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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

Optimal feedforward torque control problem: Anisotropic machine (with cross-coupling)
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Problem statement and proposed solution

Optimal feedforward torque control problem: Optimal reference current generation

J Umax J tmax J Wik
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7;f,ref("nm,refv amaxv ’Z\maxa wk) = (Z.Z,ref (mm,ref’ E{’max’}\maxv 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 as R, = 0, R, or L,, =0)
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Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses [1]: Electrical circuit
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Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses [1]: Modeling
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Problem statement and proposed solution

Optimal reference current generation: Optimization problem(s) with multiple constraints
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(current circular area)
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(voltage elliptical area)
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id

e.g. —f(i¥) = —||i¥||* (minimize
copper losses) = ., at k
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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 (%) := (s¥)" A4* + 2a"i" + o
= Current circular area: (if)* + (i2)? < tmax < ||i5]1> = (%) " L4 <70
= I[(/7‘\max) = { 7’5 € RQ ‘ (Zg)TI2IL§ — Ymax <0 }

2 ~2

Voltage elliptical area: (uf)? + (ud)® < Giax < [[ul (i, w)|]® = ... < Utax

n
=

= V(wk7ﬁmax) = { 'Lf € RQ ’ (Zf)Tv(wk) 1’5 + 2v(wk)Ti§ + V(wk7ﬁmax) < 0}

Reference torque hyperbola: mm(if,m) =3n (zs m) Jw (zsm) M ref < ..

—  T(Mmyer) == { 55 € R® | 65) T4 + 24745 —mpm,er =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 Ak + 2aTiF + a) st (iMTBi* +267éF + g =0

QA% =:Qp(5l)
= Hyperbolas for e.g. MTPC, MTPL or MTPV (with R, R, # 0 & L., # 0)

Step 3: Intersection of two quadrics (e.g. voltage ellipse and current circle)
i et = argmin i {6 € R? | Qu(i) =0 A Qp(id) =0 |
— Optimal operation point % (reference current)

Both lead to subproblem of solving a fourth-order (quartic) polynomial
X\ =g N + s A+ e A2t A+ =0

= Analytical solutions exist (e.g. Euler’s solution, see [2])
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Optimal operation strategies

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

C. Hackl
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Optimization problem

max —peu(i) st

[N kes
() T3 + 24735 —miy e = 0
=1 (35)
Solution set
MTPC (wy) := { if € R? |
(G5 M it + 2mgit =0}

Optimal reference currents (%)
is,ref = MTPC n T(mm,ref)
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Optimal operation strategies

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

0

—50 —40 -30 -20 —10
il /A
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Optimization problem
II%&X 7pCu('i§) — Pre (Z]:) s.t.
i, €S
() Tl + 2873 —mp e = 0
S ———
=1 (35)
Solution set
MTPL(w,) := { i} e R® |

(85 My, i + 2migl + py, =0}

Optimal reference currents (%)
86 ret = MTPL A T ref)
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Optimal operation strategies

Field Weakening (FW @ 1.40 - wy, ,»¢): Reference torque feasible

MTPC (wy,)

50 Optimization problem

max pCu( ) pFe( ]:) s.t.

[N ES
40
(G5 T3 + 24785 —mpy e = 0
| —
< 30 =y (35)
= Feasible set

20
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Optimal reference currents (%)
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Optimal operation strategies

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

il /A
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Optimization problem
max my, (i)

15 €S

Feasible set

M(C(wka ama)u:[max) =
V(wkv amax) N a]I(?max)

Optimal current reference (%)
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Optimal operation strategies

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

Optimization problem

2
I

max —||ug (i) [* st

i, €S

() Tl + 2873 —myp e = 0
S ———

< =y (3)
;I':m
Solution set

MTPV (w,) := { if e R? |
(85) My & + 2myil + py = 0}

Optimal reference currents (%)
if,ref = MT]P)V(wk) @ aQl(wka amax)
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Optimal operation strategies

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

\ <] \
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= Reduced efficiency!
(and wrong torque and/or
possibly wrong operation
strategy)
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Implementation results

Laboratory setup

Reluctance SM (RSM) and Permanent-magnet SM

J
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Real-time system and VSls
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Implementation results

RSM: Nonlinear flux linkages and differential inductances
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Implementation results

RSM: Comparison of numerical and analytical solutions for MTPC
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Implementation results

RSM: Comparison of computational load

107*
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= 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 y,, = 43,4-10 °s and p, = 7,23 - 10" °s (>6x faster)
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Implementation results
PME-RSM: Implementation by colleagues (p, vt = 4,5 kW & L:/Lg = 1.43) [3]

[ *  Measuredcurrent -+ Optimal reference current ] [ ———— Measured current *+sssssss Reference current

Current in dq plane
H |

i, [A]
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Implementation results

IPMSM (generator mode): Efficiency enhancements considering iron losses [4]
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Conclusion

Summary and future work

To take home

unified theory for MTPC, MTPL, FW, MC and MTPV based on [5]
o quadrics (implicit formulation),
o optimization problems with equality constraint, and
o intersection of two quadrics

analytical solution for reference currents (& transition points)

R, # 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

C. Hackl

convergence (mathematical proof for nonlinear flux linkages)
more extensive experimental validation

impact of (parameter) uncertainties

consideration of rotor iron losses (e.g. for induction machines)
combination with minimization of conduction and switching losses

| 30.07.2019 | Generic loss minimization in synchronous machines 23/25



References

Journal article (published 2017)

C. Hackl

30.07.2019 |

INTERNATIONAL JOURNAL OF CONTROL, 2017
https://doi.org/10.1080/00207179.2017.1338359

Taylor &Francis

Taylor & Francis Group

3 OPEN ACCESS [ #) oheck forupastes.
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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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