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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” L‘JLL’ #1

1 [ :Magnettorque [ | : Reluctance torque

(3) Pure Reluctance

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

1

1

1

1

i

Increasing saliency :

1

n H

Increasing magnet flux :
1

Reluctance Torque Assisted PMSM PM Torque Assisted SynRM
Inset SPMSM IPMSM

d .q\ _ d q\ :d-q :q\2 -dy\2
mm(zsvzs) - +(Ls _Ls)ZsZs+Lm((Zs) _(Zs) )
-
magnetic torque reluctance torque cross-coupling torque
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Motivation

Optimal feedforward torque control problem: Isotropic machine

! .d . . . 2m.
L q) _ 3 q g _ 2Ty et
My ref = My ('Lsa 'LS) =3Mp wpmzs (:> s ref = 3np¢pm)
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Motivation

Optimal feedforward torque control problem: Anisotropic machine (with cross-coupling)

Mot = M (i85 88) = 315 | Wpmid + (L8 = L)% + L ((i8) - (i9)) |

~F
magnetic torque  reluctance torque cross-coupling torque
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Problem statement and proposed solution

Optimal feedforward torque control problem: Optimal reference current generation

J umax J Zlnax J wk d

s ref
Moy o “optimal”
— reference current .q
generation s vef
-k =~ ~ Zg rcf(mm ref> amaxa/z\max’ wk)
Zs,ref(mm,refv Umax ) maxs wk) = <-q’ ' ” ~ )
Zs,ref (mm,refa Umax > bmax) Wk

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

? Analytical solutions (some do exist but impose simplifying assumptions
suchas R, =0, R or L, =0)
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Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses [2]: Electrical circuit

k
Rs W J’libs
T 1)
.k
g .
Iis,Fe is,m
k k
’LLS RFe %’l/)s
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Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses [2]: Modeling
k .k

ko .k
=1, =:J =g (zs.m)
— — —

A 0 —1] (Ve (ism :
o ) o ]G] e
k & w TPE )+ o)

T\

IS

nQU Q,

N————
I

. Tk .
(2 = ”’s,m + ZS,FC = % m + Rpo (W)
& k o2, g llowd Wl (6 m) + g tin )|
Pross = pCu(zs) + pFe(Q/Js ) wk) = %RSHZS H + % : Rp. (wy)
.k 3 ko \T k(:k
mm(zs,m) = 350Np (zs,m) J,l/"s (zs,m)

Assumption (Affine flux linkage (at least locally))

d
Yr (k) ~ [f LLI;;] it (1/’511“) with L = (L))" >0

m

k 2x2 k
=:L_eR** =Py
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Problem statement and proposed solution

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

/A

i

Generic loss minimization in synchronous machines
C. Hackl

max —f(i¥)  subject to

-k
i, €S

/\)
HZ H \ llllX

(current circular area)
2 5

“1L / "’“‘k) - \/ (IIIII\
(voltage elliptical area)

.k
|mm( s)‘ = |mm,ref|a and
SIgn(mm,reIfC) =
sign(my, (15 ).

e.g. —f(i¥) = —||i¥||* (minimize
copper losses) = i . at &

17.05.2019
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Problem statement and proposed solution

Proposed solution: Implicit formulation (quadrics), optimization and intersection points

Step 1: Derivation of quadrics Q (i¥) := (i¥)T AiF + 2a74F +

= Current circular area: (if)” + (i1)” < Thax < |if]]* = (65) " L4} <7max

= (Bmax) i= { Ge € R? | () Li¢ — 5., <0}

= Voltage elliptical area: (u?)? + (uf)? < limax < |[ul(GE,w)|I® = ... < W2hax

= V(wkvamax) = { ZI; € ]R2 | (zf)TV(wk)zg + 2”((")1()-'—,’:: + V(wkaamax) < 0}

= Reference torque hyperbola'

mm(ism) = gnp(zs m) Jw ( );mmyref — ...

= T(Mpyer) == { Gt € R? | (35) T3¢ + 2745 —mpm s =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

ma_ —( (5T A + 2aTiF + a) st (i5TBi* +267éF + g =0

=:Q (5 =:Qp(k)
= Hyperbolas for e.g. MTPC, MTPL or MTPV (with R, Rp. # 0 & L,, # 0)

Step 3: Intersection of two quadrics (e.g. voltage ellipse and current circle)
if,ref = argminHif” { zf € R2 ) QA(zS) =0 A QB(ZE) =0 }
— Optimal operation point % (reference current)

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

x(A) := 04/\4+03)\3+02)\2+01)\+60 L0
= Analytical solutions exist (e.g. Euler’s solution, see [3])
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Optimal operation strategies

Maximum Torque per Current (MTPC @ O - w,, ,,¢): Reference torque feasible

i/ A

Generic loss minimization in synchronous machines
C. Hackl

Optimization problem

-k
max —pcu(ts) St
i Fes

@) Ti% + 24735 —my e = 0
S ——
=y (35)
Solution set
MTPC (wy) := { it € R? |
G5 M if + 2mGit =0}

Optimal reference currents (%)
ig zet = MTPC N T(myp, rer)

17.05.2019
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Optimal operation strategies

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

Optimization problem
max —pcy (6) — pre(8) St
15 €S

@) Ti% + 24735 —mpy e = 0
| ——

< =y (35)
?‘:{I]
Solution set

MTPL(w) := { i} € R |
(88) My, ig +2mpig + py, = 0}

S := V(wi, Umax) NI
-50 —-40 =30 -20 -10
i/ A

Optimal reference currents (%)
g xet = MTPL A T(1py rer)

Generic loss minimization in synchronous machines 17.05.2019
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Optimal operation strategies

Field Weakening (FW @ 1.40 - w,,, ,,.): Reference torque feasible

Optimization problem
max —pcy (6) — pre(8) St
15 €S

@) Ti% + 24735 —mpy e = 0
| ——

< =y (35)
?‘:{I]
Feasible set

IE‘WV("nm,reﬁ Wk, amax) =
S(wka Umaxs Zmax) N T(mm,ref)

Optimal reference currents (%)

S = V(Wg, Umax) N

-5 —-40 30 -20 -10 0 ig,ref = aXI((“)kv amax) N T(mm,ref)
-d
ig [ A
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Optimal operation strategies

Maximum Current (MC @ 1.75 - w,,, ,.¢): Reference torque not feasible

50

il /A

Generic loss minimization in synchronous machines
C. Hackl

Optimization problem

max m., (&%)
ifes

Feasible set

Mc(wk’ ﬁmaxaa\max) =
V(“’k? amax) N aH(/z\max)

Optimal current reference (%)

.k _
zs,ref -

aV(wkv amax) N a]I(/Z\maux)

17.05.2019
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Optimal operation strategies

Maximum Torque per Voltage (MTPV @ 2.50 - w,, ,,;): Reference torque not feasible

| | Optimization problem

t
o
T

max/

ki :ky|2
max —[ud i) st

15 €S
40
(G5 Ti% + 24735 —my e = 0
| —
< 30 =y (35)
?:UJ
Solution set

MTPV(w,) := { it e R? |
(i8) My i +2myil + py = 0}

Optimal reference currents (%)

0
-50 —-40 =30 -20 -10 0 .k ~
) I rot = MTPV (wy) N OV (Wi, Uax)
id /A
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Optimal operation strategies

Field Weakening (FW @ 1.40 - wy, ,5¢): lllustration of the effect of neglecting Ry, Ry, and/or L.,

[ [
\MTPC (i) (e
N

50

[
S
e}
=

£
€
R

40
[ Rsio
< 30 P s » (et LT J AU L,=0
im === Rpo =
20
= Reduced efficiency!
10 (and wrong torque and/or

possibly wrong operation
strategy)

| | |
30 -20 -10 O
il /A
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Analytical solution

Example: Analytical solution for intersection points of two quadrics

Problem

X:= {weRz‘ g:TAw+2aT:c+a=0 A mTB:c+2bTm+ﬁ=0}
=:Qa(x) =:Qp(x)

Solution: Relate both (e.g., if & # 0 and 3 # 0)

Qo(@) = 94 - 922 =T (4 - Byo+2(2 - ) o+ (2-§) =0

— S — ——
=D —.a’ =0

and note that

Qp(@):=a (Dx+2d) =0 <« x'(\)=-2(D—-)\J) 'd

gz
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Analytical solution
Example: Analytical solution for intersection points of two quadrics (cont'd)
then insert z*(\) in Q4 (z) (or Qz(x)), i.e.

Qalz™ (A )) =
1d"(D-2J)"A(D-\J)"d—4a” (D-\J) "d+a=0| - [det(D-2T)]?
N —

ocx?

X)) = ea N + e N+ X2 e A+ =0

l

|

Analytical (real) solutions \* € {\;,...,\,} can be computed [3]:

—|z*(\) = —2(D-X\J) 'd

‘\A Generic loss minimization in synchronous machines 17.05.2019
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Implementation results

Laboratory setup

(Reluctance SM (RSM) and Permanent-magnet SM

Generic loss minimization in synchronous machines
N C. Hackl

(Real-time system and VSls )

17.05.2019
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Implementation results

RSM: Nonlinear flux linkages and differential inductances

7/ Wh

"

Generic loss minimization in synchronous machines 17.05.2019
C. Hackl

22/30




Implementation results

RSM: Comparison of numerical and analytical solutions for MTPC

& ™m —— numerical —— analytical

0 2 4 6 8 10 12 14

-d
7‘s,ref /A

Cartesian coordinates

C. Hackl

Generic loss minimization in synchronous machines

& ™m —— numerical —— analytical

g 80
©

=

3 60
v g

3 40
o

T 20
<

£

]

0 5 10 15 20 25 30

”if,refH /A

polar coordinates

17.05.2019
23/30



Implementation results

RSM: Comparison of computational load

107"
2 ‘ ‘ : — : :
—— numerical ! —— numerical

205l —— analytical 0.4 — analytical
() : T
£ ‘
5 1 g=
5 0.2} y
[}
L 05
(0]

0 A 0 } | |

0 10 20 30 40
run 10° execution time / us

= Execution times for N = 10° runs (downsampled by factor 100)
= Standard deviations o,, = 1,61-10 ®sand o, = 0,73-10"%s
= Average execution times p,, = 43,4 - 10 °s and e = 7,23 - 10 %s (>6x faster)

Generic loss minimization in synchronous machines 17.05.2019
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Implementation results
PME-RSM: Implementation by colleagues (p,, yat = 4,5 kW & L;l/Lg = 1.43) [4]

‘ *  Measured current «  Optimal reference current ‘ | Measured current ========+ Reference current

Current in dq plane
H |

Generic loss minimization in synchronous machines 17.05.2019
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Implementation results

IPMSM (generator mode): Efficiency enhancements considering iron losses [5]

id/A
-3,5 -3 -2,5 -2 -1,5 -1 0,5 0

0 69

~10Nm .

—15Nm / / —2 68,5
~20 Nm / ] <
xS/ 1S o

7]/0/0

5
K
|
|
[e)}
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Conclusion

Summary and future work

To take home

unified theory for MTPC, MTPL, FW, MC and MTPYV based on [6]
o quadrics (implicit formulation),
o optimization problems with equality constraint, and
o intersection of two quadrics

analytical solution for reference currents (& transition points)

Ry # 0, R # 0 and L., # 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 rotoriron losses (e.g. for induction machines)
combination with minimization of conduction and switching losses

‘\A Generic loss minimization in synchronous machines 17.05.2019
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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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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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v salzgitter
-

Tool chain

Python — femagtools — FEMAG

(«several calculation
simultaneously

evariation of Id-Iq
svariation of rotational speed

S [\ calculations \

post-processing

«identify angle of noload flux

transformation of flux
linkage

ecalculation of Rg,

lpl;(lg,m! lgm; (pr);
RFe (wr)r RS!]

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

$2¢ (i, isms @)
Pvu (wr)
R
J

STANDORT SALZGITTER

——  |ook-up tables

Matlab — Simulink

simulation model

+flux based fundamental model
considering rotor‘s angle
sconsidering iron losses

is,m (l/)gm» lpg,mr (Pr)
RFe ((‘)r)' RS,]

.
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Simulation
En ®mn_lin Hi_a ®Wi_a_lin
Nm,nom K .
”ls,nom” L \
7 N
0 /
/
5o NI
lsnom T
lalata] 0.5670 0.65675 0.5880 0.5G85 0.5890 0.5805 felalata] 0.5670 0.65675 0.6580 0.5885 0.5890 0.5805
EM = M_lin EP_el mP_ellin
P EO AN A o A - AT A iron
m N\ / elnom - - A - - oA 3
mnom /\/\/\ / \/L\ ks I losses
FEM calculation
Torque / Nm
mm,nom_
~ 0.5880 0.5G85 0.5890 0.5805 felalata] 0.5670 0.65675 0.6580 0.5885 0.5890 0.5805
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Optimal operation strategies

STANDORT SALZGITTER

gmax %max
LT
T g
- 0t— 0t—
_?:rnax 0 _imax 0 _?:rnax 0
i g
%max %max
o o
8H(€umx)
- T(wk: Tnmfref)
T 8V(wk, ﬁnmx)
0l— . 0L— ; —— MTPV (w)
~Tmax a —lmax [ M']I‘IP’IL(wk)
4 bs —— MTPC(wy)
v ‘ * -

Maximum Torque per Losses

Maximum Current Field Weakening

Maximum Torque per Voltage

Maximum Current

N. Monzen | Stand: 10. April 2019 | Seite 8



y TR
i VOLKSWAGEN
GROUP COMPONENTS

_ ¥ Salzgitter
\‘Q‘ £

/
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|

Saturate reference torque
Mimref = SAtme, ol Mm ref )

Yes

@
MprpLAoY = [T ref]|
&& MTPL N OV £ &

Yes

No

®

Mavnar < [Tn,res]

Yes

®

Myrrernst = [Mm ey

No

®

ke (311 AOV = @ || [Mumres| = mwﬁm)

Yes

Mygrpvnav < TMTEVNGI

&& MTPV N ol £ @

®

Mprpvnav > [T res|

Yes

No

M (imax) N OV (Wi flma)

(mMTw:mav < myrpenar || MTPC N OV = @)

T(w'ks rnfm,re_f) n BV(wk, ﬂmmc)

Maximum Torque per Losses ~ Maximum Current

STANDORT SALZGITTER
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Field Weakening Maximum Torque per Voltage

Maximum Current
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L=ty

Optimal operation strategies

« decision of optimal operation strategy based on finding and comparing of torque values
- torque values are given by the torque quadric my, = (i’s‘)TT i*+2tTik+1

- if quadrics’ intersection exist, i¥ can be calculated analytically

~
mm,uom l |

tmax [

& T'w
S ~
0 0
0 Tlm,nom
nll
Bll(im) n BV(wk,ﬂm) T(U-?k, rnrm,ref) n av(w'ka ﬂmmc) _ a]I(imax) n T(wk: ﬁm,v"ezf)
Maximum Torque per Losses  Maximum Current Field Weakening Maximum Torque per Voltage Maximum Current
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\ GROUP COMPONENTS

v Salzgitter
-

Input ‘;calues: Wiey T e LE, L1,
L, lbpm, R, R, Tp, tmax, Wmax

Saturate reference torque
m1'n,‘rf:f = Satmm mm(mm.rcf)

N

/ o
MyrrLaov = [Mmres|

R
D

®

(mmmw < myrpenar || MTPC N OV = @)
&&e (BH NOV =@ || [Mures| = mavmal)

Yes

®

Mavnar < [T, res]

®

Mprpvnav > [T res|

Maximum Torque per Losses ~ Maximum Current Field Weakening Maximum Torque per Voltage Maximum Current,
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> Salzgitter

Simulation
Different operation strategies Efficiency improvement
s S Lo R e = EamnlE |
—— 0<t<t I i —— FOR
- L - <t <1y = APFOR
7 - . ‘ —— ity <t <14 i I — MTPC
| f . 0 APLW I I = AP%‘HT?]?C
‘\_ = AP 2 MTPL [ MTPL
| . |
| N = APg,MC ,’ = APYTL
o 5
imax 0 _imax 0
id id
100
4;: L 80
g
60
L 40
N 20
g
< : 0
1 1 1 1 1 1 1 ] nm 9
Zeit > MTPL
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Conclusion

To take home

« simulation model (e.g. generated from FEM) considers
» nonlinear flux linkage
» rotor‘sangle
 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: R, (w,, i¥) # R{.(wy, i¥)

e impact of dynamic operation

STANDORT SALZGITTER N. Monzen | Stand: 10. April 2019 | Seite 13
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Introduction

Problem formulation

Torque
VSl + PWM IM
ax 'S
U,
bx
9/ U I
H c 1
N
Uge
Flux estim. & | &
Decoupling
2 dq
i it
b
~d %
s [ [ G
abe
W W

Generische Maschinenidentifikation und effizienzoptimierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
2/25

J. Kullick




Introduction

Proposed solution

Generic Modeling me | £meem) | e
Identification € _

Generic? Accept that flux linkage is a nonlinear function!

Generische Maschinenidentifikation und effizier imierte Momentensteuerung fiir Asynchronmaschinen
J. Kullick
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Outline |

Generic model in arbitrary rotating coordinates system
Field-oriented current control system

Machine identification

Optimized feedforward torque control

Results

A Conclusion & Outlook

Generische Maschinenidentifikation und effizit ptimierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
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Generic model in rotating reference frame

Voltage equations without inductance terms

d d
iqq Rs waw dt w'q %djrg wk"]i/}gg Rr idq
5 2 I » B 0 .
«dq irr?
i%y
Jypda
uls Ru(wo) Jf et Ol Tuf
Jd =
di Ym
=21
St . dg  _ dq dq dq
ator( ) Ug - Rl ( +¢ ) wa( m +wsa)
Rotor (8): 0, = Rif+ & (Wil + vid) + (wi — w) I (Wi + i)
=

Generische Maschinenidentifikation und effizienzoptimierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
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Field-oriented current control

Overview
Current
VS| + PWM M
o L(mg, W)
{E&
Udc
Flux estim. & | &
Decoupling
i 3 dg i
b
. 1
abc

Generische Maschinenidentifikation und effizier imierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
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Indirect field-oriented current control

Rotor-flux estimation (y = 0)

= Assumption of magnetic linearity

dq __ «dq .dgq «dq dq .dgq
r _Lmls +Lr1r == I = ( T _Lmls )

1
L,
= Rotor voltage equation:

L9 = B Rl — (L + (e — w)T) 91
= Require g-Flux component to be zero () < 0) ...

o ... open-loop observer

d 7d__ L d R, :d
Ed}r = LT ers - f:d)r
o ... flux orientation
! L iq
wp =wp + 7R — = ¢p = | wdt
.

T

‘\A Generische Maschinenidentifikation und effizit ptimierte Momentensteuerung fiir Asynchronmaschinen
A J. Kullick
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Indirect field-oriented current control

Rotor flux orientation

8

o

(18

Perfect alignment is not essential, but: Reproducibility and Uniqueness!

Generische Maschinenidentifikation und effizit ptimierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
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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 £(-)

.d"
/\ 3

*
* ‘C’(Tne7 wm) d*
Me s
: .
Wm S Zg

Generische Maschinenidentifikation und effizier
A J. Kullick

ierte Momentensteuerung fir Asynchronmaschinen
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Machine identification

Lab setup

‘\A Generische Maschinenidentifikation und effizit imierte Momer terung fiir Asy linen 17.05.2019
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Machine identification

Steady-state voltage equations — % ()=0

dq ,dq
wi J w1,
% R W Uso kJ Vro R,

«dq
1
S T
—T1—) ‘ —T—=—
«dq od
L lrr?

e R B Ol Ol 3

Stator: u??

Rotor: 0, Ri% + (w, —w) Il = 77

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

Generische Maschinenidentifikation und effizit ptimierte Momer serung fiir Asy
A J. Kullick

Ri% + w, Jy 2 =  Solve for |

linen 17.05.2019
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Machine identification

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

v =~ I(w - R

Wi

¢ in p.u.

i in p.au. 05 i in p.u. ¢ in p.u. 0.5 i in p.u.
(measured @ w,,, = 0.5p.u.)
Generische und effizil imierte ung fiir Asy i 17.05.2019
12/25
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Machine identification

Torque map

... On stator (can be calculated):

~ «dg\T d
e = Snp (157 Iy

= ... 0on rotor (measurable):
me = —3n, (i) T Iy
= Actio = Reactio? ... i in pu. 05 # in pu.
Me = —Me?

= ... No! Due to losses!

Me = —Me + Am,

i¢ in p.u. i in p.u.

s
Generische Maschinenidentifikation und effizit ptimierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
A J. Kullick 13/25




Machine identification

Rotor flux linkage map (from steady-state voltage equation)

d R,
”qu” = wk_wr% e

| in p.u.

dg
v

[l

s
i in p.u.

¢ in p.u.

(measured @ w,,, = 0.5p.u.)

Generische ineni ifikation und effizi imierte ung fiir Asy i 17.05.2019
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Optimized feedforward torque control

Overview

Torque
VS| + PWM M

L(mZ,wy,)

* *
= K =

W

i
T

de

Flux estim. & | ®x

' Decoupling

b

1,
sd "
U5 i

abc

a

Generische Maschinenidentifikation und effizier imierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
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Optimized feedforward torque control

Torque control strategies

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

dq
£ = “‘:%ku, ¢ =const. s.t. m,=m,

in p.u.

g
ts

Wy I pu. m? in p.u. Wy In p.u. m? in p.u.
U/, = U/, =
(@) £ a* (m67 wm) (b) L% (me7 "Jm)
ig id
‘\A Generische Maschinenidentifikation und effizit ierte Momer terung fiir Asy
) J. Kullick

!l 17.05.2019
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Optimized feedforward torque control

Torque control strategies

2. Constant Flux (CF):

s.t.

= const.

2

ned ut

w.
<D

7

m, 1 p..

)

Wy, In p.u.

m, 11 p..

Wy, In Pl

(m; ) wm

*

CF
a

(d) £

17.05.2019

terung fiir Asy

ierte Momer

und effizi

)
=2
]
S
7]
=
]
<
]
2
®
c
o
o
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Optimized feedforward torque control

Torque control strategies

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

.d
ig?

*

Me = My

s.t.

min

nd ur

m.
P

7

Wy, In p.u.

)

*

e Wm

(m

MTPC
is

Y

m)

*

Me, W

(

MTPC

) L
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<
2
£
@
£
=
]
@
1
=
@
<
G
2
[
c
©
[0
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Optimized feedforward torque control

Torque control strategies

4. Maximum Efficiency per Torque (MEPT):

s.t.

max 7

. Dout
Pin ’

nd ut

m.
D

7

Wy, In p.u.

da* (m; wm)

MEPT

(9) £

17.05.2019
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£
=
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=
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2
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c
©
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Optimized feedforward torque control

Torque map with trajectories

| === Uff(rated) «=exx- Constant Flux ~ =——— MTPC (m,)  =——— MEPT (m,)

me in p.u.

0.2

P 0 0 s
¢ in p.u. i¢ in p.u.

First quadrant torque map @ w,,, = 0.5 p.u.

‘\A Generische ineni ifikation und effizi imierte ung fiir Asy i 17.05.2019
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Optimized feedforward torque control

Efficiency map with trajectories

= == U/ (rated) «xv:-- Constant Flux MTPC (m.)  ——— MEPT (m.)

100
X 80
R
= 60

0.3

0.2

2
i in p.u. 0 0.1

z‘! in p.u.

First quadrant efficiency map (motor mode) @ w,,, = 0.5 p.u.
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Results

Performance of different torque strategies

95
= - U/f (rated)
== UK 8
90 L (opt.)
-+ +- Constant Flux
—— MTPC (m,)
85 = = MTPC (1.)
IS —— MEPT (m,)
g 30 An=17.25 % - = MEPT (/i)
=
75+ ’/"
K
J
70+ A
'I
'I
65 1 1 1 1 I
0.2 0.4 0.6 0.8 1

me in p.u.

Efficiency over machine torque @ w,, = 0.3 p.u.
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Results

Performance of different torque strategies

95 -
= - U/f (rated)
- = U/t (opt.
90 (opt.)
- === Constant Flux
—— MTPC (m,)
85 P . — - = MTPC (11,
I P DN S — MEPT (m,)
g 80+ - - - = MEPT (i)
= /', /
75+ ¥4
I.' An =3.25%
70 I "
/
H
65 1 L L L L I
0.2 0.4 0.6 0.8 1

me in p.u.

Efficiency over machine torque @ w,, = 0.5 p.u.
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Results

Performance of different torque strategies

95
= - U/f (rated)
=== U/ .
90 (opt.)
-+ +- Constant Flux
—— MTPC (m,)
85 = = MTPC (1.)
IS —— MEPT (m,)
£ 80 7 - = MEPT ()
<= ',' AU = 185 %
(I
'I
'I
0/
1
65 L L L L |
0.2 0.4 0.6 0.8 1
me in p.u.

Efficiency over machine torque @ w,,, = 0.7 p.u.
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Results

Performance of different torque strategies

95
= - U/f (rated)
== UK 8
90 (opt.)
-+ +- Constant Flux
—— MTPC (m,)
85 = = MTPC (1.)
22 — MEPT (m,)
= 80 - = MEPT (1)
=
75
70
65 L L L L |
0.2 0.4 0.6 0.8 1
me in p.u.

Efficiency over machine torque @ w,, = 0.9 p.u.
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Results

Performance of different torque strategies

1 . ——
0‘5’ ;/ i — - Us (rated)
M P - - U/f (opt.)
0.8 / : ‘\ » =+ Constant Flux
©7 ’ —— MTPC (m,)
o \/ - = MTPC (r1,)
3 L A, — MEPT (m,)
g 0.6F ' VRN e
o v i), - = MEPT (1)
- 208
o v 2
0.4+ V4L
£
]
28 ,
0.2} - <,
", Vi /~{‘
2 ‘ 1 |H 0'% 1 01 L ‘
0.1 0.2 0.3 0.4 0.5
i;i in p.u.

Efficiency over machine torque @ w,, = 0.3 p.u.
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Results

Performance of different torque strategies

1 ,&\o a | /;/‘ 7 '-d
S) ' WA o Aig =~ 7.7%
/ Q,) § /4 ‘&
0.8 : 7 |
g Y
LI "
= 1 AN
g E ’ N, 1
g, 0.6 | 085 . )
E P 4 N
\ .
i Vs V4 \~\
HE4 .
0.4+ 7 \~\~\ .
v: .
7 E GSZ\~
¢ i <L
0.2F ¢ M S =
e 5 0_% /
P s i £ 1
0.1 0.2 0.3 0.4 0.5
i;i in p.u.

4

Generische Maschinenidentifi

J. Kullick

Efficiency over machine torque @ w,, = 0.5 p.u.

und effizi ierte Momer

= - U/f (rated)
== U/f (opt.)
-+ +- Constant Flux
—— MTPC (m,)
= = MTPC (,)
— MEPT (m,)
= = MEPT (r2,)
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Results

Performance of different torque strategies

1 i \
% T T E I T T
Qo 1 4 Vi \ = - U/f (rated)
/ I / Aig ~12.1% - = U/t (opt.)
08°L &) v\ | «+++ Constant Flux
Q- . ” 1) —— MTPC (m,)
g Y '(96\

: 1 ,' N - - MTPC (i1.)
Z 0.6 v ‘ RN || — MEPT (m,)
o LI ’ hY - = MEPT (/i)
=] N
= \ ’ \

.@' : , Q\~
0.4F X% s .
\h
)50\9 S 0%
/i ><.
0.2 - , E‘ \ / / ~
“1 . i \ & J
Pl 1 l 1 1
0.1 0.2 0.3 0.4 0.5
i’ in p.u.

Efficiency over machine torque @ w,,, = 0.7 p.u.
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Results

Performance of different torque strategies

1 T T - LAl v T
@i K X - - Urf (rated)
Qr 1= = - = U/f (opt.)
0.8 1 W «+++ Constant Flux
: ' —— MTPC (m,)
) 1 - = MTPC (ri2,)
2 061 1 ’ — MEPT (m,)
o . / -
= vip , - - MEPT (1)
o s
)
0.4 \é ‘9
Al
i
0.2 i
k
‘ 1
0.1 0.2 0.3 0.4 0.5
i’ in p.u.

Efficiency over machine torque @ w,, = 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?

Generische Maschinenidentifikation und effizier imierte Momentensteuerung fiir Asynchronmaschinen 17.05.2019
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AGENDA

— INTRODUCTION.

— OPTIMIZED PULSE PATTERNS (OPP) VS. SPACE VECTOR MODULATION (SVM).
— OPTIMIZATION PROBLEM.

— EXPERIMENTAL RESULTS.

— CONCLUSION.






@ Battery stack

Tref—> i ref Current uf : suvw s
—l, Modulation s A 7 |VS
N MTPA/MTPV Control ¢
juow| 3




CONTROL OF AN ELECTRICAL DRIVE SYSTEM.

Tref E—

n

ﬁ

ls,ref

MTPAIMTPV ——

Current
Control

FUVW
lS

I

‘ZISC‘- Sl/mw

Battery stack

VS



@ Battery stack

lllll

(1 Vst

— 2 | Modulation

T  Max. dc-link voltage utilization: Modulation index m — max

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



OPTIMIZED PULSE PATTERNS (OPP) VS.
SPACE VECTOR MODULATION (SVM).



1  Better dc-link voltage utilization with OPP.

OPP Mgy = 1.273
SVM Mypax = 1.155

2  Optimization of the electrical drive power losses with OPP. > HOW?



SVM
v Asynchronous modulation:

v" On-Line modulation:

S = .
SVM W h""'h-.,_

Time
_>

1/fr

Constant switching frequency (f sym = 10kHz).
The inverter switching times are determined online.

Su

Time



SVM

v Asynchronous modulation: Constant switching frequency (fs sy = 10kHz).

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

OPP

v Synchronous modulation: The switching frequency depends on the electrical frequency (f; opr= qf;, q = Pulse number)
v Off-Line modulation: An optimization problem is used, which offline determines the optimized inverter switching

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

7p)
<<
=
Su
\\
L
I
/
L
\
Su
AN
/.
N

S S
~_ ’ A \ ’
q=> | _ Time | / Time

1/f, 1/f.

10






v" A small pulse number is chosen (g = 5,9). —> reduced switching losses.
v" The switching angles are determined

by minimizing the current THD. : - reduced copper and conduction losses (RpI2,,s).
A 1 A Tt a

A
OO """ T T+ ap > Ort

Number of optimized angles
t=q—-1



v" A small pulse number is chosen (g = 5,9). —> reduced switching losses.
v" The switching angles are determined

by minimizing the current THD. : - reduced copper and conduction losses (RpI2,,s).
Half-wave symmetry
A a,  a, T+ o
1 .....
S
A
or—— L. . (‘)rt
0 T T+ ap

\ inverted / Number of optimized angles

t=q—-1




v" A small pulse number is chosen (g = 5,9). —> reduced switching losses.
v" The switching angles are determined

by minimizing the current THD. : - reduced copper and conduction losses (RpI2,,s).
1A Ay ayp T+ aq
S
A
ol ... > 0t
A m+ ayp
1 |gnnnnn 21T
A 3
od — » Wt
A
] f— Lasees 21T
A 3
0 » Wt




Formulation of the harmonic motor phase current

with respect to the inverter switching angles

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

igh (t, a)



OBJECTIVE FUNCTION FORMULATION [1]

6y phase angle of the voltage vector u; 1 ()

¢, initial rotor position

16



a(a), b(a): Fourier vectors
y(a): phase angle of a, (a), b; ()
6y phase angle of the voltage vector u 1 (ax)

¢, initial rotor position

w

¢
2U
ay(@) =2 (—1)FIsin(vay)
k=1
2U z
b,(a) = U;C 1+ Z(—l)kcos(vak)
k=1

a,(a) — by (a)tandy, ]

y(a) = arctan [—a1 (a)tanfy,; — by ()



Phase voltage in time domain:

v=H

a(a), b(a): Fourier vectors

y(a): phase angle of a, (a), b; ()

a,(a)cos (v(wrt + ¢, + y(a))) + b, (a)sin (v(wrt + ¢, + y(a)))
3

3

6y phase angle of the voltage vector u 1 (ax)

¢, initial rotor position

2T

© 21 _
WV (¢, @) = Z a,(a)cos| v (wrt + ¢, +y(a) — —> + b, (a)sin| v <a)rt + ¢, +y(a) ——

3

7))

4
a, (a)cos <v (a)rt + ¢, +y(a) — —)) + b, (a)sin (v (wrt + ¢, +y(a@) ——

)

where:

w

H ={1,57,11,13,..}

2

ay (a) = "

1

2U,
bv(“) = UTL'C

¢
U
;C 2 (—1D)**Lsin(vay)
k=1

¢
+ > (—Dkcos(vay)
o)

a,(a) — by (a)tanby

y(a) = arctan[

—a,(a)tanfy; — by (a)

|



Phase voltage in time domain:

a,(a)cos (v(wrt + ¢, + ]/(a))) + b, (a)sin (v(wrt + ¢, + y(a)))

Ul (t, @) = i a, (a)cos (V (wrt +¢o +v(a) - 2;)) + by(a)sin (v <wrt + ¢, +v(a) - 2;))

v=H

a, (a)cos <v (wrt + ¢ +v(a) — 4;)) + b, (a)sin (v (wrt + ¢o +yv(a) — 4{)) w

l Clarke-Park Transformation

ul(t,a) = ikt a) +

R, —w,Ll
wL§ R

L2 old , 0 e
—_— t, t’ —— eee
o it (o) Ee

l Inverse Clarke-Park Transformation

12, L: d- and g-axis inductances
R,: stator resistance
Ypy: PMflux linkage



Harmonic phase current intime domain:

ay— 1( ) T
ign(t, @) = 0 Lq (4+ Dcos| (v — D(w,t + ¢,) + (v — Dy(a) — 3
- “”*1( )(,1— Deos | (v = D(wpt + ¢) + v + Dy (@) — =
_|_ 1 T (0] y 2
:/ 1(@) (A + Deos((v — D(wrt + ¢o) + (v — Dy ()
v+1( )
~ 1 (A— 1)Cos((v —D(wt+¢,) + (v + 1)y(a))
+ a:/ 1(@) (A —1)cos <(v + D(w,t+¢,) + v —Dy(a) — —>
av+1( )
e (A+ Dcos| v+ D(wt+¢,) + v+ Dy(a) — E
b, - 1(“)
— (A - 1)cos((v + D (wt+ ¢,) + (v — 1)y(a))
v+1( )
-1 (A + 1)cos((v + D(w,t +¢,) + (v + 1)y(a))]

A :anisotropic factor

w

where: i={12..}

¢
2U
;Tlc Z(—l)k“sin(vak)
k=1

ay (a) =

¢
204,
b,(a) = — 1+ kzzl(—l)kcos(vak)‘

a,(a) — b;(a)tanfy
—a,(a)tanfy; — by (a)

y(a) = arctan[

_Ls
LS
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RMS value of the harmonic phase current:

1 [0 0]

Isprus(@) = o L1 IZ K(
s lv=6i

+2<

+2<

a,_1(a)
v—1

ay_1(a) a,i1(a) by,_q(a)b,, (@)

2 (@) (b (@)
) +(5T) () +

by (@) ) (22 + 1
v+1> ( 4

A2 -1

v—1 v+1 v—1 v+1

ay_q1(a@) by 41 (a) _ ay41(a) by_4 (@)

)

4

22—

) cos(2y(a))

| =

v—1 v+1 v+1 v-—-1

)

4

1 2
) Sin(ZY(“))>]

)
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RMS value of the harmonic phase current:

O | (1@ | (@ (bya(@\ (b (@) (22 +1
() () () () )5

1
I a) = Z
s,h,RMS( ) ml

49 ay—1(a) a1 (a) N by_1(a) by 1 (a) 2% -1
v—1 v+1 v—1 v+1 4

v—1 bv+1 v+1 bv—l /12 -1 . 2
vaSP R 2O Bas O (D) v )

i
) cos(2y(a)) i

——— -
=
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Objective function for an anisotropic PMSM:

[0 0]
], =3
amso( )/‘I,GU

v=6I

/_

min o,picn (A
aE [O,TC] anlso( )

a,_1(a) ?
=

o
o

1,0y

ayi1(@)\* | (byo1 (@) | (byar(@)\ ) (22 +1
() () () ) ()

ay_1(@) ay 41 (@) + by_1(a) b1 (@) (2> -1

v—1 v+1 v—1 v+1 4 cos(2y(a))

1
ay-1(@) by41 (@)  ayiq(a) by_y(a) -1 sin(2y(a)) 2
v—1 v+1 v+l v-1 4 Y

The optimized angles for an anisotropic PMSM depend not only on
m but also on the load angle 8, and anisotropic factor A.
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Objective function for an isotropic PMSM:

1 o @)+ bi(a)
Oiso (@) = Tgniso(@) 1=1 = 5 z 2
\ v=6it1
/_ ) The optimized angles for an isotropic PMSM depend solely on
min oy, (a) the modulation index m.
a€ [0, ]
U
st. ugy;=m 4
2 m-——{ [Uls >«




OPTIMIZATION RESULTS FOR a; (m = 0.9,q = 9)

1.89

1.84

optimized angles /rad
|
=

1.74 1

1.69 ' '
0 w2 by 3m/2 27
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ELECTRICAL DRIVE SYSTEM

DC-link

Dc-link voltage Ui =400V
C = 320 pF

Dc-link capacitor

PMSM

Max. power Ppax = 125kW
Max. torque Tmax = 250Nm
Max. Speed Np.x = 11400rpm
Pole pairs p==6
Anisotropic factor A=25-32

i o
)

—— .y 0 Liny .
Yic S% . SY SY
he |He |F
H J Ik
o L —
)lUdC uzilc— v
REgsr .

2-Level VSI

Rated power Py = 361kW
Rated voltage Uy = 550V
Rated current Iy = 379A rms
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EXPERIMENTAL RESULTS

Trer = 20 Nm
- : o o _ _ Nref = 8500 rpm
»Isotropic angles®: inverter switching angles optimized for an isotropic PMSM. =009
»#Anisotropic angles”: inverter switching angles optimized for an anisotropic PMSM.
6y = 1.94 rad
A =3.146

— isotropic angles
anisotropic angles

400 .;_I I e e e [ I ]_ 1
~
~
& 200 F
ST
S
[] — = - ! ! -——ll,. n
0 0.294 (.588 (0.882 1.177

Time /ms
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s /A

l

ic/4/A

Uge-/V

EXPERIMENTAL RESULTS
OPP ANISOTROPIC ANGLES

100

0.294

0.588 0.882 1.177

0

WWUW ICM‘RMS:T‘QIA
0 0.294 0.588 0.882 1.177
0 0.294 0.588 0.882 1.177

Time /ms

OPP ISOTROPIC ANGLES

0.294 0.588 0.882 1.177

0
10 _ 1
—Icfd,RMS_8‘3TA J
0 I P“ |
-10 H ]
0 0.294 (0.588 0.882 1.177
400
200
0t . .
0 0.294 0.588 0.882 1.177
Time /ms
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s /A

l

ic/4/A

Uge-/V

EXPERIMENTAL RESULTS
OPP ANISOTROPIC ANGLES

100

0 0.294

0.588 0.882 1.177

WWWH ICM‘RMSZT‘QIA
0 0.294 0.588 0.882 1.177
0 0.294 0.588 0.882 1.177

Time /ms

OPP ISOTROPIC ANGLES

0.294

0.588

0.882

0 1.177
10 _ 1
—Icm,Rms_g‘ﬂAJ
; Uil P“ |
-10 H ]
0.294 0.588 0.882 1.177
400
200
ok : |
0 0.294 ().588 0.882 1.177
Time /ms

1.6% reduction in the current harmonic
distortion with the optimized switching
angles for an anisotropic PMSM.

The same switching frequency is used (g = 9).
fsopp = qfy = 7.65kHz
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s /A

l

ic/4/A

Uge-/V

EXPERIMENTAL RESULTS

fS,OPP - qf;‘ = 7.65kHz fS,SVM = 10kHz

OPP ANISOTROPIC ANGLES OPP ISOTROPIC ANGLES SVM
100 : : : 100 - - I 100 :
Or 0r
-100 - - - -100 ' ' ' -100 - - -
0 0.294 0.588 0.882 1.177 0 0.294 0.588 0.882 1177 0 0.294 0.588 0.882 1.177
10 ,.—lcf"RMS:mlA 10 —Icm,Rms:g‘ﬂA J 10 —Icm R:‘.qs,z-’;‘93 A.--
-10 ] -10 -10
0 0.294 0.588 0.882 1.177 0 (0.294 0.588 0.882 1.177 0 0.294 0.588 .882 1.177
400 400 400
200 2001 200
0k . ) . Ok : | 0t : : .
0 0.294 0.588 0.882 1.177 0 0.294 0.588 0.882 1.177 0 0.294 0.588 0.882 1.177
Time /ms Time /ms Time /ms
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s /A

l

ic/4/A

Uge-/V

EXPERIMENTAL RESULTS

OPP ANISOTROPIC ANGLES OPP ISOTROPIC ANGLES
100 - . : 100 - : .
[) L
-100 ' ' ; -100 - . |
0 0.294 0.588 0.882 1.177 0 0.294 0.588 (.882 1.177
10 ) lcid.RMS:T'glA 10 —— 1 rs=337A| ]
0 Jfialife ; J VU “PU |
-10 ] -10
0 [}.QIE-M [),SISS 0_5;32 1.177 0 0.294 0.588 0.882 1.177
400 400
200 ¢ 200
0t - - - 0 ; ;
0 0.294 0.588 0.882 1.177 0 0.294 0.588 0.882 1.177
Time /ms Time /ms

fsopp = qfy = 7.65kHz

SVM

-100 : : :
0 0.294 0.588 (0.882 1.177
]D A i I — i ]
- ICM.RMS_?'93 Al
-10
0 0.294 0.588 0.882 1.177
400
200
0t . ; :
0 0.294 0.588 0.882 1.177

Time /ms

fS,SVM = 10kHZ

Reduced current harmonic distortion with reduced inverter switching frequency with OPP = Efficiency enhancement is expected.
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Derivation of the analytical equations in the time domain of;
(@, t),i57 (1)

Ul (a,t), ug" (a, t)

« QUVW (a’ t)

* ib (a' t)' ic (ar t)’ iinv (ar t)



VALIDATION OF THE EQUATIONS (MOTOR PHASE CURRENT)

ANISOTROPIC ANGLES ISOTROPIC ANGLES

measured | ] 4r
©  calculated|

measured | ]

[ ©  calculated|
| t T T |
: ssoleleaslaloss ’L‘T'DC'}C‘ sloss ’L‘TG’SO?’J}TG’&C}?’&?’:}

24 30 36 42 4850

/A

S,V
[
———

U

l 7

ier,v / A
=
= (W]
I

0 6 12 18 24 30 36 42 4850 0 6 12 18 24 30 36 42
Harmonic order

4850
Harmonic order

Anisotropic angles | Isotropic angles

) Measured 10.1 11.7
e Calculated 9.96 11.39
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VALIDATION OF THE EQUATIONS (CAPACITOR CURRENT)

ANISOTROPIC ANGLES ISOTROPIC ANGLES
8 e S A S —memwed] o
% || © calculated : _ o calculated

< Z Z : Z
S 047 | | -_ 04 f | |
0 6 12 18 24 30 36 42 4830 0 6 12 18 24 30 36 42 4850
Harmonic order Harmonic order
Ic/arms/A Anisotropic angles Isotropic angles
iy, = abs (ic T Calc) Measured 7.91 8.37

Calculated 7.86 8.7
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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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A. Birda, J. Reuss, and C. Hackl, “Synchronous optimal pulse-width modulation with differently modulated waveform symmetry
properties for feeding synchronous motor with high magnetic anisotropy,” EPE ECCE Europe, DOI
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Agenda

e Project UnABESA

e Dual Active Bridge DC-DC Converter

e Open Loop Control with Analytic Equations
e Deriving Equations for Triangular Buck Mode
e Considering Additional Parasitic Effects

e Comparing Traditional to Extended Equations

Conclusion
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UnABESA Research Project

Automotive-Battery Plug & Play Grid

o 0%
2R
255
2%
%
2%
%

Q
2

O
%
2

%
%
3K
%
QO
%

2

Q
e

2
2
0,
o

>

20

9
9

9%,
&
&S
3
%

X2

R
0.0
Do

o,

0

Q

S0
%
%

95900
3

&5
2%
SORRRKS
Podedeletetetets
etatetetetetets
RS
o%0%0%%

400V +10% / 50Hz
HOCHSCHULE
FURANGEWANDTE i
WISSENSCHAFTEN Analytic Open Loop Control 4

Daniel Goldmann

UNCHEN



> N o
e oL
O 5
D
e} T
i e IR
O -
C — 5
D 0
N
e I _
R (XN m
@)
Il )
S E
A =
So
S 00O
LL] &8
.
O=5
C 253




UnABESA - Converter

The UnABESA converter has to be:
e Galvanically isolated

e Bi-directional

o Efficient
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Dual Active Bridge

Principle of operation:
e High frequency AC modulated with h-bridges

e Current limited by stray inductance of

transformer
45%51 4@53 R Ls 5555} 5755}

oW § G
-|EESSQ {E§S4 n:l1 SGZEEH- Sg@}
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UnABESA DAB Design

Parameter

Input Voltage 700V
Output Voltage Range 300V - 450V
Nominal Power 20kW
Switching Frequency 60kHz
Leakage Inductance 23uH
Transformer Ratio 2

Equivalent Resistance 441mQ
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Dual Active Bridge

Principle of operation:
e High frequency AC modulated with h-bridges

e Current limited by stray inductance of

transformer
45%51 4@53 R Ls 5555} 5755}

oW § G
-|EESSQ {E§S4 n:l1 SGZEEH- Sg@}
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DAB Simplified

State S1 S2 S3 S4
1 On Off Off On
Simplified DAB model: 0 on. Of  On O
0 Off On Off On
e \oltage sources are » Off on on Off
dependent on h-bridge state
o | R L
. eS|stanges and inductances Yy L
are combined and referenced n n
to primary side <_> Vp(sp) <_ Vs(ss)
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DAB Simplified

-

Va(sp) =40 Vsp=0
_Vl VSP=—1

k

r+V2n Vsg=+1

VL(SP’ SS) = VP(SP) — Vs(Ss) — VR

V. (sp, s
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YY)

e <+ Vp(sp)

i

C: Vs(ss)
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Operating Range

e Trapezoidal and triangular
modulation are used

e The borders are different for
varying power flow directions

e Different borders due to
voltage drop over resistor
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TRIM BU

1000 40
750 - - 30
e Triangular Modulation in Buck 500 - - 20
Mode > 250- 10

: : gﬂ 0 L ()
e Discontinuous mode of TRAM § 550l t i

2

* Useable for low output =001 “;’; t1 I: -20
voltages and partial load 0T — 1, --30
-1000 . _40

25 00 25 50 75 100
Time [ps]

Current [A]
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TRIM BU
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D vi=0..4 1000 40
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TRIM BU

)
[ VL(SP, Ss) dt —_ O
0

h
0

[ =
2 2-V2n-t1-fs+1avg-R
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1000 40
750 - - 30
500 - - 20
> 250 - 10 <
" S 0 0 €
(=Von—Vpdt = y y z
" S 2504 1o ;10 3
5004 — Vp t I: 20
2 o VS
2‘ Vl'fs,' tl '750‘ IL "30
1000 , | | . _40
25 00 25 50 7.5 10.0
Time [ps]
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Commutation Time

e Limited dv/dt over
semiconductors for ZVS

e \oltage slope dependent on
inductor current |_L

e Correcting of the times
dependent on the switching
event IS necessary
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1000 40
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L
1000 i i | | _40
00 0.1 02 03 04 05

Time [us]

Current [A]
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Commutation Time

e Slow commutation for ZCS

e No current flowing to
discharge the parasitic
capacitances

e Correcting of the times
dependent on the switching
event IS necessary
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Voltage [V]

1000 40
750 - 30
500 - L 20
250 10 <
0 0§
-250 - --10 3
5004 = Vp --20
—_— Vs
7504 ¢ - 30
L
-1000 . . . ' -40)
00 02 04 06 0.8 1.0
Time [pus]
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Conventional Equations

Conventional Equations

* The voltage drop over the
resistor is not considered

e Zero current switching is not
achieved

e The desired current is not
transmitted
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Conventional Equations

1000 40
750 - - 30
New Equations 500 - D L0
. > 250 - L 10

e Current during zero current o 0 L‘\ |/ "

phases reduced =
L 2501 — ‘xjp --10
» The desired current is PO 20
transmitted -750 1 Tous --30
-1000 -+ . . -4()
0 10 20 30
Time [ps]
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Voltage [V]

1000 40 1000 40
750 - - 30 750 A e — - 30
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0 e 0§ & 0 4= -0 £
5 = =
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Conclusion

* Conventional equations for predictive open loop control have been
iImproved by taking additional effects into account

* \oltage drop over equivalent resistor
e Limited commutation time

e Dead Time

e Improved Performance has been measured with a prototype

* A very fast step response has been measured
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