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FEATURES OF THE FUNCTIONING OF
ASYNCHRONOUS MOTORS IN
AUTONOMOUS SYSTEMS

Abstract— Currently, in various sectors of economic activi-
ty, in particular the courts of the transport industry, widely
used power system three-phase alternating current frequency
of 50 Hz (less often - with a frequency of 60 Hz), whose charac-
teristic feature is their autonomy and commensurability in the
power unit of a separate receivers and sources of electrical
energy. The main sources of electrical energy are three-phase
synchronous generators, and the receivers of electrical energy
are three-phase asynchronous motors of marine electric drives,
the operating modes of which have a direct impact on the qual-
ity of marine electrical energy and the amount of losses. The
article considers the main variants of possible modes of opera-
tion of three-phase AC electric drives in autonomous electric
power systems.

Keywords— Autonomous electric power system, static unbal-
anced modes of operation, three-phase alternating current, asyn-
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. INTRODUCTION (HEADING 1)

Static operating modes are the main operating modes of
asynchronous motors of three-phase alternating current as
part of electric drives, which can be considered as special
cases of transient modes with a quasi-constant angular veloc-
ity of the rotor or (@r = const) and the absence of a dynamic
moment Md (Md = 0) [1]. Static modes can be conditionally
grouped into two main groups — symmetric and non-
symmetric. The main conditions of the established symmet-
ric modes of operation of electric motors are the equality of
the corresponding parameters and variables of all three phas-
es of the asynchronous motor. In these cases, all electrical
quantities contain components only of a direct sequence.

Electric motors in autonomous electric power systems
operate, as a rule, in quasi-symmetric or asymmetric static
modes, the reasons for which are of a diverse qualitative and
quantitative nature [2]. In electric motors, such modes occur,
for example, when there is an uneven distribution of loads
between the phases of a three-phase ship network. In these
modes, asynchronous motors operate with increased losses,
increased heating of the windings, and, accordingly, with a
reduced service life. Therefore, it is of interest to study these
modes and the causes of their occurrence.

Il. ANALYSIS OF THE CAUSES OF ASYMMETRIC MODES OF
OPERATION OF ASYNCHRONOUS MOTORS

At symmetric phase voltages of the network, the reasons
for the asymmetric operating modes of asynchronous motors
include technological deviations of structurally designed
electric motors, operating modes due to specific mechanical
and climatic loads [1], which lead, among other things, to
uneven wear of bearings, changes in the forces in the con-
necting and switching contacts. The causes of asymmetric
non-standard modes also include malfunctions of the stator
and rotor windings that occur during the operation of electric
motors. A number of papers, including [3, 4, 5], have been
devoted to the study of such regimes with varying degrees of
detail.

Other types of non-standard modes (simultaneous stator
and rotor asymmetry, short-circuit of the stator windings,
damage to the rotor windings, etc.) have been published in
[6,7, 8, etc.].

In order to increase the reliability of the operated electric
drives in autonomous electric power systems, a humber of
scientific and technical solutions are currently proposed [9,
10], including combined (hybrid) control systems [11, 12].

When using combined control systems, including the
technical implementation of the developed method presented
in [13], in addition to the above reasons, the occurrence of
asymmetric power supply modes of the stator windings is
possible, due to the specific operational features of power
semiconductor devices.

Table 1 shows, as an example, the relationships between
failures in the form of breaks and short circuits of semicon-
ductor devices (diodes and triodes), presented in [14].

TABLE | RELATIONS BETWEEN FAILURES OF
SEMICONDUCTOR DEVICES AT DIFFERENT LOAD FACTORS k;

Values k
N | Type -;Z,F;e I
element ures 0,0...0,3 0,3...0,7 0.7..1.0
1 2 3 4 5 5
Break
» | Diod circuit 0,75 0,75...0,95 0,55
iodes
Short
circuit 0,25 0,25...0,05 0,45
Break
_ circuit | 0:00...0.20 | 0,20...0,05 | 0,00...0,05
3 | Triodes Short
circuit | 1:00---0,80 | 0,80...0,95 | 1,00...0,95

In Table 1, k; is the load factor, which represents the ratio
of the actual load parameter to its nominal value.

When operating in key modes, in contrast to their opera-
tion in parameter control modes, the probability of failure of
individual power semiconductor devices increases due to the
values of the transient mode currents that significantly ex-
ceed their steady-state values. So, for example, the starting
current of electric motors exceeds the rated current values up
to ten times, and in cases of reversals and repeated inclusions
of asynchronous motors in the network-up to 18 times. Dur-
ing disconnections, the most severe operating conditions of
power semiconductor devices occur in cases of braked asyn-
chronous motors, when the switched currents reach seven-
fold values [3].

Studies of asymmetric non-standard operating modes of
asynchronous motors due to failures of power semiconductor
devices and their analysis allow us to assess the danger of
such modes for the remaining power semiconductor devices,
asynchronous motors and marine electric drives in general.

There are three main types of asymmetric modes: intra-
phase, interphase, and general [15].



In the case of intra-phase asymmetries, due to the differ-
ent opening angles of the counter-parallel connected thyris-
tors, the same absolute value for all phases of the mismatch

angle Aa is observed. In cases of phase-to-phase asymme-

tries, Ao = 0, but the opening angles of power semiconductor
devices of different phases will differ. General asymmetries

are caused by the presence of Ao = 0 and differences in the
opening angles of thyristors of different phases.

The results of analytical studies, in particular of the three
— phase system «thyristor switch-active-inductive load», giv-
en in [16], show that with intra-phase asymmetry in the out-
put voltage, there is no constant component and harmonics
that are multiples of three. In cases where there is an inter-
phase asymmetry, there is no constant voltage component
and even harmonics. With general asymmetry, the output
voltage contains both a constant component and the full
spectrum of higher harmonics.

Thus, all cases of such asymmetries lead to distortion of
the forms of stress curves to non-sinusoidal ones.

I11. MATHEMATICAL MODEL OF AN ASYNCHRONOUS MOTOR

Taking into account the accepted assumptions and con-
ventions [17], the phase currents of the direct sequence stator
in the complex form have the form

isan = Relgga = 0,5(Tsqn + I3a4); \I

isqp = Relggpa® = 0,5 (isdAaaz + is*dAa): 1)

lsac = ReisdAz_l =05 (isdA:il + is*dAéjlz). )

In (1) Isga, IZ;4 — complex and conjugate complex func-
tions of the direct sequence current of phase A; a, 22

gle complexes that indicate the directions of the phase axes
in a three-phase coordinate system.

The complex function of the current Iz, in (1) is ex-
pressed by the dependence

— sin-

isdA = isdA ejwot’ 2

in which

IsdA = IsdmejﬁA (3)

— the complex amplitude of the current of the direct se-
quence of the stator phase A, in which B, is the phase angle
for the current of the stator phase A.

The single complexes g and 42 in (1) have the form

Jrad jr
a=e 3;a°=e' 3. 4)
The resulting complex function of the stator current fsnp

through the instantaneous values of the phase currents isga
isgg and iggc 1S expressed as

2/(. . .
lyq = 3 (lsdA + lsqpa + lsdcaz)- )

Equation (5), taking into account (1), in the orthogonal
coordinate system o, [} is represented in the following trans-
formed form

loaap = (Tan(1 +2° +2%) + [, (1 + 2> +2)) /3, (6)
whence the resulting complex is represented as

isda[i = isdA = isdmejwot- (M

In a similar way, the resulting complexes of flux linkage
Wsdag and stator voltage Usdaﬁ of the asynchronous motor
are expressed in the axes a, f:

llUsdacﬁ‘ =Wn = wsdme(j¢A+jwot); (8)

Usdaﬂ =Usqp = Usdme(j(pA+jwot): )
where ¢, and @a are the phase angles for the voltage and
flux linkage of the stator phase A, respectively.

The frequency of the current in the rotor circuit f, of the
asynchronous motor is defined as

f=f, (—"’0 — % ] = fs, (10)
@y

where s is the slip of the electric motor.

In this case, the values of the direct sequence of the rotor
change with an angular velocity w,q equal to wes The re-
sulting complexes of the rotor in the d, q axes have the fol-
lowing form:

Ladq = Traa = Trame’m4%; (11)
Pradq = Praa = Prame’rd5; (12)
Uraaq = Uraa = Urame’®ret, (13)
where
Iram = Lrame’PA (14)

— the complex amplitude of current direct sequence phase A
rotor in which 5 — phase angle for phase current A

l‘i,rdm = rdmej¢A (15)

— complex amplitude of the flux linkage of direct sequence
of rotor phase A, in which ¢, is the phase angle for the flow
coupling of phase A,

Urdm = rdmej(pA (16)

— the complex amplitude of the direct sequence voltage of
the phase A of the rotor, in which ¢, is the phase angle for
the voltage of phase A.

To convert the obtained forms of records into steady-
state equations for a three-phase coordinate system, the
equations of the electric equilibria of the stator and rotor in
the axes rotating with speed wq are used:



U, =R +d;;5+jm0‘i" (17)

i (18)

Having expressed in (17) and (18) the complex functions

by the obtained dependences, after some transformations, a

system of equations for three-phase AM, reduced to trans-
formers, is derived:

Uy =T (R; + josLgy ) + joog Ly |

srm " m?

(19)
Ur Z(l.r (%"’ jmrchj"' j(DrLsrmI‘mJs :0'

In (19) w, — arbitrary angular velocity of the axes; Lgm —
the main mutual inductance between the stator phase and the
rotor phases.

IV. ASYMMETRIC STATIC MODES OF OPERATION OF
AN ASYNCHRONOUS MOTOR

In analytical studies of such asymmetric modes, the
method of symmetric components is widely used. The sys-
tem of asymmetrical primary voltages (U,,,U, U.) can
be represented as the sum of the components of the direct
sequence ( Usga, Usap» Usqe ) and reverse sequence
(UsrA' UsrB' Usrc)-

The components of the stator voltage of the direct and
reverse sequences for phase A, for example, have the form:

Usaa = Usd

(USA + USBa + Uscaz)/g;
i i (20)

UsrA = Usr = (USA + UsBaz + UsCa)/3'

where g, QZ are single complexes (4).

The components of the stator phase current of the direct
and reverse sequences, taking into account the asynchronous
motor substitution scheme [17], are expressed by analytical
dependencies

iy = Usq .

s (Rs+jXso)+(zd +2:1) " 21)
I‘ - Usr

ST

. - —1\—17
(Rs+1Xsa)+(Zm1 +er1)

where X, —inductive scattering resistance of the stator
winding of an asynchronous motor;
Z,, — complex resistance of the magnetizing circuit; Zq, Z,
— the components of the resistance of an equivalent station-
ary rotor for currents of direct and reverse sequences, re-
spectively.
The components Z,4 and Z,, are defined as

/
RL | .
Zrd = 5 +]Xr/0' (22)

/
RL | .
Lyy = s +]XT/'0" (23)

The frequency of the rotor currents of the reverse se-
quence f,,, expressed by the dependence

frr = (2 - S)f:s" (24)

is much higher than the frequency f4 of the direct sequence
rotor currents determined by (10), and the effect of displac-
ing the reverse sequence currents is much greater than the
direct sequence currents.

Taking into account the substitution scheme [2], the
phase currents of the stator of an asynchronous motor are
represented as:

isA = isd + isr;
ISB = Isdaz + Isra; (25)

ISC = isda + israz.)

With the distortion of the stator voltage, for example, by
4% ((Ug / Ug) = 0,04), the distortion of the stator current is
20% ((lsr/ 1sg) = 0,2). In this case, in one of the phases, the

current in relative units can be 1,2, and the losses — 1,44 [2].
The torque M of a three-phase asynchronous motor with
distortions of the symmetry of stator voltages is expressed

as
M =My + M,, (26)

where My, M, are the components of the moment of the
direct and reverse sequences, respectively.

sUZR.
Md = 77; 2 d H (27)
R / \?
sw0<<R5+TT> +(Xso+X}g) )
msUZ.R]
M, = p) (28)

/
(2—s)w0<<Rs+%>

where mg — the number of phases of the stator winding;
R, X! - reduced active and inductive resistance of leakage

of the asynchronous motor rotor winding, respectively.

To preserve the resulting torque M with asymmetry stator
voltages, it is necessary to increase the component My by a
value M, , which leads to an increase in slip s by about
M,;/(M, — |[M,.|) times, an increase in losses and a deterio-
ration in the efficiency of three-phase asynchronous motors.

Assuming that for a given slip s, the parameters of an
asynchronous motor do not depend on voltage and current,
the motor powered by a non-sinusoidal three-phase voltage,
based on the superposition principle, is equivalent in the
first approximation to a system that includes several conven-
tional electric motors located on a single shaft. Each con-
ventional motor powered by a separate harmonic v corre-
sponds to its own replacement circuit [15, 18], and both the
inductive and active resistances of the rotor circuits depend
on the b-th harmonic. An equivalent L-shaped phase re-
placement circuit of a three-phase asynchronous motor for
the v -th harmonic of the voltage U, is given in [2].

The electromagnetic moment of the v-th harmonic M,
can be expressed by the following equation

)
+(XSJ+X7{U)Z>



msUZ, (1+gysy)
2 — (29)
R 1 X
JZR{,nsv(uOv ( 7 +gv+§> +(—;h7"> v2el
IRy 0°Rin

where g, is the calculated coefficient for the v -th harmonic;
s, — slip for the th harmonic of the direct and reverse fields;

o — scattering coefficient; Rﬂn, Xsnen — the reduced nominal
active resistance of the rotor winding and the inductive re-
sistance of the short circuit in the nominal mode; ¢, — the
relative value of the inductive resistance.

The analysis of the mechanical characteristics of the
electric drive of the "thyristor switch — asynchronous motor"
system in quasi-steady-state modes, obtained analytically
under known assumptions, allows us to conclude that with
intra-phase asymmetries, the electromagnetic moment of the
electric motor M will be determined as

V=

M = ¥M,q, (30)

that is, the distortion of the resulting torque curve is mini-
mal.

In formula (30) ¥ M,; — the resulting moment of the v -
th harmonics of the direct sequence fields.

In cases of phase-to-phase unbalances

M = ZMVId + Zlerv (31)

where ¥M,,14, M., — the resulting moments of the odd
harmonics of the fields of the direct and reverse sequences,
respectively.

If the asymmetries are general, then

M=3YM,, + ¥M,, + M,, (32)

where Y’M,,,. — the resulting moment of the v-th harmonics
of the fields of the reverse sequence; M, — constant compo-
nent of the moment.

Forms of mechanical characteristics of an asynchronous
motor o, = f(M) with general asymmetries have significant
distortions.

The components of the moments of the direct and re-
verse sequences in formulas (30) ... (32) are determined by
expression (29), and the constant component of the torque in
(32) is determined by the values of the constant component
of the current.

V. ANALYSIS OF THE CAUSES OF ABNORMAL OPERATING
MODES OF AN ADJUSTABLE ASYNCHRONOUS ELECTRIC DRIVE

Depending on the type of asymmetry and the degree of
its manifestation, the non-standard operating modes of the
asynchronous motor can be conditionally grouped into four
groups.

The modes of the first group occur when technological
asymmetries or minor misalignments of the semiconductor
switch during operation [19]. Such operating modes can be
classified as quasi-normal.

The second group of abnormal modes includes asym-
metric modes that arise during misalignments or partial fail-
ures of the control system, which, disrupting the normal
functioning of the electric drive, do not lead to a complete
loss of controllability of the electric drive.

The third group includes special modes that occur due to
breakdowns of one or more power semiconductor devices
[20]. Due to the absence of a constant component and even
harmonics of the current, overloads and distortions of the
variables are insignificant.

Special modes of operation of the fourth group are asso-
ciated with the complete closure of one or more power sem-
iconductor devices. They represent the greatest danger to the
induction motor and the electric drive as a whole in connec-
tion with a high probability of the presence of the DC com-
ponent of the torque M. (32), the presence of which simulta-
neously with the motor mode creates a dynamic braking
mode of the electric motor. The M, component, as a rule,
introduces the greatest distortion in the mechanical charac-
teristics of an asynchronous motor, since its values are di-
rectly proportional to the values of the constant current
component, which is limited only by the active resistances
of the motor windings. The remaining serviceable power
semiconductor devices will operate in more current-loaded
modes under conditions of approximate equalities of the
moment of resistance M. on the motor shaft before and after
the occurrence of asymmetric modes. A more detailed de-
scription of such modes is given in [15].

VI. CONCLUSION

Thus, based on the above, at present, it is relevant to
study the asymmetric modes of operation of asynchronous
motors as part of an electric drive in autonomous electric
power systems, due to the requirements of adequate repro-
duction of the shapes and values of the voltage and current
curves of an asynchronous motor, in order to quantify their
impact on the electric motor itself and the remaining ser-
viceable power semiconductor devices.
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