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Abstract

This study presents a nonlinear current control strategy for synchronous machines (SMs) equipped with an inverter-side LC filter. While LC filters attenuate the voltage
harmonics of the pulse-width modulated inverter, they introduce additional dynamics and resonances into the drive system. The proposed approach employs input/output
(1/0) linearization to explicitly account for the nonlinearities of the machine’s current dynamics, yielding a linearized system representation that is controlled by Pl-based
state feedback. The controller parameters are tuned via linear quadratic regulation (LQR), enabling a systematic trade-off between stabilization and control effort. High-
fidelity simulations demonstrate fast and accurate current tracking with significantly reduced cross-coupling compared to conventional state-feedback control.

(Novelty: In contrast to state-of-the-art Pl, state-feedback and predictive schemes, which all rely on linearized machine models, the proposed control framework A
» is based on a generalized nonlinear SM model and explicitly accounts for nonlinear flux linkages,
» considers the back-EMF in the control law, and
_” guarantees closed-loop stability through optimal (LQR) controller tuning. )
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"l . ' : The integrated control error x; € R”, %x,- = y.. — Cz, extends the state to & =
u Fverter (z',x/)" € R®. The augmented system is controlled by
by —— v=—K¢+ Ly,
wil W@ I.e. a classical Pl controller combined with full-state feedback, optionally ex-
S D W | tended by anti-windup [4, Chap. 14]. The gain K := R™'B, P follows from the al-
gebraic Riccati equation, so that all eigenvalues of A; — B.K lie in the open left
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synchronous machine (voltages referenced to a common ground). off state regulation against control effort, and L = SL*, 5 € [0, 1], mitigates over-
Filter dynamics [1] in the rotor-oriented (d, q)-reference frame, with filter volt- shoot.
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ages u, ", Curr_ents l.f , resistance R;, inductance L;, capacitance C; and electrical Validation
angular velocity w,,:
MATLAB/SIMULINK with a two-level VSI (ideal switching, space vector modula-
4= Rijdd o Jif— Ly 4 Ly tion, u,. = 1.2kV, f,, = 10kHz) and an FEA-based nonlinear SM (81 kW, 3600 rpm).
Qudq:lidfq ~ o Juda iifd" f Reference current steps in the d- and g-axis are deliberately time-shifted to ex-
A7 Gt TR G cite cross-coupling at rated speed. The Pl-based state-feedback controller of [5]
Nonlinear machine model [2] with stator voltages u%, currents i, resistance R, serves as baseline, tuned for comparable tracking dynamics.
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Fig. 2: FEA-based flux-linkage maps v? (a), ¥¢ (b) and differential inductance maps L% (c), N 00 ' 0'1 ' 0'2 ' 0'3 ' 0'4 0'5 ' 0I6 ' 0'7 ' 0I8‘ 068 0'7 100

L% (d), LY (e) in the (d,q)-current plane, illustrating magnetic saturation and cross-coupling. )
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InpquUtPUt linearization Fig. 3: Time-series results showing the (d,q)-currents and the reference voltage amplitude
With state x — ((i?q)T, (ug!q>T7 (igq)T)T c R6, input u = ugq and output y := isdq, the for the proposed controller [-] and a state-feedback c_on_tro_ller [ ], together with their
reference values and the voltage limitation [—].

system is control-affine, <x = f(x) + g(x)u. Differentiating y three times makes u

appear explicitly and yields the linearizing control law The proposed scheme achieves fast and accurate tracking with zero steady-
state error, a settling time of approx. 5ms and effectively compensated cross-
U = Kiin(X)V + Ujin(X) coupling. The state-feedback baseline exhibits pronounced cross-coupling in i
Kip = CLLY.  uy, = L(f5 — F) + CiLi|w, J(fy + @) + Rops| — K”n(Ma+ 2Mé) and becomes unstable at { = 0.71s, demonstrating that the linearized model as-
with a == u% — Rj% — prwgq, M — (qu)—l and ¢, .= Ma + Ma. Note that u;, contains sumption may fail under strongly nonlinear operating conditions.

the back-EMF; the derivatives of M are approximated by backward finite differ-
ences [3] with sampling time T.. The closed loop then reduces to a chain of friple

integrators in controllable canonical form, d%z = Az + By, y = Cz.

Conclusion & References

Exact I/O linearization turns the cascaded filter—-machine system into a chain of triple integrators, regulated by Pl-based state feedback with LQR tuning. It tracks fast and
accurately, strongly reduces cross-coupling and stays stable where linear state feedback fails. Future work: state observer, robustness analysis, experimental validation.
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