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OPTIMAL FREQUENCY CONTROL OF THE INDUCTION ELECTRIC DRIVE
BASED ON THE THERMODYNAMICS OF IRREVERSIBLE PROCESSES

Abstract The modeling method of steady state processes based on energy is applied for analysis and optimization
of frequency controlled induction electric drive. This made it possible to easily determine the conjunction degree
between input and output of electromagnetic part of induction motor, take into account losses in steel and copper at
different frequency and voltage and simply define the optimal from energy point of view motor slip on the criterion of
maximum thermodynamic efficiency.
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ONTUMAJIBHE KEPYBAHHS YACTOTA IHIYKIIHHOI'O EJIEKTPOIIPUBOIY HA
OCHOBI TEPMOJUHAMIKH HEOBOPOTHUX IMPOLECIB

Anomauin. 3acmocosano memoo MoOeno8ants YCmaneHux npoyecie Ha eHepeemuuHitl OCHOGI 01 aHanizy ma
ONMUMI3AYii YACMOMHO PezyibOBaH020 ACUHXPOHHO20 eleKkmponpueodad. Lle 0ano 3mo2y jecko 8U3HA4amu CMyniHb
CHPSIICEHOCII MIDIC 6X000M MAd BUXOOOM €NIeKMPOMASHIMHOL YACMUHU ACUHXPOHHO20 OBUSYHA, 8PAXYSAMU GMPAmu 6
cmani i MiOi 3a pi3HUX 3HAYEHb YACMOMU | HANPY2U JHCUGTEHHS | NPOCMO BUSHAYANU 34 KPUMEPIEM MAKCUMATbHOL
MepMOOUHAMIYHOT eqheKMUBHOCTNI ONMUMATIbHE 3 eHeP2eMUYHOL MOYKU 30PY KOB3AHHSL.
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OIITUMAJIBHOE YIIPABJIEHUE YACTOTA HHAYKIIMOHHOT O 9JIEKTPOITPUBOJA
HA OCHOBE TEPMOJUMHAMUWKHU HEOBPATUMBbIX ITPOLECCOB

Auuomauu}l HpuM@HeHeH Memoo MO()Q]ZMPOECIHME YCmMAaHoBUBUWUXCS npoyeccoe HA 3Hep2emuttecm7ﬁ ocHoge 0715
aHaauza u onmumusayud YacmommHuo pecyaupyemoco aCUHXpOHHO20 3ﬂeKmponpu60()a. Omo no3eonuno nezko onpede—
JIAMb CMeEeNneHb CONPANCEeHHOCmU MleC()y B8X000M U BLIXOOOM 3JZ€Kmp0Ma2HuI1’IHOIZ uacmu ACUHXPOHHO20 osueamernsi,
yuecnb nomepu 6 cmaiu u Mmeou npu pasHvlX 3HAYEHUSAX 4acmonvl U HANPANCEHUA NUMAHUA U NPOCMO onpe()eﬂ}zmb no
Kpumepuro MAKCUMATBHOU mepModuHaMuueCKoﬁ 3d)(])e1<mu6Hocmu OonmumailbHoe ¢ 3Hepzemuuec1<0ﬁ moy4KU 3perHus

CKOJIboICeHUe.

Introduction. Energy is the driving force of any
process, and patterns of its conversion determine the
effectiveness of processes [3]. Consequently, there is
growing popularity of energy approaches to mathematical
description, research, computer modeling of static and
dynamic processes in systems of different types: bond-
graph modeling, behavioral modeling, passivity-based
control, energy-shaping approach etc. [8-10]. One of these
areas, based on the fundamentals of thermodynamics of
irreversible processes (TDIP), is developed in application
to electromechanical systems [5,7]

Analysis of recent findings and publications. The
stationary operating modes of the DC motors of different
types of excitation under feeding from the voltage and
current sources were described on the TDIP basis [4,6].
The introduction of the DS motor as a basic power
converter (PC) made it possible to obtain a number of
universal relationships that characterize the optimal
modes of its operation.

The induction machine (IM) is a fundamentally
different electromechanical object, for which energy
© Shchur 1., Rusek A., Lis M., 2011

efficiency is very important because of its wide use.
To base the working point of the IM in various operating
conditions, quite complicated optimization algorithms are
used [2]. An alternative to this could be energy
optimization based on the TDIP.

The purpose of the paper is to provide the
mathematical description and theoretical analysis of the
frequency controlled IM by the TDIP and to develop
methods of energy optimization for the operating modes
of the induction electric drive.

The main material. Our way of mathematical
modeling of the steady state processes is a decomposition
of the individual subsystems that can be presented as
basic quadripoles with the parameters of power-flow
(respectively X and J) at the input (i) and output (0):

Ji = LiX; + L, X,
Jo = LoiXi +L00X0 ’

where the kinetic coefficients (conductivity) are

expressions of
. ( aJ, j ®
ik = ’
an Xj=const

and according to the Onsager’s reciprocity principle .

(1)
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The forces and their corresponding flows are
selected so that their product would correspond to the
power. Quadripoles are regarded as power converters
(PC) without internal energy sources because the mutual
kinetic coefficients are negative.

For a linear system, the value of kinetic coefficients
can be found though non-working and short circuit
experiments such as in passive quadripoles in theoretical
electrical engineering. However, in contrast to passive
quadripoles, PC are described by the unified minimum
number of parameters in relative units. In our approach,
borrowed from Dbioenergetics [1], the number of
parameters is reduced to two: the primary one — conjunc-
tion factor ¢ between input and output processes (g = 0 ...
-1) and the auxiliary one — factor Z, which is used to bring
the flows and forces to dimensionless units:

o . 7= [Zoo 3)

To analyze the energy performance of the PC in a
particular point, in contrast to passive quadripoles, only
one parameter — the ratio of forces — is needed:

x=X 0/ X . “4)

In [1], universal characteristics of the PC are given,
as well as a number of criteria that characterize the
effectiveness of their work. Of course, efficiency is the
most useful one for the evaluation of technical systems,
and it is expressed through the given parameters as
follows:

_JoXo =_(ZZ) q+(ZX) . (5)
J X l+g- (ZZ )

As seen from (5) and the graphical representation
(Fig. 1), performance of the PC is determined practically
only by two parameters: the topology parameter ¢ and the
normalized PC ratio of forces — the parameter that
characterizes the working point. The dependencies (Fig.
1) show that for each ¢, there is the optimal value of an
operating point at which maximum efficiency is achieved:

72 I — — 6
(%)op—n 1+W ()

and the maximum value of efficiency is equal
Moas = (22 S (7

1’]:

02
02 0 02 04 06 08 v Zy

Fig.1. Dependencies of thermodynamic efficiency
on the normalized ratio of forces
at different levels of the conjunction factor g¢:
1-¢g=-1.0, 2—-¢=-0.99, 3— ¢=-0.95,
4-g=-0.85, 5-9=-0.7,6-9g=-0.5
Thus, the proposed power modeling method makes it
possible to use only two parameters to assess the energy

performance of operational systems or to choose the
optimum parameters of the prevailing criteria.

For the transition from relative to absolute values, in
addition to the two imposed PC parameters g and (Z ;{) ,a
third one is needed, which may be one of the kinetic
coefficients L, of the system (1). Having three

parameters already, such important parameters of the PC
as input and output resistances (conductances) can be
found [5]:

« input conductance Y, = % = [1 +q- (ZZ )1Lii ) (3)

1

<~

o

* output conductance ¥, = —>- = {1 +L}LOO ;
X (Zx)

V4
* pass conductances Y, = o _ {1+Q}Loi ;
q

>

v L{l;}
X, q-(Zx)

For the equivalent T-shaped equivalent circuit of the
IM, the parameters of the PC equal respectively [5]

Z, [7,+2,
- ;o Z=]—. (9
1 J(z,+2,)z,+2,) Z,+Z, ©)

The IM, according to the principles of its work,
belongs to the PC with an incomplete conjunction
between input and output. Modern frequency controlled
induction electric drives are able to provide energy-saving
modes of operation for changes in a wide range of speed
and load torque on the shaft. However, determining the
optimal parameters for these regimes, even in the scalar
method of frequency control, is a difficult task [2].
Academician M.P. Kostenko proposed the so-called
economic frequency control with a simple algorithm: for
all modes the absolute slip S =s f* (in relative units) (s

is the slip and f*=f/f, is the relative frequency of
voltage) is equal to the nominal value S, =Aw,/®,, ,
where o, and Aw, are respectively the non-working

angular velocity and difference of angular velocity for the
nominal parameters of the IM. Under this condition, the
stator voltage at changing speed and load torque is
regulated in a way that minimizes electromagnetic losses
in the motor (total losses of energy in copper and steel).
Precise power investigation of the lows of frequency
controlled IM, made in [2], showed that the optimum for
minimum basic electromagnetic losses is characterized by
the invariance of optimal absolute slip B, from
electromagnetic torque for each speed. Thus, unlike the
M.P. Kostenko’s economic frequency control, especially
for medium and high power machines, B, is
fundamentally different from [, and decreases with
decreasing speed. Therefore, it is interesting to study the
patterns of frequency controlled IM according to the
criterion of maximum energy efficiency (6)-(7).

For this study, we will use the traditional T-shaped
equivalent circuit for one phase of the IM (Fig. 2), where
R, and L, are the resistance and the leakage inductance
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of stator windings, R,' and L ,' are the same parameters

of the rotor windings, led to the stator, L_ is the

m
inductance of the magnetization circuit and R is the
resistance that models the iron loss. Forces here are the
stator voltage U,, and led to stator winding the rotor
voltage U," and flows — the currents /, and /,' relevant.

Parameters of the T-shaped equivalent circuit of the
IM as PC are determined by the expressions

Z =R +jXy: Z,=R"“+jX,,
277! 27!
R X
Z,=R |1+ — +jX |1+ — ,
Xm Rm
XGI :277{7(1’61; XGZ’: 2771’02’; Xm :27ﬂm. (10)

R: I

[og
Fig.2. T- shaped equivalent circuit of the IM

Obtained through (9), the main parameters of the PC
q and Z are described by complex numbers, but with a
very small imaginary part. The system of equations (1)
also adequately describes the PC, if all options are
complex. Analysis showed that efficiency of the PC (5)
would be true if it is adopted as a module of the complex
number of the calculations result. The working point of

maximum efficiency of the IM (Z ;()Optfn will not match

the expression (6), but must be found in the studies on the
extremum of function in complex variables (5). However,
our studies have shown that dependence (7) is true also
for this case.

For effective values of voltages and currents of the
IM, the efficiency received as a module of values (5)
corresponds to the correlation of full powers in output and
input. For the IM, resistance R,,, = R,'(I—s)/s functions

as the load of the PC that simulates the mechanical output
power. So, under purely active power output, the resulting
value of efficiency will be equal 1 =n, cosg, where 7,
is the active power efficiency and cos¢ is cosine of the
angle shift between voltage and current at the input of the
PC. The herein formulated criterion of maximum energy
efficiency is a compromise between the maximums 1,
and cosg .
Substituting in the second equation of the system (1)
U,'=L,R,'(1-s)/s , we obtain
U, L

O 11
Z Ul Lload + Loo ( )

1 .
where L, = L? is the conductance of the load.
~s R,
From equation (11) after the transformation, the slip
of the IM may be expressed as a function of the PC

parameters and its working point (Z ;{) :

T g 71= ! -1
s=1 {1 R, LOO(H(ZZ)H (1+R2,Y0j (12)

Analysis (12) shows that the optimum slip s,
depends only on parameters of the IM (R,", L, g) and
optimal operating point (Z ;()

opt—1
will have a maximum value regardless of the load torque
T .. - The value cos@ can be easily found by using the

load *

at which it n =7, cos¢

input conductance (8), since ¢ = —ArgY,.

For specific values of M,q,q4 the stator phase voltage
is easily determined from the equation of balance of
electrical and mechanical power at the output of the IM
(the module of y is used):

N SO 2 R’
Ul = U2 = . n-f : Tload 4
Xopt Xopt 3ppsopt

where p, is the number of pairs of IM poles.
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Fig.3. Results of the mathematical modeling
of the frequency controlled IM
To compare the effectiveness of the proposed
method of mathematical modeling with the one described
above, let us take the same IM as in [2] — A-114-6M —
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with the following parameters: P,=320kW, f,=50 Hz,
Un,=380V, p, = 3, R=0,0207Q, R, = 0,017Q,
Lsi=0,551mH, L';,=0,392mH, L, =14,5mH, R, =40 Q,
B.=0,015. Parameters of the PC, which simulates the
electromagnetic part of the IM, defined by (10) and (11)
as a function of the relative frequency f* of the stator
voltage, are shown in Fig.3,a.

Fig.3,b  would
Breop (F*) = 505 (S *

represent the  dependence

calculated through (12) for
optimum operating points (Zz)optfn for each IM

frequency f. The comparison with the direct line S,

shown on the same figure, which corresponds to the
responsible economic frequency control of M.P.
Kostenko, and the curve S, (f*) found in [2] as a result

of minimizing the main electromagnetic losses, shows
that the obtained dependence p,,(f*) occupies an

intermediate position between the two and can be viewed
as quasi-optimal. Dependence y,, ,(/*) with the

calculated optimum energy parameters 7n,(f*) and

cosp(f*)

agreement with those given in [2].

Conclusions. 1. The proposed method of energy
modeling of the steady state processes is universally
applicable, simple and clear.

2. Using this method for analyzing the energy
patterns of the frequency controlled IM allows one to
determine the parameters that are very close to optimal in
the minimal basic electromagnetic losses they permit,
without calculating the individual components of these
losses (Fig. 3).

is shown in Fig.3,c. These results are in
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