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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 [41] with “saliency ratio” L%/L? »# 1

' [__]:Magnettorque [____ | : Reluctance torque

(3) Pure Reluctance

i
(1) Pure PM Machine (2) PM/F Hybrid Machii E Machine
N 1
i s sy |
I i I " ! v
| <irrasingmagrt ] |
: Reluctance Torque Assisted PMSM PM Torque Assisted SynRM
i Inset SPMSM IPMSM PMASynRM SynRM
1 -
1
1
1

.d - 3 g d .d . .q\2 .d\2
man (i85 38) = g | Gpmil o+ (L8 = LO)iliE + L (00 - (2)%) |
magnetic torque reluctan?:; torque cross—cou;ing torque
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Motivation

Optimal feedforward torque control problem: Isotropic machine

2mm,ref)

! d
a d .q\ _ 3 -q g _
mm,ref =Mmny (7’57 Zs) ) np wpmzs (:> Zs,ref - 31, Ypm
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Motivation

Optimal feedforward torque control problem: Anisotropic machine

my, / Nm

M ref ; mm(iga Zg) = %np [wmeg + (Lg - Lg)Zng + Lm((Zg)Z - (13)2)]
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Motivation

Optimal feedforward torque control problem: Goal

J Umax J tmax J Wk d

Zs,ref
Mg rof “optimal”
— reference current .q
generation Us ref
.d A~ ~
is,ref(mm,refv amaxv imaxa wk) = (Z.s,ref (mm,ref’ ,meax’ Ema)U Wk)>
ZsJef mm,ref7 Umaxs Ymax> 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
such asW)
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Problem statement and proposed solution

Considered machines: Anisotropic synchronous machines (steady-state model)

k .k
=iUg ('Ls ;W)

A
d/-k
(us (7/27 wk)) _
UZ(% ) wk)
.k
mm(zs) =

Lk
=it =:J

=4y (is)

d TT wr(.k)

g - s (s k
= () e [1 o] <¢§(i§)> iEad
%np (-k)TJ,l/)k(-k)

3
2

Ny [¢pmz + (L — Lq)z

+ L () = ()%)]

Assumption (Affine flux linkage (at least locally))

d
P (i) = [LS iq]z +(¢8m> with L = (L) > 0
N -z
=:LFer?*? ::w}fm
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Problem statement and proposed solution

Feedforward torque control: Optimization problem(s) with multiple constraints

(ﬂﬂ(?“ld‘\ )
E — max —f(é;) subject to
i, €S

D)

k2 A
H/I’.\ H) S Imaxs

(current circular area)

/A

(voltage elliptical area)
-k

|mm(7's)| < |mm,ref|a and

Slgn(mm,ref) =

i

e.g. —f (i) = —|iF||* (minimize
copper losses) = £, at %

il A
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Problem statement and proposed solution

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

Step 1: Derivation of quadrics Q 4 (iF) := (i%) T A ¥ + 2a 4" + a:

= Current circular area: (if)* + (i)® < imax < [iF]1> = (48) T 1,i% <220k

= I[(imax) = { 7’5 € RQ ‘ (Zg)TI2IL§ — Ymax <0 }

2 ~2

Voltage elliptical area: (u?)® + (u?)? < Gl < |lut (G, w)|® = ... < @2ax

n
IS
w

= V(wk7ﬁmax) = { 7’5 € R2 ’ (Zf)Tv(wk) 1’5 + 2v(wk)Ti§ + V(wk7’amax) < 0}

Reference torque hyperbola: m,, (i) = 2 Ny (s BT Jap? (il ) M ref < ...

—  T(Mmyer) == { 55 € R® | 65) T4 + 24745 —mpm,er =0}
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mm

Problem statement and proposed solution

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

Step 2: Optimization problem with equality constraint

ma.. —((if)TAif +2aTi" + a> st (%) B+ 207" + =0

—QA(F) =:Qp(4l)
= Hyperbolas for MTPC, MTPV and MTPF (with R, # 0 & L,, # 0!)

Step 3: Intersection of two quadrics (e.g. voltage ellipse and current circle)
il ror i= argming o { i € R? | Qa() =0 A Qp(if) =0 |
— Optimal operation point % (reference current)
Both lead to subproblem of solving a fourth-order (quartic) polynomial
x(A) := AN e N+ N+ A+ g 20

= Analytical solutions exist (e.g. Euler’s solution, see [42])
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Operation management and operation strategies

Operation management: Operation strategies and transition points

(“knom* ™m,nom)

M ref —

MTPV
“k,nom “k,cut-in

k,MTPV

i
Jcut-in

(M, vef)

Wi —>

= Maximum Torque per Current (MTPC): wy, < Wit fons (Mo rer) (AN My ror < Man nom)

= Field Weakening (FW): wiy fons’

. MTPV FW
= Maximum Current (MC): Wi nom < Wk < Wi cutein @A My ver = My feas (Wi)

FwW
(mm,ref) < wk and mm,ref < mm,feas (wk)

. MTPV MTPV
= Maximum Torque per Voltage (MTPV): wy > wic gutein @A My ref = M cutein (Wic)
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Operation management and operation strategies

Maximum Torque per Current (MTPC): Reference torque feasible

1li,..) | Optimization problem

max —[|i¥]|> st
iFes

(@) Ti% + 24735 —mpy e = 0
[ ——

< =mp, (i)
?’:JJ
Solution set

MTPC := { i} e R? |

(5" M i + 2mgial = 0}

Optimal current reference (%)
if,ref = MTPC n T(mm,ref)

il /A
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Operation management and operation strategies

Field Weakening (FW): Reference torque feasible

5 1i,.) | Optimization problem
max —[|i¥]|> st
iFes
4
@) Ti% + 24735 —mpy e = 0
=
< 3 =mp, (i)
?"\@'JJ
) Feasible set
FW( mrefﬁwkv max) =
1 S(wkv maxazmax) N T( m,ref)
e ' Optimal current reference (%)
0

=5 —4 —3 —2 -1 0 s ref 6V(wk7 max) N T( My ref)
.d
ig | A
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Operation management and operation strategies

Maximum Torque per Voltage (MTPV): Reference torque not feasible

1li,.)  Optimization problem

k/:k
max —[[uf (i)? st
15 €S

@) Ti% + 24735 —mpy e = 0
—
=1 (38)
Solution set
MTPV(w,) := { it e R? |
(if)TMv 15 + quﬂf + py = 0}
Optimal current reference (%)
s rcf MTPV(wk) N a“/(Wka max)

il /A
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Operation management and operation strategies

lllustration of the effect of neglecting R, and/or L,

Y (‘(lnm_\)

--- Ry=0(and L, # 0)
-+--- L, =0 (and R, # 0)
------ R,=0and L,, =0

/A

id

— Reduced efficiency!
(and wrong torque and/or
possibly wrong operation
strategies)

il /A
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Analytical solution

Example: Analytical solution for intersection points of two quadrics

Problem

X = {:ceR2 ’ e Az 12 z+a -0 A :cTBw+2bT:c+B:0}
—:Qu (@) —Qp ()

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

Qof@) = 242 - afed =T (2 - B)os2(s - 8) ot (3 §) =0
=: —.d =(

and note that

Qp(x):=a' (Dz+2d)=0 < z*(\)=-2(D-X\J) d

IaJz
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Analytical solution

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

then insert " (\) in Q 4(x) (or Qp(x)), i.e.

Qa(z" (V) =
1d"(D-2J)A(D-AJ)"d~4aT (D-\J) "d+a=0| - [det(D-2T)]’
—_———
ocr?
= | x(\) := 04)\4—1—03)\3—1—02)\2—1—01)\—%-00 20
= Analytical (real) solutions \* € {)\,..., \s} can be computed [42]:
—2*(\) = —2(D-\'J) ' d
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Implementation results

Laboratory setup

Reluctance SM (RSM) and Permanent-magnet SM

Real-time system and VSls
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Implementation results

Nonlinear flux linkages and inductances of RSM

7 / Wb

(0

0.01
I
) 0
~
—0.01
- 10
> o 2040
2040 _yg20
A A A A A
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Implementation results

Comparison of numerical and analytical solutions for MTPC

& Mm —— numerical —— analytical & "m —— numerical —— analytical

6 8 10 12 14 % 5 10 15 20 25 30
ig,ref /A ”ilsc,ref” /A
Cartesian coordinates polar coordinates

C.Hackl | 18.01.2017 | A unified theory for optimal feedforward torque control of anisotropic synchronous machines 25/34



Implementation results

Comparison of the computational load (Euler’s solution for fourth-order polynomials)

1074
2 0 T : : ‘ :
—— numerical [ —— numerical

» 150 —— analytical || 0.4 —— analytical ||
o T
£ |
5 5
5 0.2 5
[&]
[0
x
()

0 A Ll s b AN ikl B aih b A 0 |

0 02 04 06 08 1 0 20 40

run 108 execution time / us

Execution times for N = 10° runs (downsampled by factor 100);
Average execution times p,, = 43,4-10 °sand y, = 7,23 -10 ®s; and
Standard deviations o,, = 1,61 - 10 °sand o, = 0,73 - 10 °s.
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Conclusion

Summary and future work

To take home
= unified theory for MTPC, FW, MTPV/MTPF or MC based on

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

= analytical solution for reference currents (& transition points)
= R, # 0and L,, # 0 (both can be considered simultaneously)
fast(er) and more accurate computation

= applicable in real-world (nonlinear RSM)

Future work
= convergence (mathematical proof or consideration of nonlinear flux linkages)
= overall implementation, validation and test
= consideration of iron losses (including e.g. R¢.(wy))
= impact of parameter uncertainty (e.g. R* # R’ # R%)
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