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Sehr geehrte Damen und Herren, liebe Kolleginnen und Kollegen,

Sie haben sich zum Workshop 

„Effiziente elektrische Antriebe“ am Freitag, den 17.05.2019 von 10:00-17:00 Uhr

des  neu  gegründeten  „Labors  für  Mechatronische  und  Regenerative  Energiesysteme
(LMRES)“ an der Fakultät für Elektrotechnik und Informationstechnik (FK04) der Hochschule
München angemeldet. Der Workshop findet in Raum E0117 an der  Hochschule München,
Dachauer Str. 98b, 80335 München statt. Weitere Informationen (u.a. Anfahrtsbeschreibung,
Mittagsessen, Kurzzusammenfassungen) finden Sie nach der Agenda.

Uhrzeit Agenda

10:00-10:15 Begrüßung

10:15-11:00 1. Vortrag: „Analytische Berechnung der optimalen Sollströme für beliebige 

Synchronmaschinen zur Minimierung der Kupfer- & Eisenverluste in allen 

Betriebsbereichen“, Christoph Hackl (HM)

11:00-11:15 Kaffeepause 

11:15-12:00 2. Vortrag: „Optimale Betriebsführung unter Berücksichtigung von Eisen-

verlusten mit kontinuierlichem Übergang zwischen alle Betriebsstrategien“, 

Niklas Monzen (Volkswagen)

12:00-12:15 Kaffeepause 

12:15-13:00 3. Vortrag: „Generische Maschinenidentifikation und effizienzoptimierte 

Momentensteuerung für Asynchronmaschinen“, Julian Kullick (HM)

13:00-14:30 Mittagspause (zur freien Verfügung)

14:30-15:15 4. Vortrag: „Optimierte Pulsmuster zur Ansteuerung eines 2-Level 

Wechselrichters für Permanentmagnet-Synchronmaschinen mit starker 

magnetischer Anisotropie“, Athina Birda (BMW Group)

15:15-15:30 Kaffeepause

15:30-16:15 5. Vortrag: „Analytische Berechnung von Schaltzeitpunkten von Hochleistungs-

DC/DC-Wandlern in Auslegung und Betrieb mit dem Ziel der 

Effizienzsteigerung“, Daniel Goldmann (HM)

16:15-17:00 Abschließende Diskussion und Verabschiedung



Analytische Berechnung der optimalen Sollströme für
beliebige Synchronmaschinen zur Minimierung der
Kupfer- & Eisenverluste in allen Betriebsbereichen

Eine umfassende Theorie zur Minimierung der Maschinenverluste

Christoph Hackl

17.05.2019

Hochschule München
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Motivation
Synchronous machines: Widely-used, compact and efficient actuators

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

‚ traction drives (e.g. electric vehicles or trains)

‚ air conditioning/fans

‚ pumps

‚ conventional power plants (e.g. hydro power plants)

‚ renewable energy systems (e.g. direct-drive wind turbine systems)
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Motivation
Examples of anisotropic synchronous machines [1] with “saliency ratio” Ld

s {L
q
s ‰ 1

S. MORIMOTO

2. Classification and Features of PMSMs

The torque T and the terminal voltage Va are given
by (1) and (2) using the variables and parameters in the
rotating d − q coordinate.

T = Pn{ψaiq + (Ld − Lq)idiq} (1)

Va =
√

(Raid − ωLqiq)2 + (Raiq + ωLdid + ωψa)2

(2)

where, id , iq are the d and q-axis armature currents,
ω is the electrical angular velocity, Ra , the armature
resistance, ψa , the magnet flux-linkage, Ld , Lq , the d

and q-axis inductances, and Pn is the number of pole
pairs.

The first term in (1) represents the magnet torque due
to the permanent magnet and the second one represents
the reluctance torque derived from the difference between
the d-axis and q-axis inductances. The torque character-
istic is discussed based on (1), and the maximum speed
and the constant power speed range can be examined
by (2).

Figure 2 shows the ratio of magnet torque to reluc-
tance torque for several synchronous machines. The syn-
chronous machines can be classified into three kinds by
the principle of torque production. The surface PMSM
(SPMSM), in which the arc-shaped permanent magnets
are mounted on the surface of a cylindrical rotor core as
shown in Fig. 2 (a), is a pure PM machine, where only
magnet torque is produced. The synchronous reluctance
machine (SynRM) is a pure reluctance machine and it is
not a PMSM (Fig. 2 (f)). The inset SPMSM (Fig. 2 (b))
belongs to the category of SPMSM in the classification
by the magnet arrangement, but it is a PM/reluctance

hybrid machine because it has magnetic saliency. The
interior PMSM (IPMSM), in which the permanent mag-
nets are buried into the rotor core as shown in Fig. 2
(c–e), has magnetic saliency and is a PM/reluctance
hybrid machine. The IPMSM can be classified into a
reluctance torque assisted PMSM (region II) and a per-
manent magnet torque assisted SynRM (region III) by a
torque generating mechanism.

IPMSM has come to be used in various fields because
it has the following advantages in comparison with
SPMSM.

1. The stainless-steel-can, which is usually required in
SPMSM, can be eliminated in the IPMSM and the
rotor surface becomes the laminated core. Therefore,
the eddy current loss on the surface of rotor can be
greatly decreased.

2. The square-shaped permanent magnet can be used for
IPMSM, and it brings about a decrease in magnet cost
compared to the arc-shaped magnet.

3. IPMSM has saliency, where Lq is larger than Ld ,
and the reluctance torque can be effectively utilized
in addition to the magnet torque.

4. The flux-weakening control acts effectively in
IPMSM, and as a result the high-speed operation and
the wide constant-power operation can be achieved.

5. IPMSM has many degrees of freedom in the design
of both mechanical structure and torque-speed charac-
teristics.

3. Design for Improving Efficiency

3.1. Rotor design Increasing the ratio of torque
per current ampere improves efficiency by decreasing the
copper loss. From (1), it is evident that such demand can

SynRMPMASynRMIPMSMInset SPMSMSPMSM

(a) (b) (c) (d) (e) (f)

(2) PM/Reluctance Hybrid Machine

I II III IV

: Magnet torque : Reluctance torque

(1) Pure PM Machine
(3) Pure Reluctance

Reluctance Torque Assisted PMSM PM Torque Assisted SynRM

Increasing magnet flux

Increasing saliency

Machine

Fig. 2 Classification of synchronous machines by torque generating mechanism
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Motivation
Optimal feedforward torque control problem: Isotropic machine

´5´4´3´2´1
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Motivation
Optimal feedforward torque control problem: Anisotropic machine (with cross-coupling)
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Problem statement and proposed solution
Optimal feedforward torque control problem: Optimal reference current generation

“optimal”
reference current

generation

mm,ref

pumax pımax
ωk

ids,ref

iqs,ref

iks,refpmm,ref , pumax,pımax, ωkq “
ˆ

ids,refpmm,ref , pumax,pımax, ωkq
iqs,refpmm,ref , pumax,pımax, ωkq

˙

X 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
((((

((((
(((

((hhhhhhhhhhhhh
Rs “ 0, RFe “ 0 and/or Lm “ 0)
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Problem statement and proposed solution
Considered anisotropic synchronous machines with iron losses [2]: Electrical circuit

i
k
s

Rs
ωkJψ

k
s

d
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Problem statement and proposed solution
Considered anisotropic synchronous machines with iron losses [2]: Modeling
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k
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��XXXXX
d
dtψ

k
s piks,mq
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Problem statement and proposed solution
Optimal reference current generation: Optimization problem(s) with multiple constraints

´5 ´4 ´3 ´2 ´1 0
0

1

2

3

4

5

Tpmm,refq

BIppımaxq
BVpωk, pumaxq

S :“ Vpωk, pumaxq X Ippımaxq

ids / A

iq s
/A

max
i
k
s PS

´fpiks q subject to

$
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’

’

’

’
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’
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’

%

‖iks ‖2 ď pı2max,
(current circular area)
‖uks piks , ωkq‖2 ď pu2max,
(voltage elliptical area)
|mmpiks q| ď |mm,ref |, and
signpmm,refq “
signpmmpiks qq.

e.g. ´fpiks q “ ´‖iks ‖2 (minimize
copper losses) ùñ iks,ref at
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Problem statement and proposed solution
Proposed solution: Implicit formulation (quadrics), optimization and intersection points

Step 1: Derivation of quadrics QApiks q :“ piks qJAiks ` 2aJiks ` α:

‚ Current circular area: pids q
2
` pi

q
s q

2
ď pı

2
max ðñ ‖iks ‖

2
“ pi

k
s q
J
I2i

k
s ď pı

2
max

ùñ Ippımaxq :“
 

i
k
s P R2

ˇ
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k
s q
J
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k
s ´pı

2
max ď 0

(

‚ Voltage elliptical area: pud
s q

2
` pu

q
s q

2
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2
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k
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2
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2
max
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i
k
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ˇ

ˇ pi
k
s q
J
V pωkq i

k
s ` 2vpωkq

J
i
k
s ` νpωk, pumaxq ď 0

(

‚ Reference torque hyperbola:
mmpi

k
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2
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k
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J
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J
T i
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J
i
k
s ´mm,ref “ 0

(

‚ ...
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Problem statement and proposed solution
Proposed solution: Implicit formulation (quadrics), optimization and intersection points

Step 2: Optimization problem with equality constraint

max
i
k
s
´
´

piks qJAiks ` 2aJiks ` α
looooooooooooomooooooooooooon

“:QApiks q

¯

s.t. piks qJBiks ` 2bJiks ` β
looooooooooooomooooooooooooon

“:QBpiks q

“ 0

ùñ Hyperbolas for e.g. MTPC, MTPL or MTPV (with Rs, RFe ‰ 0 & Lm ‰ 0)

Step 3: Intersection of two quadrics (e.g. voltage ellipse and current circle)

iks,ref :“ argmin‖iks ‖

!

iks P R2
ˇ

ˇ

ˇ
QApiks q “ 0 ^ QBpiks q “ 0

)

ùñ Optimal operation point (reference current)

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

χpλq :“ c4 λ
4 ` c3 λ3 ` c2 λ2 ` c1 λ` c0 !“ 0

ùñ Analytical solutions exist (e.g. Euler’s solution, see [3])
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Optimal operation strategies
Maximum Torque per Current (MTPC @ 0 ¨ ωm,rat): Reference torque feasible

´50 ´40 ´30 ´20 ´10 0
0

10

20

30

40

50 BIppımaxq

Tpmm,ref q

MTPCpωkq

S :“ Vpωk, pumaxq X Ippımaxq

ids / A

iq s
/A

Optimization problem

max
i
k
s PS

´pCupiks q s.t.

piks qJT iks ` 2 tJiks
loooooooooomoooooooooon

“mmpiks q

´mm,ref “ 0

Solution set

MTPCpωkq :“
 

iks P R2
ˇ

ˇ

piks qJMC i
k
s ` 2mJCi

k
s “ 0

(

Optimal reference currents ( )

iks,ref “MTPCX Tpmm,refq
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Optimal operation strategies
Maximum Torque per Losses (MTPL @ 1 ¨ ωm,rat): Reference torque feasible

´50 ´40 ´30 ´20 ´10 0
0

10

20

30

40

50 BIppımaxq
Tpmm,ref qBVpωk, pumaxq

MTPCpωkqMTPLpωkq

S :“ Vpωk, pumaxq X Ippımaxq

ids / A

iq s
/A

Optimization problem

max
i
k
s PS

´pCupiks q ´ pFepiks q s.t.

piks qJT iks ` 2 tJiks
loooooooooomoooooooooon

“mmpiks q

´mm,ref “ 0

Solution set

MTPLpωkq :“
 

iks P R2
ˇ

ˇ

piks qJML i
k
s ` 2mJLi

k
s ` µL “ 0

(

Optimal reference currents ( )

iks,ref “MTPLX Tpmm,refq
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Optimal operation strategies
Field Weakening (FW @ 1.40 ¨ ωm,rat): Reference torque feasible

´50 ´40 ´30 ´20 ´10 0
0

10

20

30

40

50 BIppımaxq

Tpmm,ref q

BVpωk, pumaxq

MTPCpωkqMTPLpωkq

S :“ Vpωk, pumaxq X Ippımaxq

ids / A

iq s
/A

Optimization problem

max
i
k
s PS

´pCupiks q ´ pFepiks q s.t.

piks qJT iks ` 2 tJiks
loooooooooomoooooooooon

“mmpiks q

´mm,ref “ 0

Feasible set
FWpmm,ref , ωk, pumaxq :“
Spωk, pumax,pımaxq X Tpmm,refq

Optimal reference currents ( )

iks,ref “ BVpωk, pumaxq X Tpmm,refq
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Optimal operation strategies
Maximum Current (MC @ 1.75 ¨ ωm,rat): Reference torque not feasible

´50 ´40 ´30 ´20 ´10 0
0

10

20

30

40

50 BIppımaxq

Tpmm,ref q

BVpωk, pumaxq

MTPCpωkqMTPLpωkq

S :“ Vpωk, pumaxq X Ippımaxq

ids / A

iq s
/A

Optimization problem

max
i
k
s PS

mmpiks q

Feasible set
MCpωk, pumax,pımaxq :“

Vpωk, pumaxq X BIppımaxq

Optimal current reference ( )

iks,ref “ BVpωk, pumaxq X BIppımaxq
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Optimal operation strategies
Maximum Torque per Voltage (MTPV @ 2.50 ¨ ωm,rat): Reference torque not feasible

´50 ´40 ´30 ´20 ´10 0
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50 BIppımaxq

Tpmm,ref q

BVpωk, pumaxq

MTPCpωkqMTPLpωkq

MTPVpωkq

S :“ Vpωk, pumaxq X Ippımaxq

ids / A

iq s
/A

Optimization problem

max
i
k
s PS

´‖uks piks q‖2 s.t.

piks qJT iks ` 2 tJiks
loooooooooomoooooooooon

“mmpiks q

´mm,ref “ 0

Solution set

MTPVpωkq :“
 

iks P R2
ˇ

ˇ

piks qJMV i
k
s ` 2mJVi

k
s ` µV “ 0

(

Optimal reference currents ( )

iks,ref “MTPVpωkq X BVpωk, pumaxq
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Optimal operation strategies
Field Weakening (FW @ 1.40 ¨ ωm,rat): Illustration of the effect of neglecting Rs, RFe and/or Lm

´50 ´40 ´30 ´20 ´10 0
0

10

20

30

40

50 BIppımaxq

Tpmm,ref q

BVpωk, pumaxq
MTPVpωkq
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ids / A

iq s
/A

Rs “ 0

Lm “ 0

RFe “ 8

ùñ Reduced efficiency!
(and wrong torque and/or
possibly wrong operation
strategy)
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Analytical solution
Example: Analytical solution for intersection points of two quadrics

Problem

X :“
!

x P R2
ˇ

ˇ

ˇ
xJAx` 2aJx` α
looooooooooomooooooooooon

“:QApxq
“ 0 ^ xJBx` 2bJx` β

looooooooooomooooooooooon

“:QBpxq
“ 0

)

Solution: Relate both (e.g., if α ‰ 0 and β ‰ 0)

QDpxq :“ QApxq
α ´ QBpxq

β “ xJ `Aα ´ B
β

˘

loooomoooon

“:D

x` 2
`

a
α ´ b

β

˘J
loooomoooon

“:d
J

x` `

α
α ´ β

β

˘

looomooon

“0

“ 0

and note that

QDpxq :“ xJ
`

Dx` 2d
loooomoooon

!“λJx

˘ !“ 0 ðñ x‹pλq “ ´2`D ´ λJ˘´1
d
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Analytical solution
Example: Analytical solution for intersection points of two quadrics (cont’d)

then insert x‹pλq in QApxq (or QBpxq), i.e.

QApx‹pλqq “
4dJ

`

D´λJ˘´JA`

D´λJ˘´1
d´ 4aJ

`

D´λJ˘´1
d` α “ 0

ˇ

ˇ

ˇ
¨ “det`D´λJ˘
loooooomoooooon

9λ2

‰2

ùñ χpλq :“ c4 λ
4 ` c3 λ3 ` c2 λ2 ` c1 λ` c0 !“ 0

ùñ Analytical (real) solutions λ‹ P tλ1, . . . , λ4u can be computed [3]:

ùñ x‹pλ‹q “ ´2`D ´ λ‹J˘´1
d
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Implementation results
Laboratory setup

Reluctance SM (RSM) and Permanent-magnet SM Real-time system and VSIs

Host PC (rapid prototyping)

Generic loss minimization in synchronous machines 17.05.2019
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Implementation results
RSM: Nonlinear flux linkages and differential inductances
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Implementation results
RSM: Comparison of numerical and analytical solutions for MTPC
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Implementation results
RSM: Comparison of computational load

0 0.2 0.4 0.6 0.8 1

¨106
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run
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n
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e
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analytical

0 10 20 30 40
0

0.2

0.4

execution time / µs
ru

ns N

numerical
analytical

‚ Execution times for N “ 10
6 runs (downsampled by factor 100)

‚ Standard deviations σn “ 1,61 ¨ 10
´6

s and σa “ 0,73 ¨ 10
´6

s

‚ Average execution times µn “ 43,4 ¨ 10
´6

s and µa “ 7,23 ¨ 10
´6

s (ą6x faster)
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Implementation results
PME-RSM: Implementation by colleagues (pm,rat “ 4,5 kW & L

d
s {L

q
s “ 1.43) [4]

Table III
COMPUTATIONAL TIMES OF THE CONTROL ALGORITHM ON DSP

TMS320F28377S .

parameters constant variable
computational time µs µs

data acquisition + KF 7.3 7.3
coefficients update 2.4 4.2

current/voltage intersections + selection 26.6 35.2
torque intersection + selection 9.7 9.9

modulation signals 3.1 3.1
total 49.1 59.7

Figure 6. Experiment – reference and measured flux and torque
component of the stator current vector in dq-plane (for commanded
electrical rotor speed see Fig. 7)

to the point E and then, when motor accelerates to the
negative command, goes through the point F to the point
G, similarly as in previous case. Next speed reversal to
400 rad/s moves the operation point to H. Change of the
rotor speed moves the operation point to I across the A.
While reference torque goes down, the operating point
J is reached. Between points J and [0,0] is used MTPC
operation strategy. Motor is braked after last reverse to
-400 rad/s.

VI. CONCLUSION

The proposed algorithm is able to compute opti-
mal strategy of operation without any need of pre-
computation. Thus machines with time-varying param-
eters can be operated with instantaneous modification
of the optimal setpoint. Optimal control can thus im-
mediately react to changes in inductance due to satura-
tion of iron or thermal dependency of parameters. We
have proposed solutions to various numerical issues and

Figure 7. Experiment – reference and measured flux and torque
component of the stator current and electrical rotor speed

showed that the algorithm can be implemented and run
on conventional DSP.
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Implementation results
IPMSM (generator mode): Efficiency enhancements considering iron losses [5]

Energies 2019, 12, 862 15 of 18

maximum efficiency is obtained. Consequently, the influences of inverter and iron losses are also taken
into account. Moreover, errors, such as misalignment of the rotor angle and delay, are compensated for
by this method. The iron losses are the main reason that the measured curves are further to the left
and not where the current vector has its minimum amplitude.

The steady-state electric model of the PMSM with iron losses is shown in Figure 10, where Rd
s,Fe

and Rq
s,Fe are the iron loss resistances [15,16,27]. Due to these resistances, the stator currents are

divided into the magnetization currents ik
s,m=(id

s,m, iq
s,m)>, which cause the torque and the iron loss

currents ik
s,Fe=(id

s,Fe, iq
s,Fe)

>.
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Figure 9. Comparison of the three presented methods. (a) Measured torque contour lines ( ) and
resulting trajectories for the two MTPC methods with linear approximated ( ) and nonlinear ( )
flux linkages and the measured trajectories with the maximum efficiency for different shaft speeds
of 100 rpm ( ), 200 rpm ( ), and 300 rpm ( ) in the (d,q)-plane. (b) Efficiency ( ) for a
shaft speed of 300 rpm and a constant torque of −15 Nm and the two points of MTPC for linear
approximated ( ) and nonlinear ( ) flux linkages and the point of maximum efficiency ( ).

id
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sud
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iq
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s,Fe

Figure 10. Steady-state electric model of the Permanent-Magnet Synchronous Machine (PMSM) with
iron losses.

The voltage over the iron loss resistances depends on the rotor speed and the flux linkages. The
flux linkages change with the magnetization currents, which, in turn, affects the voltage and thus the
iron losses with

PFe = Pd
Fe + Pq

Fe =

(
ω ψ

q
s

)2

Rd
s,Fe

+

(
ω ψd

s

)2

Rd
s,Fe

. (23)

As shown in Figure 5a,b, the flux linkage ψd
s is reduced when the current id

s becomes more negative.
With a reduced flux linkage ψd

s , the iron loss Pq
Fe reduces as well. Therefore, it makes senses to allow

more copper losses if iron losses, and thus the overall losses, are reduced.
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Conclusion
Summary and future work

To take home
‚ unified theory for MTPC, MTPL, FW, MC and MTPV based on [6]

˝ quadrics (implicit formulation),
˝ optimization problems with equality constraint, and
˝ intersection of two quadrics

‚ analytical solution for reference currents (& transition points)
‚ Rs ‰ 0, RFe ‰ 0 and Lm ‰ 0 (can all be considered simultaneously)
‚ fast(er) and more accurate computation
‚ applicable in real-world (e.g. nonlinear RSM, PME-RSM or IPMSM; also IMs)

Future work
‚ convergence (mathematical proof for nonlinear flux linkages)
‚ more extensive experimental validation
‚ impact of (parameter) uncertainties
‚ consideration of rotor iron losses (e.g. for induction machines)
‚ combination with minimization of conduction and switching losses
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ABSTRACT
A unified theory for optimal feedforward torque control of anisotropic synchronous machines with
non-negligible stator resistance andmutual inductance is presented which allows to analytically com-
pute (1) the optimal direct and quadrature reference currents for all operating strategies, such asmax-
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 synchronousmachine. Implementation andmeasure-
ment results illustrate effectiveness and applicability of the theoretical findings in real world.

Notation

N, R, C: natural, real, complex numbers. x :=
(x1, . . . , xn)� ∈ Rn: column vector, n ∈ N where ‘�’ and
‘:=’ mean ‘transposed’ (interchanging rows and columns
of a matrix or vector) and ‘is defined as’, respectively. 0n ∈
Rn: zero vector. a�b := a1b1 + · · · + anbn: scalar product
of the vectors a := (a1, . . . , an)� and b := (b1, . . . , bn)�.
‖x‖ :=

√
x�x = √x21 + · · · + x2n: Euclidean norm

of x. A ∈ Rn×n: (square) matrix with n rows and
columns. A−1: inverse of A (if exists). A−�: inverse
transpose of A (if exists). det(A): determinant of A,
spec(A): spectrum of A (the set of the eigenvalues
of A). In ∈ Rn×n := diag(1, . . . , 1): identity matrix.
On×p ∈ Rn×p: zero matrix, n, p ∈ N.

Tp(φk) = [ cos(φk ) − sin(φk )

sin(φk ) cos(φk )
]: park transformation

matrix (with electrical angle φk) and J := Tp(π/2) =
[ 0 −1
1 0 ]: rotation matrix (counter-clockwise rotation by π

2 ;

CONTACT Christoph M. Hackl christoph.hackl@tum.de
*Authors are in alphabetical order and contributed equally to the paper.

see e.g. Dirscherl, Hackl, & Schechner, 2015; Teodorescu,
Liserre, & Rodríguez, 2011). ‘s.t.’: subject to (optimisa-
tion with constraints). j: imaginary unit with j2 = √−1,
‘ !=’: must equal. X�Y: intersection of the sets X and Y (in
this paper: X, Y ⊂ R2).

1. Introduction

1.1 Motivation

Energy shortage and environmental impacts prompted
engineers to improve the efficiency of electric drives;
especially when studies indicated that electric machines
consume more than half of the globally generated elec-
tricity (de Almeida, Ferreira, & Fong, 2011). Accordingly,
major research and development advancements in the
control and modelling of electric drives have been over-
seen. Special focus was set on permanent-magnet (PM)
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Outline

1. Generation of motor model based on FEM calculations considering nonlinear flux 
linkage  and iron losses 

2. Optimal operation strategies
3. Smooth transition between optimal operation strategies
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Clarke- and Park-
transformation

Model of PMSM
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Model of PMSM

sd

i
s,m
q

i
s,m
d

sq

i
s,m
q

i
s,m
d



STANDORT SALZGITTER N. Monzen | Stand: 10. April 2019 | Seite 5

Tool chain

sd

i
s,m
q

i
s,m
d

•several calculation 
simultaneously

•variation of Id-Iq
•variation of rotational speed

FEM calculations

•identify angle of noload flux
•transformation of flux 

linkage
•calculation of 𝑅𝑅Fe

post-processing
•calculation of d-q currents 

with respect to d-q flux 
linkage (e. g. RBF- or inverse 
bilinear interpolation)

look-up tables

•flux based fundamental model
•considering rotor‘s angle
•considering iron losses

simulation model

Python – femagtools – FEMAG Matlab – Simulink 

𝝍𝝍𝑠𝑠
𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖s,m

d , 𝑖𝑖s,m
q ,𝜑𝜑r

𝑃𝑃vu 𝜔𝜔r
𝑅𝑅s
𝐽𝐽

𝝍𝝍𝑠𝑠
𝑘𝑘 𝑖𝑖s,m

d , 𝑖𝑖s,m
q ,𝜑𝜑r ,

𝑅𝑅Fe 𝜔𝜔r ,𝑅𝑅𝑠𝑠, 𝐽𝐽
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Model of PMSM
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FEM calculation:

iron
losses

Simulation

𝑛𝑛m,nom

𝑚𝑚m,nom
𝑃𝑃el,nom

0

𝒊𝒊s,nom
k

− 𝒊𝒊s,nom
k
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Optimal operation strategies
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Optimal operation strategies

• decision of optimal operation strategy based on finding and comparing of torque values

• torque values are given by the torque quadric  𝑚𝑚m = 𝒊𝒊s𝑘𝑘
𝑇𝑇𝑻𝑻 𝒊𝒊s𝑘𝑘 + 2𝒕𝒕𝑇𝑇 𝒊𝒊s𝑘𝑘 + 𝜏𝜏

• if quadrics‘ intersection exist, 𝒊𝒊s𝑘𝑘 can be calculated analytically
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Simulation
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Conclusion

To take home
• simulation model (e.g. generated from FEM) considers

• nonlinear flux linkage
• rotor‘s angle
• iron losses

• analytical solution for finding optimal operation strategy

Future work
• experimental validation of simulation model (measuring of flux linkage and iron loss 

resistance)

• further analysis on modeling iron losses: 𝑅𝑅Fe𝑑𝑑 𝜔𝜔r, 𝒊𝒊s𝑘𝑘 ≠ 𝑅𝑅Fe
𝑞𝑞 𝜔𝜔r, 𝒊𝒊s𝑘𝑘

• impact of dynamic operation 
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Problem formulation
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Introduction
Proposed solution

Lpm�
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Generic Modeling

&

Identification

Generic? Accept that flux linkage is a nonlinear function!
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Outline I

1 Generic model in arbitrary rotating coordinates system

2 Field-oriented current control system

3 Machine identification

4 Optimized feedforward torque control

5 Results

6 Conclusion & Outlook
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Generic model in rotating reference frame
Voltage equations without inductance terms

idqs
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Field-oriented current control
Overview

CurrentTorqueSpeed
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îds

�

φk

�

ωm

Generische Maschinenidentifikation und effizienzoptimierte Momentensteuerung für Asynchronmaschinen 17.05.2019
J. Kullick 6/25



Indirect field-oriented current control
Rotor-flux estimation (ψq

r � 0)


 Assumption of magnetic linearity

ψ
dq
r � Lmi
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r ùñ i
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dq
s q


 Rotor voltage equation:

d
dt
ψ

dq
r �

Lm
Lr
Rri

dq
s �

�
Rr
Lr

I2 � pωk � ωrqJ
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� 0) ...

� ... open-loop observer
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Indirect field-oriented current control
Rotor flux orientation

ψr
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q0 d0q0 d0
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Perfect alignment is not essential, but: Reproducibility and Uniqueness!
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Machine identification
Idea


 Use FOC current control and prime
mover to achieve steady-state


 Stator currents and speed define
unique and reproducable
operating points


 Use generic equations to determine
flux terms, efficiency, ...


 Use maps to create torque control
Look-up tables Lp�q

op
er

at
in

g
po

in
tid
�

s
,
iq
�

s

Lpm�
e , ωmq id

�

s

iq
�

s

m�
e

ωm
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Machine identification
Lab setup

A C

D

E

F

3
�

line

ethernet

PW
M

/ A
D

C
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Machine identification
Steady-state voltage equations Ñ d

dt
p�q � 0

idqs
Rs

ωkJψ
dq
sσ ωkJψ

dq
rσ Rr idqr

ωrJψ
dq
rRcpωkq

idqc

ωkJψ
dq
m

idqm

udqs

Stator : udqs � Rsi
dq
s � ωkJψ

dq
s ñ Solve for ψdqs !

Rotor : 02 � Rri
dq
r � pωk � ωrqJψ

dq
r ñ ??

Which variables do we know?
Which variables do we not know?

Generische Maschinenidentifikation und effizienzoptimierte Momentensteuerung für Asynchronmaschinen 17.05.2019
J. Kullick 11/25



Machine identification
Stator flux linkage maps (from steady-state voltage equation)

ψdqs � � 1
ωk

Jpudqs �Rsi
dq
s q

(measured @ ωm � 0.5 p.u.)
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Machine identification
Torque map


 ... on stator (can be calculated):

m̂e �
3
2
nppi

dq
s q

J
Jψ

dq
s


 ... on rotor (measurable):

me � � 3
2
nppi

dq
r q

J
Jψ

dq
r


 Actio = Reactio? ...

m̂e � �me?


 ... No! Due to losses!

m̂e � �me �∆me
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Machine identification
Rotor flux linkage map (from steady-state voltage equation)

}ψdqr } �
b

Rr

ωk�ωr

2
3np

me

(measured @ ωm � 0.5 p.u.)
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Optimized feedforward torque control
Overview

CurrentTorqueSpeed

Lpm�
e , ωmq id

�

s

iq
�

s

m�
eω�m

ωm

dq

abc

ud�s

uq�s

VSI + PWM

ua�s
ub�s
uc�s

udc

dq

abc

IM

ias
ibs
ics

Flux estim. &
Decoupling

îqs

�

îds

�

φk

�

ωm
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Optimized feedforward torque control
Torque control strategies

1. Constant Voltage over Frequency (U/f):

ξ :� }u
dq
s }
ωk

, ξ � const. s.t. me � m�
e

(a) LU{f

i
d
�

s

pm
�
e , ωmq (b) LU{f

i
q
�

s

pm
�
e , ωmq
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Optimized feedforward torque control
Torque control strategies

2. Constant Flux (CF):

id
�

s � const. s.t. me � m�
e

(c) LCF

i
d
�

s

pm
�
e , ωmq (d) LCF

i
q
�

s

pm
�
e , ωmq
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Optimized feedforward torque control
Torque control strategies

3. Maximum Torque per Ampere/Current (MTPA / MTPC):

min }idqs } s.t. me � m�
e

(e) LMTPC

i
d
�

s

pm
�
e , ωmq (f) LMTPC

i
q
�

s

pm
�
e , ωmq
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Optimized feedforward torque control
Torque control strategies

4. Maximum Efficiency per Torque (MEPT):

η :� pout

pin
, max η s.t. me � m�

e

(g) LMEPT

i
d
�

s

pm
�
e , ωmq (h) LMEPT

i
q
�

s

pm
�
e , ωmq
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Optimized feedforward torque control
Torque map with trajectories

U/f (rated) Constant Flux MTPC (me) MEPT (me)

First quadrant torque map @ ωm � 0.5 p.u.
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Optimized feedforward torque control
Efficiency map with trajectories

U/f (rated) Constant Flux MTPC (me) MEPT (me)

First quadrant efficiency map (motor mode) @ ωm � 0.5 p.u.
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Results
Performance of different torque strategies

∆η � 7.25%

U/f (rated)

U/f (opt.)

Constant Flux

MTPC (me)

MTPC (m̂e)

MEPT (me)

MEPT (m̂e)

Efficiency over machine torque @ ωm � 0.3 p.u.
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Results
Performance of different torque strategies

∆η � 3.25%

U/f (rated)

U/f (opt.)

Constant Flux

MTPC (me)

MTPC (m̂e)

MEPT (me)

MEPT (m̂e)

Efficiency over machine torque @ ωm � 0.5 p.u.
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Results
Performance of different torque strategies

∆η � 1.85%

U/f (rated)

U/f (opt.)

Constant Flux

MTPC (me)

MTPC (m̂e)

MEPT (me)

MEPT (m̂e)

Efficiency over machine torque @ ωm � 0.7 p.u.
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Results
Performance of different torque strategies

∆η � 1.3%

U/f (rated)

U/f (opt.)

Constant Flux

MTPC (me)

MTPC (m̂e)

MEPT (me)

MEPT (m̂e)

Efficiency over machine torque @ ωm � 0.9 p.u.
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Results
Performance of different torque strategies
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7

0.75
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0.8

0.8

0.85

∆ids � 4.5%
U/f (rated)

U/f (opt.)

Constant Flux

MTPC (me)

MTPC (m̂e)

MEPT (me)

MEPT (m̂e)

Efficiency over machine torque @ ωm � 0.3 p.u.
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Results
Performance of different torque strategies
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U/f (opt.)
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MTPC (me)

MTPC (m̂e)

MEPT (me)

MEPT (m̂e)

Efficiency over machine torque @ ωm � 0.5 p.u.
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Results
Performance of different torque strategies
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U/f (opt.)
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MEPT (me)

MEPT (m̂e)

Efficiency over machine torque @ ωm � 0.7 p.u.
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Results
Performance of different torque strategies
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Efficiency over machine torque @ ωm � 0.9 p.u.
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Conclusion & Outlook

What to take home (see also [? ]):


 Linear flux assumption is wrong (i.e. inductances are not constant)


 MEPT operation can be approximated even without torque sensor


 Perfect flux orientation is not essential, but reproducible results are!


 FOC beats U/f, especially in part load (we knew, but now we have numbers)

Open questions:


 Variation of stator and rotor resistance due to temperature?


 High-speed operation (field-weakening) with increased iron losses?
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CONTROL OF AN ELECTRICAL DRIVE SYSTEM.

MTPA/MTPV
Current 

Control
Modulation

𝑇ref

𝑛

𝒊s,ref
𝑘

𝒖s
𝑘 𝑺𝑢𝑣𝑤

VSI

IPMSM

Battery stack

𝒊s
𝑢𝑣𝑤
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CONTROL OF AN ELECTRICAL DRIVE SYSTEM.

MTPA/MTPV
Current 

Control
Modulation

𝑇ref

𝑛

𝒊s,ref
𝑘

𝒖s
𝑘 𝑺𝑢𝑣𝑤

VSI

IPMSM

Battery stack

𝒊s
𝑢𝑣𝑤
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1 Max. dc-link voltage utilization: Modulation index 𝑚 → 𝑚𝑎𝑥

2 Efficiency enhancement: Minimization of the inverter- AND motor-losses.

MODULATION OBJECTIVES

6



OPTIMIZED PULSE PATTERNS (OPP)  VS. 

SPACE VECTOR MODULATION (SVM).
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Better dc-link voltage utilization with OPP.1

OPP 𝑚𝑚𝑎𝑥 = 1.273

SVM 𝑚𝑚𝑎𝑥 = 1.155

Optimization of the electrical drive power losses with OPP.  HOW?2
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SVM
 Asynchronous modulation : Constant switching frequency (𝑓𝑠,SVM = 10𝑘𝐻𝑧).

 On-Line modulation: The inverter switching times are determined online.

𝑓𝑟 = 500𝐻𝑧 𝑓𝑟 = 900𝐻𝑧

𝑆
𝑢SVM

Time Time
0 0

1 1

 1 𝑓𝑟  1 𝑓𝑟

𝑆
𝑢
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SVM
 Asynchronous modulation : Constant switching frequency (𝑓𝑠,𝑆𝑉𝑀 = 10𝑘𝐻𝑧).

 On-Line modulation: The inverter switching times are determined online.

𝑓𝑟 = 500𝐻𝑧 𝑓𝑟 = 900𝐻𝑧

𝑆
𝑢SVM

OPP

𝒒=5 Time Time

OPP
 Synchronous modulation : The switching frequency depends on the electrical frequency (𝑓𝑠,𝑂𝑃𝑃= 𝑞𝑓𝑟 , q = Pulse number)

 Off-Line modulation : An optimization problem is used, which offline determines the optimized inverter switching 

angles (𝜶). These are then stored in LUTs.

0

0

0

0

1 1

1 1

 1 𝑓𝑟  1 𝑓𝑟

𝑆
𝑢

𝑆
𝑢

𝑆
𝑢
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OPTIMIZATION PROBLEM
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OPTIMIZATION PROBLEM

 A small pulse number is chosen (𝑞 = 5,9).  reduced switching losses.

 The switching angles are determined
by minimizing the current THD. .  reduced copper and conduction losses (𝑅𝐷𝐼𝑟𝑚𝑠

2 ).

𝛼1

𝜔𝑟𝑡0

1

𝑆
𝑢
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0

1

𝑆
𝑣

0

1

𝑆
𝑤

0 𝜋

Number of optimized angles
ℓ = 𝑞 − 1



OPTIMIZATION PROBLEM

 A small pulse number is chosen (𝑞 = 5,9).  reduced switching losses.

 The switching angles are determined
by minimizing the current THD. .  reduced copper and conduction losses (𝑅𝐷𝐼𝑟𝑚𝑠

2 ).
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𝜔𝑟𝑡0

1

𝑆
𝑢
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0
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𝑆
𝑣
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1

𝑆
𝑤

0 𝜋

Number of optimized angles
ℓ = 𝑞 − 1

Half-wave symmetry

inverted



OPTIMIZATION PROBLEM

 A small pulse number is chosen (𝑞 = 5,9).  reduced switching losses.

 The switching angles are determined
by minimizing the current THD. .  reduced copper and conduction losses (𝑅𝐷𝐼𝑟𝑚𝑠

2 ).
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OBJECTIVE FUNCTION FORMULATION [1]
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Formulation of the harmonic motor phase current  𝑖𝑠,ℎ
𝑢 𝑡, 𝜶

with respect to the inverter switching angles  𝜶, 

considering also the anisotropic properties of the PMSM, i.e. the anisotropic factor 𝝀



OBJECTIVE FUNCTION FORMULATION [1]
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𝜃𝑈: phase angle of the voltage vector 𝑢𝑠,1(𝜶)

𝜙𝑜: initial rotor position 



OBJECTIVE FUNCTION FORMULATION [1]
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𝑎(𝜶), 𝑏(𝜶): Fourier vectors

𝛾(𝜶): phase angle of 𝑎1(𝜶), 𝑏1(𝜶)

𝜃𝑈: phase angle of the voltage vector 𝑢𝑠,1(𝜶)

𝜙𝑜: initial rotor position 

𝑎𝜈 𝜶 =
2𝑈𝑑𝑐

𝑣𝜋
 

𝑘=1

ℓ

(−1)𝑘+1sin(𝑣𝛼𝑘)

𝑏𝜈 𝜶 =
2𝑈𝑑𝑐

𝑣𝜋
1 +  

𝑘=1

ℓ

(−1)𝑘cos(𝑣𝛼𝑘)

𝛾 𝜶 = arctan
𝑎1 𝜶 − 𝑏1 𝜶 tan𝜃𝑈

−𝑎1 𝜶 tan𝜃𝑈 − 𝑏1 𝜶



OBJECTIVE FUNCTION FORMULATION [1]
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Phase voltage in time domain:

𝑎𝜈 𝜶 =
2𝑈𝑑𝑐

𝑣𝜋
 

𝑘=1

ℓ

(−1)𝑘+1sin(𝑣𝛼𝑘)

𝑏𝜈 𝜶 =
2𝑈𝑑𝑐

𝑣𝜋
1 +  

𝑘=1

ℓ

(−1)𝑘cos(𝑣𝛼𝑘)

where:

𝛾 𝜶 = arctan
𝑎1 𝜶 − 𝑏1 𝜶 tan𝜃𝑈

−𝑎1 𝜶 tan𝜃𝑈 − 𝑏1 𝜶

𝒖𝑠
𝑢𝑣𝑤 𝑡, 𝜶 =  

𝜈=ℋ

∞

𝑎𝜈 𝜶 cos 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 + 𝑏𝜈 𝜶 sin 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶

𝑎𝜈 𝜶 cos 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −
2𝜋

3
+ 𝑏𝜈 𝜶 sin 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −

2𝜋

3

𝑎𝜈 𝜶 cos 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −
4𝜋

3
+ 𝑏𝜈 𝜶 sin 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −

4𝜋

3

𝑎(𝜶), 𝑏(𝜶): Fourier vectors

𝛾(𝜶): phase angle of 𝑎1(𝜶), 𝑏1(𝜶)

𝜃𝑈: phase angle of the voltage vector 𝑢𝑠,1(𝜶)

𝜙𝑜: initial rotor position 

ℋ = {1,5,7,11,13,… }



OBJECTIVE FUNCTION FORMULATION [1]
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Phase voltage in time domain:

𝒖𝑠
𝑢𝑣𝑤 𝑡, 𝜶 =  

𝜈=ℋ

∞

𝑎𝜈 𝜶 cos 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 + 𝑏𝜈 𝜶 sin 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶

𝑎𝜈 𝜶 cos 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −
2𝜋

3
+ 𝑏𝜈 𝜶 sin 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −

2𝜋

3

𝑎𝜈 𝜶 cos 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −
4𝜋

3
+ 𝑏𝜈 𝜶 sin 𝜈 𝜔𝑟𝑡 + 𝜙𝑜 + 𝛾 𝜶 −

4𝜋

3

𝒖𝑠
𝑘 𝑡, 𝜶 =

𝑅𝑠 −𝜔𝑟𝐿𝑠
𝑞

𝜔𝑟𝐿𝑠
𝑑 𝑅𝑠

𝒊𝑠
𝑘 𝑡, 𝜶 +

𝐿𝑠
𝑑 0

0 𝐿𝑠
𝑞

𝑑

𝑑𝑡
𝒊𝑠
𝑘 𝑡, 𝜶 +

0
𝜔𝑟𝜓PM

→ 𝒊𝑠
𝑘 𝑡, 𝜶 = ⋯

Clarke-Park Transformation

Inverse Clarke-Park Transformation

𝐿𝑠
𝑑 ,𝐿𝑠

𝑞
: d- and q-axis inductances

𝑅𝑠: stator resistance

𝜓𝑃𝑀: PM flux linkage



OBJECTIVE FUNCTION FORMULATION
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𝑖𝑠,ℎ
𝑢 𝑡, 𝜶 =

1

2𝜔𝑟𝐿𝑠
𝑞  

𝜈=6𝑖

∞

 
𝑎𝜈−1 𝜶

𝜈 − 1
𝝀 + 1 cos 𝜈 − 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 − 1 𝛾 𝜶 −

𝜋

2

+
𝑎𝜈+1 𝜶

𝜈 + 1
𝝀 − 1 cos 𝜈 − 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 + 1 𝛾 𝜶 −

𝜋

2

−
𝑏𝜈−1 𝜶

𝜈 − 1
𝝀 + 1 cos 𝜈 − 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 − 1 𝛾 𝜶

−
𝑏𝜈+1 𝜶

𝜈 + 1
𝝀 − 1 cos 𝜈 − 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 + 1 𝛾 𝜶

+
𝑎𝜈−1 𝜶

𝜈 − 1
𝝀 − 1 cos 𝜈 + 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 − 1 𝛾 𝜶 −

𝜋

2

+
𝑎𝜈+1 𝜶

𝜈 + 1
𝝀 + 1 cos 𝜈 + 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 + 1 𝛾 𝜶 −

𝜋

2

−
𝑏𝜈−1 𝜶

𝜈 − 1
𝝀 − 1 cos 𝜈 + 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 − 1 𝛾 𝜶

 −
𝑏𝜈+1 𝜶

𝜈 + 1
𝝀 + 1 cos 𝜈 + 1 𝜔𝑟𝑡 + 𝜙𝑜 + 𝜈 + 1 𝛾 𝜶

𝜆 =
𝐿𝑠

𝑞

𝐿𝑠
𝑑

Harmonic phase current in time domain:

𝜆 : anisotropic factor

𝑎𝜈 𝜶 =
2𝑈𝑑𝑐

𝑣𝜋
 

𝑘=1

ℓ

(−1)𝑘+1sin(𝑣𝛼𝑘)

𝑏𝜈 𝜶 =
2𝑈𝑑𝑐

𝑣𝜋
1 +  

𝑘=1

ℓ

(−1)𝑘cos(𝑣𝛼𝑘)

where: 𝑖 = {1,2,… }

𝛾 𝜶 = arctan
𝑎1 𝜶 − 𝑏1 𝜶 tan𝜃𝑈

−𝑎1 𝜶 tan𝜃𝑈 − 𝑏1 𝜶



OBJECTIVE FUNCTION FORMULATION
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RMS value of the harmonic phase current:

𝐼𝑠,ℎ,𝑅𝑀𝑆 𝜶 =
1

𝜔𝑟𝐿𝑠
𝑞   

𝜈=6𝑖

∞

 
𝑎𝜈−1 𝜶

𝜈 − 1

2

+
𝑎𝜈+1 𝜶

𝜈 + 1

2

+
𝑏𝜈−1 𝜶

𝜈 − 1

2

+
𝑏𝜈+1 𝜶

𝜈 + 1

2
𝜆2 + 1

4

+2
𝑎𝜈−1 𝜶

𝜈 − 1

𝑎𝜈+1 𝜶

𝜈 + 1
+

𝑏𝜈−1 𝜶

𝜈 − 1

𝑏𝜈+1 𝜶

𝜈 + 1

𝜆2 − 1

4
cos(2γ 𝜶 )

  +2
𝑎𝜈−1 𝜶

𝜈 − 1

𝑏𝜈+1 𝜶

𝜈 + 1
−

𝑎𝜈+1 𝜶

𝜈 + 1

𝑏𝜈−1 𝜶

𝜈 − 1

𝜆2 − 1

4
sin(2γ 𝜶 )

1
2



OBJECTIVE FUNCTION FORMULATION
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RMS value of the harmonic phase current:

𝐼𝑠,ℎ,𝑅𝑀𝑆 𝜶 =
1

𝜔𝑟𝐿𝑠
𝑞   

𝜈=6𝑖

∞

 
𝑎𝜈−1 𝜶

𝜈 − 1

2

+
𝑎𝜈+1 𝜶

𝜈 + 1

2

+
𝑏𝜈−1 𝜶

𝜈 − 1

2

+
𝑏𝜈+1 𝜶

𝜈 + 1

2
𝜆2 + 1

4

+2
𝑎𝜈−1 𝜶

𝜈 − 1

𝑎𝜈+1 𝜶

𝜈 + 1
+

𝑏𝜈−1 𝜶

𝜈 − 1

𝑏𝜈+1 𝜶

𝜈 + 1

𝜆2 − 1

4
cos(2γ 𝜶 )

  +2
𝑎𝜈−1 𝜶

𝜈 − 1

𝑏𝜈+1 𝜶

𝜈 + 1
−

𝑎𝜈+1 𝜶

𝜈 + 1

𝑏𝜈−1 𝜶

𝜈 − 1

𝜆2 − 1

4
sin(2γ 𝜶 )

1
2

 𝜎𝑎𝑛𝑖𝑠𝑜 𝜶
𝜆,𝜃𝑈



ANISOTROPIC PMSM
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Objective function for an anisotropic PMSM:

 𝜎𝑎𝑛𝑖𝑠𝑜 𝜶
𝜆,𝜃𝑈

=   

𝜈=6𝑖

∞

 
𝑎𝜈−1 𝜶

𝜈 − 1

2

+
𝑎𝜈+1 𝜶

𝜈 + 1

2

+
𝑏𝜈−1 𝜶

𝜈 − 1

2

+
𝑏𝜈+1 𝜶

𝜈 + 1

2
𝝀2 + 1

4

+2
𝑎𝜈−1 𝜶

𝜈 − 1

𝑎𝜈+1 𝜶

𝜈 + 1
+

𝑏𝜈−1 𝜶

𝜈 − 1

𝑏𝜈+1 𝜶

𝜈 + 1

𝜆2 − 1

4
cos(2γ 𝜶 )

  +2
𝑎𝜈−1 𝜶

𝜈 − 1

𝑏𝜈+1 𝜶

𝜈 + 1
−

𝑎𝜈+1 𝜶

𝜈 + 1

𝑏𝜈−1 𝜶

𝜈 − 1

𝜆2 − 1

4
sin(2γ 𝜶 )

1
2

𝑢𝑠,1 = 𝑚
𝑈𝑑𝑐

2

0 ≤ 𝛼1 ≤ ⋯ ≤ 𝛼ℓ ≤ 𝜋

s.t.

min
𝛼∈ [0, 𝜋]

 𝜎𝑎𝑛𝑖𝑠𝑜 𝜶
𝜆,𝜃𝑈

Optimization problem

𝑚

𝜆

𝜃𝑈

𝜶

The optimized angles for an anisotropic PMSM depend not only on 
𝑚 but also on the load angle 𝜃𝑈 and anisotropic factor 𝜆. 

LUTs



ISOTROPIC PMSM
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Objective function for an isotropic PMSM:

 𝜎𝑖𝑠𝑜 𝜶 = 𝜎𝑎𝑛𝑖𝑠𝑜 𝜶
𝜆=1

=
1

2
 

𝜈=6𝑖±1

∞
𝑎𝜈

2 𝜶 + 𝑏𝜈
2 𝜶

𝜈2

𝑢𝑠,1 = 𝑚
𝑈𝑑𝑐

2

0 ≤ 𝛼1 ≤ ⋯ ≤ 𝛼ℓ ≤ 𝜋

s.t.

min
𝛼∈ [0, 𝜋]

𝜎𝑖𝑠𝑜 𝜶

Optimization problem

LUTs 𝜶𝑚

The optimized angles for an isotropic PMSM depend solely on 
the modulation index 𝑚.



OPTIMIZATION RESULTS FOR 𝛼7 (𝑚 = 0.9, 𝑞 = 9)
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EXPERIMENTAL RESULTS
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ELECTRICAL DRIVE SYSTEM

PMSM

Max. power Pmax = 125kW

Max. torque Tmax = 250Nm

Max.  Speed nmax = 11400rpm

Pole pairs 𝑝 = 6

Anisotropic factor 𝜆 = 2.5 − 3.2

27

𝑈𝑑𝑐

2-Level VSI

Rated power PN = 361kW

Rated voltage UN = 550V

Rated current IN = 379A rms

DC-link

Dc-link voltage 𝑈𝑑𝑐 = 400 V

Dc-link capacitor 𝐶 = 320 μF

𝑢𝑑𝑐−
𝑢



EXPERIMENTAL RESULTS
Operating Point

𝑇ref = 20 Nm

𝑛ref = 8500 rpm

𝑚 = 0.9

𝜃𝑈 = 1.94 rad

𝜆 = 3.146

28

„Isotropic angles“: inverter switching angles optimized for an isotropic PMSM.

„Anisotropic angles“: inverter switching angles optimized for an anisotropic PMSM.

𝑢
𝑑
𝑐
−

𝑢
/𝑉



EXPERIMENTAL RESULTS

OPP ISOTROPIC ANGLESOPP ANISOTROPIC ANGLES

Time /ms Time /ms

𝑖 𝑠𝑢
/𝐴

𝑖 𝑐
/4

/𝐴
𝑢

𝑑
𝑐
−

𝑢
/𝑉
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EXPERIMENTAL RESULTS

OPP ISOTROPIC ANGLESOPP ANISOTROPIC ANGLES

𝑓𝑠,𝑂𝑃𝑃 = 𝑞𝑓𝑟 = 7.65𝑘𝐻𝑧

Time /ms Time /ms

𝑖 𝑠𝑢
/𝐴

𝑖 𝑐
/4

/𝐴
𝑢

𝑑
𝑐
−

𝑢
/𝑉

1.6% reduction in the current harmonic 

distortion with the optimized switching 

angles for an anisotropic PMSM.

30

The same switching frequency is used (𝑞 = 9).



SVM

𝑓𝑠,𝑆𝑉𝑀 = 10𝑘𝐻𝑧𝑓𝑠,𝑂𝑃𝑃 = 𝑞𝑓𝑟 = 7.65𝑘𝐻𝑧

Time /ms Time /ms Time /ms

𝑖 𝑠𝑢
/𝐴

𝑖 𝑐
/4

/𝐴
𝑢

𝑑
𝑐
−

𝑢
/𝑉

EXPERIMENTAL RESULTS
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OPP ISOTROPIC ANGLESOPP ANISOTROPIC ANGLES



EXPERIMENTAL RESULTS

SVM

𝑓𝑠,𝑆𝑉𝑀 = 10𝑘𝐻𝑧𝑓𝑠,𝑂𝑃𝑃 = 𝑞𝑓𝑟 = 7.65𝑘𝐻𝑧

Reduced current harmonic distortion with reduced inverter switching frequency with OPP  Efficiency enhancement is expected.

Time /ms Time /ms Time /ms

𝑖 𝑠𝑢
/𝐴

𝑖 𝑐
/4

/𝐴
𝑢

𝑑
𝑐
−

𝑢
/𝑉
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OPP ISOTROPIC ANGLESOPP ANISOTROPIC ANGLES



VALIDATION OF THE EQUATIONS

Derivation of the analytical equations in the time domain of: 

• 𝒊𝑠
𝑢𝑣𝑤(𝜶, 𝑡), 𝒊𝑠

𝑑𝑞
(𝜶, 𝑡)

• 𝒖𝑠
𝑢𝑣𝑤 (𝜶, 𝑡), 𝒖𝑠

𝑑𝑞
(𝜶, 𝑡)

• 𝑺𝑢𝑣𝑤 (𝜶, 𝑡)
• 𝑖𝑏(𝜶, 𝑡), 𝑖𝑐 (𝜶, 𝑡), 𝑖𝑖𝑛𝑣 (𝜶, 𝑡)

33

𝑈𝑑𝑐



𝑰𝑻𝑯𝑫/% Anisotropic angles Isotropic angles

Measured 10.1 11.7

Calculated 9.96 11.39

ISOTROPIC ANGLESANISOTROPIC ANGLES

VALIDATION OF THE EQUATIONS (MOTOR PHASE CURRENT)
𝑖 𝑒

𝑟
,𝜈

/A

Harmonic order Harmonic order

𝑖 𝑠
,𝜈𝑢

/𝐴

34

𝑖𝑒𝑟,𝜈 = abs  𝑖𝑠,𝜈
𝑢

meas
−  𝑖𝑠,𝜈

𝑢

calc



𝑰𝒄/𝟒,𝑹𝑴𝑺/𝐀 Anisotropic angles Isotropic angles

Measured 7.91 8.37 

Calculated 7.86 8.7 

ISOTROPIC ANGLESANISOTROPIC ANGLES

VALIDATION OF THE EQUATIONS (CAPACITOR CURRENT)
𝑖 𝑐

/4
,𝜈
/𝐴

Harmonic order Harmonic order

35

𝑖𝑒𝑟,𝜈 = abs  𝑖𝑐/4,𝜈
meas

−  𝑖𝑐/4,𝜈
calc

𝑖 𝑒
𝑟
,𝜈

/A



CONCLUSION
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OPP for an anisotropic PMSM:

 The anisotropic properties of the PMSM influence the optimized inverter switching angles.

 Increased memory requirements for the controller when the optimized angles for an anisotropic PMSM are used 

(three-dimensional LUTs)

OPP vs. asynchronous SVM:

 Better dc-link voltage utilization with OPP.

 The inverter switching frequency can be reduced with OPP, without compromising on the motor current quality.

 An efficiency enhancement is expected.
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Agenda
• Project UnABESA


• Dual Active Bridge DC-DC Converter


• Open Loop Control with Analytic Equations


• Deriving Equations for Triangular Buck Mode


• Considering Additional Parasitic Effects


• Comparing Traditional to Extended Equations 


• Conclusion
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UnABESA Research 
Project
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UnABESA Research Project

Plug & PlayAutomotive-Battery Grid

!4
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UnABESA Research Project

DC-Rail 400 V 
50 Hz

!5
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UnABESA - Converter

The UnABESA converter has to be:


• Galvanically isolated


• Bi-directional


• Efficient

!6



Dual Active Bridge 
Converter
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Dual Active Bridge
Principle of operation:


• High frequency AC modulated with h-bridges


• Current limited by stray inductance of 
transformer

 8
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UnABESA DAB Design

!9

Parameter Value

Input Voltage 700V

Output Voltage Range 300V - 450V

Nominal Power 20kW

Switching Frequency 60kHz

Leakage Inductance 23µH

Transformer Ratio 2

Equivalent Resistance 441mΩ
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Daniel Goldmann

Dual Active Bridge
Principle of operation:


• High frequency AC modulated with h-bridges


• Current limited by stray inductance of 
transformer

 10
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DAB Simplified

Simplified DAB model:


• Voltage sources are 
dependent on h-bridge state


• Resistances and inductances 
are combined and referenced 
to primary side

 11

State S1 S2 S3 S4

1 On Off Off On

0 On Off On Off

0 Off On Off On

-1 Off On On Off
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DAB Simplified

 12

VL(sP, sS) = VP(sP) − VS(sS) − VR

IL(sP, sS, t) = I0 +
VL(sP, sS)

L
t

VP(sP) =
+V1 ∀ sP = + 1
0 ∀ sP = 0
−V1 ∀ sP = − 1

VS(sS) =
+V2 n ∀ sS = + 1
0 ∀ sS = 0
−V2 n ∀ sS = − 1



Open Loop Control 
with Analytic Equations
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Operating Range

• Trapezoidal and triangular 
modulation are used


• The borders are different for 
varying power flow directions


• Different borders due to 
voltage drop over resistor

 14
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TRIM BU 

• Triangular Modulation in Buck 
Mode


• Discontinuous mode of TRAM


• Useable for low output 
voltages and partial load

 15
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TRIM BU 
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IL(t) =

V1 − V2 n − VR

L t ∀ t = 0…t1
V1 − V2 n − VR

L t1 +
−V2 n − VR

L (t − t1) ∀ t = t1…t2
0 ∀ t = t2…t3

VR =
t3
t1

Iavg R

t3 =
1

2 fs
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TRIM BU 
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Iavg =
1
t3 ∫

t1

0

V1 − V2 n − VR

L
t dt

t1 =
Iave R ± (Iave R2 + 16 Lfs (V1 − V2 n))Iave

4 fs (V1 − V2 n)
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TRIM BU 
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∫
t2

0
VL(sP, sS) dt = 0

0 = ∫
t1

0
(V1 − V2 n − VR) dt + ∫

t2

t1

(−V2 n − VR) dt

t2 =
2 ⋅ V1 ⋅ fs ⋅ t2

1

2 ⋅ V2 n ⋅ t1 ⋅ fs + Iavg ⋅ R
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Commutation Time

• Limited dv/dt over 
semiconductors for ZVS


• Voltage slope dependent on 
inductor current I_L


• Correcting of the times 
dependent on the switching 
event is necessary 

 19



Analytic Open Loop Control

Daniel Goldmann

Commutation Time

• Slow commutation for ZCS


• No current flowing to 
discharge the parasitic 
capacitances


• Correcting of the times 
dependent on the switching 
event is necessary 
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Conventional Equations

Conventional Equations


• The voltage drop over the 
resistor is not considered


• Zero current switching is not 
achieved


• The desired current is not 
transmitted

 21



Analytic Open Loop Control

Daniel Goldmann

Conventional Equations

New Equations


• Current during zero current 
phases reduced


• The desired current is 
transmitted

 22
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TRAM

 23
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TRAM

 24



Conclusion
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Conclusion
• Conventional equations for predictive open loop control have been 

improved by taking additional effects into account


• Voltage drop over equivalent resistor


• Limited commutation time


• Dead Time


• Improved Performance has been measured with a prototype


• A very fast step response has been measured

!26



Questions


