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Introduction
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Motivation

Electrical machines: Widely-used, compact and efficient actuators

www.farmwood.co.uk www.abb.com (from video) www.bmw.de

www.siemens.com www.lilium.com

buildings (e.g. air conditioning or fans)

= industrial applications (e.g. pumps)

= traction drives (e.g. electric vehicles, trains, etc.)

= power generation (e.g. conventional power plants or wind turbine systems)
= (more) electric aircrafts
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Motivation
Examples of anisotropic synchronous machines [1] with “saliency ratio” L;ILL’ #1

[ ]:Magnettorque [ |: Reluctance torque
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Motivation

Optimal feedforward torque control problem: Isotropic, linear PMSM (without iron losses)

T
! @ o 2n 0 .d .d 0 T 3" m
- q\ _ P q N q S q _ m,ref
My ref = My (lsa Zs) - 2 wpmls 7’s,ref T (Zsyfef’zs,ref) - (0’ 21n5%pm )
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Motivation

Optimal feedforward torque control problem: Anisotropic, affine PMSM (without iron losses)

Mm ref = mm(zsq) = 3"?1) |:’¢me7’g + (Ls - Lg)zslg + Ls,m((lg) - (Z
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Motivation

Optimal feedforward torque control problem: Identical for all nonlinear machines

Nonlinear IPMSM (3.9 kW@?5 500 rpm) Nonlinear IM (3 kW@1 445 rpm)
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Problem statement and proposed solution

Optimal feedforward torque control problem: Optimal reference current computation (ORCC)

J “’s,max J 7/s,max JMP J e
.d .d
Zs,rcf (Or Zr,rcf)
. —>
M et optimal
— reference current
computation (ORCC) U ver (O 07 1)
- >
,qu ( a ’Z\ w )= ig,ref( mrefa/\smax,z\,maxawpv"')
s,ref Mm refs Us,max> ¥s,max» Wp» ig,ref(mm,refa s max: s, maxs W « + -

v~ Numerical solutions and/or look-up tables
(but: limited storage, accuracy, real-time applicability)

? Analytical solutions

(some do exist but impose simplifying assumptions such as Ry = 0, R, g =

H M 9 Online loss minimization for electrical machines
Prof. Dr.-Ing. habil. Christoph M. Hackl 10/42



Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses: Nonlinear transformer model

dq dq d
.d R .dq
,qu R s, Fe zS,Fe

o> 40—
wp Sl w J¢s Fe
ul? 0,
Lyt PE e
o

with wfq = wé o (single assumption!) and (possibly) nonlinear

1

= current, angle, speed and temperature dependent stator resistance, i.e. R’ := R (%, ¢y, wy, 3;)
= current, angle, speed and temperature dependent iron resistance, i.e. Rs Fo 1= Rs Fe( i, Pp,r Wy, Us)

= current, angle, speed and temperature dependent flux linkages, i.e. ¥ := 92 (i, ¢, wy, V)

s
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Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses: Nonlinear machine dynamics (= steady-state model)

L —.R% _.;da
‘R =

= u g
———
N RY R (i?
swor. (4) - [ 1 ()
ul R RY | \4f
d dq .d
Iron: <0> _ RS Fe Rs Fe (%,Fe)
: = q
0 Rs Fe Rs Fe ZS7F9
S~—~— ~ -——
=02 =:Rg}e = "':ch
.dq _ dg \—1
Zs7Fe - _(Rs,Fe) [
Mech.: %wm = @i (mm + ml)
_ 2 (sdq dq
My = 3= (357 + 4 Fe) Jps
o 2 (.dg\T pdq.d
Losses: Pst = 3z (3s7) " RTaT

A
=:Ps,Cu
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Tl e
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.dg \T
+%( s%‘e) RsFe sFe
- ps,Fe
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Problem statement and proposed solution

Optimal reference current computation (ORCC): Optimization problem(s) with multiple constraints

(B ma) max —f (%) subject to
5 ] 'i,”“‘

‘ (/(/H ~2

\ ,max?

(current circular area)

/A

< (voltage elliptical area)

d
‘mm(lsqawpv s )| = |mm ref|
and sign(my, yef) =

[ sign(mpy (659)).

id

= e.g. minimize copper losses,
.d -dq |12
e, _f(”’sq) = _”qu” .
— % SMTPC at %, i.e., MTPC

s, ref —

With 1, pep = M (2 da ) feasible.
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Problem statement and proposed solution

Proposed solution: Online linearization, implicit formulation (quadrics), optimization and intersection points
Step 1: Online linearization of flux linkages, machine torque, iron resistance, etc.: for example:
= flux linkages (first-order Taylor approximation around operating point qu [=])
= machine torque (second-order Taylor approximation around operating point 2:‘1 [=])

aﬂ(7s.111ax>

H M 9 Online loss minimization for electrical machines
Prof. Dr.-Ing. habil. Christoph M. Hackl 14/42



Problem statement and proposed solution

Proposed solution: Online linearization, implicit formulation (quadrics), optimization and intersection points

Step 2: Derivation of quadrics Q 4(i29) := (i) " A% + 2a"i% + a:

= Current circular area: (if)* + (if)* < 2 max <= [88Y1> = (329) 1,487 <72 ax

and ]I@\s,max) = { "'sdq € RZ ‘ (igq)TI2igq _ﬁ,max <0 }

= (Linearized) Voltage elliptical area: (ug)? + (uf)® < 02 max == [ud? (5%, wpy .. )|° = oo < 02 max

T/~ .d 2 dg\T X7 /— .d —— T .d S
= V(U max) i= {&" €R" | (57) V(@) i + 2T(W,) 5" + P(Wp) Us max) < 0}
= (Linearized) Reference torque hyperbola: m, (i, wy, ... ) = 3n, (897 + i%%,) T TP = My rer = ...

= T(Munrer) = { 309 € R? | (329 T30 4 28 4% — iy por = 0 }

| | M 9 Online loss minimization for electrical machines
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Problem statement and proposed solution

Proposed solution: Online linearization, implicit formulation (quadrics), optimization and intersection points

Step 3: Optimization problem with equality constraint

max,u, — ( (17T Ai% + 24759 + a) st (69 TBi% 1 2674% + g =0

~—

=:QA(3") =:Qp(4")
= Hyperbolas for e.9. MTPC, MTPL or MTPV (with R, R g, # 0 & Ly ,,, # 0, etc.)
Step 4: Intersection of two quadrics (e.g. voltage ellipse and current circle)
i(si,(icf ‘= arg min”igqu { qu € R2 ‘ QA('l’(Siq) =0 A QB(,l’gq) =0 }
— Optimal operation point % (reference current; iteration possibly necessary)

Both lead to subproblem of solving a fourth-order (quartic) polynomial

XA = e M+ e X+ e X e A+ ¢ 0
= Analytical solutions exist (e.g. Euler’s solution, see [2])

| | M | ) Online loss minimization for electrical machines
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Optimal operation strategies and operation management
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Optimal operation strategies and operation management

Overview of operation strategies

-35 -30 -25 -20 -15 -10 -5 O
Ny / 10°min~! il | A

= Maximum Torque per Losses (MTPL) [lll] (or Maximum Torque per Current (MTPC) [llll])
= Maximum Current (MC)[ ] and Maximum Current extended (MC.,,) [F¥]

= Maximum Torque per Voltage (MTPV) [E5] (or Maximum Torque per Flux (MTPF)))

= Field Weakening (FW) ["]

H M 9 Online loss minimization for electrical machines
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Optimal operation strategies and operation management

Maximum Torque per Current (MTPC @ 0 - w,,, g): Reference torque feasible

. —
MTPC

Optimization problem

max —Ds,Cu (qu) s.t.

cdg T = . T,
(329)TT3% 4 2T % —My pef = 0

N\

~~

.d
A (i)

/A

is

Solution set
MTPC (3", By, -..) i= { i% e R? |

(18 M i + 2t = 0}

Optimal reference currents (%)

.d T =
T35 80 —25 —20 —15 —10 —5 0 taerpe = MTPC A T, cer)
il /A
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Optimal operation strategies and operation management

Maximum Torque per Losses (MTPL @ 1 - w,,, r): Reference torque feasible

I I I I W\
35 Optimization problem
.d. .d
30 : ‘As.lna\) ma)E 7ps,Cu (zsq) - pS:F‘?"(’LSq) s.t.
25 G Tl + 28 7~ ep = 0
. .dq
<\E 20 my (i)
Y Solution set
15 .
MTPL(,",@,,...) = { i% e R? |
10 (33 M, i + 2m il + @y, = 0}
’ == |16l ) Optimal reference currents (%)
=V ”\.m\'\ M /m\\
.dgq S B
‘ ‘ ‘ ‘ ‘ ‘ 1 = MTPL n T(m
0 =55 30 -5 —20 —15 —10 -5 0 sMTPL (7 rer)

-d
ig | A
| | M 9 Online loss minimization for electrical machines

Prof. Dr.-Ing. habil. Christoph M. Hackl 19/42



Optimal operation strategies and operation management

Field Weakening (

@ 1.40 - wy, g): Reference torque feasible

MTPL

35 -

30 |- e

.\‘.Hm\)

25

/A

20

is

15

10

-d

ig | A
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| | | | |
-35 =30 -25 —-20 —-15 —-10 -5 0

Optimization problem

.d .d
max _ps,Cu(qu) _pS,Fe(ZSq) s.t.

(@) T3 1+ 247487 —my or = 0

=mp, (i57)
Feasible set

F(as,max ) /’L\s,max> N T(mm,ref)

Optimal reference currents (%)

.d ST =
zS,qFW = a%,(us,maux) N T(mm,ref)
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Optimal operation strategies and operation management

Maximum Current (MC @ 2 - w,,, r): Reference torque not feasible

35

30

25

/A

20

id

15

10

HM®

? = 7( [’;\,YIMV\') M1 (/\.HMI\")

| | | | |
—35 —30 —25 —20 —15 —10
il /A
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-5 0

Optimization problem
max |(m, (i59))]  s:t.

(2 €

Sign(mm) = Sign(mm,ref)

Feasible set

\7‘,“ T’]‘I — A~ A~
MC(zs ", wp, - - - Us maxs L

V(as,max> N a]l(/l\s,max)

Optimal current reference (%)

i8%16 = OV (Tl max) O AL, )

\',.111114\’) o=
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Optimal operation strategies and operation management

Maximum Torque per Voltage (MTPV @ 3.50 - w,,, r): Reference torque not feasible
[

. —
MTPC

Optimization problem

max — ud (3292 st

i, €

.dg\Tr.:d 4T .d
gzsq) Tig? + 2t i —my, 1o = 0

-~
.d

< =M, (ic)

=

S wm

e

Solution set

MTPV (., @y, - ) —{id"eR2|
(8 My il + 2m 29 + @y = 0}

Optimal reference currents (%)
i i rpy = MTPV A 0V (0l pax)

| \Us max/

| | | | |
-35 =30 -25 -20 -15 —-10 -5 0
il /A
H M 9 Online loss minimization for electrical machines

Prof. Dr.-Ing. habil. Christoph M. Hackl 22/42



Optimal operation strategies and operation management

Maximum Current extended ( @ 1 - wy, r): Reference torque feasible

[ [ [ [ [
35 MITPC_—]
r Optimization problem
30T max |(m,,(i29))]  s.t.
25 ;(j,/\x.m(lx Slgn(mm) = Sign(mm,ref)
< 20 Solution set
15 xt (2 s =
V(us,max) N aH(Zs,max)
10 -
Optimal current reference (%)
[ .d e ~
° Zsﬁ\/ICext = T(mm,ref) N a]I(Zs,max)
0 ‘ : : : : : with i e < g e,
-35 —-30 —-25 —-20 —-15 —-10 -5 0
il A
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Optimal operation strategies and operation management

Operation management and decision tree

Input varlables (operatlng point, linearized quantities, ...)
—=dq L q

lq
7« , w,.,, R\(m s Fer Vs

Moy refs Is;maxs Us,maxs D dsv Dy e

v
Computation of parameters (at actual operating point)
T, t, T(Munret)s Vs 0, Dl max)s -+ Manmins Man,max

T pet = Satim (Mo rer)

‘ Saturation of reference torque (to min/max feasible torque) ‘

ls I\HPL< ls MC oy
e]F

Zs, \1(

yes

FW MC MTPV MC.
dg  _ sdg sdg _ adg jda  _ ;da % — %
U5 ref = s FW s ref = s, MC 5 ref = % MTPV T ref = ¥5,MC,,
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Analytical solution
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Analytical solution

Example: Analytical solution for intersection points of two quadrics

Problem

X:= {meRQ‘ ' Az +2a'z+a=0 A mTB:c+2bTm+ﬁ=O}
=:Qa(x) =:Qp(x)
Solution: Relate both (e.g., if & % 0 and 3 # 0)

Qp() =94l 9o _oT(4_Bizia(2—4) a+(2-5) =0
=:D =:d -

and note that
! * =il
Qp@):=2' (Dz+2d)=0 < z'(\)=-2(D-A\J) d

W

| | M 9 Online loss minimization for electrical machines
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Analytical solution

Example: Analytical solution for intersection points of two quadrics (cont'd)

then insert z*(\) in Q 4(x) (or Qz(x)), i.e.

Qa(z" (V) =
4d"(D-)\T) A(D-\T) 'd—4a" (D-\J) 'd+a = o’ [det(D-AJ)]?
| S —
oA’

— YN = M+ e X e e A+ =0

= Analytical (real) solutions \* € {)\;,...,\,} can be computed [2]:

—2*(\) = —2(D-\'J) ' d
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Implementation results

Exemplary laboratory setup

HM®

(Reluctance SM (RSM) and Permanent-magnet SM

\

Online loss minimization for electrical machines
Prof. Dr.-Ing. habil. Christoph M. Hackl

(Real-time system and VSls
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Implementation results

RSM (9.6 kW@1 500 rpm): Nonlinear maps of torque, flux linkages and differential inductances

10 g g
£ 20 fo Mot e
Z
g8 20
g —40
40 40
ara —40  —40 oA
jas]
= = 0.06 o
w004 il
5 002 <
'?qm = wm 0 E
1099 w0 7
20 20"
V40 —a0
q 4
is /A id /A
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Implementation results
RSM (9.6 kW@1 500 rpm): Comparison of numerical and analytical solutions for MTPC

& ™Mm ——numerical —— analytical & Mm —— numerical —— analytical

5
O02468101214 0051015202530
et | A lighecll / A
Cartesian coordinates polar coordinates
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Implementation results

RSM (9.6 kW@1 500 rpm): Comparison of computational load

107*
2 T T T il T T -
—— numerical ! —— numerical
» i 0.4} —— analytical ||
< 1s5h analytical || y ‘
q) |
£
[ %Z
2 0.2] |
>
(&}
(0]
x
(0]
O 0 | |
0 0.2 0.4 0.6 0.8 1 0 10 20 30 40

run execution time / us

10°
= Execution times for N = 10° runs (downsampled by factor 100)
= Standard deviations o,, = 1.61-10 ®sand s, = 0.73-10"%s

= Average execution times s, = 43.4-10 °sand p, = 7.23- 10 °s (>6x faster)
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Implementation results

PME-RSM (4.5 kW@1 500 rpm): Implementation by colleagues [max (Lj(i;“’)/Lg i;"’)) = 1.43][3]

l *  Measured current Optimal reference current |

Current in dq plane
H T '

20

15

iy (A

Online loss minimization for electrical machines
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—— Measured current s=s=see Reference current
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Implementation results

IPMSM (3.9 kW@5 500 rpm): Nonlinear maps of torque, flux linkages, differential inductances and iron resistance

i
IS
IR
it

l':
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-10

—2

/ Wb

q
s

(0

Rype / Q2

‘s /A

32/42



Implementation results
IPMSM (3.9 kW@5 500 rpm): Animation

. 120? S -‘I ----- - I I i -
- MTPL ]
MC e, [F5]
il 1 5 w
) _.'J..,_._I.-' ][}”m_iu A ? MC [ ]
” MTPV []
z FW []
ol 410 AT M I
=35 =30 -25 -20 -15 -10 -0 O
iy A t/s
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Implementation results
IPMSM (3.9 kW@5 500 rpm): Comparison of MTPL [ll] & MTPC [lll] for four operating points (OPs)

300 300 93
89
= 200 = 200 S
\ ~ ~ 85
S 100 %100 H
£ < =81
0 0 77
B11B12B21 By B11B12B91 By B11 Biy Ba By
OP | Speed | Torque = Copper losses increase with torque

B11 30% nmR 30% anR

B12 30% nnLR 100% mm,R
By, | 100% non 1 30% Mo 1 MTPL outperforms MTPC for three OPs (equal for B,,)

By | 100% iy g | 100% my, g

= Iron losses increase with speed and torque

highest efficiency enhancement for high speeds and low(er)
torque (i.e., By; with An,, > 2%)
H M 9 Online loss minimization for electrical machines
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Conclusion

H M % Online loss minimization for electrical machines
Prof. Dr.-Ing. habil. Christoph M. Hackl 34/42



Conclusion

Summary and future work

To take home

unified theory for MTPC or MTPL, FW, MC and MTPV or MTPF based on [4-8] and [9, Chapt. 6.9]
o online linearization,
o quadrics (implicit formulation),
o optimization problems with equality constraint, and
o intersection of two quadrics

analytical solution for reference currents (& transition points)

Consideration of R, # 0, R, . # 0 and L,, # 0 and current, speed, angle & temperature dependency
(all simultaneously)

fast(er) and more accurate computation
applicable in real-world (e.g. nonlinear RSM, PME-RSM or IPMSM; also IMs or DFIMs)

Future work

HM

convergence (mathematical proof for nonlinear flux linkages)
more extensive experimental validation
impact of (parameter/modeling/alignment) uncertainties

consideration of rotoriron losses (e.g. for induction machines), current transients during operation and
multi-phase machines
combination with minimization of conduction and switching losses [10]
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ABSTRACT

A unified theory for optimal feedforward torque control of anisotropic synchronous machines with
non-negligible stator resistance and mutual inductance is presented which allows to analytically com-
pute (1) the optimal direct and quadrature reference currents for all operating strategies, such as max-
imum torque per current (MTPC), maximum current, field weakening, maximum torque per voltage
(MTPV) or maximum torque per flux (MTPF), and (2) the transition points indicating when to switch
between the operating strategies due to speed, voltage or current constraints. The analytical solu-
tions allow for an (almost) instantaneous selection and computation of actual operation strategy
and corresponding reference currents. Numerical methods (approximating these solutions only) are
no longer required. The unified theory is based on one simple idea: all optimisation problems, their
respective constraints and the computation of the intersection point(s) of voltage ellipse, current cir-
cle or torque, MTPC, MTPV, MTPF hyperbolas are reformulated implicitly as quadrics which allows to
invoke the Lagrangian formalism and to find the roots of fourth-order polynomials analytically. The
proposed theory is suitable for any anisotropic synchronous machine. Implementation and measure-
ment results illustrate effectiveness and applicability of the theoretical findings in real world.
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Abstract—The unified theory introduced in [1] allows to solve
analytically the optimal feedforward torque control (OFTC)
problem of anisotropic synchronous machines (SMs). In this
paper, the theory is ded by idering relevant hi
nonlinearities and incorporating copper and iron losses, thus
minimizing the overall (steady-state) losses in the machine.
Instead of the well known maximum torque per current (MTPC)
operation strategy, maximum torque per losses (MTPL) is realized.
The unified theory for the derivation of the analytical solution is
briefly recapitulated. Moreover, current and speed dependent iron
losses, as well as magnetic saturation and cross-coupling effects
are idered. The r il li ptimization problem
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for synchronous machines (SMs) with anisotropic rotor de-
signs, e.g. interior permanent magnet synchronous machines
(IPMSMs), reluctance synchronous machines (RSMs) or PM-
assisted RMSs (PMA-RSMs), efficiency can be increased by
optimal feedforward torque control (OFTC) [3, 4].

The main idea of OFTC is to exploit the ambiguity in the
selection of the stator current’s direct and quadrature compo-
nents (producing the same amount of torque), such that losses
are minimized while physical constraints are satisfied (e.g.
current or voltage limits). Depending on the actual operating
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Abstract—In order to analytically solve the optimal feed-
forward torque control (OFTC) problem of induction machines
(IMs), the unified theory for synchronous machine introduced
in [1] is extended by considering relevant IM nonlinearities and
incorporating stator and rotor copper losses. Instead of the well
known Maximum Torque per (stator) Current (MTPC) operation
strategy, Maximum Torque per (copper) Losses (MTPL(,) is
realized and extended by the Maximum (rotor) Current (MC, ...)
strategy due to stator and rotor current limitations. Modeling
magnetic saturation and cross-coupling effects leads to a con-
strained nonlinear optlmlzatlon problem which is solved based
on the idea of seq q ic progr (SQP) The
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generic approach can also be applied to other types of inverter-
fed IMs, such as squirrel-cage induction machines (SCIMs).
The highest priority of the OFTC is to provide the reference
torque while minimizing losses. In a wide operating range,
there usually exist (infinitely many) different combinations of
reference currents resulting in the same torque. Thus, an opti-
mal reference current computation (ORCC) is desirable which
minimizes the current-dependent IM losses while reaching the
reference torque and taking into account operating (e.g. current

& voltage) limits. To do so, this paper proposes a physics-
noad nanlinans A mmndal fae analutinal NDOCY
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Kreis

MTPC-
Trajektorie

Abb.6.101 Wi ise der mit,
6.9 Optimale Gihrung von

Synchronmaschinen
C. M. Hackl, J. Kullick, N. Monzen

Der folgende Abschnitt basiert auf den Publikationen [HH16: Eld+16; EHK16;
Eld+17b; Hac+17; Eld+17a]. Darin wurde die erste allgemeine Theorie zur analy-
tischen Berechnung der optimalen (verlustminimierenden) Sollstréme fiir anisotro-

pe mit Erregung vorgestellt. Die weithin verbrei-
teten und verei hmen wie z.B. die des Stator-
i oder der magnetischen konnten werden.

Zusiitzlich erlaubt die Theorie die Beriicksichtigung von Eisenverlusten und Nicht-
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