresent, rotor flux estimator. Beside the magnetisation esrin thed-

a vector control model can be implemented for twe-t 0 axes, the estimator requires the knowledge ofRerf)

phased unsymmetrical machine. function. The matrix equations (25)-(28) can belengented
From (3)-(4) and (7)-(10), the dynamic relationvbetn either for simulation, or on a DSP board for estintthe
the rotor flux and the stator currents is obtaiasd motor parameters, when the inputs are the ternguantities
1 1 1 . (voltages, currents) of the motor.
pAqR = _T_AqR +Ewr/]dR+r_Lqm4 as (34)
ar ar IV. STATOR FLUX VECTORCONTROL OF AN
Ay =~k A - I N (35) UNSYMMETRICAL TWO-PHASE INDUCTION MACHINE
dR dR
The electromagnetic torque as a function of thtostux-
where: linkage and current is given by:
T = =¥ Tyr = = k 1 Ls K,
q ’ 2 .
R k — =+ A4 S _ Mmooy
R RR P /‘qS/]dS( Ldms qumJ @ q qums Ld ( 41)

In an arbitrary reference frame, using (34)-(35)1 ahe e_(ij (L K)o, [Kiyle Leb
conditions (31)-(32), the rotor flux of a two-phaseuction Al il R O LM 2= kls_ .
machine can now be derived as: e e



wl

” (ids-idfe)m
+ - i*ds1 + _ Vs
e
I Speted” "| Calculate i%s; P Transform ] Ria
controfler Rotational
- Eq .41 —> To .
. Stationary
Calculate i* gs1
A | i*as: Eq. 40 ’ + Eas. 32,33 1 Ri
DR ds1 EQ. q Vs
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(iqS'iqle)m
VSI & PWM
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) - u u
Calculate @i
Eq. 39 > I w,dt
wr main aux

O
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Fig. 2 Block diagram of indirect rotor flux orientgdctor control system with two-phase induction hiae

The previous equation can be further simplified:

P 1, ., . 1 S
( jEEk/ldSI as kA qé ds"'[kl- IM_ELIAjl ad qS:| (42)

2
Usually, the stator main and auxiliary windings é&aan
identical configuration, and differ only throughtethumber of
turns and the diameter of the copper wire. In tase, the
ratio of the main and auxiliary leakage equalstthas ratio

T =

e

squared k). The conditions (31)-(32) for the stator currents

become:
i'gs = k? O'gs1 7 1'as =1 'gs1
Equation (42) can be re-written as:

Te U (%j [(/]dsi 'qSI_ A q:i; ' ds)

To express the dynamic relations as a functiomefstator
currents and fluxes, (5)-(8) can be substitutedq3i)-(35),

resulting in:
1 1 2 .
p/]qS + 7/]qS_Ea)|/] ds— ko qé‘ quI qs1
T4r (44)
1 . k2 .
_EerdSLdé dsf"al- & gs1
1 o
PAys + —Agst ka)/]qszadé- aPl gst
T4r (45)

. 1 .

3 ' '

+k a)ra-dsl‘dsI qu'- L dg ds1
dR

=1-L°

whereg s d@ms

L @it a@9 -
The dynamic equations for an arbitrary refereneemf
can be derived by substituting thg term with w, -w,.

Stator flux oriented control system

Based on the vector model given by (44)-(45) treddfi
oriented principles [10] can be applied to contiwé stator

flux of the two-phase induction machine. The foliog
equations are obtained:

Ags =0 (46)
Ags = A (47)
S, 2T,
o5t T K )
pA +i/1 =04l oPi' 4t

S R s ds—d ds (49)

. 1 .

3 ' '

+k wsra-dSLdé qS:-L‘- L dg de
dR

(43) De-coupler for direct stator flux oriented machine.

The d-axis component of the stator current for the stato
flux oriented control system is not only dependent the
associatedi-axis component of the stator flux, but also on the
g-axis component of the stator current. The coupliatyveen
the torque producing current componegd and the flux
producing current componenjs is shown in (49). As a
consequence, any change in one current componémbuwti
changing the other accordingly will cause a tramsia the
stator flux. This disadvantage is overcome by usinge-
coupler in order to compensate the coupling effee}, [11].

The complete block diagram of the direct statorx flu
oriented system of two-phase induction machinetescted
in Fig. 3.

The description of the de-coupler is obtained devis:

)

K,AA,

p

idS:idq+Ff(p)AAs:idq+[K AA s+ (50)
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Fig. 3 Block diagram of direct stator flux orientegctor control system with two-phase induction niaeh

operation, the machine presents a steady-stateuputirque
where F(p) is the transfer function of a Pl type flux that limits the stable operating region.
controller (soft computing techniques such as fuzmy
neural-network can also be employe#), and K; are the V. EXPERIMENTAL AND COMPUTEDRESULTS
coefficients of the Pl type controller, addls = A5 - A%% is
the difference between the reference and estimabd of An experimental validation of the proposed modelswa

stator flux. performed on a capacitor run two-phase inductiortomo
In order to de-couplé ys; from i’ 4s;, the following has to with the parameters given in Appendix Il. The comgpluand
be fulfilled: the experimental torque—slip characteristic of tor with
both stator windings energised and no running dapaare

igq (T gsk gsP + Lo/ T g = K*w & 4L ds 4 (51) shown in Fig. 4. One should note that the rated mriout
K?Lql" torque are less than expected for the case olutheapacitor

K?OsLsPi' gt ——>— 2= 50 connected, as the motor is designed to operatestich

W, =- T Lar (52) conditions. The direct connection of the two statdimdings
2 (Ogelgd " usim A 4 to the mains supply, was chosen in order to veli& model

k proposed in Fig. 1 without the capacitor influence.

wherews, = we - w; represents the slip angular frequency. To llustrate the comparative advantages of thepgsed

When properly tuned, the de-coupler described [ thsector control strategy the same two-phase indnctimtor
above relations generates correct values of segtmated \yas simulated operating from mains supply with aning
currents, so that the stator flux is not alteredahy changes capacitor and operating in a vector control drivitheut a
in the reference electromagnetic torqlie,, even during rynning capacitor, respectively. Due to space dtins,
transients. only a few simulation results are presented hehe tbrque

For a complete sensorless vector control of aggainsttime and the torque against speed curvimahotor
unsymmetrical two-phase induction motor, the esma in |ine-start capacitor run operation are showrFigs. 5-6,

stator flux is determined from the information pded by and the performance in vector control operatiodigplayed
the terminal measured quantities (voltages andents), as in Figs. 7 and 8.

described in [2]. . . . Two important improvements are achieved throughorec
The electrical frequency is obtained through thatien: control operation: a significant reduction of thelgating
_ Ags BpAgs = A gsbpA s (53) component of the motor torque and decayed speed
e MS‘Z oscillations around the steady-state operationtpoin

The effects of the magnetic saturation and corselwgan
be included in the machine model in such a manhat t
solely stator current governs the torque and flcodpction.
It should be mentioned that in stator flux orientsghtrol
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Fig. 4 Torque-slip characteristic of the example
two-phase motor (-calculated, o measured)
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Fig. 5 Simulated torque vs. time curve of unsymioaktwo-phase
induction motor operating from mains supply witlmming capacitor
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Fig. 6 Simulated torque vs. speed curve of unsymaoaétwo-phase
induction motor operating from mains supply wittmming capacitor
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Fig. 7 Simulated torque vs. time curve of vectantcolled
unsymmetrical two-phase induction motor
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Fig. 8 Simulated torque vs. speed curve of veatotrolled
unsymmetrical two-phase induction motor

VI. CONCLUSIONS

The equivalent circuit model proposed in the pdpethe
unsymmetrical two-phase machines includes botheffect
of the magnetic saturation and the iron lossesthadefore
leads to a performance improvement of vector cdietto
machines. Further work will be undertaken in order
include into the model also the parameter variatidth the
temperature, the stray losses and the deep-bat.effe

The numerical results for the steady-state perfamaaof
an example capacitor-run two-phase induction mafgnee
satisfactorily with the experimental values. Thendated
transient performance illustrates the advantagekeof/ector
control drive in terms of reduced torque and spggule.

The vector control for this type of induction mashican
be achieved either through a rotor or stator fluierded
strategy and the implementation can be done onséme
DSP board because the same motor parameters atdruse
both versions. It is anticipated that the statox ftontrol is
more suitable for low speed applications, while tihi@r flux
control system is applicable for high-speed apfitice.

APPENDIXI

List of principal symbols

We synchronous speed
rotor speed

p differential operator

Ru, Ra, main, auxiliary stator windings resistance
Rr rotor winding resistance

Ry, dfe equivalent iron-loss resistance (d and g axis)
Lim, Lia main, auxiliary stator leakage inductance
Ldms,gms magnetising inductance (d and q axis)
Lir rotor leakage inductance

k turns ratio auxiliary/main windings

Te electromagnetic torque

JIn rotor inertia

Adsgs, dr.qR stator / rotor flux (d and g axis)

Vdsgs stator voltages (d and q axis)

ids,qs, dR.R stator / rotor current (d and q axis)
idfe,qfe iron-loss equivalent stator current



APPENDIXII

Two-phase induction motor data

Rated output power: 750 W

Rated frequency: 50 Hz

Rated speed: 1448 rpm

Rated voltage: 220 V

Number of poles: 4

Inertia: 0.00146 kg

Running capacitor: 1QF/400 V.

Stator main winding resistance: 5.85
Stator auxiliary winding resistance: 13.83
Rotor resistance: 3.99

Iron-loss resistance (in d axis): 1489
Iron-loss resistance (in q axis): 12@7
Stator main winding leakage reactance: 12335
Stator auxiliary winding reactance: 14.94
Rotor leakage reactance: 595

Mutual reactance (in d axis): 224.23
Mutual reactance (in g axis): 10401
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