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EFFECTIVE CONTROL OF FIELD REGULATED RELUCTANCE
MACHINE

The electrical drive based on field regulated reluctance machine is a good alternative to the induction drive
because of various advantages related to energy efficiency. At the same time this type of drive is sensitive to
coordinate and parametric disturbances which may affect energy efficiency and quality of control in various
technological processes. This paper is to propose the method of development of control laws based on an idea of
the reversibility of the Lyapunov direct method for the stability anal-ysis, and using the instantaneous value of
energy as the predetermined Lyapunov function. This will ensure effective operation with a lesser sensitivity to
variations of the motor’s parameters, as well as the simplicity of realization of control system.
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Introduction. In many industries, the promising alternative to the most widely used induction electrical
drive is one based on a field regulated reluctance machine (FRRM). Main advantages of this type of motors [2]
are: high efficiency factor within a wide speed range; power factor is about 100%; a simple design and low
production costs; high manufacturability and reliability; a wider speed control range in a zone of reduced magnetic
flux; an easier heat removal. This study is dedicated to motor with independent electromagnetic excitation. It has
a passive rotor with tooth structure and a stator with a classic distributed “star” 3-phase winding. Additionally,
there is an excitation winding which is supplied from a direct current source. Miscalculations during identification
of the parameters of the equivalent circuit of the FRRM can be caused by assumptions used in an applied
methodology, as well as by the lack of basic information. During the motor operation, resistance of windings may
be changed because of heating, and inertia moment may be deviated through changes of the kinematics. These
parametric deviations resulted in differences between estimated and actual parameters of the electrical drive,
which, in turn, leads to worsening of control performance. Naturally, the FRRM, as well as other types of
alternating current motors, is an interrelated controlled object, substantially dependent on influence of inducted
eddy currents. In this case, electrical drive control requires compensation of negative influence of these coordinate
disturbances. Solution of the above mentioned problems by the classic methods of the automatic control theory,
under the under conditions of uncertainties in a mathematical model, is rather complicated because requires
additional algorithms of identification, adaptation or compensation. Analysis of methods for control law
optimization showed [6] that solutions can be found based on a concept of reverse task of dynamics in combination
with minimization of local functionals of instantaneous values of energies [3-5]. The reverse task of dynamics is
to identify the control law which would ensure a given quality of control with desired static and dynamic
performance of the system. The proposed method is based on an idea of the reversibility of the Lyapunov direct
method for the stability analysis. This allows defining control laws which ensure that a closed loop has the
predetermined Lyapunov function in form of the instantaneous value of energy. In this case, the specificity of
optimization is not obtaining the absolute minimum of the quality functional, as usually used in traditional systems,
but rather getting a certain minimal value which would assure a technically allowable dynamic error of the system.

This paper is aimed at the identification of respective control laws which would allow a lesser sensitivity
to variations of the motor’s parameters, as well as the simplicity of realization of the control system, and
consequently ensure good control performance of electrical drive, required for most of industrial technologies.

Methodology of the study. A mathematical model of SIM IE in the coordinate system (d-q), oriented by the
rotor magnetic axis, can be described by known non-liner equation system (1). It is shown from (1) that motor’s
coordinates are interrelated because of the existing nonlinearity caused by the operation of multiplication and
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coordinative disturbances. In classic control systems, compensation of the negative influence of coordinative
disturbances is to be realized through setting specific feedbacks, the effectiveness of which depends on the
accuracy of motor’s parameters. It is also possible to identify control laws based on the static decomposition of
the controlled object (1) resulting in complication of the control system. In this study, solution is being found
through the dynamic decomposition [1], using optimization method proposed in [3]. During the control system
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u, are sufficient for their compensation. In this case, a problem to control the interrelated controlled object comes
to finding solution of local tasks to control four liner subsystems (1).
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da-1g and Uy, U,— d-axis and g-axis stator currents and voltages respectively; Ip and U, —

J

where |
excitation current and voltage; ® = mer and o, —electrical and angular rotor speed; Zp— pole couple number;
J —inertia moment; M , |\/|c — electromagnetic motor torque and load torque; Wy, W, ,y; —d-and g-axis, as

well as excitation winding fluxes; LS, L, ., L, - stator, excitation winding and mutual inductance; Rs » Re—

stator and excitation winding resistances.
The vector control system, according to first four differential equations of the system (1) consist of four

control loops: for stator d-axis current id , q-axis current iq , excitation current if , and motor speed , . The speed
loop is external to the internal loop of current iq . This current defines a value of the electromagnetic torque of a

motor. The excitation current if can be easily controlled within the range 1:8. This allows increasing a range of
speed control with a constant power, in comparison with induction motor.
An object of the local control loop for the stator current i 4 according to the 1% equation of the system (1)

Ls%-i_Rsid:ud_'_Fl (2)

can be described by the first order linear differential equation with control signal u ,and disturbance F . A

desired equation of the closed current loop, which defines expected control performance, can also be described by
the first order differential equation [4,5]

-k

Z+0,Z= 0, iy, (©)
where i; —referenced current. The equation (3) enables a type 1 astatic system for control variable, as well
as smooth (with no overcontrol) current transients. Required transient time t, = 3/0LOid , is defined only by the

coefficient Og; .
d

ISSN 2308-7382 (Online) 93



ISSN 1813-5420 (Print). EHepreTuka: ekoHomika, rexHosorii, ekosoria. 2017. Ne 3

The extent to which the real current control process is close to desirable one can be estimated through the
functional, which depends on inductance-normalized instantaneous energy of the magnetic field by the 1%
derivation of the current.

1r. : 2
Gug) =20~k " )
To minimize the functional, the gradient law of the 1% order can be used:
du,(t) __, dG(u,) -

dt " duy
where A; —a constant.

Substituting (2) and (4) into (5), the control law for the current id can be obtained

ud(t):ki,j (Z_id)’ (6)
where K; =A; /L —the gain coefficient of the controller.

A variable z in the control law (6) plays a role of a necessary derivative on the current, which can be found
in real time from the equation (3) through closing feedback on the current component Z = id

Z=0y;, (ig —iy). (7)
Integrating both parts of the equation (6) and taking into account (7), the control law for the current i, can
be finally obtained:

ud(t) = kid (z _id);

t
z=ag, [(i;—iy)dt
0

Contrary to classic controllers, the designed one does not contain parameters of the controlled object (1),
and has only the parameter O.;; which defines the desired equation of the closed-loop system performance (3).

(8)

The differential equation of closed control loop of the current id can be derived through substituting the
control law (8) to (2):
Iy + (R /L + K /LI, + (K 0, /L) = (K; o, /L) (9)
It demonstrates that control process is asymptotically stable. According to the Hurwitz criterion,
coefficients of the equation (9) are positive (kid oy, IL)>0, (Ry/L+k; /L;)>0.Itisimportant that the

stability of the control loop is maintained under unlimited increasing of the controller gain coefficient kid —> 0 ;

and real (9) and designed (3) control processes are fully coincident. This is made obvious, if to divide all elements
of the equation (9) by the coefficient k; /L under condition kid —> ®

L. (R, . : .
k—|d+ —+1 Iy + 0l 1g = Olg;, Ig- (10)
Iq Iq

This specificity provides the dynamic decomposition of the system (1) and the robustness to parametric
disturbances. During operation, the interrelated system is broke down into relatively independent local control
loops, with their transients which run in accordance with the desired performance equation (3). Clearly, if the gain
coefficient of the controller is technically limited, there is a dynamic error which is set through technical
requirements to the quality of control.

During the development of the current control law, a small uncompensated time constant of the power
frequency convertor 7, which is in the closed loop, was not taken into consideration. Assessment of its influence
in form of the 1% order aperiodic unit can be carried out through the 3" order differential equation of the closed
loop system which is derived similarly to (9)

T +A+TR/L)iy+ (R /L +k, TL)ig+(K; o, /LIy = (K o /L. (11)
According to the Hurwitz criterion, the current loop stability can be achieved under the following condition:

L+ TR LR, /LK, /L) > Tk, ag, /L. (12)
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Assuming that kid —> 00, the stability condition can be finally presented as follows:
i <UT +R /L (13)

O(‘Ol
Thus, the time constant of the power frequency convertor 7, limits a time response of the system, which is
set by the coefficient agq.
The laws of regulation are developed similarly for other coordinates of the system.
The developed vector control system was investigated through modelling with the following parameters

of the SIM IE: rated power P,=208 kW, rated motor torque My=663 Nm,; rated current [,=458 A; rated speed
n,=3000 rpm. Controllers had parameters as follows: current controller . o =500, Kiy =250; CURRENT

CONTROLLER lq: (qu =500, kiq =260; CURRENT CONTROLLER I OLOif =50, kif =250; SPEED CONTROLLER:

a, =150, kK, =50.

Fig. 1la presents transients of referenced speed w* during the electrical drive start period. Fig. 1b presents
speed tracking error under variation of the stator resistance Rs: Rs=0,0029 Q (rated value), Rs= 0,00145 Q (0.5
rated value) and Rs=0,0058 Q (2.0 rated value). As seen, this parametric disturbance does not affect the dynamic
performance of the proposed system: three transients are identical, no recognizable differences. The maximal
dynamic speed error during start is not over 4 rad/s, and during the applying the load torque — 3,3 rad/s.
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Figure 1 - Transients of referenced speed w* during the electrical drive start period

m*, pa/c

The results of study presented above, clearly demonstrate that the electrical drive with FRRM, designed
based on the proposed methodology, has good control performance, is simple for development, and allows required
operation under the parametric disturbances.

Conclusions. Proposed electrical drive based on a field regulated reluctance machine (FRRM) can be
designed based on the relatively simple methodology, applying a concept of reverse task of dynamics in
combination with minimization of local functionals of instantaneous values of energies. This approach allows
practical development of the controllers of the electro-mechanical system which would ensure a given quality of
control and adequately simple practical realization under conditions of variation of the parameters of the controlled
object and the uncertainties in a mathematical model. As a result, this type of electrical drive can be recommended
for further development and promotion, to be used in technological processes and installations of various
industries.
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Hauuonanbublii TexHuyeckuii yausepcuter YKpaunsl «KueBckuii moiurexunyeckuit uHCTHTYT HMenn Uropsi Cukopekoro»
3®PEKTUBHOE YIIPABJIEHME CHHXPOHHOM PEAKTUBHOM MAIIIMHOM C
HE3ABUCHUMBIM BO3BY X KJIEHUEM
Dnekmpuueckuti npueood Ha 0CHOBE HA CUHXPOHHOU PeAKMUBHOU MAULUHBL 3 HE3AGUCUMBIM 8030YIHCOeHUEM
A6NIAEMCA  XOpOWlel  anbMepHAmuol ACUHXPOHHOMY NPUBOOY U3-3d pAOA NPeUMyuwjecms, CEA3aHHbIX C
9HepzoahpexmusHocmulo. B mo e gpems smom mun npugooa maxoice 4yscmeumeneH K KOOPOUHAMHbIM U
napamempuyeckum 603MyujeHUsM, KOMopbvle MO2Ym GIUAMb HA IHEP20IPPEeKMUBHOCMb U Ka4ecmeao YNpaeieHUs.
6 DA3IUYHbIX MEXHOLO2UYecKux npoyeccax. B pabome npednodcen memoO ynpasneHus HA OCHOGe ulee
obpamumocmu npsAmMo2o memooa JIANyHo8a No UCCIe008AHUID YCMOUYUBOCMU, 8 KOMOPOM UCHONb3Vemcs
MZHOBEHHOe 3HAueHUue SHepeuu 6 Kawecmee npeoonpedenentol Gyukyuu Jlanynosa. Omo obecneyum
agpPexmusnyio pabomy ¢ MAIoU UyGCMEUMENIbHOCMbIO K UMEHEHUSIM NapamMempos O0sucamenis, d maxdice
npoCmMomy peanuzayu CUcCmemsl YNpasieHus.
Knroueswvie cnosa: ynpasienue, 3¢hHeKTHBHOCTh, CHHXPOHHAS peaKTHBHAS MaIlIMHA
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E®EKTUBHE KEPYBAHHS CUHXPOHHOIO PEAKTUBHOIO MAILIMHOIO 3 HE3AJIE2KHUM
3bY1KEHHAM
Enexmponpuso0 ma oCHOBI CUHXPOHHOI peaKmMueHOI MAWUHU 3 HE3ANEHCHUM 30Y0HCeHHAM € OOHIEI 3
AbMEPHAMUE ACUHXPOHHOMY eNeKMmPOnpUBody 3a60saKu psoy nepesads, nog si3auux 3 emepeoepexmugnicmio. B
Mot Jice 4ac yeu mun eireKmponpueooa marKodic Yymiuguil 00 NapamempuiHux ma KOOpOUHaAmuux 30ypeHs, wo
He2amueHo BNIUBAE HA eHeP2OepheKMUBHICIb MA AKICb KePYBAHHSL 8 PI3HUX MEXHON02IYHUX npoyecax. B pobomi
3anpoOnOHOBAHO MemOoO Kepy8aHHs HA OCHOBI idei 360pOMmHOCII NPAMO20 Memooy JIAnyHo8a no 00CaioHceHHIO
CMIUKOCMI, 8 SIKOMY SUKOPUCMOBYEMbC MUMMESE 3HAUeHHsl eHepail 6 axocmi 3a0anol Qynxyii Jlanynoea. Lle
3abe3neuye ehexmugny pobomy eiekmponpueodd 3 MA0I0 YYMAUSICMIO 00 3MIHU NAPAMEmpPI8 MAWUHU, d
MaKodic NPOCMy peanizayilo CUCmeMu KepyeaHHsi.
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