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Introduction: HM research environment
HM (www.hm.edu), ISES (ises.hm.edu) and LMRES (Imres.ee.hm.edu)

HM - Munich University of Applied Sciences
* 14 departmens

2 ok « >18.000 students
(G « ~480 professors
Hambora + 3 campuses

ISES - Institute for Sustainable Energy Systems
PO pute « 8 research labs (8 professors)
z « 34 PhD candidates

Esen. * LMRES - Laboratory for Mechatronic and Renewable Energy

i ‘Systems
s « International team
« 15 PhD candidates (status 2024)
—— « >150 publications / >8 3 Mio. € raised
Manriem
atanse

R AR08
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https://www.hm.edu/en/index.en.html
https://ises.hm.edu
https://lmres.ee.hm.edu/en/?L=0
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Introduction: LMRES research activities
Research projects and research goals (funding: > 8.3 million €; e.g. DAAD, Bavaria, BMBF, BMWi, DFG, EU)

- [~ = B -
turbine systoms
othormal Wave Blachelo vikitoles Additional ) Specification, design
onergy systems energy converters functlonallty Generic developmer.tl & (cons"ucuon)
~ ) . framework (tool chain) X . .
= (e.g. active noise for: (generic, easy, fast, optimal, multi-
cancellation/suppression) - N criteria optimization)
« Power electronics
« Electrical machines
\ « Filters
A ekl | SRy + Mechatronics
.ifl'n Kon systoms Multilevel converters Electrical drives Opera"on . Renewables Modelllng
- s R —- management LI éconlmea;,hsmld'l;,nag. l!‘la{z
intelligent, optimal, * (Grids) RDIC PYSICS 050 CERD
e(ﬂlﬂemgaself Ie‘;‘wng) « (Digital twins of space modelling)
\ systems of systems) l
AIRDONE w1l Power systems Motlon control
vt - b dcores Control System identification
) T & self-commissioning
ault-tolerant, self-learning, (real-time applicable, robust, fault-
optimal, predictive) aware, self-leaming)
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Introduction: LMRES research interests

Interdisciplinary expertise & publications

i Electro-active
polymers
[1-3]

Mechatronic and
renewable energy
systems

e N\
= T = System . Fric- Non-identifier
5 o identification W tion based adaptive
- [9-26] || = - [27-29] control [14, 27, 30—46]
§ J
- ' L. ;
Paper [ Supervision & «2. Mechatronics &
coating A teaching (Award) : robotics
machines [157-163] [27, 28, 40, 46-58]
L [4-8] b

Power electronics
[19-21, 46, 58-88]

~ Wind energy, renewables

« & smart grid [13-15, 44, 46,
57, 58, 60, 61, 67, 68, 70-72,
_ 74,79, 85,93-95, 98, 100, 107,
112, 120, 132, 136, 139-156]

Electrical machines

& drives [13, 15, 17,
23-27, 30, 32, 33, 45,
46, 51, 55, 57, 69, 77,

78, 80, 89—-138] )

Modern electrical drives
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Motivation

Emerging applications of electrical drives: Electrical drives are the mechatronic actuators of the future

(c) Autonomous, full-electric tractor (farming). (d) Full-electric aircraft.
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Motivation

Electrical machines — widely-used, compact and efficient actuators

/%

wwwbmw.d www.siemens.com ww.siemens.com www.lilium.com
= household and buildings (e.g. wasching machines, air conditioning or fans)
= industrial applications (e.g. pumps, milling, grinding)
= 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

Core components of mechatronic system

supervisory energy
control source

(e.g., GUl or (e.g., power grid,
Host-PC) battery)

X B [y

physical system :

mechatronic actuator : ;
(current-controlled drive) : {electro-mechanical system)

control Dot power electric : mechanical load
system PR electronics - o machine Pl o coupling W o machine
(e.g.,PLG,DSP [T 77 (e.g., voltage source [~ (e.g.,IM,EESM, [T 7| (eg., clutch, gear, [~ g (e.g., CNC,
or FPGA) - inverter) PMSM, RSM) : shaft) rolling mill)
A

Sensors
(e.g., encoder, :
voltage & current instrumentation :
measurement) (measurement of actual :
values) :

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 8/128



Outline

Motivation

m Motion control via mechatronic actuators

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 8/128



Motivation

Motion control via mechatronic actuators

feedforward
control

W

R

speed

Myef

my (load torque + friction)

l

controller

l :
=Y
()<

Dot »O , position
_ controller

disturbance
observer

implementation (software)
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Motivation

Block diagram of mechatronic actuator (e.g., with electrical three-phase machine)

mechatronic actuator (torque generation)

electrical drive (inverter & machine)

¢ (rotor position) ug. (€nergy source)
l l u;‘f;i“f electrical three-phase maschine
i cabe be cabe -
JLo— optimal i current ullls voltage stator ot electro‘ My
feedforward = controller source network magnetic >
torque control inverter conversion

e (noise)
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Motivation

Overall control system (e.g., for Reluctance Synchronous Machine (RSM))

CEEs Tp() Toh DAC PWM T
‘] P0) ug®(t)
ITE

T et [K]
ORCC o
i ADC . current sensor
i K] E i (1) ,:} iz (1)
inverter ptima
input /output (1/0) lir n Lonlinearity reference voltage ADC encoder
)ii compensation (INC)  isaturation (ORVS, Smlt) ,:}

energy conversion (hardware)

implementation (software)
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Nonlinear modelling: Motivation

Output of DeepAl Figure Generator (prompted with “Electric vehicle with motor, power electronics & battery”)
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https://deepai.org/machine-learning-model/text2img
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Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
= Electrical circuit

m Electrical machine
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Electrical circuit with rectifier

Diode rectifier DC-link Voltage source inverter (VSI)
2g A
iy it
T
O TR e S I 4 9 4
Ude
= i
’ i Cle i b
)R T2 Tb Tysi
A Ds A0 AD: 92 % 94 % 96 %
Zg Zsi
!/ = (91, 9o, , 05 1//,\7
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Electrical circuit with rectifier (ideal semi-conductors)

Diode rectifier (ideal) DC-link Voltage source inverter (VSI; ideal)
+ +
Zg Zysi
; Sy S3 S5
2,
N\ Ds /\ Ds /N D1 « Sesi S\b/si v
. Ude [
ig — Qysi
g i Cac i ?
il»! Tysi
Ko Ko Rm A T A
2 4 6
Zg Zosi
T [a b T
Sw—\ = (Svsiy § Sy \‘
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Electrical circuit with split dc-link and mid-point voltages (ideal switches)

DC-link Voltage source inverter (VSI; ideal)
+ +
Zg Zysi
e,

-+
lg Tysi
tqc
u§“ fr— s 51 s 5s e S5
2Cy vsi vsi vsi
a
Uy
M
o -==-== -0 ¢
p Lysi -c
Uy / Lysi
\
e e 8% — b 84

204 Sz Sy Se
e
Zg Zsi \

abc a b c oy
Sysi = (Susis Svsi» Svsi)

HM®
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Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)

= Switching model

m Electrical machine
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Switching model (as matrix-vector product)

DC-link Voltage source inverter (VSI; ideal)

s I This model
can easily and
modularly be ex-
tended to include

o ::’ PR AN
2 20(]( vsi Sysi vsi
conduction and

) vei
LA RE $e switching losses
‘g w / i e Reference po- as well [1 64]

tential
(e.g., machine-
side)

gy 1 -1 0
viC= |l | = | 01 18U
ul? 10
U HUb g H U =0 abe Ugc 2 -1l abc abe 1
== ' ? -1 2 -1 Sysi = Udc (svsi - 513) +13U'crn

-1 -1 2 ——
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Modulation: Voltage hexagon
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Modulation: Pulse Width Modulation (PWM) and Space Vector Modulation (SVM)

PWM

abe

VS|

ab_c

abe
Uyef

SVM

ab_c

abe
vsi

e
e

b
u?efc Svsi {
el F——pr ::{ P

Switching signal vector

Switching signal vector

a a
Uref  __ Uref,sym
RN K Cre S o("seg — )
abe _ b — Uref abe __ Uref svm
Svsi = SZsi - g “dc/2 Ucar Sysi = g udc/2 — Uear
Svsi Uy Uref svm
g Uge/2 Ucar g uge/2 Ucar

with Heaviside function with extended reference voltages

1 , T = 0 max(uf::)-i,-min(uf;’t?)
a(x) B 0 <0 abe abe
’x “?ebfc,svm = — | max(upet)+min(uger)

max(uf:f)wLmin(uf:fc)
2
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Modulation (example): Symmetrical PWM and averaged delay

—
-~
&
—
-~
s,
n
-
~ 05
“n
0
1
-
~ 05|
“n
ol
0

HM®

Zeit t /s
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= Dynamics and its approximation
m Electrical machine
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Dynamics and its approximation

PWM VSI SVM VSI
upef st T wet upef sitr [T we
P :bﬁﬁp:} or —p» E’H%E}
1 Tdelay 1 Tdelay

Delay depends on switching frequency % and implementation of PWM or SVM:

s (s)  _or 1
Tdclay Ty, =—> F Si(s) p— = ¢ Taclay o

A%

uI(“Lebe(S) 1+ STdelay
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Nonlinear modelling: Electrical machine
Exemplary 2D-FEM design of Electrically-Excited Synchronous Machine (EESM) with damper windings

it ol £=5 K. =48 A isg=48 & Surtace: Magnetic fux dancey serm (I

vt
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Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
m Electrical machine
= Key equations
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Nonlinear modelling: Electrical machine

Key equations: Dependencies for each winding of an electric machine (holds for transformer or rotatory machine)

Kirchhoff’s voltage equation:
= single-phase: u=Ri+ $¢ <= Ly =u—Ri

b be sab b b b be sab
= three-phase: u;“ = R; “i; © + Ly = S =, — R;%i,°, z€{s Fere,...}

where
= applied winding voltage u (arbitrary shape) or w® := (ug,ul,ul)’ € R?
= winding current i (arbitrary shape) or 2" := (il,is, i)' € R®

abc

= winding resistance R := R(i, ¢,w,d,...) or R := RI°(i1*, ¢, w, 92, ... ) e R**®

» flux linkage ¥ := (i, ¢,w,d,...) or P = (YL, )T = (L, b, w, 92, ... ) e R

Remark: Resistance R and flux linkage 1) may depend on states « := (i, ¢,w,d,...)" € R"= such as e.g.
current(s) ¢, angle ¢, angular frequency w and temperature(s) ¥ to cover iron losses, magnetic saturation &
cross-coupling, anisotropy, harmonics, proximity & skin effect, slip rings or winding asymmetries, etc.

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 22/128



Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
m Electrical machine

= Reference frames

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

22/128



Nonlinear modelling: Electrical machine

Reference frames (considering of y-component might be crucial [165])

wp = %% arbitrarily rotating (d, ¢, v)-reference frame

P . .
\Wr — @ ?r rotor-fixed (o, B,,)-reference frame

=0y stator-fixed (a, 3, v)-reference frame

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 23/128



Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
m Electrical machine

= Generic machine dynamics

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

23/128



Nonlinear modelling: Electrical machine

Generic machine dynamics: Three-phase machine model (cross-sectional view; without iron losses)

air gap
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Nonlinear modelling: Electrical machine

Generic machine dynamics: Three-phase machine model in (d, ¢, v)-reference frame [after Clarke and (arbitrary) Park
transformation]

Stator: dypdr = @ RITIT —wo Jops,
Stator iron: dtng‘pe = — quFZ} g‘?e —w Joz/;g‘ﬁ,
Rotor: 4 oy _ gty _ qu”zrq'y —(wp — w) ot ?,
Rotor ron: fofe = EmEm )i
Excitor: 4 day  _ ydn _ glavidn —(wp — e)Joi/)fma
Mechanical subsystem: Lom = é (mm — Bw, + ml)
fitm = w
(1)
with machine torque m,, (¢ g“’,zg’g,if‘”,ifﬂ,igq”, gfﬁ, ms - - - ) and rotation matrix (by w/2)
0 —1 0
Jo=[i % 3

Remark: Please note that consideration of v-component might be crucial to allow for e.g. currents including
third-order harmonics as possibly present in delta-connected or grounded star-point configurations [165].
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Nonlinear modelling: Electrical machine

Equivalent circuit of generic three-phase machine model in (d, ¢, v)-reference frame

air gap
d
71’(/‘ quv n Rl i;l(/.
i "
LI " [
. iy n dgy -dqry
aday RIT o R, % iy Fe
" —
— " —
"
u . dq| ¢ day
5 (wp—w) T | (wp—wr) T,
"
i 0 ul®
n
} " 4 (1,1¢/l l d ypday
s qy dgy " dt *r dt *'r,Fe
TN | (DT .
uL/fn 03 "
s "
"
d ,,day d opday o d
@ S.Fclg glmws n R il
u —1 -
u I
u
H ) Jowe?
" (wp_("'r) 0%e
u
" wl
" d apday
: [
"
"
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Dynamic simulation: Electrical machine dynamics

Possible implementations of electrical dynamics in (d, ¢, v)-reference frame [for simplicity: only considering stator currents]

= Flux linkage dynamics with inverse interpolation i*" = £ ' (127, ...)

s )

d .d d, d d
E,wsll’Y — uS‘Z"V _ R lI’Y q —w JO";[; dqy (2)

= Current dynamics with differential inductances and flux linkages

_ dgy dgvy
d qu'y _ (LSQ"{) 1 (u:lqw _ qu'y,&dq'y prO,d)dqw 6;/;?“1 9y - 61/;% %19 v ) 3)

d
::55(1’Y

= Current dynamics with differential and apparent inductances and permanent-magnet flux linkages

d .d dgyn—1( d ey o) e d d
dtzsq“/ = (Li7) (us‘” — RITGI _ yy Jo(LID 4 dgv | s a7y 4§ qv) (4)
N G dag~ , .dq~ 1 g,
Remark: Important to note that L?" := “‘(, e pdey o T )9 T ()

.dq~y
7,.51
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Dynamic simulation: Electrical machine dynamics

Crucial distinction: lllustration of differential inductance L (tangent) and apparent inductance 7, ,,, (secant)

/

)
h

i
(=

e

Y/ Vs

i/ A
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Dynamic simulation: Required system knowledge

Required system data and execution times for high-fidelity simulation of different dynamics implementations

FLD+II CD+DI&FL CD+DAIXPMFL
RY)(z) | 3(+0) x N,-D—LUTs | 3 (+0) x N,-D—LUTs | 3 (+0) x N,-D—LUTs
LI (z) — 3 (+3) x N,-D—LUTs | 3 (+3) x N,-D—LUTs
Lgiig%(a:) - - 2 (+1) x N,-D—LUTs
P2 () _ - 2 (+1) x N,-D—LUTs

¢¢Siq(v) 2 (+1) x Np-D—LUTs | 2 (+1) x N,-D—LUTs -

fo() yes no no
toxee (iNp.U.) | 1.00* /1077 / 2.55% 1.55 1.83

. = ! o N, . .
Remark: The states  := (42", ¢um, bp> Win, Wy, 9e ", ... ) € RN= comprise currents, machine and/or

transformation angles, machine and/or transformation angular frequencies and temperatures to allow for
proper simulation/emulation of iron losses, magnetic saturation and cross-coupling, anisotropy, proximity
and/or skin effect, slip rings or winding asymmetries, etc.; N, represents the dimension of the considered

I LMRES (HM) is working with several academic/industrial partners on fast, accurate and overall machine iden-
tification approaches in order to allow for even more sophisticated machine simulation and/or emulation.

HM®
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Dynamic simulation: Required system knowledge

Examples of identified stator/permanent-magnet flux linkages, differential/apparent inductances and back-emf harmonics

[wiady | ordal [ el | ni,ai [ e =,

d BIA T 40 jn /A
< >
= o
q 4010 7Ll' /A 2
-2 0 2
angle ¢y, / rad
dq/qd -

Remark: For simplicity, only the dependencies on i’ := (i?,i?)" are shown, i.e. z := (i%,i?)" with N, = 2.

syt = s, s
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Dynamic simulation

m Exemplary implementation results
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Dynamic simulation: Exemplary implementation results
Open-loop current responses for diff. dynamics implementations (3.8 kW IPMSM @ w,,, g =576 rad):
[=—1 FLD+lI (bil. Inv.), [ ] CD+DI&FL, [ ] CD+DAI&FL, [——] CD+DAI&FL (L4 d" =LY ; wrong implement.!)

s,app’
-20 T T T T T
20 E
40 i
> < 10 4
~ 60 } 4~
"c:m e 0 -
-80 | T -10 g
-100 - L L _20 L L
0 50 100 150 200 100 150 200
100 T T T T T e
80 | g
. < 20 /—
~ ~
¥ 60+ {1 = |
40 L 1 1 1 ] 1 1
0 50 100 150 200 100 150 200
t/ms t/ ms

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 31/128



Dynamic simulation: Exemplary implementation results

Comparison of closed-loop nonlinear electrical drive system (4.0 kW RSM @ w,,, ~ 80 %):
[ ] simulation (CD+DI&FL), [——] measurement

I Current oscillations in measurement are due to an- -
gle dependency and speed oscillations are due to that | «»
as well and a flexible shaft in addition (both effects are | ™|

neither modelled nor simulated here).

a ;
[l / V

rad/s
rad/s
S
I
rad/s
T
I

w,

T
W,
T

time t /s time t /s
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Dynamic simulation: Exemplary implementation results

Flux Linkage Prototype Functions (FLPFs) [25] — Analytic functions for flux linkage representation

@7 of typ. RSM v of typ. IPMSM General FLPF idea

55555
n:,',';,"'

) Vs

Jg (ng Zg) ’lps self( )

/ Vs

TR
RN ST RRY
‘““““\\““\

vl

N d .d
g(zsvzq)_ gself( )
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Dynamic simulation: Exemplary implementation results
Flux Linkage Prototype Functions (FLPFs) [25] — Observation for self-axis effects (9.6 kW RSM)

1.2 0.6 T
$2(0,4d)
- == 9d(0,id)
I (38A,4id)
Tq a4
w 0.8 |- » 0.4 Pd (38A,4d) i
- 2
= ~
T & —~
B o
= 04 |- S 02 |
~d,.d
=== WL, 0)
d,.d .
—{ (i, 38A)
ICIELIV)
| | I o
10 20 30

0
0 10 20 30 0
.d .
is /A i /A

(a) d-axis flux linkage v v.s. d-axis current i () g-axis flux linkage ¢¢ v.s. g-axis current i

e.g., o9 (i%)oc tanh(i¥/9) + %/

s,self
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Dynamic simulation: Exemplary implementation results
Flux Linkage Prototype Functions (FLPFs) [25] — Observation for cross-coupling effects (9.6 kW RSM)

1.1 0.45

q,.d q,.d q,.d
—— (304, i) vl (204, i) (104, :9) —— (i, 30A) ——d (if, 20A) (i, 104)
~ ~ ~ ~q,.d g ,.d ~q,.d
- - - %304, 30) D204, 38)= = = $E(104,37) === 9L ig, 30A) P (ig, 20A) = = = I (ig, 10A)
0
05 T30 —20 10 o 10 20 30 —30 -20 -10 0 10 20 30
. d
il /A is /A

(a) d-axis flux linkage wsd v.s. g-axis current il (b) g-axis flux linkage ¥J v.s. d-axis current ig

e.g., Aggossoc —In (cosh(i‘si/q)) or ¥ oC exp ( — (ig/q)Q)

S,Cross
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Dynamic simulation: Exemplary implementation results
Flux Linkage Prototype Functions (FLPFs) [25] — Estimation accuracy & properties (9.6 kW RSM)

Flux Imkages approxmated by
FLPFs ¢ (zs, id) & 7 (zs ,id) with
high accuracy (usually > 95%)

Energy conservation assured, i.e.
oddiz,id) _ odd(id,id) (
- .d

Oig

reciprocity)

s

I¥ Flux I|nkage prototype functions (FLPFs) can also be used for = Few parameters to be fitted (only
self-commissioning [166] or in the framework of Artificial Neu- 10 ~ 20 parameters needed)
ronal Networks (ANNSs) to identify inverter and machine simulta- = Differentiability allows to derive

"e°‘fs'y [138]. ) differential inductances analytically

= Inter-/extrapolation capability
due to analytical function
evaluation (no numerical
inaccuracies or oscillations)

= Extensibility ensures applicability
to different SMs (e.g., RSMs,
IPMSMs or even EESMs)

—40 —40 il /A
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Dynamic simulation: Exemplary implementation results

dqy
Active Harmonics Suppression (AHS) in 2.6 kW BLDC machine (compensating for 5‘:‘” = %wm)

20 .
1o L= = 0 ——#0) [wjo AHS] — () [(ABS]| | n

o L A""!“""‘] I(’ (“W le\ ‘H\.""“ iy W m it '!H*’l N)"!"‘ LN A [ ‘(l’l“ i 0 m, MWW “5 “’1“‘1

-20 &= | | | |

MARA AL\
u‘|",|(" \ B

d current / A
(=]

¢ current / A
(=]

torque / Nm

|
[
(S

500

rad
g
no

speed /
ot ot
o o ©

|
)

(== ) ——wonl) [w/o ATS] — () [ATIS]| ‘ I With AHS, torque ripples are reduced from 28.8% to
0 0.05 ’ 4.4%; to achieve that selected harmonics in reference cur-

|
o
=]
]

rents must be injected (paper in preparation).
(& J
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High-performance control

Overview

PWM 11 «

opisat T,0) T DAC
: i ulkilt) s | |
e | 1

Uge(t)

ADC - current sensor
N PO g B0
i

ORCC

optimal feedforwarc

orque control (OFT

input/output ( . - " ADC  cncoder
e pueent o compensa m‘\ INC) | isaturation ( 9plk] C O] 2], Ful®) «é'

energy conversion (hardware)

implementation (software)
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High-performance control: Nonlinear current control

Controller structure of input/output (I/0O) linearization based nonlinear current control system

dq
'u’s,ff
dgq
s,cc
Nonlinear (vector-valued) Pl controller 4, —y
%5, pi J:”
dq dq _dq dq _.dq ~dg .dq ~dgq qu
uS7CC = KP epi +I{i Z; +RS [ +prﬂ)S + s
d ..dq ~ dq dq
Ewi = faw (us,maxa us’ref) epi

with feedforward term u{% and integral state "/, gain matrices K3 := diag(k, k) and
K .= diag(k{, k") and anti-windup (“conditional integration”) with

; d ~
f (a udq f) = {0’ if ”usief” > us,max»
aw | Ys,max) Yg re

1, else.
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High-performance control: Nonlinear current control

T . R . . ) d dg 3 dg 7d d ~dq d,
Principle idea of I/O linearization (ideal conditions, i.e., ui%. = ug?, Ry’ = R2?, L’ = L% and 8" = 82%)

J
~ =
X <
dq -d dq
uspi ’I,Sq 'lz)
il d S
V ¢sq('amzp)
= ugqff
_ (r1ddq dq_ dq da,; dq dq dq dq dq dq dq1 _ ,,dq
4487 = (L)~ [LS g + BT+ wp JYt + 657 — R — wpJ 1y —65]—us7pi
~
udq Nudq

s,cc
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High-performance control: Nonlinear current control

Closed-loop system with reference current filter (after ideal 1/O-linearization and without anti-windup)

dq dq dq
I, T K% K
-dg i, -dq/ dq dq .d
s,ref 1 zs,ref epi ’u’s,pi ’qu
:}O:b ——>
.d
27

Reference current filter (optional; set T1 = diag(Tf}f,f,Tl‘éf) = 0,,, if not used)

id/qg 1 4 i
Fipe(s) = o = with 777 .= ==
.d/q d/q Ipf L4
Zs,ref I+s ,‘Tl '
Current closed-loop system (neglecting anti-windup)
kd/q
P _
Fa(s) = = Ky s + kg e
\S) = T T 3, Ldiq ajq a/q
Zs,rcf s+ kp s+ kq 1+ kd/q s+ d/q 52

1
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High-performance control: Nonlinear current control

Controller tuning via pole placement

.dg
ZS
M

Pole placement by comparing coefficients (separately for d & ¢ possible!)

Xfe/fq(s) =5+ 2Dd/qw3/q s+1=s+ kg/q s+ kg/q =: Xfl/q(s)
Obtained controller parameters (for given bandwidth wg/q and damping D)

—  kYe—2pY1,30 and K= (w9’
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High-performance control: Nonlinear current control

Vector-valued PI controller with anti-windup (conditional integration)

d
d qu d
d
ep? upq upiq
> L >
>
K
1
ot 7] it [
Ik > ——>
—
fgﬂ(')
d d
. ———————|
ST -1l

anti-windup (conditional integration)
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High-performance control

Inverter nonlinearity compensation: Overview

DAC
: IE ullee(t) W%W

ORCC

PWM

uf™(t)

ADC current sens

]

optimal feedforwarc
e control (OFT

inverter
nonlinearity

compensation (INC,

ADC encoder

implementation (software)

HM®
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High-performance control: Inverter nonlinearity compensation

Problem statement: Drawbacks of voltage source inverters

SVM VSI
abc abc abe
Uy ref Sg RN Ug

Tudc

Any voltage source inverter (VSI) suffers from four inevitable drawbacks (D,):
(D)) voltage deterioration due to nonlinear current-dependent voltage drops over semiconductors [167]
1 )

(D,) voltage ripples due to the switching behavior of the power electronic devices [168],

(D,) delayed voltage response due to modulation [169] _and

(D,) output voltage constraints due to a limited dc-link voltage.

= Here we will discuss and solve the first and third problem! For each drawback, several
improvements or compensation strategies exist. This subsection focuses on the first and third
drawback and its impact, in particular, on the output voltage by the inverter nonlinearity which
leads to a deteriorates from the desired VSI voltage. The second drawback can be tackled by
optimal pulse pattern and/or increased switching frequency [117, 128, 129].
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High-performance control: Inverter nonlinearity compensation

Nonlinear voltage drops in a half-bridge

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

DC-link half-bridge (simplified)
+ +
Zg Zhb
O—>—@ > S
i i P
v “hb
g ' , S].
Y %4c usw,l
Uge 1 PR
I = |\|* |&
de C1 uﬁ@
v
v M Uﬁ
o ----- -9 < ————— %o
1
ST
D 1
Ugw,2 : 1
Ugc B P
% 20** 677 \, Sg Zi
de 2 | uﬁg :
U 1
; ______ 1
o | I
Zg Znp

Mid-point voltage varies with switching
state and current direction (this holds for
any phase p € {a,b,c})

P

P _ :p
— U s =1n4, =0

2 sw,1 I
uP - u§°+u§71 ,st=1nd, <0
M T 5
e e TR BT A
_ Ug p D _ p
55 T Uy o , 51 =0n1d, <0

Remark: Important to note that voltage drops
P12 andul |, over power switch and power
diodes, respeCt/ve/y, usually depend on currents
and temperatures. Moreover, they may be
different for each upper and/or lower branch

(index 1 & 2) and each phase p € {a, b, c}.

u

46/128



High-performance control: Inverter nonlinearity compensation

Nonlinear voltage drops in a three-phase VSI

Assuming ug,, := uf, ; = ub, , and uf := ufl ; = u}j ,, one obtains (for all p € {a,b, c})

= (v = b + ) (o1 — ) — Bounli) (B + 18,

where

1 ,ifze>1
(@)= 1 .o

For a 2L-VSI, we have three phases p € {a, b, ¢}, switching vector s°¢ = (s{,s5,s¢)" and current

vsi

vector 2% = (ify,, ity i5,) ", which yields the mid-point voltage vector

i = diag [nac 1y — il + "] (5587 — 315) — 4 ding [sgn(ashy)] (we + ™).
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High-performance control: Inverter nonlinearity compensation

Average model
Assuming constant voltages v, 45" and u,. and identical signs sgn (i) of the currents
over one switching period T, = fi the average mid-point voltages at sampling instant % (i.e.,

t = kT,,,) are given by

W] = g S, w () dr
~ diag [ (] — wler (k] + ui (k] | (dete K] — 1) (5)
— 4 diag | sen(i Tk | (uie T4 + ui* [k])

with the duty cycle vector

abc
dygi [k] := %

vsi
sw

p— abc
JkT SabC(T) dr = ton [k]’ (6)

(k—1)Ty, Tsw

which depends on the on-time vector t22°[k] := (T2 [k], Tou[k], TS.[k]) T (e.9., as consequence of
modulation).
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High-performance control: Inverter nonlinearity compensation

Dead-time effects in a half-bridge

p P p P
515 51 ref Tgead + Tr’;se Tfill 51s él,rcf ,Tfill Té’ead + Trli)se
W K K_—)‘ K—
Tc’i),rcf thn,rcf
‘ P p ! b P p !
Uﬁ : Ton # Tl)n,ref : uﬁ I Ton # Ton,ref I
g~ L ‘ ‘ S S
s e
1 p ! — lu + P e— -
—3Ude — Uy T~~~ -~~~ ----~- — 2 Ydc sw 1
kTSW (k: + 1)Tsw kTsw (kj + 1)TSW
positive current (i.e., i, » > 0) negative current (i.e., i, < 0)

Hence, for each half-bridge / each phase p € {a, b, ¢}, one obtains

P /4 P /4 P =P
Ton = Toprer — (Tdead + Thise — Tfall) sgn (ify)-
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High-performance control: Inverter nonlinearity compensation
Dead-time effects in a three-phase 2L-VSI

cabc . s.a b .c \T jabc __ a b c\T g4abc a b 4 T
F(zr Tysi = (Zhbv hb> Zhb) ’ ton T (Torn Tonv Ton) ’ tdead T (Tdead7 Tdead7 Tdead) '
abe |

trise = (Tr?sev Trbisev Trcise)T and t(flabl? = (Tfalla Tfl;lh Tfi}ll)—ra the three'phase 2L-VSl result is
be be . .ab b b be
tone = taer — diag | sgn (505 | (ke + tike — ¢8%). (7)

be
abc o

Inserting d22¢[k] = t=21* (i.e., (6)) with (7) into (5) and recalling that

sw

abc abc —abc
—abc _ ton,ref [k] 1 ton,ref [k] _ uM,ref [k] 1
Uy rot[K] = (Tsw — 313 Jugclk] = T, — wuulk] T2 13

yields (details omitted and argument [k] neglected)

i OO0 diag 15— L (ul - ud") |
=[Cr7

. .ab . b b tabc ta.bc 7tabc b b
— diag [sgn(zﬁsic)] (dlag [Udclg — ugy + ug C] fdoadPrise=Prall 4 L (9 20¢ 4 437)

sw

_
abc

=:Cysi
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High-performance control: Inverter nonlinearity compensation

Transformation to (d, q)-reference frame (# 1)

Reference po:
tential
(e.g., machine-
side)

DC-link Voltage source inverter (VSI; ideal)
75 z
i
wl L
20,
s
M
S - b
uy
204
7 z

Clearly, the following holds

ul® = uf + u., 1, or
which implies
aﬁ_T abc_T abc T 1
uvsi =L Uy = LUy + cUecm i3 or
—_——  ——
_ B =0,
=uy

Modern electrical drives
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HM®

abe abe

Upef = Uy ref + ucm,ref137

af abc abc
Uper = Tcu‘ref - Tcu’M,ref + Tcucm,ref137
B =
:uﬁ,ref 02
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High-performance control: Inverter nonlinearity compensation

Transformation to (d, q)-reference frame (# 2)

dq dq
usyff Cysi
dgq dqg 79 .dq abe
Kp Ki Ls (ls ,:L'w) Cvsi
.dq dq dq dq dq
(2 epi us,pi e —— Us cc s,inc
—O—| " = 2| o O [
- 1 > >
.d
157
dg ! abc _ abc 1
us,cc - thl - (¢p) c Uygi = ((bp) c Uy + T ((bp) Tcucm]-S
—_——
=0,
8) abe -1 abc
= Tp(¢p) [Cvm] T T (¢p) ref p(¢p) cCvsi
dg1—1 d
=:[C] =icys;
dqg . _..dg _ abc_ dq dq
us,inc T Yref T CVBI b cc + Cysi
H M 9 Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

(9)

52/128



Outline

High-performance control
m Overview
m Nonlinear current control
m Inverter nonlinearity compensation

= Validation
m Optimal reference voltage saturation

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

52/128



High-performance control: Inverter nonlinearity compensation
Validation: Measured voltage response of SEMIKRON SKiiP 83 AC 12 in SEW MDX61B0220 at +10 A
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High-performance control: Inverter nonlinearity compensation
Validation: Measured voltage response of SEMIKRON SKiiP 83 AC 12 in SEW MDX61B0220 at +20 A
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High-performance control: Inverter nonlinearity compensation
] with INC

Validation: Measurement results [——1] without INC and [

Low-voltage measurements

50% | 1
=TT - 50%
~ 0%f . 0
o ~

—50% |- 13

o
———————— ~ %

—50%
5%
-
~:\ 0%
3
—5%

time / ms

Modern electrical drives

—50% 0% 50%
u® [ Juae

5%

Prof. Dr.-Ing. habil. Christoph M. Hackl

0%

A/ Zuge

I
5%

High- voltage measurements

50 %

0%

u / %um

—50%
50%

i
— 0%

—50%

o 5%

o

~ 0%

5
—5%
o 5%

o

=~ 0%
%

3
—5%

<

time / ms

W [ Bua

50%

0%

—50%

AP/ Buge

0%

5%

/ N
j \
/ \
i
\
\ /-
\‘ ,"‘
\ i/
\n..,._m _______ —— f
—50% 0% 50%
u® [ Fua
r e

I I
—5% 0% 5%

55/128



Outline
High-performance control

m Optimal reference voltage saturation

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 55/128



Outline

High-performance control
m Overview
m Nonlinear current control
m Inverter nonlinearity compensation
m Optimal reference voltage saturation
= Problem statement

H M | | Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 55/128



High-performance control

Optimal reference voltage saturation: Overview

VSI
K] i il i R Iy D RERE 0
il
ol 11
Toadl] | ORCC o
2 L ADC - current sensor
il &0 RN oSO vy SO
‘ =]
optimal feedforwarc input /output (I/0) linearisation nor \”m‘;‘\ \ referenc ‘\“‘\' ‘; "o _ ADC encoder
srque control (OF'TC based current control (CC) | compensation (INC) : isaturation (ORVS oplk] ]—‘C Sultl ol L% 7 L

reference frame ignal conversior

[]

implementation (software) energy conversion (hardware)
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High-performance control: Optimal reference voltage saturation

Problem statement: Drawbacks of converters

~dq , .q
Plw/ AW  Ls (i",2y) optsat SVM VSC
igicf ugz)i — u(si,qcc u;lg.gt S:bc I 'Uzgq
:>O;> ........ "l [ :}O:b —p| | - Hﬁﬁ:}
nlgq ﬂuiqﬁ Tu’dc

Any voltage source converter (VSC) suffers from four inevitable drawbacks (D,):

(D,) voltage deterioration due to nonlinear current-dependent voltage drops over semiconductors [167],
(D,) voltage ripples due to the switching behavior of the power electronic devices [168],

(D;) delayed voltage response due to modulation [169], and

(D.) output voltage constraints due to a limited dc-link voltage.
4

= Now we will discuss and solve the last problem in an optimal way (“optsat”) in order to reduce
its impact, in particular, on proportional-integral (P1) based control methods which still represent
the vast majority in industrial applications. For more advanced control methods like model
predictive control, the voltage constraints can directly be considered during controller design
and/or the optimization stage [135, 170, 171].
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High-performance control: Optimal reference voltage saturation

Proposed solution Optimal Reference Voltage Saturation (ORVS)

Goal of ORVS:
Minimization of the deviation between the desired current dynamics - %9 (u? 1:) (time derivative

of the currents) obtained for the control action u? 1 computed by the Pl control system if the

voltage constraints were not present and the feasible current dynamics - q(ui‘ggt, U max) dU€
to the active voltage constraint i ., i.e.

dq O max . d ~
s,qcc”uS ccH If ||uq H = us,max7
dq,* d dq dq d dq/, dqg ~ _ ~dq
ug sat = ari?nn” (us’pl) dtz (us 7us’maX)H N uiqff (1 - C )Ls u(si:;i? if ”us cc” = us max)
) uld,, else
In contrast to no saturation or conventional saturation
dq  Ug max ~
dq . us,qcc Hudq H If Hus CCH U’s,max:
us,sat = dq °c
'U's,cca else,
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High-performance control: Optimal reference voltage saturation

Proposed solution lllustration of the idea of Optimal Reference Voltage Saturation (ORVS)

s A I Consideration of voltage hexagon
as constraint is possible! (another pa-
per in preparation)

-, for PWM,
< for SVM.
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m Inverter nonlinearity compensation
m Optimal reference voltage saturation

= Input/ouput (I/O) linearization (recap)
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High-performance control: Optimal reference voltage saturation

Input/ouput (I/O) linearization (recap)

=~dq , .qq
Plw AW  Ls (", zy) optsat SVM VSC
.d d d dq,
zsgfef 'u’s:i)i —_— us,qcc usia*t Ssbc I qu
........ :. FLLTTTTTT T T
T
igq Uf(lff dc

I/0 linearization approach

ull ~ us 1 =L, da f‘;l + RYM% 4 J1,bdq + 6% (10)
=l

gives simple integral current dynamics %qu =% and allows for simple PLL-like tuning by

S,p1
pole placement (recall last slides).
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High-performance control: Optimal reference voltage saturation

PI controller design with anti-windup (recap)

~dq, .4
Plw AW Ls (3% ) optsat SVM VSC
igicf ugﬁ)i —_— Us cc ugz‘.gt S:bc RN Ug
—O)—> t """" = 5|, ——-(O)—> % —— % —— EHE —

n.d
l‘q

s us,ﬁ
Current control system
dg dq ( +dq -dgq dq_,dq
Ushi = KP (zs,ref — 1 ) + Ki Z;,
d _dq ~ dgq .dgq .d (11)
&wi - fa,w us,maxa u’s,cc ('Ls,ref — )

with integral state z{'?, gain matrices K¢ & K and anti-windup (“conditional integration”) with

. d ~
f <’[/j\, udq ) _ 07 if ||ub,?:CH > us,maxv
aw | Ys,max» Ys,cc 1 else.

)
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Outline

High-performance control
m Overview
m Nonlinear current control
m Inverter nonlinearity compensation
m Optimal reference voltage saturation

= Reference voltage saturation
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High-performance control: Optimal reference voltage saturation

Reference voltage saturation: Comparison of different approaches

~dq
Plw/ AW Ls (%, zy) optsat SVM VSC
dq,x

.dq dq dq be d
’l’s,ref us,pi —_— Us cc = || Us,sat Sg ¢ usq
:}O:b """" | | S :}O:b — — I HQE ——>

= optimal reference voltage saturation [—] with

47, Dognan if |2l ]| = e maxs
dg,* d dq dq d :dq q e, CCH d
= D) — 44 N = dq =dq g
uiln arqg;qunﬂ (ugpi) — s (ud?, Ty )| ugl + (1—¢") Ly ugly;, ff wle]| = T maxs
s ul?,, else
dg U5 max ~
U = if ||ull ]| =@
= conventional saturation [ ] with u{?,, := ZCC lugell’ oo e
USLe, else,

= no saturation (and no anti-windup) [—]
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High-performance control: Optimal reference voltage saturation

Validation: Simulation results at standstill (w,,, = 0): Control system with ORVS [——], with conventional saturation [ ]
and without saturation and anti-windup [—]

FT |
= 1.04 .
< w |- .
& 3102 .
o 1 i- y
0.98 L ! .
1 [ L -~ ‘ T ‘ T ]
] L 1
¥ > 081 .
T S | 4
% 0.6 [} ; I . i [
g S R S - T T T T T T T
& i 1.05 - 3
~
= o5 l l l B .
; 2” ! i ]‘ m r
ﬁiw 0 sy nithe ~ ) - ~ I 0.95 - | 7
= 0 0.05 0.1 0.25 0.26 0.27 0.28
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High-performance control: Optimal reference voltage saturation

Validation: Simulation results at rated speed (w,, = wy, r): Control system with ORVS [——], with conventional saturation
[ ] and without saturation and anti-windup [—]

/iR

s,R

q

1/Tmas 8/

dq
s,ref

[l
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Optimal operation: Motivation

Examples of anisotropic synchronous machines [172] with “saliency ratio” Lg/Lg #1 (e Liapp/Lq # 1)

s,app
[ ]:Magnettorque [ ]: Reluctance torque

1
1
1
(1) Pure PM Machine (2) PM/Reluctance Hybrid Machine

1l
<Increasing magnet flux

Reluctance Torque Assisted PMSM PM Torque Assisted SynRM
Inset SPMSM IPMSM PMASynRM
—

(3) Pure Reluctance

Machine
Increasing saliency
mn v

d . 2 .dg\T d 2 d . .d d d - d .g\2 .d\2
My (Zsa Zg) = % (qu) J’ltbsq = 3”?;; [ ng - w};}stJ + SLs,app - Lg,app)ZsZg +{’s,qapp((lg) - (Zs) Z:I

-
magnetic torque reluctance torque cross-coupling torque
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Optimal operation: Motivation

Optimal Feedforward Torque Control (OFTC) problem: Isotropic, linear PMSM (without iron losses)

2 T
! .d .q QTLE .q .dq . -d .q T 3k m ref
Mmref = M (lsa Zs) = 32 '()bpmls and zs,ref o (Zs,refazs,ref) = (0, anwrzl:e
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Optimal operation: Motivation

Optimal Feedforward Torque Control (OFTC) problem: Anisotropic, affine PMSM (without iron losses)

12 d . .d d .d . d .
mm,ref = 3_:5)' [wpmlg - #mls + (Ls,app - Lg,app)zs ’Lg + Ls,qapp ((’Lg
o

)~

~~

d .
M, (15 ,1)
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Optimal operation: Motivation

Optimal Feedforward Torque Control (OFTC) 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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Optimal operation: Problem statement and proposed solution

Optimal Feedforward Torque Control (OFTC) within the control system

d
Us comp
PL, Pl .
" - . P Inv. Park Inv. Clarke Inverter
i u o a .
Wiy ref Wi M, vef Ls vef Us pi U ref U ref Ug ref IPMSM
; - - dq af = ug
~ . b
Ts,max id U comp Ug ref ul T
—
PL« c
Us, max| OFTC o rof Us
I uld ul 3 u? u ~ i
s ref s,pi s ref af s ref abe s ref '
wp I
P _ I
|
RN ; bp— !
if !
o .
s s |
I
dq aff !
I
b
ig !
I
I
I
F -3 |
af} is abe ig '
|
Park Clarke
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Optimal operation: Problem statement and proposed solution

Optimal Feedforward Torque Control (OFTC) problem: Optimal reference current computation (ORCC)

Jas,max J/fs,max JWP J e
-d .d
Zs,rcf (Or Zr,rcf)
. >
Mo ref OFTC = optimal
— reference current
computation (ORCC) 4sref>(°r 0 vet)
qu ( 0 D w )= ig,ref( mrefa/\smax,z\,maxawpw")
s,ref Mm refs Us,max> ¥s,max>» Wp» ig,ref(mm,ref, s mae> s mass Wpn - - -

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 =
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Optimal operation: 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 ,LS,Fe

o> ] <-0—
wp I w S Jple
ud 0,
Lopdd Yot
O

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

1

= current, angle, speed and temperature dependent stator resistance, i.e. R := R (%%, ¢, wp, 9s)

= current, angle, speed and temperature dependent iron resistance, i.e. RS Fe = Rs Fe( i, by, Wy, Us)

= current, angle, speed and temperature dependent flux linkages, i.e. ¥ := 2% (i2%, ¢, wp, 9;)
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Optimal operation: Problem statement and proposed solution

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

=-udq =R{* =il =g =
—— —
T R R (il 0 —1] (v
3 R RI| \:i PI1 0 | \gf M
d dq .d
0 R R
Iron: (O) = she TeFel (fsFe) 4, Jud +};&f
Rs Fe Rs Fe ZS,Fe
~—~— ~—. —
::02 _.qu *"'qu
=R Fe s,Fe
.d d —1 d
i, = —(R)7[ e TP + 2]
Mech.: c = i(m +m) with  w, =n. w
dt*“m © m 1 P p*“m
2 -d d,
(e = ?( ! + Zs Fe) qu)sq
. 2 .dg\T pdq :d 9 s.dg T
Losses ps,loss = ?(’qu) qulsq + ?( s%‘e) Rs Fe sFe
— S
=:Ps,Cu =:Ps,Fe
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Optimal operation: Problem statement and proposed solution

Optimal Reference Current Computation (ORCC): Optimization problem(s) with multiple constraints

10 max) max —f(i%)  subject to
5 )

‘ (/(/H ~2

\ ,max?

(current circular area)

/A

< (voltage elliptical area)

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

| sign(m, (i21)).

is

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

s, ref —

.d
is [ A With mp, ep = iy, (i, da ) feasible.
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B Optimal operation
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Optimal operation: OFTC with analytical ORCC

Sequential Quadratic Programming (SQP): Linearization, implicit formulation, optimization & 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>
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Optimal operation: OFTC with analytical ORCC

Sequential Quadratic Programming (SQP): Linearization, implicit formulation, optimization & intersection points

Step 2: Derivation of quadrics Q 4 (%) := (424)" A% + 2a "4 + o

= Current circular area: (i) + (i7)? <72 max <= [[i%9))% = (4%) " 10427 <72 ax

and ]I(Z\s,max) = { "';iq € R2 ‘ (igq)TI2igq _ﬁ,max <0 }

~2 .d 2 A~
! )” =.. < ug,max

= (Linearized) Voltage elliptical area: (uf)? + (uf)® < Ul o = [|ud? (i s Wpy -

= V(lgmax) i= { 107 € R? | (509 V(@,) id? + 29(@,) 427 + D(@y, Us,max) < 0}

. . . . . !
= (Linearized) Reference torque hyperbola: m,, (124, wy, . ..) = 3n, (129 + 40%,)  Je! = My per = ...

S

= T(Munrer) = { 39 € R? | (329 T48% 4 28 4% — 1y por = 0 }
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Optimal operation: OFTC with analytical ORCC

Sequential Quadratic Programming (SQP): Linearization, implicit formulation, optimization & intersection points

Step 3: Optimization problem with equality constraint

max u, — ( (i%)T A% + 24758 + a) st (19T B + 267499 + B = 0
=:Qa (359 @
= 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)

.d . .d 2 .d .d
Zsficf ‘= arg mlnHz.qu { il eR ‘ QA("’sq) =0 A QB("’sq) =0 }

— Optimal operation point % (reference current; iteration possibly necessary)

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

YO = e A+ AN e N e A+ 20
= Analytical solutions exist (e.g. Euler’s solution, see [173])
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m OFTC with analytical ORCC
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Overview

-35 -30 -25 -20 -15 -10 -5 0
N / 10°min~! il | A

= Maximum Torque per Losses (MTPL) [lll] (or Maximum Torque per Current (MTPC) [llll])
= Maximum Current (MC) [E8] and Maximum Current extended (MCo¢) [ ]

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

= Field Weakening (FW) ["]
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Torque per Current (MTPC @ 0 - wy,, g ; My, rof feasible)
[ [ [ [ [

N I
35 MTPC

Optimization problem

.d
ma}E _ps,Cu(zsq) s.t.

1, €

30

;.m,l\)

. — =T .
25 gzgq)Tngq + 2t zgq — My pof = 0
< 9 Ay (397)
e Solution set

15 ,
MTPC (3, ", @,,...) = { i e R? |

10 (29 M i + 2mgid? = 0}

Optimal reference currents (%)

.d —_ =
T35 30 —25 —20 —15 —10 -5 0 Zrpe = MIPC 0 T( rer)

il 1A
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Torque per Losses (MTPL @ 1 - wy, g; My, ot f€@SIbIE)
[ [ [ [

N I
35 MTPC

Optimization problem

.d. .d
30 (ﬂﬂ(yl_,,m\ ) m?“)f _ps,Cu(qu) — ps,Fe(qu) s.t.

7 €l

25 (2 T4 4 28 429 —my op = 0
A, (357
< 20
= Solution set
15 — =dq .d 2
MTPL (%5 ,@p,...) := { ic? € R* |

10 (#3938 + 229 + [, = 0}

Optimal reference currents (%)

i(si,%\/[TPL = MTPL n T(mm,ref)

? = 7( [’;\,YIMV\') M1 (/\,YIMV\')

| | | | |
—35 —30 —25 —-20 —15 —10 -5 O
il 1A
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Current (MC @ 2 - wy,, R; M ref NOt feasible)
I I I

N I
35 MTPC

Optimization problem

30 (F\ﬂ (/[\S,IIIL\X‘)

max | (my, (i59))]  s.t.

(2

25
sign(my,) = sign (M, ref)
< 20
o Feasible set
—— —dg . .
15 F\\\AIC(Z\‘ 1‘ E[) """ ]l\'.lllilx' ]'\‘.lllélX) =

V(as,max) N aH(/Z\s,max)
10

Optimal current reference (%)

i(si,%\/[C = aV’<as,max) N 6]1(?S’max)

p = \:](\“\,IH(IX) N ::(/\thl\')

| | | | |
—35 —30 —-25 —20 —15 —10 -5 O
il /A
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Current extended ( @ 1wy R My et fE@sible)

[ [ [ [ [
MTPC.—|

35

Optimization problem

30 [ T (17 ver) max | (my, (i89))] st

1

25

¢ ‘(\/;,Ill;ix

sign(my, ) = sign(mu ret)

<\E 20 |- Solution set
15 R ~ B
V(us,max) N aH(’s,max)
10 -
Optimal current reference (%)
51 .d = N
(4 \ ~ 10 ) Zsﬁ\/[cext = T(mm,ref) N a]I('Ls,max)
S, max - S, max . ~d ~d
0 ‘ with ig nvirpr, < s mc

| | | |
—25 —20 —-15 —-10 -5 O
il /A
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Field Weakening (

MTPL

35 -

30 - e

;.m:\\)

/A

is

\.nm\') M1 (/\.nm\')

| | | | |
—35 —30 —25 —20 —15 —10
il 1A

Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl
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@ 1.40 - Wy, R; My, et Te@sible)

Optimization problem

.d .d
m?}f _ps,Cu(qu) — Ds,Fe (zsq) s.t.

1

dg\T rpm+d T .d
(37) Tig? + 2t ’Ls(i — My et = 0

=My (zgq)
Feasible set

F(as,max ) is,max) N T(mm,ref)

Optimal reference currents (%)

.d =HIA =
zs,‘lF‘W = aR’(us,max) N T(mm,ref)
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Torque per Voltage (MTPV @ 3.50 - wy, R

35
30
25
< 20

[

15

10

5
= ](ﬁ.\.m:\\’) A I(
0 | | |
=35 =30 —-25 —-20
il /A

Modern electrical drives
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715

|
—10

-5

My, rer NOt feasible)

Optimization problem

max — o (i) st
(89 Til" + 27 %~y o = 0
= (i27)
Solution set
WPV 3,,-) i { 0 R

AT e — T ity . —
(1¢?) M zsq + 2y ig ! + iy = 0}

Optimal reference currents (%)
i rpy = MTPV A 0V (il o)
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Optimal operation: OFTC with analytical ORCC

Operation management: Decision tree

Input vanables (operatlng point, linearized quantities, ...)
qu —dq q
7« , w,.,, R Cus L

R re, ¥

Moy refs Is;maxs Us,maxs Dps ”3;: Dy e

v
Computation of parameters (at actual operating point)
T, 8, T (M et)s Vi B, Pl ama)s -+ -2 Mo mins Manmax
‘ Saturation of reference torque (to min/max feasible torque) ‘

Mref = st

i (M )

15 I\HPL< ls MC,
eF

ot

s.M(,th

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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Optimal operation: OFTC with analytical ORCC

Implementation results: Exemplary laboratory setup

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

——

(Host PC (rapid prototyping)
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Optimal operation: OFTC with analytical ORCC

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

£
L0 g 2
Z 20 |« ref —
0 = w
= 90 :
5 b
140 10
@A 40 —40 @A
=
= Jas} e
oo ke 0. I
=% =% s
5 S 0.02 EiE
s o I
< < 0 g
40 _ <
20 — 20 40
2040 40720
il /A id ) A
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Optimal operation: OFTC with analytical ORCC

Implementation results: Comparison of numerical and analytical solutions for MTPC of RSM (9.6 kW@1 500 rpm)

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

5
O02468101214 0051015202530
et | A lighecll / A
Cartesian coordinates polar coordinates
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Optimal operation: OFTC with analytical ORCC

Implementation results: Comparison of computational load (Euler’s solution for fourth-order polynomials)

107
2 T T T il T ‘.
—— numerical ! —— numerical

» i 0.4+ —— analytical ||
< 1s5h analytical || analy |
OJ |
£
[ '_E,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 ¢,, = 1.61-10 °sand o, = 0.73-10 °s
= Average execution times s, = 43.4-10 ®sand p, = 7.23- 10" ®s (>6x faster)
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Optimal operation: OFTC with analytical ORCC

Implementation results: Implementation by colleagues for PME-RSM (4.5 kW@1 500 rpm)

[max (L2 (i8%)/L2(i8)) = 1.43] [174]

I *  Measured current Optimal reference current |

Current in dq plane
H T '

-6 -4 -2 0 2 4 6

iy [A]
Modern electrical drives ¢
Prof. Dr.-Ing. habil. Christoph M. Hackl

HM®

—=—— Measured current s=+sssse Reference current
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Optimal operation: OFTC with analytical ORCC

Implementation results: Efficiency enhancements considering iron losses for IPMSM (generator mode) [15]

il /A

-3,5 -3 -2,5 -2 -1,5 -1 -0,5 ()0
T T T T T T T

—10 Nm

~15Nm / / —2

—20 Nm / ]

»58m /[ 1S
/
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Optimal operation: OFTC with analytical ORCC

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

1072

/i

(OB SO
QXRS5 ARRKRR
TIHIXGRERS SONN
;"55"’313??3*3:1 $¢°\\‘\\ W
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Optimal operation: OFTC with analytical ORCC

Implementation results: Animation of optimal operation of IPMSM (3.9 kW@5 500 rpm)
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Optimal operation: OFTC with analytical ORCC

Implementation results: Comparison of MTPL [llll] & MTPC [l] for four operating points (OPs) of IPMSM
(3.9 kW@5 500 rpm)
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Outline

B Optimal operation

m OFTC with ANN-based ORCC
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Optimal operation: OFTC with ANN-based ORCC

Overview: OFTC with Artificial Neural Network (ANN)-based ORCC within the control system
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: Used ANN topology
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layer layer 1 layer 2 layer
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: Possible and used ANN activation function(s)
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(e) Rectified Linear Unit (ReLU).

(f) Saturation.
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: ANN training and validation
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: Estimation accuracy (norm of estimation error) versus floating point operations
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Optimal operation: OFTC with ANN-based ORCC

Implementation results: Time series
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Optimal operation: OFTC with ANN-based ORCC

Implementation results: Speed-torque map
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Optimal operation: OFTC with ANN-based ORCC

Implementation results: Performance comparison and execution times

Performance measure X=OFTCyr X=OFTCyyy X=OFTC,ns, X=OFTC,ny
§10¢ vt 0FTCy p — iorerx|dt 0.176 As 0.186 As 0.384 As 0.227 As

§182 ot OFTCyyp — T rer.x|dt  0.195As 0.207 As 0.256 As 0.213 As
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Conclusion

Summary and future work
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= Generic approach to modern electrical drive
systems

o Nonlinear modelling

o Dynamic simulation

o High-performance control
o Optimal operation
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Future work
= more extensive experimental validation

= impact of (parameter/modelling/alignment)
uncertainties

= new book series “Moderne elektrische
Antriebe” with Springer in preparation

(first volume to appear in 2026) 102128
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Abstract: A novel Artificial Neural Network (ANN) Based Optimal Feedforward Torque Control
(OFTQ) strategy is proposed which, after proper ANN design, training and validation, allows
to analytically compute the optimal reference currents (minimizing copper and iron losses) for
Interior Permanent Magnet Synchronous Machines (IPMSMs) with highly operating point dependent
nonlinear electric and magnetic characteristics. In contrast to conventional OFTC, which either utilizes
large look-up tables (LUTs; with more than three input parameters) or computes the optimal reference
currents numerically or analytically but iteratively (due to the necessary online linearization), the
proposed ANN-based OFTC strategy does not require iterations nor a decision tree to find the
optimal operation strategy such as e.g., Maximum Torque per Losses (MTPL), Maximum Current
(MCQ) or Field Weakening (FW). Therefore, it is (much) faster and easier to implement while (i) still
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A unified theory for optimal feedforward torque control of anisotropic

synchronous machines
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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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Generic loss minimization for nonlinear synchronous
machines by analytical computation of optimal
reference currents considering copper and iron losses
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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 considering 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 resulti li optimization problem
fn calend e anlen 1 fotinem af ¢ha wal :
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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

nanditinne Aiffarant antiminatinn neahlamo ma ha fammnlatad
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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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Modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

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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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 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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