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Abstract

The paper is devoted to a problem of synergetic regulators synthesis for nonlinear
electromechanical systems(EMS). The di�eren t variants of synergetic regulators syn-
thesisfor such EMS asDC electric drives,asynchronouselectric drivesand synchronous
electric drivesare presented. Synthesizedvector regulators are constructed on basisof
nonlinear mathematical modelsand ensureto peform the standard technological tasks:
angle and angular speedstabilization, torque stabilization etc. Also examplesof EMS
using in mechanical oscillator mode and the task of EMS's power-saving control are
considered.

KEYW ORDS: electromec hanical systems, synergetic control theory , automatic
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1 In tro duction
Electromechanical systems(EMS) play the key role in di�erent �elds of modern technical

sphere.On other side, the 60%of this energyis transformed into the mechanical energyby
electric drives which are executive basisof most industrial, transport and servicesetsand
aggregates.

The modern requirements for EMS quality are becomingstricter. Besidesthe range of
technological tasks broadens. This calls for necessity to search for more advancedcontrol
strategies for these objects. In this article the application of synergetic conception [1,2]
for EMS control tasks is considered. This conception is characterized by supporting on
\ph ysical" essenceof controlled processes,using the most adequatenonlinear mathematical
modelsand analytic proceduresof regulatorssynthesis.

2 In varian ts of Electromec hanical Systems
In synergeticcontrol theory the requirements put on dynamic and static qualities of the

systemsbeingsynthesizedare represented in the form of a set of invariants. Invariants enter
in the structure of invariant manifolds formed in the phasespaceof the object accordingto
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the method of synergeticsynthesis. Thesemanifolds serve as attractors of the closed-loop
system.

For EMS we can determinea three invariants group: technological, energeticand electro-
magnetic. The typical invariants of EMS are presented in a table.

The form of technological invarian t is determined by speci�c practical task solved by
EMS in sometechnological processand characterizesthe desiredstatic or dynamic state of
the controlled variables{ mechanical speed,angle, torque.

Energetic invarian ts are correlations betweenobject's coordinates characterizing most
advantageousenergeticmodes of work (minimal energy losses,minimal energy consuming
etc.)

The invariants of EMS connectedto the constancyof the magnetic
ux (electromagnetic
invarian ts) deserve a specialattention. The ideaof stabilization of the magneticstate of the
asynchronous machine found its application in the known asynchronous motors frequency
control laws and hasan indubitable practical importance.

Table

Invariant type Solving task
Electromagnetic invariants

1.  s = const Stator linkagestabilization
2.  r = const Rotor linkagestabilization
3. � = const Magnetic 
ux stabilization

Energetic invariants
1. � = � opt Optmal magnetic 
ux
2. s = sopt Optmal sliding

Technological invariants
1. ! = ! 0 Speedstabilization
2. � = � 0 Positioning task
3. M = M 0 Torque stabilization
4. ! = f 1(t) Maintaining the set function of time for the changeof speed
5. � = f 2(t) Maintaining the set function of time for the changeof rotor angle
6. M = f 3(t) Maintaining the set function of time for the changeof torque

Modern EMS is a complex technical and algorithmic means, constantly exchanging by
energyand information and solving a commontask of controlled electromechanical energy
transformation.

Every EMS may be described by a systemof nonlinear di�erential equations,have several
control channelsand be subject to external disturbancesfrom environment (technological
and natural).

The task of search for the structure and parametersof the regulator is a classicalsynthesis
task. In our caseit can be stated in the following way: It is necessary to �nd a control
vector u(x) as a function of phasecoordinates ensuring motion of the nonlinear EMS from
an arbitrary initial state x0 located at someallowed area to the set �nal state x k .

Lets considerthe synergeticcontrol theory application for generaltypes EMS regulators
synthesissolving.
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3 Synergetic Con trol for DC Electric Driv es
At the present time DC electric drives(DCED) are the important functional elements of

many technologicalprocessesin various branchesof modern industry.
The most commonlyusedtype of DC electric motors { DC electric motor with an indepen-

dent excitation. It has two independent energysources(two control channels){ one for the
armature circuit and another one for the excitation circuit. Mathematical model of DCED
with independent excitation may presented in form

_x1(t) = x2;

_x2(t) = (x3x4 � M l )a21;

_x3(t) = (u1 � x4x2 � a31x3)a32;

_x4(t) = (u2 � f 1(x4))a41:

(3.1)

The relative valuesheredenote: x1 { drive's shaft rotation angle;x2 { frequency(speed)of
the shaft's rotation; x3 { armature current; x4 { magnetic 
ux of one pole; u1 { armature
voltage;u2 { excitation winding voltage;M l { load resistancetorque on the motor's; f 1(x4) {
function characterizing the saturation processin the motor's magneticsystems.

Lets considersynergeticsynthesis procedurefor thesedynamic objects. According to the
number of control channels two basic invariants could be selected. Generally one of them
is technological (speedstabilization, positioning etc.) So it is expedient to selecta parallel
totalit y of invariant manifolds in the following form:

 1 = x3 � 
 1(x1; x2) = 0;

 2 = x4 � 
 2(x1; x2) = 0:
(3.2)

To �nd a vector control law we must solve a systemof generalfuncional equation of ADAR
method [1,2]:

T1
_ 1(t) +  1 = 0;

T2
_ 2(t) +  2 = 0:

(3.3)

taking into account the equationsof model (3.1). This control law ensurea motion of the
closed-loop system represented point to manifolds (3.2) intersection. On the intersection
of manifolds  1 � 0 and  2 � 0 the functions 
 1 and 
 2 will determine the character of
armature current and 
ux changing respectively, but DCED dynamics on this intersection
is described by next di�erential equations:

_x1 (t) = x2 ;

_x2 (t) = (
 1(x1 ; x2 ); 
 2(x1 ; x2 ) � M l )a21:
(3.4)

Then after performing additional de�nition of the functions 
 1 and 
 2 basing on the set
technological invariant and on the required performanceindexesof DCED functioning we
can give the control laws the speci�c form.
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Figure 1: Phaseportrait Figure 2: State variablestransients

Figure 3: Phaseportrait Figure 4: State variablestransients

Synthesizedcontrol lawshavea basicfundamental characterbecausebasingon them wecan
realizelocal vector regulators for any DCED that hasa de�nite mechanical part (including
a multi-mass onewith 
exible links) and a speci�ed set of electrical converters.

Using of basiccontrol laws allow to �nd the di�erent variancesof new control algorithms
for DCED, ensuringperforming of standard tasksof speedstabilization and positioning [3,4].

Figures 1 and 2 show the phase portrait and transients of the closed-loop system for
the mode of accelerationto the speedhigher than the nominal one. The modeling results
con�rm that the acquiredcontrol laws ensureasymptotically stable character of transients
and are universal for and \speed" task. A mechanical oscillator is present in a number
of technological tasks. From the point of view of synergeticsynthesis the natural step in
realization of such mode is the transformation of the equationsof \remaining" dynamicsof
the system(3.3) on the intersection of invariant manifolds  1 � 0 and  2 � 0 to the form
of one of the known auto-oscillating system: Van der Paul, Rellay etc. This can be done
by the appropriate selectionof the functions 
 1 and 
 2. So the attractor of the closed-loop
systemwill be the cycle in the phasespacethat will be located on the intersection hyper-
surfacesof 4th order:  1 � 0 and  2 � 0. Fig. 2 shows phaseportrait of the closed-loop
systemin the spaceX 2X 3X 4. Fig. 3 shows transients of state variables. The structure of
EMS shouldn't include special sinevoltage generators.The EMS itself becomesa nonlinear
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Figure 5: E�ciency diagram for DCED:
M l = var, x2 = x2nom

Figure 6: E�ciency diagram for DCED:
M l = M lnom , x2 = var

oscillating systembecauseof the appropriate control strategy, i.e. becauseof the appropriate
feedbacks.

An important result of our research that has an outstanding practical importance is the
power-saving control strategiesfor DCED. Such regulatorsallow the most power-wisefavor-
able modesof DCED functioning during performing various technological tasks.

Minimization of the power lossesin DCED power channelsis possibleonly if there is an
active control of magnetic
ux of the electric machine. For this purpose,oneof the invariants
of the synthesizedsystemwas selectedin the form of a optimal 
ux linkage:

� 2
opt� = M l �

s
kv�

kb� + ks� � ! �
�

: (3.5)

Here� opt� , M l � , ! � { relative valuesof optimal 
ux, torque and rotation frequency, while kv� ,
kb� , ks� { relative valuesof the lossescomponents in copper, excitation winding and steel.

Fig. 5 shows the e�ciency diagramsof electromechanical transformation in DCED when
load torque is chahgedand speedis nominal. Here white is power-saving control and black
is constant 
ux control. Fig. 6 shows the e�cincy diagramswhenspeedis chahgedand load
torque is nominal.

Mathematical and natural modeling results let us say that application of power saving
control algorithms allows us to essentialy reduce the total power lossescompared to the
standard schemeof supervisedregulation at the constant 
ux.

4 Synergetic Con trol for Async hrnous Driv es
A perspective direction in modern controlled EMS is application of the systemswith asyn-

chrnous drives (AD). These drives are one of the most simple, reliable and economical.
However the attempts to use these remarkable qualities of the asynchrnous motors in the
controlled electric drivesmet seriousdi�culties. This was causedby the fact that AD are
very complexelectromechanical objects. Application of principlesand methods of synergetic
control theory allows to build the vector regulatorsfor AD using there full nonlinear models
of motion [3,4].
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Figure 7: Phase portrait of closed-loop
systemsfor AD positioning task

Figure 8: Phase portrait of closed-loop
systemsfor AD speedcontrol task

The mathematical model of an asynchronous drive (AD) with a shorted rotor can be
presented in the xy rotating system of coordinates oriented along the rotor's 
ux linkage
vector:

_x1(t) = x2;

_x2(t) =
3
2

p2Lm

JL r
x3x5 �

p
J

M l ;

_x3(t) =
r r Lm

L r
x4 �

r r

L r
x3;

_x4(t) = �
(r r L2

m + r sL2
r )x4 + r r Lm x3

L r (L sL r � L2
m )

+ x2x5 +
r r Lm

L r

x2
5

x3
+

L r

L sL r � L2
m

u1;

_x5(t) =
(r r L2

m + r sL2
r )x5 + L r Lm x3x2

L r (L sL r � L2
m )

� x2x4 �
r r Lm

L r

x4x5

x3
+

L r

L sL r � L2
m

u2:

(4.1)

whereu1, u2 { projectionsof the stator voltageon the axesof the coordinate systems;x4, x5 {
projections of the stator current on the coordinates axes;x3 {modulus of the resulting 
ux
linkagevector of the rotor; x1, x2 { angleand speedof the rotor; r s, r r { active resistances
of the stator and rotor windings; L s, L r { full inductancesof the stator and rotor windings;
Lm { mutual inductance of the stator and rotor; p { number of pole pairs; J { reduced
moment of inertia; M l { load torque.

Using a procedureof synergeticsynthesisallows to solve a the tasksof speedstabilization
and positioning. Secondinvariant wasx3 = const. Selectionof this electromagneticinvariant
is causedby the fact that the most sti� mechanical characteristic of the AD can be achieve.
Figures7 and 8 show a phaseportraits of closed-loop systemsfor AD positioning and speed
control tasks. For power-saving control the next energeticinvariant must be used:

x2
3 = M l

s
k1

k2 + k3x
�
2

Fig. 9 shows the e�ciency diagramsof electromechanical transformation in DCED when
load torque is chahgedand speedis nominal. Herewhite is power-saving control and black is
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Figure 9: E�ciency diagram for AD:
M l = var, x2 = x2nom

Figure 10: E�ciency diagram for
AD: M l = M lnom , x2 = var

constant rotor linkagecontrol. Fig. 10 shows the e�cincy diagramswhen speedis chahged
and load torque is nominal.

5 Synergetic Con trol for Synchronous Driv es
In designof vector regulators in the tasks of synchronous drive (SD) control we use the

mathematical model presented in the SD rotor's systemof coordinates:

ud = Ld
did
dt

+ Lad
di f
dt

� Lqiq! r + raid;

uq = Lq
diq
dt

+ Ldid! r + Ladi f ! r + raid;

uf = L f
di f
dt

+ Lad
did
dt

+ r f i f ;

d! r

dt
=

1
J

(Ladi f iq + (Ld � Lq) idiq � ml ) ;

(5.1)

wherera { active resistanceof the armature winding; r f { active resistanceof the excitation
winding; id, iq { armature winding currents on the longitudinal and transverseaxes; i f {
excitation winding current; ! r = ! s { rotor's angularvelocity equalto the synchronousspeed;
Ld, Lq { inductancesof the armature windings on the longitudinal and transverseaxes;L f {
inductanceof the excitation winding; L ad { mutual inductancesamongthe windings on the
longitudinal axis; ud, uq { stator windings voltageson the axesd and q.

Let's determine the types of invariants that should be satis�ed by the synthesized SD
control system. This object hasthree control channels,therefore,it can have not more than
three invariants. First, we determine a technological invariant { SD's speed stabilization.
Besidesthe technological invariants a certain number of requirements is put on the system.
Theserequirements are associated with the static working modes. For example, ensuring
the maximal electrical torque with a �xed modulus of the stator current, sustention of a
particular value of cos' etc. In synthesisof SD control systems,oneof the important tasks
is sustention of the constant excitation 
ux ( ad = const). Accounting for  ad = Ladi f ,
the task of excitation 
ux stabilization comesto the task of excitation current stabilization.
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Figure 11: Phaseportrait of closed-loop system

Basingon this we form the next electromagneticinvariant: � 2 = i f � i f 0, wherei f 0 { the set
stabilized value of the excitation current. It is known that to ensurethe maximal electrical
moment with a �xed stator current it is necessaryto zerothe longitudinal component of the
stator current. Sowe can form the third electromagneticinvariant: � 3 = id � id0; id0 = 0.

Fig. 11 shows a phaseportrait of closed-loop systemfor consideredinvariant set.

6 Conclusion
The examplesof vector regulatorssynthesisconsideringin this article re
ect to smalldegree

the new possibilities for perspective EMS constructors when they useprogressive methods
and principles of control theory. Supporting on \ph ysical" essenceof controlled processes,
mobilization of all control channels,�nding power-saving controls algorithms are the key to
solving a problem of technologicalequipment maximal e�ciency .
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