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Abstract: The brief survey of techniquesto restrict the start
current of an induction motor is carried out. The electric
drive consisted of two identical induction motors one of
which hasrotatory stator isproposed as an alternative type
of soft-starters. The principle of its operation from the
theoretical background isconsidered. The equivalent circuit
of electric driveisdevel oped and mathematical model onits
base is designed. The experimental setup to validate the
mathematical model is described. The results of both
simulation by Matlab and experimental investigation are
presented. The assessment of power losses in the proposed
electric drive shows a possibility to use it as an adjustable
electric drive in some applications without strong
requirements to speed control.
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1. Introduction

The survey of state-of-art electric drives shoma t
there are a number of a different techniques al
approaches to control the speed of an inductiommog
[1, 2, 3]. Mostly, it needs a frequency convertefeted
an induction motor and implement some of contr
schemes that provide desirable quality indicators {,
terms of efficiency, stability, accuracy, etc. Biltere
are still a quite considerable number of applicetithat
do not have a strict requirements on the wide rarfige
speed, its accuracy, transient time and so oreddsbf
it, the restriction of start currents and torgues ability
of work in severe environmental operating condgion
have to be fulfilled. The electric drives of thisdt are
often connected to synchronous generator that geov
supplying. The typical examples of such applicatio
are the fans, air compressors, water and oil pu
forge and press mechanisms designed for quarrgani
Far North conditions. The spectrum of options
frequency converter are often excessive to Covg
demands over control of these applications. Morgove;
the use of severe duty frequency converter is tirtke
additional payments to buy it and necessity of high,,
skilled staff to maintain it throughout its opeaoaiti As a

result,

complications is to introduce a technique of siafiting
only to restrict start currents and torques [4].

The historically first method for soft start is
implementation of one anore sets of resistors which,
during start, are connected in series with the igrithe
stator winding. There is a very high power dissgrat
in the resistors, resulting in the requirementyery
high power rated resistors. Typically, the resistwill
dissipate as much as 150% - 200% the power rafing o
the motor for the duration of the start. The sigaifit
improvement of efficiency during start was reachgd
substitution of resistors by reactance. It led to
considerable reducing of heat losses, but the @nobf
non-discrete control was still in place.

Another approaches for soft starting are the
introducing of auto transformer, the use of stdtade
starter, slip ring or wound rotor motors with adutial
resistor connected to it. Each of approaches hag so

r%ivantages and shortcomings that limit its impidcat

Nowadays, the most popular soft starters for an
nduction motor in the wide range of power are base

(ﬁn thyristor or IGBT schemes [5]. Thyristor or IGBT

ased soft starters allow to increase smoothly the
oltage applied to the stator winding that lead to
respective change of current and torque. As a main
deficiency of these devices, the necessity of piesef
skilled electronic staff has to be highlighted for
maintaining and repairing.

One of feasible ways to solve this problem is to
employ the two induction motors electric drive with

rotatory stator. This electric drive does not cahsny

semiconductor switches or resistive elements. & ha

rEimple scheme for electrical connection and high
K&liability during operation. The main shortcomiofy

e drive is some sophistication in mechanicalglesi

he proposed electric drive are also able to contro
f)eed in a small range of it without significantadimg

f efficiency.

The results of both theoretical and experimental
estigation of the electric drive are presentethis
article.

the most preferable way to avoid the



2. Principle of operation is negative to the resulting torque of two motord #s

The scheme of the electric drive consisted of tveo t speed and it has braking effect. The active compione
same wound rotor induction motors one of whichaasof Ob of the rotor current for the IM2 has the same sign
rotatory stator is shown in Fig. 1. as thek,, that lead to the positive torque.

Further increasing of thes rotates thek,, and,
consequentlyE; > clockwise (Fig. 2,c). As a result, the
both Oa andOb are directed the same direction as the
respective EMF. The torques of IM1 and IM2 have the
same direction as the resulting torque and speed.

If ps=x (Fig. 2,d),E;;1 andE;, coincide totally and
the E» equals to algebraic sum &, andE,,, i.e.

Fig. 1. Scheme of the electric drive Es=E.+E:. Thel, is placed the same way y and
E., and both IM1 and IM2 have the same torques

The value of rated power of each induction motof,=Te,=Te/2. Under these conditions the speed of the
IM1 and IM2, is the same and it equals to halfatéd motors has the maximum value that depends on the
power needed by electric drive. The stator windargs voltage supply frequency as in direct on line mode.
connected to the same voltage supplyve. The rotor
windings are connected in series with each othiee. T3, Mathematical model
shafts of motors are linked together. The statahef The six differential equations relating the staod
IM2 is mounted so that it can rotate around the &yl rotor voltages to the stator and rotor currentshesn
some auxiliary device, AD. reduced to four equations by using the famous park

The principle of operation is described by Fig. 2. transformation [6]. This transformation offers, ioles

simplification, the advantage to eliminate compiete
AE,s the time varying parameters.

The equivalent circuit for the two induction motors
electric drive with rotatory stator in the stationfiame
is shown in Fig. 3.

In Fig. 3, Ry, R denote the stator and rotor
resistancesL,,, L, do the stator and rotor leakage
inductancesl., does the magnetizing inductanéy;
does the resistance representing the iron losstin
stator due to eddy curent and to hysteresis cuyrgnt
ws do the electric speeds of the both rotor shafiislas
stator of IM2;is, i, do the currents flowing through the
) ) o stator and rotor windings;, i;; do the currents flowing

Fig. 2. Vector diagrams of the electric drive through the inductance bf, and resistance &;; 4, 4,

. . . Am do the stator, rotor and magnetizing flux linkgges
While the electric rotation angle of the IM2 Stato'?espectively. Subscripts of 1 and 2 reffer all the

¢s=0 (Fig. 2,a), the EMF&,, andE,,, induced in the \ariables and parameters to the IM1 and IM2,
rotor windings of the IM1 and IM2, respectivelyear regpectively.

directed opposite, its resulting value of EMEy, According to the equivalent circuit, the stator and
equals to null. It leads to the rotor current,6f0 and 10y voltage equations in the stationary framehie
the torque offx=0. . vector form are the follows:

If the rotation angle ofs£0 (Fig. 2,b), then the d d
E.s#0, the current ofl, starts to flow in the rotor v =R 0, +—=+—m (1)
windings andT.+0 that lead to the moving of the dt dt

motors shafts. The active componen@abf the rotor _ di, , dA, .
current for the IM1 has an opposite sign toEne It Vs2™ Re ez df +_dtm —jw (Mg + Anp) )

means that under this anglegthe torque of the IM1

R, Li Ly, J wr;{r] R, J wr;“m] J a)r/‘LmZ R J a)l‘)"I‘Z L, lige J@shs2 Ry

Vs2

Fig. 3. Equivalent circuit for the two induction toos electric drive with rotatory stator
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dAd,  dA, im.1 andimg flowing through) were aligned to frame of
at + . 3) alpl. Thus, the only windings that rotate with therfea
) ) of a2B2, i.e. with the stator of the IM2, are the stator
—Jjw (A + A+ A+ A) — jwd, winding of the IM2 (inductances &fs with currents of
dA,, is2 andigis flowing through) and the magnetizing
Re Uiy "4t (4)  winding of the IM2 (inductances bf, with currents of
L ime2 @ndingg flowing through). The rotor windings
‘ - A connected in series and described by equation)of (3
Rr [qrz +ws/1m2 (5) H :
dt cause the necessity of transforming of the IM2
=i +i magnetizing flux linkages from the2f2 to thealpl.
g Flirs =lg Tl (6) - - :
) i > Since the coordinates of the currents and fluxdges
Im2 Flir2 Sls2 Fiip () complete the whole range of changing during the
The actual sign of,in the equation of (3) dependselectrical angle op=2x then the next equations follow
on the direction of currents flowing through thaewith regard to directions of the currents,of, ivs1, ingoe,
magnetically coupled inductances and it will bé,, flowing through the magnetically coupled

r2 4
t

extracted further in this section. inductances of the IM2 and rotation angle showthén
From the section 2 one can conclude that the spéeig. 4:

position of the two stators is not coincided ingeh ) == cosg. + A sin 11

Since that, it is necessary to introduce two statip "t M7 05 * Anapz SINDs (1)

frames linked to respective stators. Letting statiy  Amzs = ~Amaq2 SINPs — Az 5 COSP (12)

frame ofa1p1 links to the stator of IM1 and stationary  Thus, taking (8) - (12) into account, the equatiafns
frame ofa2B2 links to the stator of IM2, we obtain (1) - (7) is transformed below to solve it relatju® the
space position of all the winding, as shown in Big. 6 unknown currents and 4 flux linkages.

The stator voltages equations:

di dA

Vo= Rs lggr + L éltal +$m (13)
di dAa

Vsl,(?l: Rs |zﬂsl,l?l + Lls ;iﬂl +%1ﬁl (14)
di dA

Vsag2= R spgz + Lis thaz +—3t2a2 + (15)

+ ws(l-lsi S22 + /]m2ﬁ2)

di dA
V52ﬁ2: Rs mSZﬁZ + Lls ;21:[?2 + rg:ﬂZ - (16)

- ws(l-lsi s2a2 T /]m2a2)
The rotor voltages equations:

di dA dA
O - 2 [ﬂ + 2 ral + mlal _ m2a?2 X
R’ ral I-|r dt dt dt

dAmZ,BZ . .
It is obvious that two induction motors have the' S°%s * dt Sings + & Lyl * Amp) + - (17)
shared shaft and rotor circuit and do not have an4y(wr +@)(=A sing. - A coss.)

s m2a2 s m232 s

magnetic links. To decide the equations of (1)); if7

needs to employ the dependance between flux lirskage diigy  dAym dA
ans respective currents: 6= 2R U + 2Ly, orlt + (Tt - gfqz X
/]s = Llsis (8) dA 52
. . m .
/]r = I-Irlr (9) XSIn¢S —TﬂCOS¢S W (2Llr|ral + Am:lal) - (18)
Am =L, (10)

Generally, the space position of the windings i5 (4 ¥ @)(“Anay2 COSPs + A, SING )
changing during electric drive working. The frarhas  The magnetizing and iron losses contour equations:

been choosen so that the rotor windings of both IM1 dA 0

and IM2 (all inductances df; in the Fig. 4), the stator R 11 = ént of1

winding of the IM1 (inductances &fs with currents of

is1 and iy flowing through) and the magnetizing g = dAm o
r r

winding of the IM1 (inductances &f, with currents of dt



dA J, dw
Rr |:ﬂirZaZ = gtzaz + a)s/}mZaZ (21) _szd_ts :Tez _TLS 263
n
dA wherelss, J;» denote the total moments of inertia of the
O, =—222 — A 22
Rr [ 242 S e (22) rotatory stator of IM2 and the rotor shafts of Iiad

To omit all thei;, from (19)-(22), it needs to use theIMZ with the mechanical units coupled to them,

. : i respectively, p, denotes the number of the stator
current equations. The current equations of the.IMlWincling pole pairsT.. T, denote the load torque

gt + i = s + o (23)applied_ to the rotatory stator and the rotor shafts
imp Flirp T lap T (24)respectively.

To write current equations of the IM2, it needs t
transform the rotor currents from frame @ifl to
frame ofa2p2:

9. Results of smulation
Simulation of the electric drive was carried out by
using of Matlab.

g2 = 1101 COSP; +i p SING (25) " The load device in simulation was a centrifugal fan
iy 52 = —i;q1 SINP, +, 5 COSP, (26) with square dependence of load torque from speesl. T
. ) rated parameters of induction motors of IM1 and IM2
_ Then, the current equations of the IM2: are the nextPra= 2.2 KW, V=220 V, fy;4=50 Hz,
im2a2 +lir 202 = 5202 +1;q1 COSPs +ip 5 SINP (27) p,=3,R=3.6Q, R=4.19Q, L,:=0.0082 HnL,=0.0116
Im2ﬂ2 =+ I|r2ﬂ2 = |32ﬂ2 —_ irngin¢s + Irﬂlcows (28) Hn, Lm:O.l Hn,R|r:14329, Whereprat, Vsyrat andfsyrat

denote the output power, stator voltage and its

The implementation of equations of (13)-(28) "_’"IOVYrequency respectively.
us to calculate all needed currents and flux lieisig The simulation was replicated with the stator autrre

the stationary frames linked to two stators. Tlatost frequency ofs< 50 Hz.

and iron losses currents and magnetizing flux tyekaf The dependance of tiRs from thef, was taken into

the IM2 are obtaineﬁ inldthe frbame agp2 bUtI 0 account by the next emprical equation [7]:
transform it toa1pl should not be an issue. Also, |th = 25049+ 16021, + 0152f52

should be noticed that the stator rotation speegl &f .
much smaller than the rotors speedpBs aresult, all  The dependance of the, from the magnetising
components of equations of (15)-(18) and (21), (2 urrent,l,, was taken into account by the next equation
contenting ofws, become neglectable. _ _ I ] ] A ,

The general expression for torque of an inductiot,, =-0002l ;. + 0037I >, — 0261 .. + 0871, —

mmo{' o em ~ 128712 + 0214l . + 1413
T,==— Zin/‘n == Z i " (29) where
209, 2.5am 09 Loe = Lo/ Lnvats Ve = Ui Vv

The torque is the result of interaction of magreijC - gome results of simulation are shown in Fig. 5, 6.
coupled inductances. For the IM1 all inductancesel '
ortgonal axes while inductances of the IM2 place on T [Nm], o [rad’s]
axes mutual position of that depend on rotatiorieaniy 150 T
ps. The expression for torque of each induction motor

Tel = gl%n [(Llriral + Au]al)/‘,ulﬁl - (Llr ir,b’l + /‘/11,6’1)/‘#10/1]
r

3 ; [
T2 = E%[(L"Iml = An2q2 COSPs + /‘mZﬁZ Sm¢5)x
Ir

x (_ /‘m2a2 Sin¢s _/‘m2,82 COS¢S)+ (Llrirﬁl - /]m2a2 Sin¢s -

- /‘m2ﬁ2 COS¢S)(— /]m2a2 COS¢S + /]m2,82 Sm¢s)]
The total torque of both IM1 and IM2:
T =Tq +Te (30)
The induction motor with rotatory stator is an
electric motor having two moving units which atatst
and rotor. Thus, the equations of mechanic mowvieg a
the next:

Jis Ay
p, Ot

=Ts-T, (31)

Fig. 5. Results of simulation
(Vs= 220V, fs= 50Hz, s = z rad)



5. Experimental setup and results

The performance of the suggested electric drive is
experimentally validated by results obtained by
experimental setup, the block diagram of which show
in Fig.1. The experimental setup itself is showFiig.
7.

100 T [Nm)], @ _[rad-'s]:

Mg M2

Fig. 6. Results of simulation

0
7t /20rad, t < 20s Fig. 7. The experimental setup
(Vs = 220V, f,= 50Hz, @, = 4520 )
7rrad,t>20s The details of IM1 and IM2 connections are

As it Id b ; Fio. 5 and 6. th ﬂ_lescribed in Section 2, the parameters of the inmuc
S It could b€ seen from rig. > and o, N€ SOf,qiqrg are presented in Section 4. After survegdei
changing ofps from 0 to z leads to decreasing of total4rieq out, the DC motor fed by IGBT-based H-beidg
stator current and torque. It should be noticed 2 ;0 it is decided to be used as the auxiliry deyiD,
ps= z provides the equality of the stator currents 0hbo o6 1 rpose of rotation of the IM2 stator. The
IM1 and IM2. Whileps=0, the stator currents aiso equ"?‘[notor speed and angle is controlled by means skpul
to each other and roughly to no-load current. Whilg;q modulation of the armature voltage. The posfer
O<gs<m, the stator currents have different values. DC motor has to be enough to rotate the IM2 stor

Also, the results of simulation show that even fof|q it in the position needed. The load torquehef
zero angle between the two stators there is quitgta. 5 'motor s the torque of the IMT,,. The transfer

value of the short-term peak transient stator ait@e |, it petween the DC motor and the stator is a worm

to switching of the stator windings, i.e. RL CIlcUd  oqy,ction unit linked to the stator by steel ropae
the full voltage of the grid. This peak value istreted o4 electrical parameters of the DC motor are the

only by the stator resistance, electrical inerfidh® (o)0\s: the armature voltage is 220 V, the armetur
stator inductance and level of the magnetic saturat currentis 1.1 A ’

so for the stronger restriction of the transiemteuts it The centrifugal fan coupled to the IM1 and IM2

could be recommended to put a short-duty resistangg, s by cardan shatft is the load device of thetet

series to the stator winding. Another way to avbiel e
high peak current is to employ a synchronous gémera 712 current sensors, manufactured by Allegro

that diminishes the current due to its own rea@angyjcrosystems, are used for current measurement
(synchronous generator is also used for the expatah E40S6 incrémental encoders, manufactured by

investigations in the next Section). This is fesib A onics, are used for the IM1 and IM2 rotors shee
especially for vehicles that supply all electriealds by - 54 pc ' motor speed and angle measurements.The
a generator. It should be noticed that the ratithef qjqna1s™ from all current sensors and encoder are
peak current to the rated one increases with i8818a ,nnected to the multi-function board of analog-to-
of the power of electric drive. For a small and l0&U ;gia) conversion of the LA-2USB, manufactured by
power drives (no more than a few tens of kW), 88 p\ney-Shilyaev, and from it to the personal comput
value of the current does not exceed 1.5...2.0dteel The stator windings of the IM1 and IM2 are supplied

current and does not lead to any dangeroys \qjage coming from synhcronous generator that
consequences. Thus, the problem of the peak currgtyidje its sinusoidal shape and, as it was stiesse
needs careful consideration for the large drivesr@h potqre in Section 4 reducing of the peak transient
employment of the additional short-duty devices qr, ..o ’

synchronous generator could reduce the peak curren Fig. 8 and 9 show the both experimental and
and provide desirable soft start. simulation results.
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6. Assessment of efficiency

As it could be seen from the Fig. 9, two inductio
motors electric drive has an ability to controlepever
some range. It indicates to the fact that thistatec
drive could be implemented not only as soft-stdvter
also as an adjustable drive. To assess this plitgsiibi
needs to calculate the feasible range of speedhichw
the electric drive has the appropriate efficienog a
power losses. The next equations were employed
estimate the power losses.

The mechanical power on the motor shaft:

3/ .
P = > ('szazuszaz + |32ﬁ2u52,82) (35)

The total active electric power of the electriovdri
Pe =Py + Py, (36)

According to the Fig. 3, the total power lossethef
electric drive consist of losses in the coppeheftivo
stator windings and two rotor windings and losedhé
iron of the two stator yokes. The total power lessan
be found from the equation of power balance:
Rm = PsZ - IDmech (37)

The dependence of ratio of the total power losses t
the rated mechanical power of the electric di®g =
=Pra1t Pra 2= 2P o, from the rotation angle is shown in
Fig. 10.

Pioss/Prat
A

™~

0.36
0.32
0.28
0.24
0.20
0.16

g,[rad]

T

0.5m 0.6m 0.7n 0.8m 091

Fig. 10. Ratio of the power losses to the ratedgrow
vs. rotation angle\s = 220V, f; = 50H2)

It should be noticed that, with the=7x, the power
losses coincide with its rated value. As it coutdsken
from the Fig. 10, the curve of the power lossesthas
clear point of minimum with values of the rotation
angle smaller tham (this caseps=0.86x). Since the
difference of speed caused by changingsdfom z to
0.86z is very small (Fig. 9) then it could be
recommended to adjust the rotation angle in thitipos
that provides the minimum of losses. The considerab
decrease of thes leads to excessive raising of the
losses.

So, besides the soft start, implementation of two

induction motors electric drive gives the otherariant
advantage that is ability to vary speed in a snaaltje
leading to the reduction of power losses with sigft
inglegs.

7. Approximate comparative assessment of the
electricdrives
Introducing of the new kind of electric drive oeth
new technique of soft start/stop requires someaoan
g?}lculations to prove its practical feasibility. @ on
rvey of Internet resources, the Table 1 sumnsatiiee

cost of the clue equipments of electric drives. The

observed frequency converters providé and some

Prech = Tes@ 1 P, (33) kind of vector controls, the soft starters are Hase

The active electric power of each motor: semiconductor devices and provide the soft stadt an
p - 3(. i ) 34 stop. The both converter and starter have enclosure
e lswUsinn T lsipUsip ( )ratlng IP20. The induction motors are totally eseld

fan cooled (TEFC) squirrel cage foot mounted ones.



Table 1
Comparative assessment of equipments of the diffedectric drives

Equipment Frequency converter Soft starter Indaatimtor

Power 75kW | 55kwW| 110 kW 7.5 kW 55kW 110kWw  7Wk| 55kW 110 kW

Price. $ 400... 2600... | 4700... 350... 580... | 1300... | 280... | 1050... 2000...
' 470 3000 5400 400 650 1500 330 1150 2200

To calculate approximately cost of the whole drive8. Conclusion
it needs to add the price of an induction motor ik The electric drive proposed in this article hasttie
of frequency converter or soft starter dependinghen identical slipring induction motors one of whichsha
type of electric drive. rotatory stator that allows to restrict the stantrent.
The cost of the two induction motors electric disve The electric drive requires more complicated
determined mostly by the price of the two TEFQGnechanical mounting than the industrial ones but it
slipring motors with the halved power of each onaloes not have any semiconductors in the statator r
Price of the two motors is 490...540% for the 7 @& circuits. The problem of the short-term peak transi
3.5 kW), 1500...1600% for the 60 kW (2 x 30 kW)current appearing for the large drives could beisgl
2450...2700% for the 110 kW (2 x 55 kW). The alby putting the short-duty series resistances qlginy
considered motors have 4 poles. The cost of additio from synchronous generator as it happens on vehicle
device to rotate the stator depends on the tyghi®f The great advantage of the considered drive béfiere
device. The servo drive with AC or DC brushlessanot industrial soft starters is ability to vary speraismall
is recommended to be used. Its power determines tlaage leading to the reduction of power losses with
cost and the speed of the stator rotation. Gegeth# shifting angle of rotation. The torque responsglite a
power of servo motor is the next: slow and depends on power of servo drive rotatieg t
Py =T, =T,dg, /dt (38)stator. The electric drive is appropriate for tlaad

The more power, the higher speed of the stat4fhere there is no strong requirement on transieret t
rotation and the faster torque response of the avhgihe electric drive has economic gain on its coiree
drive could be delivered. The range of geometriciiverter fed motor since a few tens of kW.
angle of rotation for the 4 pole motorgs==/2. Thus,
servo drive has to give the minimal transient tirfiis
small rotation. It should be noticed that for tleed efficient control of three-phase induction motor - a
there are no strong requirements on the fas_t lOrque reiew. In: International Journal of Computer and
response and transient modes so the servo drité CoU Egjectrical Engineering, Vol. 1, No. 1, April 2048.61 —
be chosen for the transient time of the statotimtaf 70.
at least a few seconds to provide soft start, atmpthe 2. Thorsen, O.V., Dalva, MA survey of the reliability with
speed varying in the small range. The holding ef th ananalasisof faultson variable frequency driveswithin
stator in the still position during steady stateldde industry. In: EPE’95, Spain, 1995, p. 1033 — 1038.
done by worm gear box reduction or any mechanicdl Abdel-Halim, Fiet, A.M., Al-Ahmar, M.A., Elfaraskoy,
brake presenting the main components of transniissio M.E., Mahmoud E.MA novel approach for theanalysis
between the servo motor and the stator. The céilmoga of athyristor- controlled induction motor. In: Journal of
of equation (38) show that the output torque of Electrical Engineeringyol. 15, 2015, Edition 2, p. 101 —
transmission varies about 20 to 365 Nm for the tw 181i§diqui UF., Verma, A., Soni, SComparative
3'(.)"'55 KW 4 pole motors. The power of servo driv Performance Analysis of Induction Motor Using
(W'thQUt power losses in the transmission) forteec Semiconductor Devices in Terms of Firing Angle. In:
transient time is 6.28...115 W. So, the power areigy International Journal of Emerging Technology and
consumptions of servo drive could be neglected agvanced Engineering, Vol 4, Issue 2, February42p1
relatively to the power of the whole drive. Thetcok 280 — 285
brushless servo drive with position control for thg. Riyaz, A., Igbal, A., Moinoddin, S., MoinAhmeS§,,
considered range of power is 200...500$. The dost 0 Abu-Rub, H. Comparative performance analysis of
transmission is 100...250%. Thyristor and IGBT based induction motor soft starters.

So, the total cost of the proposed electric drawies In: International Journal of Engineering, Sciencel a
800...1000$ for the 7.5 kW to 3200...3450% fortthe Technology, Vol. 1, No. 1, 2009, p. 90 — 105.
kW. Analyzing the Tablel allows to conclude thaf. Nowotny, D., Lipo, TVector Control and Dynamics of
relevance of the two induction motors electric driv
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