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This article proposes to analyze the processes in the most widely used at present frequency-
controlled AC drives, as in automatic control systems with dynamic non-linearities, and structural
correction methods, improving their dynamics. For the first time, dynamic formulas of transfer func-
tions of a torque driver in an asynchronous motor with frequency control, taking into account the slip
and frequency of the stator voltage, are proposed. Methods for constructing families of frequency
characteristics of such electromechanical systems with “frozen” but different values of the frequency
of the stator voltage and slip is described. In the Simulink application of the MATLAB software en-
vironment, families of frequency characteristics were constructed corresponding to nonlinear transfer
functions. The nonlinear transfer functions obtained in this work made it possible to substantiate
the structural solutions of linearizing frequency-controlled electric drives and, significantly, increas-
ing their efficiency. Such a solution turned out to be a positive feedback on the current value of
the stator current with a dynamic link. This dynamic link ensures the effective action of a positive
connection without disturbing the stability of electromechanical systems. The experiments fully con-
firmed the correctness of the mathematical expressions obtained for nonlinear links of systems and
their correction. This paper is an example of how the initial complicated (but more accurate!) Inter-
pretation of nonlinearity allowed us to find a new best solution to the problem of controlling a com-
plex dynamic object.

Keywords: AC drive, mathematical analysis, dynamic nonlinearity, frequency response, dynamic
correction, positive feedback.

Introduction

The widespread use of frequency converters for controlling asynchronous motors in recent years
has created the impression that there are no problems in the field of automated electric drive (AED).
However, attempts to study in depth the dynamic characteristics of such electric drives make it neces-
sary to return to the study of the problems of control of nonlinear systems. Frequency controlled AEDs
are a highly non-linear system. The “main” parameter determining the non-linearity of these systems is
the variable frequency of the supply voltage. Unlike the stationary non-linearities of the regulatory sys-
tems considered in the 80s and 90s of the 20th century, the variable frequency in the AED changes its
frequency response.

Variable frequency, strictly speaking, does not allow the use of a mathematical apparatus designed
for AC drives, based on vector analysis, since the vector representation of variables over time implies
the constancy of the frequency of the supply voltage, or the frequency of rotation of these vectors. Howe-
ver, due to the absence of another, vector methods are used in most research or educational works on AC
drives, despite the fact that the authors quite often recognize the illegality of such an approach.

Problem statement

The most effective engineering method for assessing the dynamics of electric drives is the method
of frequency analysis. Direct application of this method to asynchronous electric drives is hampered by
the presence of significant non-linearities in them. The construction of the frequency characteristics of
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such systems involves a number of inevitable assumptions. After considering the different versions of
these assumptions, the calculation of the dynamic mechanical characteristic set forth in the Usoltsev’s
monograph [1] turned out to be the most acceptable. The calculation a repelled by equation 1.36 on

p. 23 [1].
It establishes a connection between the current moment () and slip (B) at the nominal frequency

®1nom-

2My
m= , ) e
(1+T,'p) [%‘(1+T2p)]+%
where T, = R—k — the transient time constant of the rotor, 8 = % — the relative slip, M, — the critical mo-
2 1

ment, S, — the critical slip at the nominal frequency ®mom.

At the beginning of the working characteristic (for M = 0, § > 0), the transfer function is simplified
and reduces to a dynamic link of the 1st order:

2My _ 2M B _ 2My (w1 —w)
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At the same time, the transfer function linking the absolute slip and the torque developed by the mo-
tor will look as follows:

_m _ 2M
W) =35 = (1+T,'P)Skw;’ 2)

However, the results of experiments given in [2—6, 12, 14] showed that it is incorrect to extend this
formula to all operating modes.

Solution
Equation (1) allowed us to propose another variant of linearization, in which the initial equation

takes the form:
: , B\?] _ 2M /
m|(1,)%p? + 2T,p + 1+ (5) ] = 5EB(1+ Typ). 3)
Then, the equation connecting moment (m), relative slip () and engine parameters (T, — transition
time constant; M, S, — critical moment and critical slip, depending on the frequency w;) takes the form:
2M i (Typ+1)Skfs
(14T,'p)2SE+B% )
and the transfer function linking the absolute slip and moment will take the form:
_ 2My(Typ+1)Sk
W(p) B w1[(1+T,'p)2SE+B] )
where ®; — the frequency of the stator voltage.
The block diagram of the drive in the working area will take the form shown in Fig. 1.

m=

llﬂc
@i 2M, S (Typ + 1) -y - 1 W

- o+ O 1

A 4

Fig. 1. Structural diagram of an asynchronous motor in the working area

The transfer function of the torque driver changes as the stator voltage and slip frequency varies, i.e.
is essentially nonlinear.

It should be noted that at p = 0, the transfer function, as well as the structural diagram, exactly coin-
cide with the linear transfer function and structural diagram for the asynchronous drive, given in
the Usoltsev’s monograph [1]. In the proposed non-linear interpretation, the formula and block diagram
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explain some of the problems of an asynchronous electric drive. To this end, it is proposed to consider
the transfer functions and the corresponding frequency characteristics at “frozen”, but different values of
the stator voltage frequency and slip. Moreover, instead of the traditional characteristics of the control
object, it will be necessary to consider “families”, grouped by varying stator voltage (its frequency) or
slip [7].

Below, the frequency characteristics of an asynchronous electric drive with frequency control based
on low-power squirrel cage induction motor are shown in Figs. 2 and 3. They are built in the Simulink
application of the MATLAB software [8—11].

Amplitude and phase frequency characteristics of the motor at a stator voltage frequency of 10 Hz
and slip corresponding to low (0.2 M,) and nominal loads as shown in Fig. 2. Fig. 3 shows similar cha-
racteristics for a stator voltage frequency of 50 Hz.

Bode Diagram
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Fig. 2. Frequency responses of an electric motor at a stator voltage frequency
of 10 Hz and slip, corresponding to low (W;) and nominal (W) loads

The given frequency responses well explain some problems of AC drive. When operating at low
frequencies of the stator voltage, the phase shifts significantly change with changing load (and slip),
which leads to instability and inefficient operation at low speeds (Fig. 2). Comparison of frequency re-
sponses at frequencies of stator voltage of 10 and 50 Hz shows that in the range from 10 to 100 rad/s
the phase shifts of frequency responses have significantly different values — from 25 to —45 electric de-
gree. This means that during acceleration and deceleration, the phase shifts change in such a way that
a system with a stability margin at a frequency of 50 Hz can become unstable. The frequency of the sta-
tor voltage will be 10 Hz. This may be the reason for the different oscillation of the drive at different
frequencies of the stator voltage, which were noted in [7]. Thus, the nonlinearities of the transfer func-
tions of the link of the torque generator (Fig. 1) require linearization to increase the efficiency of
the electric drive and the same behavior at different frequencies
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Fig. 3. Frequency responses of an electric motor at a stator voltage frequency
of 50 Hz and slip, corresponding to low (W;) and nominal (W.) loads

One of the widely used methods of linearization are various types of so-called “Transvector” con-
trol. With this control, dynamic links reverse to the dynamic links of the motor are formed in the control
device, which are adapted to different modes of operation. Since ideal adaptation is impossible in a real
drive, the transfer functions incorporated in the software of frequency converters and real asynchronous
motors can vary for a number of reasons: a number of parameters are difficult to measure; the structure
of a real electric motor is much more complicated than a model; some parameters may change during
operation. Dynamic links are quite complicated, because the equivalent transfer functions of the fre-
quency converter — asynchronous motor can contain resonant links in some modes. These links lead to
control failures, to high-frequency harmonics, and to differences in dynamics at different speeds, which
were observed during the experiments [1].

Other options for linearizing a torque driver are of interest [7, 14, 15].

Consider the option of applying local feedback on the electromagnetic moment in this structure.
The structural diagram is shown in Fig. 4.

Wrs 2M (Typ + 1)S, M
w1[(1+T,'p)SE + B?]

v

Wopr <

Fig. 4. Block diagram of AED with local feedback
on electromagnetic moment
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In this case, the transfer function of the torque driver will take the form:
sz(T'Zp+1)sk

©1[(14TP)2SE+B2] 2M}, S (T,p+1)

L 2MSsy(Top+1)Wppp  01[(14T2'D)2Sk+B2]+2M S (T,p+1)WppE’

" @1[(1+T2'p)25E+62]

VVeqv =

Under the following condition:
w1B? = —2M; Sy (T2p + 1)Wppr,
that is, if the corrective element will have the following transfer function:

w _ wf? (6)
DPF = = omysi(Typ+1)
then the transfer function of the torque driver takes the form:

2M;Sk(Typ+1) 2Mj,
(01[(1+T2'P)251%] ®1Sk(1+T2'p)’
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that is, it becomes a linear link, independent of slip (load), and completely coinciding with the transfer
function (2), given in the Usoltsev’s monograph [1] for small loads. Pay attention to the formula (8).
The dynamic link is a first-order inertia with a coefficient that ultimately depends on the frequency of
the stator voltage and on the absolute slip. The sign () in front of the formula means that the feedback
must be positive. Let's call this connection — dynamic positive feedback (DPF+). It should be noted that
the correction of the coefficient of frequency is very easy to implement in frequency converters. Thus,
the proposed positive feedback, selected by condition (6), makes it possible to compensate for the exter-
nal load and the nonlinearity of the asynchronous electric drive, spreading the transfer function of
the motor as a 1st order link for any  values. In addition, the block diagram (Fig. 1) and the transfer
function of the moment drive link (5) connecting the moment and slip allow us to offer an estimate of
the efficiency of the moment drive algorithm: the algorithm that generates the necessary moment with
the smallest absolute slip will be more effective [12—15].

Next, we consider the correction of the asynchronous electric drive with the parameters correspon-
ding to the frequencies of the supply voltage (FSV) of 10 and 50 Hz. The initial frequency responses are
shown in Fig. 2 and 3. The transfer functions of the initial AED with such parameters and the transfer
functions of the corrective links are presented in Table 1. The frequency characteristics of the initial and
adjusted AED are shown in Figs. 2, 5 and 6 for the supply voltage frequency of 10 and 50 Hz, respectively.

Table 1
The transfer functions of the torque driver of the initial AED and the corrective element
FSV * Wagp (p) WprB
0,038p + 0,226 0,707
0H b1 0,0002p2 + 0,0229p + 1,38 0,0038p + 0,226
z 0,038p + 0,226 3,84
B2 0,0002p2 + 0,0229p + 4,52 0,0038p + 0,226
0,027p + 1,548 0,141
SOH B 0,006p2 + 0,628p + 20,56 0,27p + 1,548
z 0,027p + 1,548 0,77
B2 0,006p2 + 0,628p + 21,19 0,27p + 1,548

*B, — corresponds to slip at low load, 3, — corresponds to slip at rated load.

As expected, the frequency responses of the AED with the structural correction proposed in
the work are close to the frequency responses of the 1st order linear link.

In widely used AEDs, it is very difficult to realize the link by mechanical moment. Given that
the moment is equal to /;-'¥, and in almost all calculations it is assumed that the rotor flux linkage is
constant, you can replace the original signal in this local connection with the effective value of the stator
current, or its active component, which is calculated in all frequency converters.
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Fig. 6. Frequency responses of the torque driver link: initial (W,
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the linearization condition will vary slightly:
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For stator current feedback
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This expression shows that when controlling the flux linkage, the linearization conditions can be re-

fined, thereby ensuring high quality regulation.
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On the other hand, it is easy to show that with some inaccuracy in the fulfillment of the linearization
condition, i.e.

B 2Mi(Tp+1)wy 20=A

Sk ¥,

The transfer function and frequency response of the torque driver will differ slightly from the trans-
fer function and frequency response of the first-order linear link.

Consider the case of deviation of the parameters of the corrective element by 5% for the frequencies
of the supply voltage of 10 and 50 Hz. The frequency characteristics of the link of the torque driver with
accurate correction (W), W,) and the deviation of the transmission coefficient of the correction link +5%
(W3, Wy) are presented in Figs. 7 and 8.
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Fig. 7. Frequency response of the torque driver and transfer functions of the correction link for the stator voltage
frequency of 10 Hz, accurate (W;) and when the transfer ratio of the correction link deviates by 5% (W)
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Fig. 8. Frequency response of the torque driver and transfer functions of the correction link for the stator voltage
frequency of 50 Hz, accurate (W) and when the transfer ratio of the correction link deviates by 5% (W)
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Conclusion

Thus, the proposed method for analyzing processes in an asynchronous drive with frequency control
according to changing transfer functions and frequency characteristics (“families” of functions and cha-
racteristics with frozen frequency and slip parameters) made it possible to propose an effective correc-
tion, in terms of controllability of a nonlinear dynamic structure, allowing increase its effectiveness.
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YNPABNEHUE HENMMHEWAHOU OUHAMUKOW
SNEKTPOMEXAHUYECKUX CUCTEM

B.J1. KoOkuH, A.C. AHUKuH, A.A. bandeHkoe
FOxHO-Yparnbckul 2ocyGapcmeeHHbIlU yHusepcumem, 2. YensibuHck, Poccus

[Ipemmaraercss aHanM3UpOBaThH IMpPOIlECCH B Hambolee LIMPOKO IPUMEHSEMBIX B HACTOSIIEe
BpEeMs YaCTOTHO-PETYIHPYEMBIX JIEKTPONPHUBOIAX MEPEMEHHOTO TOKA, KaK B CHCTEMax aBTOMAaTH-
YECKOT'0 PETyIUPOBAHUS C THHAMUYECKIMH HEITMHEHHOCTSIMH, U CTPYKTYPHBIC METOABI KOPPEKIIUH,
COBEPILEHCTBYIOIINE UX JHHAMUKY. BIiepBble NpeanokKeHsl TUHAMHUYECKHe (OPMYIBl MepeaaToy-
HBIX QYHKOUH (GopMupoBaTessl Bpallalolero MOMEHTa B aCHHXPOHHOM AJICKTPOABHTaTele C Jac-
TOTHBIM YTIPaBJICHUEM, YUHTHIBAIOIIHE CKOJBKEHHE U YaCTOTY CTATOPHOTO HAPSKEHUs. M31105KeHBI
METOJIbl OCTPOCHHSI CEMEHCTB YAaCTOTHBIX XapaKTEPUCTHK TAKUX AJICKTPOMEXaHHYECKUX CHCTEM
IPU «3aMOPO>KEHHBIX», HO PA3IMYHBIX 3HAUYCHUSAX YACTOTHI CTATOPHOTO HAIIPSDKEHUS M CKOJIBKCHHUSL.
B mpunoxennn Simulink nporpammuoii cpensi MATLAB mocTpoeHBI ceMelCTBa YaCTOTHBIX Xa-
PaKTEpPUCTHK, COOTBETCTBYIOIINE HEJIMHEHHBIM nepenarouHbiM GyHkuusaM. [lomydeHnsie B pabore
HEJIMHEIHbIe TepeJaToyHble (DYHKIIMH HO3BOJIMIN 0OOCHOBAaTh CTPYKTYPHBIE DEIICHHS, JIMHEApH-
3YIOIINE YaCTOTHO-PETYIUPYEMBbIE JIEKTPOIPUBOIBI U CYIIECTBEHHO MOBBIIIAIOINE UX 3P PEKTHUB-
HOCTb. TakuM perreHreM oKa3anach MOJIOXKUTEIbHAs 00paTHAs! CBSI3b 110 JICHCTBYIOIIEMY 3HAUECHHIO
TOKa CTaTOpa C JUHAMHUYECKUM 3BEHOM. MIMEHHO 3TO AMHaMHYecKoe 3BeHO obOecreuuBaeT dddex-
TUBHOE JIEHCTBHE IOJOXHUTENBHOW CBS3UM 0e3 HapyHIeHHS YCTOWYMBOCTH 3JIEKTPOMEXaHHYECKHX
CHCTEM. DKCIIEPUMEHTHI MOJHOCTHIO HMOATBEPAMUIM HPABHIBHOCTH IMONYYCHHBIX MaTEeMaTHYECKHUX
BBIPOKEHUH I HEJNWHEHHBIX 3BEHBEB CHCTEM M WX Koppekiuu. JlanHas paboTa SBISETCS MIpUMe-
POM TOTO, KaK MCXOJHasl yCIOKHEHHas (HO Oojiee TOYHas!) MHTEPIpETALys HEIMHEHHOCTH T103BO-
JMJIa HAWTH HOBOE JIydIliee PELICHHE 33/1a4l YIPABICHUS CIIOKHBIM TUHAMHYECKUM OOBEKTOM.

Kniouegvie crnosa: anexmponpugod nepemenno2o moxa, Mamemamuyeckui aHaus, ouHamuye-
CKAasl HEeTUHEUHOCHb, YaACMOMHAs XaApaKmepucmukda, OUHAMUYECKAs KOPPeKYUsl, NOJOACUMENbHAS
00pamuast cea3v.
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