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Rotor Flux Controller for Induction Machines
Considering Main Inductance Saturation
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Abstract. This paper discusses the problem of controlling electromechanical systems with maximum
performance while maintaining accuracy and minimum power consumption. The objective of the
study is to develop a law for regulating the coordinates of an electromechanical system, taking into
account an energy-efficient algorithm for transferring the system from one operation point to another.
An essential feature of the proposed solution is the possibility of applying the approach in modern
high-speed electromechanical systems operating mainly in transient modes, without providing addi-
tional requirements for the digital part. The objective is achieved through the use of the law of the ro-
tor flux generation augmented with adaptive low-pass filtering of the flux reference at each sampling
step. The proposed method is investigated in both steady-state and dynamic modes of operation using
laboratory experiments with a 370-W induction machine. With appropriate control of the change rate
of the magnetic flux, the losses during the full operating cycle with changes in the torque can be sig-
nificantly reduced compared to the conventional approach. The varying load is typical for the electro-
mechanical systems with a variable moment of inertia and requirements for the positioning accuracy.
The most critical result of the study is the reduction of the minimum possible cycle time, at which the
expediency of using loss-minimizing control methods remains actual. The significance of the results
obtained is in the reduction of losses while maintaining the required torque, contributing to the more
efficient operation of this machine type.
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Fluxul magnetic optim si reducerea valorii minimale a ciclului in problemele de dirijarea energoeficiente
cu masina electrica.
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Rezumat. n aceastd lucrare s-au analizat posibilelor optiuni pentru formarea legilor de control al curentului
(fluxului magnetic) al unei masini electrice, luand in considerare constringerile cunoscute anterior pentru
realizarea acestor optiuni. O caracteristica importanta a solutiei propuse in lucrare este posibilitatea aplicarii legii
propuse in sistemele electromecanice moderne de mare vitezd care functioneaza in principal in regimuri
tranzitorii, fard a prevedea cerinte suplimentare pentru partea digitala. S-a utilizat un model dinamic in spatiul de
stare aplicat in contextul de minimizare a pierderlor de putere a sistemului de control a masini electrice de curent
alternativ. Pe baza functiei de pierderi, care ia in considerare regimurile de functionare statice si dinamice ale
actionarii electrice, se propune o abordare a utilizarii metodei de pozitionare, care conduce la minimizeaza
valorile fluxului magnetic la fiecare pas de discretizare. in regim de functionare intermitentd a motorului cu
franare electrica si ci influenta proceselor de pornire cu umplerea de 60%, metoda propusa ramane operationala.
Rezultatele prezentate pentru cazul unei traiectorii cunoscute anterior a modificarii cuplului electric al motorului
fac posibila reducerea in continuare a pierderilor de putere in comparatie cu cazul valorilor necunoscute in avans.
Acest lucru, la randul sdu, duce la diminuare a duratei ciclului minim de timp posibil de functionare intr-un
regim intermitent pentru care se pastreaza oportunitatea utilizarii metodelor de control eficiente din punct de
vedere energetic.

Cuvinte-cheie: masina electrica, control, eficientd energetica.

Perynsitop MarHHTHOI0 MOTOKA POTOPAa ACHHXPOHHOI'0 ABUTATEs
€ Y4eTOM HACBHIILIEHHs] MATHUTONPOBOIA
JAsauenxo I'. I,
HanuoHnanbHbli TEXHUUECKUH YHUBEPCUTET «JHEMPOBCKasi MOJUTEXHUKA»
Huenp, Yxpauna
Annomayun. B pabore pemaercsi 3amada ynpaBieHUS JIICKTPOMEXaHWYECKHMMHU CHCTEMaMH, OO0IaaronuMu
MaKCHMAaJIbHbIM  OBICTPOJEHCTBHEM IIPU  OJHOBPEMEHHOM COXPAaHCHMH TOYHOCTH W  MUHHMAaJbHBIM
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sHepromorpebnenueM. Llenb paboThl 3akiiodaercss B pa3pabOTKe 3aKOHA YIPABICHHS KOOPIUHATAMHU
INEKTPOMEXaHUYECKOM CHCTEMbI C dHEProd((EeKTUBHBIM AJITOPUTMOM MEpEeBOAa M3 OJHOW paboyel TOYKU B
JIpyryto. BakHOil 0COOEHHOCTBIO MPEAIOKEHHOTO0 B paboTe pelleHHs, SBISIETCS BO3MOMXKHOCTh HMPUMEHEHUS
MPE/IJIOKEHHOTO 3aKOHA B COBPEMEHHBIX OBICTPOJICHCTBYIOIINX JIIEKTPOMEXAaHUYECKUX CHCTEMAX, PA0OTAIOLINX
NPEUMYIECTBEHHO B NEPEXOJHBIX PEXHUMax, HE NpelycMaTpuBasi AOIOJHHUTEIBHBIX TpeOOBaHUH K LUPPOBOI
gactu. [locTaBiieHHas II€Jb JOCTHracTCs IyTeM KCIOIb30BaHUS 3aKOHAa (OPMUPOBAHHS IOTOKA pPOTOpPA
ACHMHXPOHHOTO JIBUraTeis C afanTHBHOW (WIbTpalMeidl YCTaBKM MarHMTHOTO IIOTOKa Ha Ka)KIOM Iiare
Jquckperu3ami. J(HOEKTHBHOCTh TPEIJIOKEHHOTO PEIICHUsT ObUIa HCCIICAOBAaHA C IMOMOMIBI) JIAOOPATOPHBIX
JKCIICPUMEHTOB C MAIIMHON EPEMEHHOT0 TOKa MOIIHOCTHIO 370 BT Kak cTaTHYeCKOM, TaK U B AHHAMHYCCKOM
pexxuMax paboTel. [Toka3aHo, YTO MPU COOTBETCTBYIOUIEM YIPABICHUU CKOPOCTBIO M3MECHEHHUS MAarHUTHOTO
MOTOKA TOTEPH 3a MOJHBIA PaboUMil UKII MPH U3MEHEHHSAX KPYTSIIEr0 MOMEHTA MOTYT ObITh YMEHBIIEHBI 110
CPaBHEHHUIO C KJIACCUYECKUM MOAXO0A0M. [loTepu B yCTAaHOBHBILIEMCS PEKMME 3HAYUTEIBHO YMEHBIIAIOTCS B
CPaBHEHUH C Y/Ep)KaHUEM MAarHWTHOTO MOTOKAa Ha HOMHMHAILHOM YpPOBHE IIPpU BapbHUPOBAHWU HATPY3KH B
HIMPOKOM JIMAMa30He, YTO XapaKTEePHO JUIsl DJIEKTPOMEXAHUYECKUX CHCTEM C MePEMEHHBIM MOMEHTOM MHEPIIMH,
K KOTOPBIM OJHOBPEMEHHO BBIIBUTAIOTCS TPEOOBaHHS 110 TOYHOCTH MO3MIMOHMPOBaHUs. B moBTOpHO-
KPAaTKOBPEMCHHOM PEKUME pa60T1>1 ABUTATCIIA C JJICKTPUYCCKHUM TOPMOKEHUEM U BJIIMAHHUCM ITYCKOBBIX
MPOIIECCOB MPH CKBXKHOCTH 60% MeTox COXpaHseT CBOI paboTocnocoOHOcTh. Hawbosiee cyiecTBEHHBIM
pe3ysibTaTOM pa6OTbl SABJIACTCSA YMCHBIICHUE MHWHHUMAJIbHO BO3MOXXHOI'O BPEMCHU IUKJIA pa60T1)1 B IIOBTOPHO-
KPaTKOBPEMEHHOM PEKHAME, TIPH KOTOPOM COXPaHSETCS IEJIeCOO0pa3HOCTh HCIONB30BAaHUS METOIOB
9HEProd(PEKTHBHOTO YIPABICHUSA. 3HAYMMOCTh OJIYYCHHBIX PE3yJIETATOB COCTOUT B YMEHBIICHHH TIOTEPh MPH
COXpaHCHHH HEOOXOIUMOI0 KpPYTSAIIEr0 MOMEHTa, 4YTO CIIOCOOCTByeT Ooiee 3QQekTuBHON pabote
INEKTPUUECKUX MAIIUH JaHHOTO THIIA.

Knrwueesvle cnosa: nuHaMuueckuil pexuM, 3HEProddPEeKTHBHOCTh, ACHHXPOHHAS MAIlWHA, ONTHUMH3ALUS,
ajianTuBHas QUIbTPALIUSL.

INTRODUCTION trajectory that provides maximum speed and
minimizes the energy loss, while simultaneously
meeting a minimum of these two factors.

The efficient and cost-effective drive is also a
vital requirement for electric vehicles and
automated manufacturing [6-9]. High efficiency
can be obtained by exploiting a permanent
magnet or separately excited synchronous
motors. However, the use of these "cool toys"
sure comes at a price, as the manufacturing of
the permanent magnets from the high-cost rare
earth elements is required. In contrast, induction
machines come up with an excellent robustness,
a low cost, and a simple structure. Despite the
advantages listed, the efficiency of the induction
machines is smaller and decreases even more
when operated in part-loaded modes. Thus, the
critical reason for solving the energy efficiency
issue of this machine type is an eager desire to
make them more attractive than the synchronous
machines.

Many scientific publications and technical
reports addressed the aforementioned problem
for the steady-state operation of the induction
machine for different applications [10-12]. Yet,
in the applications such as an electric vehicle,
autonomous robots and other electromechanical
systems with a variable moment of inertia with
the strict positioning requirements, motors are
regularly run in dynamic mode with frequently
changing torque and speed up to the current and
voltage limits. Consequently, an appropriate

Modern technological processes of packaging,
machining and sorting can be implemented in
various operations. Electromechanical systems
servicing such technological processes operate in
the transient modes most of the time to secure
maximum productivity. The advancement of a
semiconductor technology and microprocessor
devices [1], [2] extends the feasibility of
designing and creating highly dynamic drives for
the electromechanical systems. Simultaneously
with a power consumption decrease, there is an
increasingly compelling task to enhance
precision in dynamic modes of operation. The
most promising challenge is the creating of
electromechanical systems with a supreme
performance while preserving accuracy and
minimum energy loss [3]. Rational energy
management is provided by the design features
of electrical machines, electronics solutions of
the converters, and a new semiconductor
component base. An increase in digital device
performance has formed the prospects for the
development of the creation of control systems.
The control systems provide the generation of a
control trajectory according to complex
algorithms that take into account many factors
[4], [5]. Thus, a critical task is the development
of the laws for ensuring a rational transfer of an
electromechanical system from one steady-state
working point to the desired point along a
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control system is required to fully experience all
the benefits of using an induction machine in
such applications. One of the earliest treatments
of this question is examined in [13]. The
submitted offline solution for a definite set of
operating situations has provided a significant
advance compared to the constant flux mode. A
predictive method utilizing a parametrized
approximating curve is given in [14]. The paper
[15] discusses the development of such
parametrized trajectories but without analyzing
the voltage and the current boundary conditions.
A suboptimal solution in the form of a
relationship between the stator field-producing
current and the torque-producing current based
on a look-up table with precalculated data points
is presented in [16]. However, it is a troublesome
activity to obtain such a look-up table with the
desired accuracy for various types of machines,
especially when the saturation effects of the
main inductance must be taken into
consideration. An analytical solution of the
dynamic optimization problem of the induction
machines is presented in [17]. The nonlinearities
were neglected due to the main inductance
saturation. Ranta et al. [18] applied a search
method to a corresponding function of a power
loss. The returned value was then applied to the
control scheme through the filter to reduce
power loss peaks during the transients. Although
the filter has been used, no details have been
given. Neither the appropriate choice of the filter
type nor the time constant has been discussed.
This concept was  further numerically
investigated in [19] regarding both the
appropriate filter type and loss-minimizing filter
coefficients. The analysis was conducted for
three induction motors with different rated
powers. However, the saturation effect was
neglected, and the found value of the appropriate
filter's coefficient remained constant for all
torque profiles. These issues were addressed
later in [20], but the practical implementation
was not provided. Besides, all the reviewed
methods apply a loss-minimizing reference while
applying the torque Such a solution always leads
to a power loss increase compared to operation at
a constant flux reference during the transients.
Hence a control system must be provided with
reliably predicted values of the future torque
profile. With this information, it is possible to
further reduce energy losses in the drive
applications with heavy torque dynamics.

In this paper, the described in [20] is applied

as a loss-minimizing control. The model
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accounts for the main induction saturation. A
minimizing flux reference and filter coefficient
are found at each sampling step based on the
corresponding power loss function. The steady-
state and dynamic performance of the proposed
method is investigated using laboratory
experiments with a 370-W induction motor. The
current paper also covers the situation when the
future load profile is known. The control system
can dynamically adapt the flux before there is a
demand for a different torque level.

The paper is organized as follows. The
following three subsections 4, B and C describe
the motor model, the main inductance saturation
curve and the model of losses in induction
machines used in this paper. Then, in subsection
D, the control problem is formulated. Finally,
subsection £ illustrates the results of laboratory
experiments.

METHODS, RESULTS AND
DISCUSSION

A. Motor model

The motor model parameters used in the
sequel are the parameters of the [ -inverse
equivalent circuit shown in Fig. 1 following the
representation from [21], where w; is the angular
frequency of the stator field, U, is the stator
voltage phasor, /; and /> are the stator and rotor
current phasors, R; and R; are the stator and rotor
resistances, respectively, Ls 1is the stray

inductance, and lastly, L, is the main inductance.
R

L ll 12 ]C() le(ll +l2)

o

Fig. 1. I'-inverse equivalent circuit of an induction
machine.

An induction machine used for high
dynamics applications is typically controlled in a
field-oriented scheme. The approach in this
paper implies the field orientation along the rotor
flux linkage ¥, i.e., the flux linkage is aligned
with the d-axis of the rotating coordinate frame.
The dynamics of the currents, flux linkage, and
rotor speed are given as a continuous state-space
model
{x _A(x)x+Bu+6 )

y=Cx
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. T
with states x e R“™ as xz[ild h, ¥, w2]

q
2x1) T |
and controls ueR as u= [ul P q] ;

§e R is given by

6=[0 00 Zp(Tg_TL)J_l]T, where J is the
total moment of inertia, Z, is the number of pole
pairs, T. and 71 are the motor and load torques.
A(x) e R“ represents the characteristic matrix
of the dynamic system

~(R +R,)L; o RyL, LS 0
PR -3 O S @)
R, 0 “R,L,} 0
0 0 0 0

with w; representing the synchronous speed in

electrical radians per second. BeR*? is the
input matrix given by

L' 0

-1
0 0
0 0

y e R is the outputs vector; the matrix of the

outputs CeR** in the current study is
represented by
0 01 0
= . 4
{0 0 0 1} @
The  following  expression  gives  the
electromagnetic torque
3 .
T, =32, (5)

B. Main inductance saturation

In practice, the modeling of an induction
machine as a linear object is inadequate even for
the nominal mode of operation. Thus, the model
of an induction machine must take into account
the effects of magnetic saturation [22]. The
dependency of the main inductance Ln on the
field-producing current i14 is considered as
illustrated in Fig. 2 for the motor under test
covered in this paper.

13

measured main inductance
polynomial fit

Fig. 2. Polynomial approximation of the main
inductance curve as a function of the field-
producing current for a 370-W motor. Markers
show the measured inductance values from the
tests.

The main inductance data  points
L,(is):R—>R,Vi, eR are obtained from the

measurements using laboratory  testbench
described in the experimental setup subsection
and fitted to the 5™ order polynomial function
using the Curve Fitting Toolbox of MATLAB,
resulting in the next expression

k=6
Lm (ild ) = Z Pnilkd_n . (6)
n=1

Consequently, the steady-state rotor flux is given
by ¥, =L, (i,y )iy » and the rotor time constant

is calculated from 7, = L, (i, ) R;" .

C. Losses
The input power is the sum of the output
mechanical power Poy and the power 10ss Pioss

P

out

P,

loss *

By = Py + Fpog = o(1)T, (1) + 0
The focus of this paper is the copper losses. The
core losses are not taken into consideration due
to the fact that they are being indirectly reduced
through the loss-minimizing flux level control.
Moreover, the inclusion of the core losses is
usually done at the expense of the higher
computational requirements for the digital part.
Using the amplitude invariant scaling of the
Clarke transform and the Park transform for the
currents and voltages, the instantaneous power
losses Ploss in the induction machine, directly
from the equivalent circuit in Fig. 1, are given by
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®)

Bloss = %Rl (ilzd + ilzq )+%R2 (izzd + izzq) 5

where i14, i1q and i, 2q are the stator current and
rotor current phasor components under a rotor
flux phasor orientation, respectively. The
components i, ioq of the rotor phasor can be
obtained after some mathematical operations as
follows

by = \PzL;nl (ild )_ild = \PzREI

. : 9
qu = _llq
Substitution of (9) into (8) results in
3 (2 . 3 2 .
Pl(lss = ERI (led + llzq ) +ER2 (llzd + llzq )
10
SR LERVE 2y, o
PR 5 2~ - 2ha
2 L, (i1a) L, (ig)

The power loss Piss in (10) include both a
constant power loss in the steady-state mode of
operation and a transient power loss in the
dynamic mode of operation.
D. Control problem formulation

The objective of this paper is to regulate the
coordinates of an electromechanical system in a
dynamic operation (for changing load torques
and/or changing speeds) as energy-efficient as
possible.  That is, to  transfer the
electromechanical system with the motor torque
T. from one steady-state operation point 7y to
another point 77 with minimal losses over the
duty cycle. The speed reference in the form of a
speed profile war(f) is in the time interval
telty t;]. In contrast to the loss-minimizing

control methods that consider solely the steady-
state modes of operation, the power losses will
not have a constant value within the considered
time interval. Hence, the overall efficiency must
be calculated based on the total energy losses.
The performance index is formulated as follows

'
J:J‘t0 By (1)dt . (11)

The performance index J from (11) represents
the power losses solely from (10) as the main
minimization priority with no account for a
possible speed deviation from the reference
trajectory.
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The control is implemented by considering
the flux dynamics augmented with low-pass
filtering

Vo (0)=[Way (-, ()5 (12)

where T, is the time constant of the low-pass
filter. Also, the equality constraint with respect
to the torque 7. from (5) and the inequality
constraints (13) and (14) are taken into account

\’u12d+u12q SVS’ (13)
Ji +if, <1 (14)

Vs is the maximum length of the inverter output
voltage phasor, which depends on the DC link
voltage of the inverter. /5 represents both the
maximum length of the inverter output current
phasor or the current limitation of the considered
electric machine. Any additional constraints, e.g.,
concerning the upper or lower terminal values of
the state variables, can be imposed if appropriate.

The system dynamics (1) and (12) as well as
the constraints (13) and (14) will be solved
numerically due to the nonlinear nature of the
objective functional (11). This needs to be done
to find the value of the filter time constant
corresponding to the minimal energy loss during
the transient. The general formulation of the
search of the loss-minimizing value of the rotor
flux is shown below

lPZ,ref = arg min {Ploss (‘IIZ)}

15

¥, e [Wz,min,‘i’z,max] ( )
The minimum point of the performance objective
functional (11) is found by means of a 1-D
golden section method at each sampling period.
Then, the found value is low-pass filtered. The
convergence of the search method to a local
minimum is proved in [20] using the Lyapunov
function. For the implementation purposes, the
continuous-time system dynamics (1) — (5) is
represented in the discrete-time system with the
sample time 7 and ¢ = k7. Hence, the discrete-
time version of the objective functional (11)
looks as follows

(16)
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where Pioss(k) is the discretized function of a
power loss (10) at the sampling instants.
Substituting (10) in (16) results in

k=1

3R, L (i (K))i ()% (8)

k=1

The state discretization is implemented using the
forward Euler method.
E. Experimental setup

The control problem formulation from the
previous section is now investigated in both
steady-state and dynamic modes of operation
using the test bench illustrated in Fig. 3.

- - = | i T
E-L W = r . - - =
! I o ] :

Fig. 3. Test bench.

A 370-W induction machine is used in
laboratory experiments. The rated values of the
considered machine are given in Table 1.

Table 1
Motor data
R; 27.8Q R 200
Lo 0.142 H
7, 2 ] 22-10-* kgm?
P -0.669 P 3.606
P -6.622 Py 4.415
P -0.743 P 0.754
Tn 2.59 Nm
2,1 20.94rad/s w22 104.7rad/s
(200rpm) (1000rpm)

The induction machine is powered by a
SEW-Eurodrive frequency converter controlled
by a dSPACE DS1104 R&D controller board in
all experiments. The controller hardware in the
inverter is bypassed to access the PWM-signals
of the power stage as well as the internal current
and dc-link-voltage sensors. In all tests, a
permanent magnet synchronous machine is used

15

as a load provider. A standard inverter controls
the synchronous machine. The torque is
measured using the KTR Dataflex 22/20 torque
sensor.

Figure 4 shows the measured losses as a
function of the field-producing current.

Five different shaft torque values were
applied. It can be seen that measured losses
depend on the field-producing current (flux). It
can also be noticed that losses are minimized by
appropriately  selecting the field-producing
current (flux level).

Likewise, the loss-minimizing flux level
was found for each torque using (15). Data
points from (15) agree well with the actual loss-
minimizing values.

180

160
&\ @'O
140 & N
AN
120 - R A
\ \<>\ 4- £
£ 100} \ B S il
g N 1
a” 80 \l\\\ ’,4:’/
S N
60 -
X
40 -1
\3(_.__ ’—‘4,4
20 - =
0 ‘ ‘ . ‘ . .
03 04 05 06 07 08 09 1 L1 12
i1(A)

Fig. 4. Measured losses (markers) as a function of
the field-producing current and corresponding
theoretical optimal values (vertical lines). The
torque 0.27n (crosses), 0.47~ (triangles), 0.67n
(squares), 0.87~ (diamonds), and 1.07~ (circles).

A simplified structure of the loss-minimizing
flux level control augmented with adaptive low-
pass filtering of the rotor flux reference is shown
in Fig. 5.

The speed controller commands a torque 7.
The reference for the torque-producing current
i1qref 1S calculated based on the flux linkage Vs
estimated with a simple first-order model.

The reference W.r for the rotor flux,
corresponds in this setup to the values obtained
following the procedure from the previous
subsection.

For the laboratory test in Fig. 6, the machine
is initialized to operate at a constant speed w1
and a given load torque 71=0.27x. At time =0.2s
a speed ramp to w;, in the time interval [0.2s
0.4s] is commanded.
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W2 5t lg.act — Inverter
transform.
W et Adaptive Tt Ug & .Cir(%le
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Fig. 5. Control structure
Figure 6 contains six subplots. The uppermost 02Ty, t<0.25,6>0.8s
twodshgw the me:i[lsgred d(?tilhpoints for thed ﬁe.ld— T, (1)=1 04Ty, 02s5<1<0.6s (18)
producing current ij4 an e torque-producing 0.6Ty, 0.65<t<08s

current iiq. The next two subplots in the
horizontal plane show the stator voltage
components uijq and wuiq. The third line of
subplots shows the measured rotor flux ¥, and
power losses Pioss calculated from the measured
stator components, rotor flux, and motor
parameters with the help of (10). Finally, the last
line shows the measured speed w, and estimated
torque. The same subplots for different operating
conditions are shown in Fig. 7.

The moment of inertia J given in Table 1 is
the sum of the moment of inertia of the induction
and load motor, the coupling between the two
motors, and the torque sensor used in the test
bench. The load torque profile is given as
follows

The load transition profile from one steady-state
operating point to another is assumed to be
stepwise.

Due to the low value of the torque at the
beginning, the loss-minimizing flux is low as
well, and its value corresponds to a well-known
result from the steady-state optimization. With
the speed increase, the motor torque increases as
well, resulting in changes in the loss-minimizing
rotor flux trajectories. The change rate of the
rotor flux reference is restricted by the
bandwidth of the adaptive filtering at the input of
the flux controller. A low rotor flux setpoint is
used at low torques, and thus, as a rule,

Without optimizati

With |

&}
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-
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I
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I I I
0.45 0.5 0.55 0.6
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I
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1 1 I
0.25 0.3 0.35

f
0.2

T(Nm)

0.4
t(s)

0.2 0.25 0.3 0.35 0.45 0.5 0.55 0.6

Fig. 6. Experimental results showing speed ramp-up and load torque steps: constant flux control
(without optimization), loss-minimizing flux control (with optimization for unknown load changes),
for suboptimal case only field-producing current and flux trajectories are shown.
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Without optimizati
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Fig. 7. Experimental results showing speed ramp-down and load torque steps: constant flux control
(without optimization), loss-minimizing flux control (with optimization for unknown load changes).

increasing the torque takes more time in case of
applying loss-minimizing setpoints compared to
the case of constant flux operation. Thus, the
speed change after the load torque change is
more considerable for loss-minimizing control.
Nevertheless, the dynamic performance of the
proposed law of the rotor flux generation
augmented with adaptive low-pass filtering of
the flux reference at each sampling step is
acceptable for many applications. As for the case
of higher dynamic response requirements, the
simplest solution consists of the limitation of the
bottom terminal value for ijq setpoint, which
leaves a torque reserve. This issue comes from
the physical interpretation of the expression for
the electromagnetic torque (5). With small V>
45 — : : , , . ,

— With optimization
40 + ‘Without optimization | |
— — — Suboptimal
35+
30
g 25
£ 20
=
151
10 -
5+
0 . 1 | | 1 | |
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

t(s)

Fig. 8. Comparison of energy losses.
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the machine is not able to develop the
commanded torque setpoint rapidly as a response
to a disturbance due to the limitation to the
permissible  torque-producing current. The
maximum length of a stator current phasor is
used when massive changes in the flux are
demanded. When the commanded speed level is
reached, the dynamic torque becomes zero, thus
resulting in a new loss-minimizing rotor flux for
the steady-state mode of the operation. The
abnormal speed
workout of the ramp reference at the beginning
for the case of constant flux control might be
related to the fact that the load torque was not
applied in time before the speed ramp-up.
Figure 7 shows a deceleration process from
setpoint wy» back to w»,;. The machine is
initialized to operate at a constant speed w2,
and a given load torque 71=0.67x. At time =0.8s,
a speed ramp to w1 in the time interval [0.8s 1s]
is commanded.
Figure 8 shows the integral of the power losses
for the time interval [0.2s 0.6s]. It can be seen
that the results for the suggested loss-minimizing
technique (with optimization) give much better
results compared to the constant flux reference
provided that the cycle duration is long enough.
Three possible situations shown in Fig. 9 can be
detected when dealing with the unknown
beforehand load conditions, i.e., a new flux
setpoint is commanded simultaneously with the
change in torque:
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1) When the cycle duration is the shortest, the
current required for developing the flux in
accelerations and decelerations contributes
to the power losses so much that the
application of loss-minimizing control is no
longer actual. The operation under the
constant flux is the preferred choice.

The cycle duration is on the verge of
expediency of using any loss-minimizing
algorithms since there is no visible effect. It
highly depends on load conditions.

The cycle time is long enough. The total
energy losses over the duty cycle under the
proposed loss-minimizing law are lower
compared to operation under the constant
flux.

In order to solve the problem for both case 1 and
case 2, a suboptimal approach is proposed. One
suggests applying the loss-minimizing reference
before the increase of the torque is observed.
This means that the knowledge of future torque
values is required. Hence, a torque prediction or
an appropriately chosen delay of the torque
setpoints becomes an actual task for the future
developments [23], [24]. It can be roughly said
that the suboptimal approach is the combination
of the operation under the constant flux and the

loss-minimizing flux, as can be seen from Fig. 8.
12 T T

2)

3)

T
[ Without optimization
[ With optimization
. [ Suboptimal
. 08
3
NS
%
206
g
B—
0.4
02+
0
1 2 3

case

Fig. 9. Energy loss measurement of S5 duty cycles.

CONCLUSIONS

The current paper presented a law for
regulating the coordinates of an
electromechanical system, taking into account an
energy-efficient algorithm for transferring the
system from one operation point to another. In
this work, the loss-minimizing trajectories for
rotor flux linkage and motor currents were
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computed in an online procedure for the
unknown torque trajectory and offline for the
known in advance load using the adaptive low-
pass filtering of the flux reference at each
sampling step. The laboratory experiments
illustrate that the knowledge about the future
torque trajectory is of great asset for a further
decrease in the power loss. Furthermore, this
knowledge allows to reduce the minimum
possible cycle time, at which the expediency of
using loss-minimizing control methods remains
actual.
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