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MODELING ISSUES OF LOW-SPEED ELEVATOR MOTOR
OF BIINDUCTOR TYPE

A. Boiiko, B. leanos, I Kmumuyk, [I. Ienamenxo. TINTaHHS MOJEJIIOBAaHHSI THXOXIIHOTO Ji()TOBOro €JeKTPOIABUIYHA
oiinaykTopHoro Tumy. bBimbmiicTs yciel enekTpoeHeprii, sfka BHKOPHUCTOBYETbCS IpU eKCILTyaTauii JidTiB, crnoxuBae mipTOBUHA
€JICKTPOIIPHBO/I, TOMY OCHOBHA yBara IIpH IPOCKTYBaHHI Cy4aCHMX KOHCTPYKILiH Ji(TiB NPUAIUIAETHCS MOKPAIICHHIO EHEPreTHYHUX
XapaKTEePUCTUK caMme JIeOiOK Ta iX CHCTeM KepyBaHHs. ENeKTponpHBOAM macaXMpChKUX JH(TIB, SKi EKCIIIYaTyIOTbCS, MAlOTh B CBOEMY
cKiaai ofHO- ab0 JBOLIBHAKICHI ACHHXPOHHI €IEKTPOJBUIYHHM 1 4epB’siuHi peayktopu. B cyuacHomy midToOymyBaHHi, € ABI TeHIEHLIT
YAOCKOHAJICHHS! €JIeKTPOIPUBO/IiB IIPHBOIIB MAIlIMH, a camMe 3a0e3IIeueHHs [IABHOTO PO3TOHY i rallbMyBaHHs pOO0YOro OpraHy; IHepexii BiJ
CNIEKTPOIPHBOAA, Yy SKOMY 3aCTOCOBYETBCS MEXaHIYHHIl PELyKTOp, 1O Oe3peayKTOPHOTrO NpHBOIY. BkasaHe no3Boisie 30imbuIMTH
Koe(ilieHT KOpHCHOI Ail, 32 paxyHOK BIAMOBH BiJ €JIE€MEHTa 3 HHM3bKMM KoedilieHToM KopucHOI mii. OJHUM i3 LUISIXiB BUPIMICHHS
HPOOJIEMH CHHTE3Y Cy4acHOro Oe3peJyKTOPHOTO eJIeBATOPHOTO EJEKTPOIPHBOLY € MOXJIMBICTh BHKOPHCTaHHS HH3bKOOOEPTOBOTO
€JIEKTPOJBHUIYHA OiiHAYKTOPHOTO THITY (O1iHAYKTOPHOTO EIEKTPOABUTYHA) 3 0€300MOTKOBHM IIMIIHAPUYHUM POTOPOM. B poboTi mpoBeneHo
TEXHIYHUI aHaJli3 BUMOT, sIKi MPE'IBIAIOTHCS [0 eNEKTPOIPHUBOJIIB MAaCAKUPCHKHX JMi(TiB. 3a3HaueHO nepeBark 0e3pelyKTOpHHX JIiTOBUX
CIIEKTPOIPHBO/IB Ta aKTyallbHi MOTPEOM B THXOXIJHHWX IPUBOJHHMX JBUIYHAaX. PO3ISIHYTO MOXIHMBICTB, Yy Wil SKOCTI, 3aCTOCYBaHHS
€JIEKTPUYHOTO JIBUTYHA OIilHIYKTOPHOrO THUITy 3 O€300MOTKOBUM IMJIIHAPHUYHUM POTOPOM. 3a3HAUCHO, HIO KOHCTPYKTHBHA CXeMma
GiiHIYKTOPHOrO JBUIYHa 3a0e3ledye MiIBHIICHHS MHMTOMHX 3HAYeHb IOTYXXHOCTI Ta MOMEHTY, L[ OCOOJIHMBO BaXJIMBO 3a 3HIKCHHX
HOMIHAJBHUX YacTOT OOepTaHHS Oe3peayKTOpPHHX JidToBHX 1eOimok. PO3MIIHYTO OCHOBHI KOHCTPYKTHBHI IIapaMeTpH [BUTYHA
6iiHIYKTOPHOTO THUIIy Ta 3alpOIOHOBAHO HOrO CKBIBAJICHTHY CTPYKTYPHY CXeMy. BHKOHaHO MaTeMaTHYHHH OIMKC 3alpOIOHOBAHOTO
CIIEKTPO/IBUTYHA, SIK CKJIAJHOI eJIEKTPOMEXaHIYHOI CHCTEMH 3 6araToBUMIpHUMH HeniHiHUMHU 06'ekTamu. [IoKa3aHO MOXKIIMBICTD HIEPEXO1y
JI0 CIIPOLIEHOI CTPYKTYPHOI CXEMH JIBUTYHA, sIKa, 32 HU3KHU MPHITYILEeHb, Ja€ 3Mory GopmaryBaty Oy/ib-sKy HepeJaBaibHy QYHKIIO, K IS
KEpiBHOTO, TaK i Ui 30ypIOBaJIbHOTO BIUIMBY.

Knrouosi cnosa: nidT, THXOXIOHUHA OBUTYH, OIIHIYKTOpHHMI ABUTYH, Ji(TOBHIl €IEKTPONPUBOA, OE3PEAYKTOPHHU €IEKTPOIPHBOL,
MaTeMaTHYHHI OMuc

A. Boiko, V. Ivanov, I. Klimchuk, D. Ignatenko. Modeling issues of low-speed elevator motor of biinductor type. Most of the
electricity used in the operation of elevators consumes elevator electric drive, so the main focus in the design of modern elevator designs is to
improve the energy characteristics of winches and their control systems. Electric drives of passenger elevators, which are operated, include
single or two-speed asynchronous electric motors and worm gearboxes. In modern elevator construction, there are two trends in improving
the electric drives of machine drives, namely, ensuring smooth acceleration and braking of the working body; transition from an electric
drive, in which a mechanical gearbox is used, to a gearless drive. This allows you to increase the efficiency by eliminating the element with a
low efficiency. One of the ways to solve the problem of synthesis of a modern gearless elevator electric drive is the possibility of using a
low-speed biinductor-type electric motor (biinductor electric motor) with a non-winding cylindrical rotor. The work conducted a technical
analysis of the requirements for electric passenger elevators. The advantages of gearless elevator electric drives and the actual needs for low-
speed drive engines are indicated. The possibility, in this capacity, of using an electric motor of biinductor type with a non-winding
cylindrical rotor is considered. It is noted that the design scheme of the biinductor motor provides an increase in the specific values of
power and torque, this is especially important with reduced rated speeds of gearless elevator winches. The basic structural parameters of the
engine of biinductor type are considered and its equivalent structural scheme is proposed. The possibility of moving to a simplified structural
scheme of the engine is shown, which, according to a number of assumptions, makes it possible to format any transfer function, both for the
control and for the disturbing effect. Mathematical description of proposed electric motor is made as complex electromechanical system with
multidimensional nonlinear objects.

Keywords: elevator, low-speed motor, biinductor motor, elevator electric drive, gearless electric drive, mathematical description

Introduction

In Ukraine, more than 100 thousand passenger elevators are in operation, of which no less 60%
have developed a normative service life of 25 years and are subject to replacement or modernization.
To replace them, elevators are needed that correspond to the modern level of development of science
and technology. More than 50% of all electricity used in the operation of elevators consumes elevator
electric drive, so the main attention in the design of modern elevator designs is paid to improving the
energy characteristics of winches and their control systems [1]. Electric drives of passenger elevators,
which have been operated in Ukraine since the 70s of the last age, have in their composition one or
two-speed asynchronous electric motors and worm gearboxes. The efficiency of such electric drives is
small, it is about 60% with steady motion and does not exceed 12...15% during acceleration. In mod-
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ern mechanical engineering, and in particular in elevator construction, there are two trends in improv-
ing the electric drives of machine drives [2]:

— providing smooth acceleration and braking of the working element (cabin), which allows to
improve dynamic characteristics and significantly reduce the dynamic load during acceleration and
braking, and thus increase the equivalent efficiency;

— transition from an electric drive, in which a mechanical gearbox is used, to a gearless drive,
which allows increasing the efficiency, due to the rejection of an element with a low efficiency.

Analysis of literary data and problem statement

In gearless elevator winches, the cable pulley is attached directly to the shaft of the drive motor,
which makes the structure more compact and facilitates its placement in the elevator shaft. The ab-
sence of a gearbox significantly increases the efficiency of the electric drive, and also improves the
distribution of weight in favor of the load and allows you to effectively recover energy to the network
[3]. The problem remains the presence of low-speed (50...150 rpm) elevator motors with the necessary
parameters and acceptable weight and dimensions. The developers offer technical solutions aimed at
reducing the requirements for the minimum speed of the cable pulley and the engine to 300...500 rpm,
but most of them are unsatisfactory [4]. It is known that the dimensions of an electric machine (EM),
its mass and the moment of inertia of the rotor at the same power are significantly dependent on its
nominal rotation frequency [1]. Elimination of gearbox with gear ratio ip, from the electric drive re-
quires, by the same amount, a decrease in engine speed and an increase in torque [5]. For this, for ex-
ample, AC machines of traditional design must have a winding with an increased number of poles,
which theoretically can reach 100...150. In such cases, in order to obtain the required torque, it is nec-
essary to increase the cross-section of the magnetic core, which leads to a significant increase in the
size and weight of the slow-moving engine [6]. This is due to the limited use of seamless winches with
low-speed asynchronous or collector machines [1, 7]. For mass-purpose elevators, with relatively low
speeds of cars (up to 1...1.6 m/s), the problem of synthesizing new types of gearless electric drives can
be solved by using new types of low-speed engines with the necessary properties and parameters.

The purpose of this work is a mathematical representation of a low-speed electric motor of a
biinductor type with a non-winding rotor, taking into account its design features; generation of univer-
sal transfer function EMBT.

To achieve this goal, you need to solve the problem:

— analyze existing elevator electric drives;

— to develop a mathematical model of a low-speed electric motor of biinductor type and an
equivalent structural diagram of the motor is proposed.

Materials and methods of research

One of the ways to solve the problem of synthesis of modern gearless elevator electric drive is
the possibility of using a low-speed electric motor of two-inductor type (biinductor electric motor)
with a non-winding cylindrical rotor (EMBT), which is used at the Odessa Polytechnic National Uni-
versity [8, 9]. In the low-turn version, the proposed electric machine manages to provide high energy
and dynamic indicators due to the innovative de-
sign of its magnetic system.

Design features of EMBT. Electric motor LN 200 2 I

consists of fixed part 1 and rotating rotor 2 (Fig. 1). — v , | 13
10 PN A S ITS A

The fixed part 1 includes an annular structure 3 on BN 7s

the inner surface of which there are three stators 4, 12 \ W S4 F Y === ==

5, 6. In slots of stators 4, 5, 6 there are sections of Vsl 117 18
armature winding 7, and in gaps between stators 4, 14 WG rrrvosrrrits K
5 and 5, 6 — excitation windings 8, 9 [8]. End i =

shields of rotor 15, 16, 17, 18 are rigidly connected X o I—
to shaft 14, providing fastening of ferromagnetic 19207 16/}~ poe

poles 19, 20, 21 of cylindrical rotor 2, which are ot e

separated from stators 4, 5, 6 by working air gap of f o e /]

8. Unlike the classical design of a DC machine, in i 7

the proposed EMBT, regardless of the number of

pole divisions, there are only two excitation wind- 20 212324

ings 8, 9 and there are no windings of additional Fig. 1. EMBT structural diagram
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poles, since the limitation of the armature reaction is provided by constructive methods. Ring structure
3 of fixed part 1 consists of a number of separate magnetically unrelated ferromagnetic rods — H-
shaped teeth, each of which contains three teeth belonging to stators 4, 5, 6, united by a longitudinal
rod — base 24. End parts of longitudinal rods 24 are fixed on nonmagnetic end panels 10, 11 forming
rigid structure of fixed part 1 of electric machine. In spaces — slots between rods-teeth of I1I-shape,
sections of armature winding 7 [6] are laid.

The presence of a stator with magnetically unbound ferromagnetic gear elements makes it possi-
ble to place two excitation windings, each of which creates its own magnetic flux. These magnetic
fluxes having oppositely parallel directions ensure full use of the active surface of the central stator
EMBT and half use of the active surface of the extreme stators during energy conversion. This in-
creases the specific values of the electromagnetic torque of the machine. The absence of a massive
ferromagnetic rotor core reduces the mass of the rotating part of the engine, and, accordingly, signifi-
cantly reduces its inertia and increases the speed of operation in transient modes [9]. The EMBT de-
sign scheme provides for an increase in the specific values of power and torque, which is especially
important at reduced rated speeds of rotation of gearless elevator winches. The EMBT design provides
a modular principle of its manufacture for different capacities by sequentially alternating the disk rotor
and the anchor module. The use of combined excitation makes it possible to increase the power of the
machine by another 2 times with unchanged weight and size indicators [6]. The speed of rotation and
reversing of the motor is controlled by the method of regulating the supplied voltage, which is known
for classic DC machines. An electric switch [8] is used to power and control the EMBT.

Features of the mathematical description of EMBT

A biinductor motor with a cylindrical rotor winding is a complex system with multidimensional
nonlinear objects in projection on the axis d, g. This implies a transition to a simplified transfer function
under a number of conditions and assumptions: linearization of Park-Gorev differential equations [3];
continuous approximation of the current relay; Consideration of transients in the area of small deviations
from the established working point; constancy of the obtained magnetic flux in the machine gap; neglect
of higher current harmonics; neglecting the distortions introduced by the valves of the distribution board,
as well as the switching time of the valves. Based on the studies conducted in the works [6, 9, 10, 11,
12], an equivalent structural diagram of the biinductor engine is proposed, which is shown in Fig. 2.

The independent control parameter of the electric machine, in this case, is the angle of vy, by
means of which the projections of the amplitudes of the fundamental harmonic of the currents of the
stator Imi on the coordinate axis d, g are forcibly set.

Constant coefficients of the block diagram (Fig. 2) can be found:

kCX . kCX . . kCX .

Kl = \/E pLed’ Kz :ﬁ p(l—d - Lq)a K3 = Kl, K4 = \/E pLeq;

Ky === LK, =ki(2(Ld —L)+ Le{K‘(l_ AL Kf)D;
J2 J2 1-K, K,

. kcx . kcxK(l_K ) kcxK I; (1—K)
K7:K5’K8=_|—eq’K9=t—kd,K10= kd 'kd i)
V2 V2(1-K,K,,) J2(1-KK,,)

: )
K. = kcx qu 1 Ky, = L . _ 2L, (L — L) . =K.
11 ’ 12 ’ 13 ) 14 1371
V2 i Ll — Lo \/§(Lf L — L)
L..r, 2L L r
K — ed " kd , — ed;K =K,K — ed;K :kd;
15 (Lf Lkd _ Lid) 16 \/§Lkd 17 167 ™18 Lkd 19 Led

_ ZLeq . _ . _ rkq . _ Led. _ Led . _ Leq
20 \/§qu ! K21 KZO’ KZZ qu ! Kf Lf ! de Lkd ' qu qu :
where L., Liq — projections of inductances of the windings of the electric machine on the axis q;

L.q, Lkg — projections of inductances of the windings of the electric machine on the axis d;

I', Mk, Mg — active resistance, respectively, of excitation windings and EM rotor along axes d, q;

Kt , Ki, Kiq — coupling coefficients, respectively, of excitation windings and damping circuits of
EM rotor along axes d, q;

k.« — schematic current switch factor;

p — number of EM pole pairs.

K
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Fig. 2. Equivalent block diagram of EMBT
Voltage equilibrium for EMBT input circuit in their growth is recorded as:
L dl
du, =«_dU,, coso, + dl_, + "+ AU,, 2
C,(0) C,(0) dt
where R, L — resistance and inductance of DC circuit of electric motor respectively;
¢1 — phase angle between the first harmonics of voltage and current;
I 23 . - . .
C,(0)= I—'“' = i — the coupling coefficient between the input current of the switch and the cur-
T

rent amplitude at the switching angle y = 0, AU, — voltage drop across the switch valves.

The connection between the input values of the electric motor is established using linearized
equations of the synchronous motor in the form of Park-Gorev, recorded along the axes d and q. As-
suming sin AO = A6 and cos AB = 1 can be written:
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it Vo, A0 - Ay Aw;

1y, Sin(@, +6,)A0+ Al sin(g, +6,)A0 1 day,

I . cos(o, +0,)A0+ Al _, sin(e, +0,)A0 +
U,, c0S6,A0+AU sin0,=r| " (0, +6) i SIN0, +6,) L7
’ +1 ., sin(p, +6,)

U, SiN0,A6 +AU , cos, =r[ -V, Ao - Ay Aw;

+ysin(o, +6;) dt

AU, = A, + day, ; 3

dt
. dAy
0=rAi, + kd .
kd = kd dt
dA

0=r,Ai, +ﬂ.
Ayy = Ly[1 1, cos(@; +6,)A0 — Al sin(e, +6,)] - Ly, (Al — Aiyy);
Ay, = L[, sin(e, +0,)A0 — Al cos(e, +6,)] + L Aly;
Ay, =L ,[-1,, cos(e, +6,)A0— Al sin(p, +6,) — A, ]+ L,Ai; (4)
—ijM,.
Ay = Led[lmlo cos(¢, +6,)A0 + Al sin(e, +06,) — Al ]+ L Al g;
A\qu = Leq[lmlO SIn((Pl + eO)Ae + AImlO COS((pl + e())] + Ldeikd; (5)
dAo 3p? M, + [\VdOAIm,0 cos(o, +6,) —\IJ%A|m|O sin(p, +6,)]+

dt 27 [A\leml0 cos(¢, +6,) _A\Vqlmlo sin(e, +6,)].
where U, , 1, —replaceable electric motors in the established mode at zero initial conditions;

L4, Lq — projections of the resulting inductances of the electrical machine on the axis d, g;

0o — initial value of load angle,

J — total moment of inertia of the elevator electric drive;

AM, — load moment increase.

Analytical solution of the obtained system of equations with respect to speed increments, stator
current and rotor circumferential currents, after elimination of intermediate variables, is recorded in
the form of Cauchy:

8, P*A®+ 8y, PA® + 8y, PAB + 8y, PAi; + a5 ATy, + ay PAiy, =

=AU, + AM, + 2AU, +b, Ao +Db,AB + b Al +Db Al + blSAikq +by;
8y, P2A® + 5, PA® + 8, PAD + 8, PAI; + 8y5 PAiyy + 8y PAI, =

=AU, +AM, +2AU, +b, Aw +Db,,A0 + by, Al +b,, Al +D,5A1L, + D, (6)
85, PPA® + 85 PAB + 8y, PAT; + 8g5 PAi + 8 PAi, =byAl + AU,

8, P’ A0+ 8,3 PAO + 8, PAI + 8,5 PAi + 8, PAi, =D, Al;

85, P°A® + 85y PAB + 8, PAi; + ag PAIyy + ag PAT, =i,
where ajj, bjj — constant coefficients, i=1,2,3..., j=1,2,3...

4, {3\/5

3p?[2M, + (L, — Ly)12, Sin2(g, +6)]

Ay

. L, cos’ (pl} -

1 . L
——L,sin2,tg0, + ——;
2 d (Pl g 0 CI(O)
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~ a3l )
3p°[2M, + (L, —L)1;, sin2(p, +6)]

X{3,/3005@1 r }
CO)

8y,

rcos(o, +0)— L o, sin(o, +0)]+
7C0s 0, [ (o, ) 40 Sin(o, +0)]

b, :ﬁ Ve,
' m cos,

cos@,;
at

b =0, =0mpu M, =M
where J — total moment of inertia of the elevator electric drive;
M., M, — engine moments and loads respectively.

Presented equation (6) in Laplace operator form for increments of output values in functions of
input quantities, taking into account the external disturbing action:

Iy

Aw(p) | AU, (P)] [AM, ()]
A6(p) AU, (p) AM, (p)
Aic(p) |= [\Nij0 (P)] | AU (P) |+ [\Nijf (P 0 ' (7
Aiy(p) 0 0
Ai, (p) 0 ] 0]
[Q; (P)]r

matrix of the transfer function of the electric motor for input (control)

Where l.vvijo(p)] = |Q(p)|

actions; |Q(p)| — determinant of the system (7):

Ar A Ay Ar A
Py Ap Ay Ay Ay
|Q(p)|=A31 A32 A33 A3,4 Ass;éO, (8)
A A As A As
Ar Ay Ay Ar A

where [Q(p)] - transposed matrix;
Qij(p) — algebraic complement of determinant |Q(p)|;
A;; — operator coefficients:

A11 :a11p2 +aizp_b11;

A5 = g5 P —Dogg;
i,j=1..5m=5n=2;1=1.
Solving (7) taking into account (8), a system of equations is determined:
Ao(p) =W,i (p)AU, (p) +W,3(p)AU, (p) +W,; (p)AM, (p);
AB(p) =Wy, (P)AU, (p) +Wp, (P)AU, (p) + W3 (P)AM, (p);
Ai¢ (p) =Wy; (p)AU,, (p) +Wi; (p)AU; (p) +Wys (p)AM, (p); 9
Ay () =Wy (P)AU, () + W3 (P)AU, (p) +W, (P)AM, (p);

Ai, (p) =Wy (P)AU, (p) +Wy, (p)AU, (p) +Wy; (P)AM, (p),

where — transfer functions, respectively, of control and disturbance effects, i=1,...5;j=1, ... 3.
Research results

The resulting expressions allow us to determine the transfer functions and calculate the necessary fre-

guency characteristics of EMBT under any type of influence, but the practical use of these equations is

associated with rather cumbersome computational operations.
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A significant improvement in the EMBT structure can be obtained by clock synchronization of
the switch by the position of the motor rotor (y; = const) or by synchronization by the voltage of the
armature winding (¢;=const) and the use of artificial switching means that minimize the spatial angle
between the reaction vector and the transverse axis of the rotor [9]. So, for example, with the appropri-
ate setting of the rotor position (y;=0), which ensures engine idling at almost 8, = I = 0, all dynamic
EMBT processes are associated with the transverse axis of the magnetic system of the machine. It can
be assumed that:

Ay, = Ay =-L Al
Ay, =L, #0; (10)
Ay,, =0.

The results of the analysis under this assumption may be acceptable for the case of a loaded
engine, structurally represented in Fig. 3, c ¢, = const 1:

R

e

n(0

L, |

n(0) [}

\4 l
1
C C cos6, 1/R, 2 oL 1
k(B) T,p+1 3

Lcd I f,H
«—

\ 4

-
v

Fig. 3. Simplified block diagram of EMBT

The diagram shows: R, is the equivalent resistance of the armature, taking into account the re-
sistance of the smoothing throttle and the switching phenomenon of the switch, 1™ is the rated excita-
tion current of the motor reduced to the stator winding.

Based on the simplified block diagram above, any transfer function EMBT can be determined.
For example, by the control effect of AU, (P) =0 to increment the speed, the transfer function will be:

Ao(p) 0
B —wie, 3

bp+b,
ap’+a,p’+ap+a,
a, =2J T, [T,KrC,(0) - Lcos0,];
a, =2J [2K,C,(0)T, + T, (R, +r)cos6, — LcosO,];
a, =r[2J,KC,(0)+2J (R, +r)cos6, +3KC,(0) p’L5, I /T 1;
a, =3L%17[K,C.(0)+ (R, +r)cos0,];
b, =3r?LZ1£rC,(0)T, cos6,;
b, =3r*L%172rC.(0)cos6, .

A further direction of scientific research is the development of methods for mathematical model-
ing of EMBT, the synthesis of multi-circuit closed control systems for biinductor engines, as well as

where W, (p) =
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the adjustment of automatic control unit. Taking into account the characteristic of EMBT as a multi-
dimensional nonlinear object, describing it as a control object requires solving an atypical problem.

Conclusions

In the synthesis of innovative gearless elevator electric drives, the need for low-speed drive en-
gines with speeds of 50...150 rpm is urgent. To produce such engines with traditional design ap-
proaches, and with acceptable weight and dimensions, today, it is difficult.

As a drive motor of a gearless winch, it is proposed to use an innovative low-speed biinductor
engine with a non-winding cylindrical rotor.

The equivalent block diagram of a biinductor engine with a non-winding cylindrical rotor is a
complex electromechanical system with multidimensional non-linear objects. The transition to a sim-
plified block diagram of the electric motor, with a number of assumptions, allows you to format any
transfer function, both for control and for perturbation.
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