
Analytical computation of the optimal reference currents for
MTPC/MTPA, MTPV and MTPF operation of anisotropic
synchronous machines considering stator resistance and
mutual inductance

Christoph M. Hackl, Julian Kullick, Hisham Eldeeb and Lorenz Horlbeck

Technische Universität München (TUM)
Munich School of Engineering (MSE)
MSE Research group “Control of Renewable Energy Systems (CRES)”

www.cres.mse.tum.de

13.09.2017

EPE’17 ECCE Europe – 19th European Conference on Power Electronics and

Applications



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
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Motivation
Optimal feedforward torque control problem: Goal
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Rs “ 0 and/or Lm “ 0)
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Problem statement and proposed solution
Feedforward torque control: Optimization problem(s) with multiple constraints
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Problem statement and proposed solution
Proposed solution: Implicit formulation (quadrics), optimization and intersection points

Step 1: Derivation of quadrics QApiks q :“ piks qJ
Ai
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Problem statement and proposed solution
Proposed solution: Implicit formulation (quadrics), optimization and intersection points (cont’d)

Step 2: Optimization problem with equality constraint
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Step 3: Intersection of two quadrics (e.g. voltage ellipse and current circle)
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Both lead to subproblem of solving a fourth-order (quartic) polynomial
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ùñ Analytical solutions exist (e.g. Euler’s solution, see [1])
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Operation management and operation strategies
Maximum Torque per Current (MTPC): Reference torque feasible
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Operation management and operation strategies
Field Weakening (FW): Reference torque feasible
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S :“ Vpωk, ûmax
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Operation management and operation strategies
Maximum Torque per Voltage (MTPV): Reference torque not feasible
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Operation management and operation strategies
Illustration of the effect of neglecting Rs and/or Lm
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Implementation results
Simulation (including switching behavior): MTPV and MPTF
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Implementation results
Experiments: Comparison of the computational load (Euler’s solution for fourth-order polynomials)
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Implementation results
Experiments: MTPC at a IPMSM with non-negligible mutual inductance and nonlinear flux linkage
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Conclusion
Summary and future work

To take home

‚ unified theory for MTPC, FW, MTPV/MTPF or MC based on

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

‚ analytical solution for reference currents (& transition points)

‚ Rs ‰ 0 and Lm ‰ 0 (both can be considered simultaneously)

‚ fast(er) and more accurate computation

‚ applicable in real-world (nonlinear RSM and IPMSM)

Future work

‚ convergence (mathematical proof or consideration of nonlinear flux linkages)

‚ consideration of iron losses (including e.g. Rfepωkq; article in preparation)

‚ impact of parameter uncertainty (e.g. R
a
s ‰ R

b
s ‰ R

c
s ; article in preparation)
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