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Purpose. To propose the method of development of control laws for the electrical drive with switched inductor mo-
tor with independent electromagnetic excitation, and to study dynamic behaviour of the developed electromechanical
system. Methodology. Identification of control laws is based on an idea of the reversibility of the Lyapunov direct
method for the stability analysis, and using the instantaneous value of energy as the predetermined Lyapunov function.
Modelling was used to study the control system’s performance. Results. The control laws have been identified and
respective current and speed controllers have been developed, allowing a lesser sensitivity to variations of the motor’s
parameters, as well as the simplicity of realization of control system. Modelling of the proposed electrical drive con-
firmed good control performance and the workability of the system. Originality. Although the known elements of the
control theory and vector control are used, this is the first time when these tools are applied to the development of the
considered type electrical drive. Practical value. This study will contribute to further development of electrical drive
based on switched inductor motor with independent electromagnetic excitation, and consequently support its practical
application in various industries, as a good alternative to the most widely used induction motor drive. References 11,
figures 9.
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variation.
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EnexTpuuHuii npuBOJ CrIOXKMBae OIM3BKO 65 % 3aranbHOro o0CATY BUPOOJIEHOI y CBIiTi elekTpoeHeprii. AcHHX-
POHHHH €JEeKTPOIPHUBOJ € HAMOUIBII MOMIMPEHUM Y PI3HUX Taly3siX MPOMHUCIOBOCTI, IPOTE BOJIOJIE BiJIOMUMH HENOMI-
KaMH, 30KpeMa HEBUCOKMM KOE(DiIliEHTOM MOTY)KHOCTi. ENeKTpHYHUN NPHBOX HA OCHOBI BEHTHIIBLHO-iHIYKTOPHOTO
JIBUTYHA 3 HE3aJEKHUM EJIEKTPOMArHITHUM 30YIDKEHHSIM MOXKe OYTH abTepPHATHBOIO U aCHHXPOHHOI'O MPUBOIY
3aBJISIKM HU3II [IepeBar, IMOB'sI3aHUX 3 €HEPreTHYHOI0 edeKkTuBHICTIO. Ha enekTpornpuBos if0Th KOOPJMHATHI Ta mapa-
METpHYHI 30ypeHHSs, SIKi MOXYTh BIUTMHYTH Ha €()eKTHBHICTH IEPETBOPEHHsI €HEprii Ta SKiCTh KEpYyBaHHS B Pi3HHUX
TEXHOJIOTIYHUX IIpoIiecax. 3anpollOHOBAHO METO] PO3POOKH 3aKOHIB KEpYBaHHS Ha OCHOBI i1€1 3BOPOTHOCTI MPSMOTO
Merony JIsmyHoBa 1 aHami3y CTIMKOCTI 1 MiHIMI3allii MUTTEBOTO 3HAUSHHS €Heprii sik 3a7anoi ¢pyHkuii JismyHosa. Lle
3abe3neuye eekTHBHY pOOOTY 3 MEHIIOK YYTIMBICTIO A0 3MiHHM HapaMeTpiB JBUTYHA, a TAKOXK IMPOCTOTY peaizamii
cHCTeMH KepyBaHHS. MOJIEIIOBaHHS 3alPOIIOHOBAHOTO €JIEKTPUYHOr0 ITPUBO/Y i ATBEPAUIIO BUCOKY SIKICTh KEPYBaHHS
1 TEXHOJIOTIYHICTh CUCTEMH. Pe3ynbTaTi JaHOro JOCHTIKEHHS OyIyTh CHPHUSTH MOJANBIIOMY BIPOBAXKEHHIO BEHTH-
JILHO-1HIYKTOPHOT'O EJIEKTPOIIPUBO/A B TPOMHUCIOBUX TEXHOJIOTISIX.

Koarou4ogi ciioBa: enexkTponpuBo/i, BEHTUIILHO-IHAYKTOPHUI ABUT'YH, 3aKOHH KEPYBaHHSI.

PROBLEM STATEMENT. In many industries, the caused by assumptions used in an applied methodology,
promising alternative to the most widely used induction as well as by the lack of basic information. During the
electrical drive is one based on a switched inductor motor operation, resistance of windings may be changed
motor. Main advantages of this type of motors [1-6] because of heating, and inertia moment may be deviated
are: high efficiency factor within a wide speed range; through changes of the kinematics. These parametric
power factor is about 100 %; a simple design and low deviations resulted in differences between estimated and
production costs; high manufacturability and reliability; actual parameters of the electrical drive, which, in turn,
a wider speed control range in a zone of reduced mag- leads to worsening of control performance.
netic flux; an easier heat removal. Naturally, the SIM IE, as well as other types of al-

There are several types of inductor motors. This ternating current motors, is an interrelated controlled
study is dedicated to switched inductor motor with in- object, substantially dependent on influence of inducted
dependent electromagnetic excitation (SIM IE). It has a eddy currents. In this case, electrical drive control re-
passive rotor with tooth structure and a stator with a quires compensation of negative influence of these
classic distributed “star” 3-phase winding. Additionally, coordinate disturbances.
there is an excitation winding which is supplied from a Solution of the above mentioned problems by the
direct current source. Electromagnetic flow of this mo- classic methods of the automatic control theory, under the
tor, in its nature, is active. under conditions of uncertainties in a mathematical mod-

Miscalculations during identification of the parame- el, is rather complicated because requires additional algo-
ters of the equivalent circuit of the SIM IE can be rithms of identification, adaptation or compensation.
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Analysis of methods for control law optimization
showed [7] that solutions can be found based on a con-
cept of reverse task of dynamics in combination with
minimization of local functionals of instantaneous val-
ues of energies [8—11].

The reverse task of dynamics is to identify the con-
trol 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 func-
tional, 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 respec-
tive 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 con-
sequently ensure good control performance of electrical
drive, required for most of industrial technologies.

EXPERIMENTAL PART AND RESULTS
OBTAINED. 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).

—“~=—I|u,—Ri,+L ——m ;
dt LS( d T Y
di 1
q _ _p .
E—L—S(Mq Rslq+a)l,l/d),
diy 1 di
/ . d
——=—u,—Rii,+L, —|;
dt Lf( S dtj
do. 1 (1)
L=—(M-M,),
dt J( ‘)
W, =L,

Wy =Lyis+Lyig;
M =\/§Zp |:l//diq _V/qid:|s

where i,,i, and u,,u_  are d-axis and g-axis stator
currents and voltages respectively; i, and u, are exci-
tation current and voltage; o =Z,0, and o, are elec-
trical and angular rotor speed; Z, is pole couple num-
ber; J is inertia moment; M , M, are electromagnetic
motor torque and load torque; v, , v, .y, are d- and
g-axis, as well as excitation winding fluxes; L ,L,,
L, are stator, excitation winding and mutual induc-
tance; R, R, are stator and excitation winding resis-

tances.

It is shown from (1) that motor’s coordinates are in-
terrelated because of the existing nonlinearity caused by
the operation of multiplication and coordinative distur-
bances. In classic control systems, compensation of the
negative influence of coordinative disturbances is to be
realized through setting specific feedbacks, the effec-
tiveness 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 sys-
tem. In this study, solution is being found through the
dynamic decomposition [11], using optimization me-
thod proposed in [8]. In this case, the initial system (1)
should be transformed into system (2).

During the control system design, coordinate devia-

) di di
tions K :LmT;—wlyq, F,=oy,,and F, = md—;’
are usually interpreted as indeterminate, but value li-
mited  F <Fs 5 <Py Fy < Fin.» While

values of control signals u,, u,, u, are sufficient

for their compensation. In this case, a problem to
control the interrelated controlled object (1) comes to
finding solution of local tasks to control four liner
subsystems (2):

di,
LSE‘FRSld:ud‘FE;
di,
LSE+RSlq=uq+F2;
di,
LJ‘E-I-Rflf:uf‘FFE;,
derzM—M- ()
dt “
Wy =Lyig+Lyis;
Wy =Ly

Wy = Lyip+Lyig;
M =3z, ["’/diq _"”qid}

From the control point of view, the SIM IE is similar
to a classic synchronous motor, and its constructive
features allow applying the direct vector control system
with rotor position orientation.

The vector control system, according to first four
differential equations of the system (2) consist of four
control loops: for stator d-axis currenti, , q-axis current

i, , excitation current i,, and motor speed ®,. The

speed loop is external to the internal loop of current i, .
This current defines a value of the electromagnetic tor-
que of a motor. The excitation current 1, can be easily

controlled within the range 1:8. This allows increasing a
range of speed control with a constant power, in com-
parison with induction motor.

An object of the local control loop for the stator cur-
rent i, according to the 1* equation of the system (2)
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di
L—%+Ri;=u; +F 3
s dt std d 1 ( )
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 de-
fines expected control performance, can also be de-

scribed by the first order differential equation [4, 5]
4)

. .*
I+, z =yl

where i; is referenced current. The equation (4) enables
a type 1 astatic system for control variable, as well as
smooth (with no overcontrol) current transients. Re-
quired transient time?, ~3/ay,, , is defined only by the

coefficienta, .

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

Glug) =3 [20-1,0 (5)

To minimize the functional, the gradient law of the
1™ order can be used

duy(t) _
dt

_, 90)

dud

(6)

where 4; is a constant.
Substituting (3) and (5) into (6), the control law for
the current i, can be obtained i,
g (6) =k, (2=1y), 7)
where k;, =4, /L is the gain coefficient of the con-

troller.
Necessary condition for a convergence of the func-

tional minimization process with t—oo:

dG(uy) <0
dt (®)
G(u,;)—>0
is met according to a mark rule
sign(kl-d)=sign(1/Ls). )

A variable Z in the control law (7) plays a role of a
necessary derivative on the current, which can be found
in real time from the equation (4) through closing feed-
back on the current component z =i,

Z =0y, (ig —iy). (10)
Integrating both parts of the equation (7) and taking
into account (10), the control law for the current ;, can
be finally obtained
ug (1) =k, (z=1,);

P (11
z=qy, J(ld —i,)dt.
0

The block diagram of the current 1, controller,

based on the equation (11) is presented in Fig. 1.
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

(4).

1,%

14 1 Ugq
? 1 Aorg kId >
1y

Figure 1 — Block-diagram of current controller i,

The differential equation of closed control loop of
the current i, can be derived through substituting the
control law (11) to (3):

ig + (R / Ly +k; /L) +(ky oy /L)y = b
= (k;, oy, / Ly )ig- (2

It demonstrates that control process is asymptotical-
ly stable. According to the Hurwitz criterion, coeffi-
cients of the equation (12) are positive (kid %, /L)>0,

(Ry/Ly+k, /L))>0.

It is important that the stability of the control loop is
maintained under unlimited increasing of the controller

gain coefficientk;, — oo ; and real (12) and designed (4)

control processes are fully coincident. This is made
obvious, if to divide all elements of th e equation (12)
by the coefficient k; /L, under condition k; — o0

L . [Rs ] . .
—lg |+ ig ray ip =y 1. (13)
ta ta

This specificity provides the dynamic decomposition
of the system (1) and the robustness to parametric dis-
turbances. 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 (4). Clearly, if
the gain coefficient of the controller is technically li-
mited, there is a dynamic error which is set through
technical requirements to the quality of control.

The transfer function of the open loop of the current
i, , which was obtained based on (12),

kiq®oiq ! Ly

1

W ()= (») _
TR PNy
shows that real system is of the type 1 astatic for control
variable without a static error.
According to (14), if the controller gain is increas-
ing, the actual speed merit factor of the current control
system
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D - kid Xoi, /L X,
¢ R/Lg+k /L R (15)

t
approximates to the predetermined value set in accor-
dance with (4) D, =, . This ensures the maximal
permissible dynamic error of the current control.

During the development of the current control law, a
small uncompensated time constant of the power fre-
quency 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 (12)

Tig + (4T R /L)y +(Ry /Ly +k; [ L)ig + -
+(k;, ag;, 1 Ly)ig = (ki otg;, 1 Ly )ig.

According to the Hurwitz criterion, the current loop
stability can be achieved under the following condition

(+T, R,/ L)R, /Ly +k;, /L) > Tk oy, /L. (17)

Assuming thatk; — oo, the stability condition can
be finally presented as follows

Qo;,

<UT,+R/L (18)

the system, which is set by the coefficient a,. Similarly,
following the 2™ equation of the system (2)

di, )

L.YE-FRSlq :uq+F2 (19)
and the desired equation (4) the control law for the cur-
rent i, , which is proportional to a motor’s torque, can
be obtained

u, (0 =k, (z=i,);

f o (20)
z=ay, _[(lq —i,)dt.
0

As seen from (20), the control law for stator current
i, also does not have parameters of the object (1) and
its performance is similar to one for current i, (11).

The block diagram of the current controlleri,,

which is developed based on the equation (20), is pre-
sented in Fig. 2.

1g* Uq
— Aoigq qu >

Figure 2 — Block-diagram of the current controller i,

Following the 3™ equation of the system (1)

Li—+Rsi,=u,+F; (21)
the control law of the excitation current i, can be de-
rived

up(r)= ki,» (z—iy);

e (22)

z =0y, _[(lf —ig)dt.

0

Block diagram of the excitation current controller
i is shown in Fig. 3.

1f Ur
— ® ot ke [

If

Figure 3 — Block-diagram of excitation current
controller i,

A speed control loop consists of the optimized inter-
nal loop of the current i, and the local controlled ob-

ject which is described by the 4" equation of the
system (1)

do,
dt

Developing the speed control law and respective
controller, inertia of the optimized loop of the current is
not to be taken into consideration. The object, described
by (23), is the integrating unit. Therefore, in order to
achieve the type 1 astatism, the desired equation of the
closed speed loop is of the 1 order as well

J

=M-M,. (23)

ZH Q7 = Oy ® - (24)
To reduce the influence of the dynamics of the con-

trol current loop i, on speed control performance, a

coefficient of the equation (24) should be identified
under condition g, > (3=5)0t,, -

It is necessary to find a control function of a speed
controller in a way that actual speed control perfor-
mance would approximate to desired one set by the
equation (24). The extent of such approximation can be
estimated by means of the functional

Gk 1 . . 2
G(iy) = E[Z(t) —a(t)]". (25)
To minimize this functional, similarly to the current
loop, the gradient law of the 1¥ order can be used
diy (1) ., dG (i)

dt ¢ di

: (26)

where 1, >0 is a constant.

Substituting (25) to (26) the speed control law can
be obtained
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i,()=k,(z-o) ;

27
z= ao(oj(w* - w)dt, @7

where £k, is the gain coefficient of a speed controller.

Based on the equation (27), the speed controller of
the 1* order can be designed. Its black diagram is pre-
sented in Fig. 4.

o* : %
? > Lo km >
®

Figure 4 — Block-diagram of the 1% order
speed controller

The speed controller, similarly to current controllers,
contains only parameters of the desired control law and
does not have parameters of the controlled object (1).
Increasing the gain coefficient of the speed controller
will result in approximation of dynamic processes in the
loop to the desired ones, set by the equation (24). The
system, according to the Hurwitz criterion, is stable
even if the gain coefficient of the speed controller is
unlimitedly increased k,—.

The developed speed control law (27) provides a
type 1 astatic system for control variable. The technolo-
gical conditions may require ensuring the type 2 astat-
ism. In this case, the control law has to be designed
based on the desired equation (24) with an order of one
unit higher than an order of the equation of the local
object (23)

E+0y,2+ 0,2 = 0y® +0),0 . (28)

Variation of two coefficients o, , , of the equa-
tion (28) can be used, based on well-known methods, to
set desired performance indicators of speed control,
such as particularly a response time and a value of over-
control.

Based on the above presented methodology, the op-
timized speed control law will be obtained as follows

i,(t)=k,[z-0];
z=[ fods;

Jo =%, j (0 —w)dt +ay, (0 - o).

(29)

Block-diagram of 2™ order speed controller, de-
signed based on the equation (29), is presented in Fig. 5.

o* iq
= —><x0m:?@—> — ko
p p
Qi

Figure 5 — Block diagram of the 2" order speed
controller

—_

This controller also has only parameters of
the desired differential equation of the speed closed
loop (28).

The developed vector control system was investi-
gated through modelling with the following parameters
of the SIM IE: rated power P,=208 xW; rated
motor torque M,=663 Nm; rated current [,=458 A,
rated speed 7,=3000 rpm. Controllers had parameters as

follows: current controller iz «a , =500, kj  =250;
current controller i;: e =500, k; =260; current con-
o =30, ki =250;

a, =150, k, =50.

Fig. 6 presents transients of referenced speed w*
during the electrical drive start period. Transients of
motor torque during start and applying the constant load
torque (at time ¢=5 s), equal to rated motor torque, are
shown in Fig. 7. In the steady state the motor torque is
equal to load torque M=663 Nm.

troller i o speed controller:

", rad/s

300 | : /’ |

250

200

150

100

50

Figure 6 — Transients of referenced speed

Fig. 8 presents speed tracking error under variation
of the stator resistance R;: R, = 0.0029 (2 (rated value),
R, = 000145 (0.5 vrated value) and
R, = 0.0058 Q (2.0 rated value). As seen, this parame-
tric disturbance does not affect the dynamic perfor-
mance of the proposed system: three transients are iden-
tical, no recognizable differences. The maximal dynam-
ic speed error during start is not over 4 rad/s, and during
the applying the load torque — 3.3 rad/s.

Fig. 9 presents transients of speed error under varia-
tion of the inertia moment J of electrical drive:
J= 3.6 kgm’ (rated value); J= 7.2 kgm® (2 rated value)
and J= 10.8 kgm® (3 rated value). It is seen that varia-
tion of the inertia moment does not influence the system
dynamic performance. The maximal speed error is
4.8 rad/s during the start, and 2.5 rad/s under the load
torque applied.
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Figure 8 — Transients of speed error under stator
winding resistance variation

Aw, rad/s

Figure 9 — Transients of speed error under inertia
moment variation

Figure 7 — Transients of motor torque

Rs nom

..... Rs nom*2

——— Rs nom /2

The results of study presented above, clearly demon-
strate that the electrical drive with SIM IE, 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
the switched inductor motor with independent electro-
magnetic excitation (SIM IE) can be designed based on
the relatively simple methodology, applying a concept
of reverse task of dynamics in combination with mini-
mization 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 uncer-
tainties in a mathematical model. As a result, this type
of electrical drive can be recommended for further de-
velopment and promotion, to be used in technological
processes and installations of various industries.
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DNEeKTpUYECKUi MpUBOJ MOTpediseT okoiao 65 % obmero oObema BhIpabaThiBaeMOW B MHUpPE DJIEKTPOIHEPTHH.
ACHHXPOHHBIH 3JICKTPOIPUBO/T SBJISACTCA HAUOOJIee PacIIPOCTPAHCHHBIM B Pa3HBIX OTPACHISX MPOMBIILICHHOCTH, OJHA-
KO MMEET paJ U3BECTHBIX HEMOCTATKOB, B YACTHOCTH, HEBBICOKHMHA KO3(D(HUIIUECHT MOITHOCTH. DJICKTPUUCCKUHN TPUBOT
HA OCHOBE BEHTHJIHHO-MHIYKTOPHOTO IBUTATENsS C HE3aBUCHMBIM 3JICKTPOMATHUTHBIM BO30Y)KICHHEM MOXET OBITh
aJbTEPHATUBOM JJI1 ACHHXPOHHOTO TPUBOJA Oaromaps psAay IPEUMYIIECTB, CBA3aHHBIX C SHEPreTHIecKoil 3 dekTus-
HOCTBIO. Ha 31eKTponpuBo/ NEHCTBYIOT KOOPAMHATHBIC U MApaMETPUUCCKUE BO3MYIICHHS, KOTOPhIE MOT'YT MOBJIHUATH
Ha 3} dexkTuBHOCTH MPeoOpa30BaHKs YHEPTUU M KAYSCTBO YIPABICHUSA B Pa3IHUUHBIX TEXHOJOIHMUYSCKHX Mpolieccax. B
HCCIICIOBAHUH TPEUIOKEH METOI pa3paOOTKH 3aKOHOB YIPABJICHUS Ha OCHOBE HACH OOPaTHMMOCTH IPSMOr0 METona
JlanyHoBa 1S aHAM3a YCTOMYUBOCTH M MUHHUMH3AIIMA MTHOBEHHOT'O 3HAUCHHS SHEPTHH B KAUeCTBE 3aJaHHOM (yHK-
un JIsamyHoBa. JTo obecnieunBaeT 3pPEKTUBHYIO pabOTy ¢ MEHBIICH YYBCTBUTEILHOCTHIO K U3MEHEHUIO IMapaMeTPOB
JIBUTATEIIA, a TAKKE MPOCTOTY pPealu3alldi CUCTEMbI YIpaBicHUA. MOJETMPOBAHUE MPEITIOKESHHOIO AIEKTPHUCCKOrO
MIPHUBOJIa TIOATBEPAMIO BBICOKOE KAYE€CTBO YIPABJICHUS W TEXHOJOTMYHOCTh CUCTEMBI. Pe3ybTaThl TaHHOT'O HCCIICIO-
BaHUS OyIyT COCOOCTBOBATH JajbHEHIIEMY BHEAPCHHUIO BEHTHILHO-MHIYKTOPHOTO 3JICKTPOIIPUBOIA B MIPOMBIILICH-
HEIX TEXHOJIOTHIX.

KiroueBble cjI0Ba: 3JCKTPONPUBOJ, BEHTHIIBHO-UHIYKTOPHBIN IBUTATENb, 3aKOHbI YIIPABJICHUS.
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