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Abstract. A new method for the structural realization of the maximum toque per ampere strategy for the vector speed
control system of an induction motor is proposed. This method differs from the typical system by the presence of an rotor
flux linkage coupling loop and a reference-input unit. In presented system, reference forming for rotor flux linkage in
moment-generating function. It allows to maintain nominal efficiency in a steady state, and also provides high quality of
transients.
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Introduction. It is known that currently more than 50% of generated electric power is consumed by electric drives
considerable part of which are vector controlled induction motors. One of the drawbacks of such systems is that efficiency
decreases when the torque is varying and the flux is kept at the nominal level. Solution of this problem will result not
only in power consumption efficiency increase and production cost reduction but also in an increase of time intervals
between recharge cycles of autonomous power sources of electric vehicles.

In the systems of field-oriented vector control (FOC) of induction motor drive, initially, we magnetize the motor by
supplying reference signal to the rotor flux linkage , or to the flux-forming component of the stator current iy, and

then we get down to regulation of mechanical references: torque, speed or state (position).

When electric drive works in intensive recurrent-short-time mode, the motor is not usually demagnetized during a
pause, which results in additional heat loss in the stator windings in the process of maintaining the rotor flux linkage at
the desired level. When the time of pause duration is sufficient, these losses can be reduced by demagnetization of induc-
tion motor at the beginning of the pause and by magnetization of it before starting a new cycle.

There are different ways to control the described effect. Among the known solutions there are systems for minimizing
various types of losses in the motor and converter [1-3], as well as efficiency [4-6] and power factor [7-8] maximization
systems. They use both rather simple algorithms and more complex ones with the use of loss models, optimum slip look-
up tables [2], on-line search optimization techniques [3-5].

One of the simplest optimization methods is MTA (Maximum Torque per Ampere) strategy, the goal of which is to
minimize the current amplitude for given load torque [9, 10]. In accordance with this strategy in the vector control system
it is necessary to maintain the equality of the flux-forming isq and torque-forming is; components of the current, the
magnitude of which is determined from the condition of providing the stall torque. To ensure the MTA criterion in speed
control systems the speed control generates reference signal for motor torque, from which the reference signals to the
orthogonal components of the stator current are determined. Thus power efficient control is provided. However, dynamics
of transients during acceleration of the induction motor deteriorates substantially, because both current circuits and the
speed loop start working simultaneously in such a system. In a typical vector control system the motor is magnetized
when the motor is in static condition.

Flux linkage control process is carried out indirectly and has an exponential character, which is not optimal from the
point of view of minimizing heat loss during magnetization and demagnetization. Within certain parameters and in certain
operation modes, this can significantly affect the total losses in copper and steel [11].

The aim of this paper is to design the system, which would ensure the maintenance of the MTA mode without
deterioration of the quality of the transients when the electromagnetic torque varies within the range from the moment of
idling T, to the point T, at which the rotor flux linkage does not exceed its nominal value.

Materials and research results. To describe energy and transient processes in a vector-controlled induction motor,
the following notation will be used: T — motor torque; T, — load torque; Is, Us — stator (root m

ean square)-current and rms-voltage; is, Us — stator peak current and peak voltage; yr, —peak rotor flux linkage; Ry, Rs
— rotor and stator resistance; L, Ls, Lm, — rotor, stator and mutual inductance; p — pole paars number; t, = L, /R, — rotor

time constant; k.= 3pk,/2 —torque gain; k, =L, /L, — rotor magnetic linkage factor; J — inertia.
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Mathematical description of the IM is fulfilled in the orthogonal coordinate system dg, oriented along the vector of
the rotor flux linkage:
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where o, is speed of the coordinate system,
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Energy efficiency of any electric motor depends on the total losses, which can be divided into losses in windings
(copper loss), losses in the magnetic circuit (iron loss), losses in the converter and mechanical losses. Copper loss is
determinative for single-zone speed control, and losses in the stator prevail over losses in the rotor.
It is known [11] that without taking into account iron saturation effect, the minimum stator current for a given tourge is
provided when
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Meanwhile d- and g- components of stator current are equal:
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this also leads to minimization of electric loss in stator winding:
In this case, the d- and g-components of the stator current turn out to be equal to each other:
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Nominal rotor flux linkage v, is the value that in the nominal operation mode of the motor provides maximum
efficiency, and, therefore, minimum total losses. The rotor flux linkage reaches this value when the open loop drive
induction motor is operating in the nominal operation mode. Normally, when 0 <y, <, the motor operates almost on
the linear range of the magnetization curve, and values (3) and (8) shift the induction motor to saturation mode.

To prevent this, it is necessary to limit the rotor flux linkage at the nominal value level. Limiting value of the torque,
at which the linkage reaches the limiting level can be determined by the formula (3):
Tn I-m TlimL

k ) \VrMTA(TIim) = [ = WYins (10)
T

\VrMTA(Tn) = K,

wherefrom

2
k Yen
Tim=—y2, =T, ———| . (12)
" Ly n{WrMMA(Tn)J



25

Simplified block diagram of the induction motor IFOC system in rotating coordinate frame dq, which implements the
strategy of MTA, is shown in Fig.1.
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Figure 1 — Block diagram of the simplest typical induction motor vector control system

The figure shows: CCLd, CCLq — closed current loops for the stator d-and g-components, approximately represented
by aperiodic links with a small time constant r;,

ii(s) 1
W, s) =W, s)=="L x ; 12
ccLa(s) CCLq( ) i) T (5)+1 (12)
SCT — proportional speed controller with transfer function, which generates reference signal for motor torque TL*

J
Wscer (S) = Kser = T (13)

)

P - - 3 P
and converts it into reference signals into the orthogonal components of the stator currents iy and Ig, in accordance

with (4), taking into account the fact that the sign of the g-component must coincide with the sign of the torque, and the d-
component is always positive; ICw is the ramp-function generator.
Transients in this system are shown in Fig. 2.

0

Figure 2 — Transients in typical induction motor vector control system
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From Fig. 2 we can see that orthogonal components of stator currents in such a system coincide not only in steady-
state regimes, but also in transients, providing the maximum possible ratio of the torque to the stator current. However,
the quality of the transients deteriorates significantly in comparison with the typical vector control system: the speed
decreases, the torque over-shoot increases, especially at the beginning of acceleration, the oscillation of transient process
increases with the decay of the torque.

This disadvantage can be eliminated by forming non stator current components from the reference signal at the motor
torque, and the reference signal for the rotor flux linkage w A from the calculated torque according to formula (3). In

this case, the system is supplemented with the PI regulator of the rotor flux linkage FC(Field Controller) and reference-
input unit of linkage ICy, on which the signal, when the motor is stationary or at the speed which does not exceed certain
small threshold value is formed according to formula (3). The speed controller in this circuit generates a reference signal
not for the torque (moment), but for the g-component of the stator current according to the formula

J
WSC'(S) = KSC' =T (14)
! ! kTTmWr (t)

This approach allows, firstly, to separate the processes of initial magnetization and acceleration of the motor in time;
secondly, to limit the reference to the rotor flux linkage easily, avoiding saturation of the machine; thirdly, to vary the
law of linkage variation; and, fourthly, to adapt the speed controller gain factor to the flux linkage change.

A variant of such a system is shown in Fig. 3, and transient processes in it are shown in Fig. 4
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Figure 3 — Block diagram of induction motor vector control system implementing MTA strategy by means of reference
forming for rotor flux linkage in moment-generating function

The maximum value of rotor flux linkage is limited by the saturation unit at the level v, in order to avoid entering

the iron saturation regime. Linkage change is carried out according to linear law by the block ICy.

The change rate of this signal is chosen in such a way that the magnetizing and demagnetizing losses of the motor are
minimal [11]:

% _ _VYro 15

dt /3t (15)

In the proposed system, the equality of the stator current components is ensured only in the sections where both the
torque and the linkage remain unchanged. Despite this, the efficiency is maintained approximately at the level of the
nominal value and has, as shown in the scheme of Fig. 1, dips only in the sections of a sudden increase in torque.

The total copper loss in the compared systems with the selected operation mode is approximately the same, however,
the quality of the transients in the system in Fig. 2 is much better.

For comparison, Fig. 5 shows the graphs of the transients in a typical vector control system without changing the rotor
flux linkage in the function of the torque.
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Figure 5 — Transients transients in a typical vector control system without changing the rotor flux linkage in the func-
tion of the torque
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The graphs confirm the efficiency decrease while working with the torques T <T,;,,, although the total loss in the

stator and rotor windings of the motor under consideration in this work cycle are even less than in the systems imple-
menting MTA strategy. This is explained by the absence of magnetizing and demagnetizing losses of the motor when the
torque changes.

Thus, the MTA strategy application can improve the energy efficiency of the drive only when working sections are
sufficiently extended and have constant torque which does not exceed the level Ty;,.

Conclusions. A new method for the structural realization of the MTA strategy in a speed control system with vector
control has been proposed for induction motor. This method differs from the typical system by the presence of an rotor
flux linkage coupling loop and a reference-input unit which forms the linear law of linkage variation with the rate ensuring
minimum magnetizing and demagnetizing losses. The reference-input unit can be controlled either by an independent
source or by the as a function of the motor torque according to the formula (3). The reference magnitude for the flux
linkage does not exceed the nominal value, which allows to avoid transition of the motor to saturation mode, but limits
the magnitude of the torque at which the MTA criterion is met, at the level T, (we can see formula (11)). The speed

control gain factor has been adapted to the flux linkage change by adding-on the flux-division unit to the PC.

Suggested system, along with maintaining the nominal efficiency when the torque is changed, provides high quality
of transient processes.

The task of further research can be to search for the optimal control law for rotor flux linkage to minimize the total
heat losses in the motor windings, taking into account the losses of the rotor flux linkage change.
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O.I1. TOJIOYKO, B.C. BOBKYHOBUY, 1.B. KAJIYT'TH
HauionaneHuii TexHiuHMH yHIBepcuteT YKpainu "KuiBchkuii nonitexHiyHuid iHcTUTYT iMeHi Iropst Cikopcebkoro”

CTpyKTypHa peasi3aiis crpaTerii MAKCHMYM MOMEHTY Ha aMIiep AJIAl CHCTeM BEeKTOPHOI0 KepyBAHHS aCHHX-
POHHHUM JABHI'YHOM. Y poOOTi 3aIIpONOHOBAHO HOBHII CIIOCIO CTPYKTYpPHOI peaizamii cTparerii MakcuMizarlii MOMEHTY
Ha aMIIiep B CHCTEMIi peTyIIFOBaHHS IIBUAKOCTI aCHHXPOHHOTO JIBUTYHA 3 BEKTOPHUM KEPYBAaHHSM, IO BiAPI3HAETHCS Bif
THUTIOBOTO HASBHICTIO KOHTYPY MOTOKO3YEIICHHS POTOpa Ta 3aJaBajbHOTO MPUCTPOI0. Y TIpeACTaBIeHil CHCTeMi 3MiHa
3aBIaHHs HA MTOTOKO3YCIUICHHS BUKOHYETHCS y (yHKIIi MOMEHTY, a BIANPAIIOBaHHS I[bOTO 3aBJAHHS 3IHCHIOETHCS 3a
JIHIHHUM 3aKOHOM 3 TEMIIOM, 110 3a0e3neyye MiHIMI3allilo BTpaT y Mijli Ha HaMarHiuyBaHHs Ta pO3MarHi4yBaHHS JIBU-
ryna. Takuii miaxig 103Bojsie B yctasieHoMy pexxuMi miarpuMyBatd KK/ Ha piBHI HOMIHAIBHOTO 3HAYEHHS. 3aBJISIKU
TOMY, III0 Y CHHTE30BaHii CUCTEMI peryJssITop IBUIKOCTI BUPOOIISie CUTHAT 3aBJIaHHSI HE HA MOMEHT JIBUTI'YHA, a Ha MO-
MEHTOYTBOPIOIOUY CKJIaZ0BY CTPYMY CTaTOpa, B Hil JIETKO BUKOHYETHCS JIiHEApU3allis KOHTYPY IIBHJIKOCTI IUISIXOM YC-
TAHOBKHM Ha BUXOJII PEryJsITOpa IIBUIKOCTI OJOKY TUICHHS Ha MOTOKO3YEIUICHHS, 1110 3a0e31euye Mmpy Horo 3MiHi miar-
PHMKY BUCOKOT SIKOCTI IepeXiIHUX MPOLECIB.

Enekmponpugoo, acuHxpouHuii 06uzyH, 6eKmopHe KepyeanHs, MAKCUMYM MOMEHMY HA amnep, H08A CIMPYKMY-
DHa peanizayis, AKicmy nepexionux npoyecis, mennioei empamu, eghexmugnicme.



