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Description
FIELD OF THE INVENTION

[0001] The present invention relates to a method for determining the rotor flux vector of an AC electrical machine.
More spécifically, the invention relates to a method which can be used in connection with rotating electrical machines
to determine the rotor flux vector during the use of the electrical machine without any rotational speed or position sensors.

BACKGROUND OF THE INVENTION

[0002] In modem electrical machine control systems, it is known to use a mathematical model of the machine as a
basis for the control. These models,which comprise accurate mathematical equations and parameters of the machine,
produce information concerning the electrical state of the machine for the control system. Many such models require
accurate parameter values from the electrical machine. These parameters should be identified before use for every
machine, since the values can differ greatly from machine to machine.One of these values that should be identified
before or during the use of the machine is the value of stator Resistance R;.

[0003] The importance of the correctness of he estimation of the stator resistance arises from the fact, that the stator
resistance is used in connection with the estimation of the stator flux. The stator flux is in turn used together with the
rotor flux in various control topologies as controlled variables which should be as accurate as possible. The stator flux
is usually calculated using a stator differential equation in the form of

‘I’s ::J.us _Rs isdt (1)

[0004] Ifthe estimate for the stator resistance is not accurate, the calculation using integral drifts and causes erroneous
results for the stator flux and rotor flux. This will in turn influence on the reliability of the whole control of the machine.
[0005] The stator resistance can be directly measured from stator windings before the start-up of the machine. There
are also numerous methods for estimating the resistance during the use of the machine. Since the stator resistance is
temperature dependent, the value of the resistance should be estimated quite often.

[0006] Document M. Aktas, H.I. Okumus: Neural network based stator resistance estimation in direct torque control
of induction motor, 1JCI Proceedings of Intl. XII Turkish Symposium on Artificial Intelligence and Neural Networks, Vol.
1, No: 1, July 2003, discloses a method for determining the stator resistance using active power balance equation. The
balance equation is used in the document as an input to a resistance adaptation mechanism which is implemented as
a neural network. The use of the active power produces results which are not satisfactory especially in the regenerating
mode.

[0007] The problem in the known methods for determining the rotor flux is the inaccuracy which results mostly from
inaccurate determination of the stator resistance and thus from erroneous stator and rotor fluxes.

BRIEF DESCRIPTION OF THE INVENTION

[0008] An object of the present invention is to provide a method so as to solve the above problem and to estimate the
rotor flux accurately irrespective of the electrical state of the machine. The object of the invention is achieved by a method
which is characterized by what is stated in the independent claim. The preferred embodiments of the invention are
disclosed in the dependent claims.

[0009] The method of the invention is based on the idea that a reactive power balance equation is formed between
the output of the inverter and the machine. This equation or error of reactive power is used as an input for the adaptation
mechanism of the stator resistance. The same reactive power balance equation is also used as a correction term for
the calculation of the stator flux vector.

[0010] By using the method of the invention, an accurate estimate of the rotor flux is achieved. The estimation is robust
in low stator frequencies and in the regenerating mode operation both in static and dynamic circumstances. The method
is also insensitive to the temperature because the resistance is on-line estimated. The method of the invention needs
only total leakage inductance as a parameter. However, the method is not sensitive to a possible estimation error of the
leakage inductance.

[0011] These advantages make it possible to control electrical machines reliably using methods, which are based on
the information of the rotor flux.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] In the following, the invention will be described in greater detail by means of preferred embodiments with
reference to the attached drawings, in which Figure 1 shows a block diagram of a vector control system of an induction
motor using the method according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0013] Figure 1 shows a block diagram which is used to illustrate the method of the invention in connection with an
induction motor. The block diagram has rotor flux amplitude reference wg .rand mechanical angular frequency reference
O ref @S input variables. Flux and speed estimation block 8 produces estimates for both rotor flux amplitude \|1R and
mechanical angular frequency m as will be explained below. It should be noted that reference values inputted to the
block diagram of Figure 1 may be produced from an upper level control circuit, which is not shown.
Atits input, flux control block 1 receives rotor flux amplitude reference yg ,orand an estimate for rotor flux amplitude \lj\IR
and produces a reference for the direct-axis component of stator current i ¢ at its output. Similarly, speed control block
2 receives mechanical angular frequency reference wp, r and estimated mechanical angular frequency wm as inputs,
and outputs a reference value for the quadrature-axis component of stator current iy .o+ Current references are thus
produced in a normal manner in a rotor flux co-ordinate system.
[0014] These current references are further fed to a current control block 3 together with stator current vector i, which
has been converted to the rotor flux co-ordination system using co-ordinate conversion block 7. Current controller 3
produces a reference value for stator voltage vector ug .o¢in the rotor flux reference frame. This voltage vector is then
converted back to stationary co-ordinates and fed to an inverter 5 which implements the voltage reference and controls
the motor 6 according to rotor flux amplitude reference yg, ;s and mechanical angular frequency reference oy, ror
[0015] According to the method of the invention, an equation for the reactive power at the output of the inverter Q;,,
is formed.

Oy =W, Xi =u i, ~u i =ui —uji, (2)

[0016] The reactive power can be presented as a cross-product between stator voltage vector ug and stator current
vector ig. Stator current is usually measured by measuring the current flowing from the inverter to the electrical machine.
Similarly, voltage can be directly measured or determined from the switch positions of the inverter together with the
information on the voltage of the intermediate circuit. However, all possible known methods for determining the voltage
and current vectors are usable. In equation (2), the reactive power is also written in a component form both in the stator
co-ordinate system (xy-components) and in the rotor flux co-ordinate system (dg-components).

[0017] Further, the method comprises a step in which an equation for the consumed reactive power in the electrical
machine Q. is formed.

A A .2 2 A A . . 3 . s . A
Qmot = a)sLa(ld +lq)+ws'/’Rld +La(ldlq _lqld)_lq'/,R (3)

where,

A .

o is an estimate for the rotor flux angular frequency,
L is the stator leakage inductance,

‘VR is an estimate for the rotor flux amplitude, and

a dot above a symbol represents a derivative operation.

[0018] Equation (3) for the reactive power of the motor is represented using dg-components. It should, however, be
noted that also xy-components could be used. Stator leakage inductance L is estimated using a suitable method.
[0019] Since the reactive power at the output of the inverter and at the motor should be equal, it is possible to create
a reactive power balance equation, i.e. error term Q,,, which is the sum of the two reactive power equations. If all terms
in these equations (2) and (3) are correct, the sum should be zero, which means that all the reactive power produced
by the inverter is consumed in the electrical machine.
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Qerr =Yy +Qmot =

. . P .2 2 A A . s 3 . 3 . A
ugiy —u iy + oL, (g +iy)+@pgiy + L, G0, —igt,) 1,0

(4)

[0020] Since in real world this equation (4) holds, itis apparent that if error term Q,,, differs from zero, some correctjons
should be done. These corrections are carried out in the method of the invention by determining stator resistance Ry of
the electrical machine from the balance equation i.e. error term Q,,,, and by determining stator flux estimate \?fs using
the determined stator resistance and the balance equation.

[0021] According to apreferred embodiment of the invention, the balance equationis inputted to a resistance adaptation
mechanism. One simple and efficient form of this adaptation mechanism is an integrator

err

R, =k sgn(@,) [Q,,dt (5)

AT

which produces an estimate for stator resistance which is used in flux estimation. In equation (5), the error term is
integrated and multiplied by constant multiplier k; and by the sign of the angular speed of the rotor flux. Term k; is the
integrator gain and the sign is used to take into account the rotational direction.

[0022] According to the method of the invention, the stator differential equation, which is corrected by the balance
equation, is used for determining the stator flux vector.

. A
~

Y, =U; —Rsis _kp sgn((bs)Qerris (6)

[0023] Equation (6) is shown in differential form and in a stator co-ordinate system. The derivate of the stator flux
vector is obtained according to (6) by subtracting from the stator voltage vector the product of the estimate for the stator
resistance and stator current vector, and further subtracting the balance equation multiplied by constant k,, and by the
sign of the rotor flux frequency. Balance equation (4) is thus used both in the estimation of the stator resistance and in
the estimation of the stator flux.

[0024] Rotor flux \?/R is further determined in a stationary co-ordination system.

‘I’R = ‘I’s _La is (7)

[0025] The rotor flux is obtained in a conventional manner by subtracting the product of the stator current and leakage
inductance from the determined stator flux.
[0026] Further, the rotor flux angle for the rotor flux oriented vector control can be calculated according to

A

és = arctan \—Y—R—y— , (8)
Y e '

where \I}\IRX and \II\IRy are the rectangular components of the rotor flux expressed in stator co-ordinates. The angular
frequency of the rotor flux vector can be obtained from the rotor flux angle using derivation in a known manner. Further,
the slip frequency of the machine can be calculated in a known manner. By using the slip frequency and the angular
frequency of the rotor flux, one can easily calculate an estimate for the actual mechanical angular speed (’;\Jm of the rotor.
[0027] The rotor flux amplitude i.e. d-component in rotor flux co-ordination, can be calculated according to equation
(9) by turning the rotor flux to the direction of the calculated rotor flux angle and taking the real part thereof
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D =Rel g, | (9)

[0028] Now turning back to Figure 1, flux and speed estimation block 8 produces rotor flux angle 65, mechanical
angular speed o, rotor flux amplitude \/|\IR and rotor flux angular speed (lx\)S estimates from stator current vector i, stator
voltage vector ug, estimated stator resistance Rg and balance equation Q. Flux and speed estimation block 8 thus
implements equations (6), (7), (8) and (9).

[0029] Block 11 of Figure 1 is a reactive power error term calculation block, which outputs the error term or balance
equation Qg \//\vhich is constructed of eAquations (2), (3) and (4). The inputs for this block 11 are the angular speed of
the rotor flux wg, rotor flux amplitude g, stator current ig and stator voltage ug. The stator current and voltage are
transferred to the rotor flux reference frame by transfer blocks 7 and 9, and calculations are carried out in component
form as shown in the equations.

[0030] Error term Q,,, from block 11 and the angular speed of the rotor flux é\)s from block 8 are fed into resistance
estimation block 10. Error term Q. is also fed into flux and speed estimation block 8. Block 10 implements equation
(5) for carrying out the estimation of stator resistance R, which in turn is fed into block 8 of Figure 1.

[0031] Inoperation, error term Q,,, corrects the stator flux directly as a correction term and by the estimated resistance
as can be seen from Figure 1 and equations (5) and (6). Whenever the error term departs from zero, the stator flux is
corrected. When the estimated stator flux corresponds to the actual stator flux in the electrical machine, the error term
is zero and corrections are not needed. At the same time, the estimate for the stator resistance has stabilized.

[0032] It should be noted that the method of the invention is most suitably used in connection with induction machines.
The method of the invention is also suitable for use in connection with synchronous machines with some slight modifi-
cations in some equations.

[0033] It should further be noted, that the equations presented in the specification and claims can be modified in
numerous ways. The equations thus only show one possible way of carrying out the calculations. These modifications
also include the possibility of co-ordinate transformation. The examples in the specification are the most commonly used
variants of the equations.

[0034] It will be obvious to a person skilled in the art that, as the technology advances, the inventive concept can be
implemented in various ways. The invention and its embodiments are not limited to the examples described above but
may vary within the scope of the claims.

Claims

1. A method for determining the rotor flux vector of an electrical machine, characterized by
controlling the electrical machine with an inverter,
forming an equation for the reactive power (Q;,,) at the gutput of the inverter,
forming an equation for the consumed reactive power (Q,,,) in the electrical machine,
forming a reactive power balance equation (Qe,,) between the reactive power (Q;,,) at the output of the inverter and
the reactive power (Q,,,) consumed in the electrical machine,
determining the stator resistance (R;) of the electrical machine from the balance equation (Qe,),
determining the stator flux estimate (y,) using the determined stator resistance (R;) and the balance equation (Q,,,),
and
determining the rotor flux estimate (‘/I\‘R) using the determined stator flux estimate (\ll\ls).

2. A method according to claim 1, characterized by the method further comprising
determining the output voltage (ug) and output current (ig) of the inverter and
forming a cross-product between the output voltage and output current as the equation for the reactive power (Q;,,)
at the output of the inverter.

3. Amethod according to claim 1, characterized in that the equation for the consumed reactive power in the electrical
machine is independent of the stator resistance.

4. A method according to claim 3, characterized in that the equation for the consumed reactive power in a rotor flux
co-ordinate system is
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A A .2 .2 A A, . o . s -
Qmot - wsLa(ld + lq)+ W Yrly + La(ldlq - lqld) “lWg-
A method according to claim 1, characterized in that the balance equation is

Qerr = inv +Qmot =

. . A .2 .2 A A . . 3 PR . A
Ugiy —Uiy + O L (ig +iy )+ @iy + Ly(igt, —i,1,)—i,0g

A method according to claim 1, characterized in that the step of determining the stator resistance of the electrical
machine from the balance equation comprises a step in which the error term from the balance equation is inputted
to a stator resistance adaptation mechanism.

A method according to claim 1, characterized in that the step of determining the stator resistance of the electrical
machine from the balance equation (Q,,,) comprises a step in which the balance equation is integrated and multiplied
with a constant multiplier.

A method according to claim 1, characterized in that the determination of the stator flux estimate using the deter-
mined stator resistance and the balance equation (Q,,,) is done by using a stator differential equation corrected by

the balance equation.

A method according to claim 1, characterized in that the determination of the stator flux estimate is done by using
equation

‘i\’s =ug _ﬁsis _kp sgn(é\)s)Qerris :

Amethod according to claim 1, characterized in that the determination of the rotor flux estimate using the determined
A A
stator flux estimate is done by using equation yg = yg-Lis.

Patentanspriiche

1.

Verfahren zum Bestimmen des Rotorflussvektors einer elektrischen Maschine, gekennzeichnet durch

Steuern der elektrischen Maschine mit einem Wechselrichter,

Bilden einer Gleichung fiir die Blindleistung (Q;,,) an dem Ausgang des Wechselrichters,

Bilden einer Gleichung fiir die verbrauchte Blindleistung (Q,,,,) in der elektrischen Maschine,

Bilden einer Blindleistung-Gleichgewichtsgleichung (Qg,) zwischen der Blindleistung (Qy,,) an dem Ausgang des
Wechselrichters und der in der elektrischen Maschine verbrauchten Blindleistung (Qp,,4),

Bestimmen des Statorwiderstands (Rs) der elektrischen Maschine aus der Gleichgewichtsgleichung (Qerr)
Bestimmen des Statorfluss-Richtwerts (\ys) unter Verwendung des bestimmten Statorwiderstands (\ys) und der
Gleichgewichtsgleichung (Q,,,), und

Bestimmen des Rotorfluss-Richtwerts (wR) unter Verwendung des bestimmten Statorfluss-Richtwerts (\ys)

Verfahren nach Anspruch 1, ferner gekennzeichnet durch

Bestimmen der Ausgangsspannung (ug) und des Ausgangsstroms (is) des Wechselrichters, und

Bilden eines Vektorprodukts zwischen der Ausgangsspannung und dem Ausgangsstrom als Gleichung fiir die
Blindleistung (Q;,,) an dem Ausgang des Wechselrichters.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass die Gleichung fiir die verbrauchte Blindleistung in
der elektrischen Maschine unabhéngig von dem Statorwiderstand ist.
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4. \Verfahren nach Anspruch 3, dadurch gekennzeichnet, dass die Gleichung fiir die verbrauchte Blindleistung in

einem Rotorfluss-Koordinatensystem gleich

Quoe = O L, (15 +02) +BNply + L (140, =i 0y)-i,%g

ist.

5. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass die Gleichgewichtsgleichung gleich

Qerr = anv + Qmor =

. . A 22 ) A 2. s 3 P »
Ugly ~Upfy + G L (75 +15)+B¥ply + L, (70, - 140, ) -1 ¥

ist.

6. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der Schritt zum Bestimmen des Statorwiderstands
der elektrischen Maschine aus der Gleichgewichtsgleichung einen Schritt aufweist, beim dem der Fehlerausdruck
der Gleichgewichtsgleichung in einen Statorwiderstand-Anpassungsmechanismus eingegeben wird.

7. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der Schritt zum Bestimmen des Statorwiderstands
der elektrischen Maschine aus der Gleichgewichtsgleichung (Q,,) einen Schritt aufweist, bei dem die Gleichge-
wichtsgleichung integriert und mit einem konstanten Multiplikator multipliziert wird.

8. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass die Bestimmung des Statorfluss-Richtwerts, bei der
der bestimmte Statorwiderstand und die Gleichgewichtsgleichung (Qg,,) verwendet wird, unter Verwendung einer
Statordifferentialgleichung durchgefihrt wird, die durch die Gleichgewichtsgleichung bereinigt ist.

9. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass die Bestimmung des Statorfluss-Richtwerts unter
Verwendung der Gleichung

A

¥, =u, -RyJ, -k, sgn(6, )Qui,

durchgefiihrt wird.

10. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass die Bestimmung des Rotorfluss-Richtwerts, bei der
der bestimmte Statorfluss-Richtwert verwendet wird, unter Verwendung der Gleichung \'|\1R = \?/S - Lis durchgeflhrt
wird.

Revendications

1. Procédé pour déterminer le vecteur de flux rotorique d’'une machine électrique, caractérisé par le fait de
commander la machine électrique avec un onduleur,
former une équation pour la puissance réactive (Q;,,) a la sortie de I'onduleur,
former une équation pour la puissance réactive consommée (Q,,,;) dans la machine électrique,
former une équation d’équilibre de puissance réactive (Qg,) entre la puissance réactive (Q;,,) @ la sortie de 'onduleur
et la puissance réactive (Qy,,;) consgmmeée dans la machine électrique,
déterminer la résistance statorique (R) de la machine électrique a partir de I'équation d'équilibre (Qg,),
déterminer le flux statorique estimé (\?/S) en utilisant la résistance statorique déterminée (R;) et 'équation d’équilibre
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(Qery) €t
déterminer le flux rotorique estimé (\?;R) en utilisant le flux statorique estimé déterminé (\?18).

Procédé selon la revendication 1, caractérisé par le procédé ultérieur consistant a

déterminer la tension de sortie (ug) et le courant de sortie (is) de 'onduleur et

former un produit vectoriel entre la tension de sortie et le courant d’entrée comme équation pour la puissance
réactive (Q;,,) a la sortie de I' onduleur.

Procédé selon la revendication 1, caractérisé en ce que 'équation pour la puissance réactive consommée dans
la machine électrique est indépendante de la résistance statorique.

Procédé selon la revendication 3, caractérisé en ce que 'équation pour la puissance réactive consommée dans
un systéme coordonné de flux rotorique est

" B Lo (i +i5 )+ &, gy + L, (ahy — i 82 ) ~i .

mot ):

Procédé selon la revendication 1, caractérisé en ce que I'équation d’équilibre est

Qerr = Qinv + Q mot =
L "uqid + &:Lcﬁg + i: )t &gy + L,(id;'q "l'qfd ) ""iqi’;;n

Procédeé selon la revendication 1, caractérisé en ce que I'étape de détermination de la résistance statorique de
la machine électrique a partir de I'équation d’équilibre comprend une étape dans laquelle le terme d’erreur pour
I'équation d’équilibre est transmis a un mécanisme d’adaptation de la résistance statorique.

Procédé selon la revendication 1, caractérisé en ce que I'étape de détermination de la résistance statorique de
la machine électrique a partir de I'équation d’équilibre (Q,,,) comprend une étape dans laquelle I'équation d’équilibre
est intégrée et multipliée par un multiplicateur constant.

Procédé selon la revendication 1, caractérisé en ce que la détermination du flux statorique estimé utilisant la
résistance statorique déterminée et de I'équation d’équilibre (Q,,) est faite en utilisant une équation statorique

différentielle corrigée par I'équation d’équilibre.

procédé selon la revendication 1, caractérisé en ce que la détermination du flux statorique estimé est faite en
utilisant I'équation

él =u, -ﬁl!l' _kp ssn(&l)gﬂrll'

Procédé selon la revendication 1, caractérisé en ce que la détermination du flux rotorique estimé utilisant le flux
. . . .. . . , . A A
statorique estimé déterminé est faite en utilisant I'équation yr=y=Ll,.
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