Sate Control of Grid-Following Inverters using CLF-CBF with Stability Guarantees
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Background & Motivation Control Lyapunov Function Dynamics: Current Tracking

Inverter-based resources are rapidly replacing synchronous generators, making the safety of The CLF is built from Fhe LQR Riccati solution, guaranteeing asymptotic convergence of a) Pl Control — Reference current
inverter current control increasingly critical to grid reliability. verter currents to their reference: P D ottt I A —— Tracking current
. IEEE 1547 limits ipj ecte.d current to 1.1 pu of rated value, yet conventional controllers CLF DEFINITION ~ - Current limit 224.5A
routinely violate this during faults and voltage sags [1]. T
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* PI Controllers are simple and widely used but they overshoot during transients and rely on T e 100 -
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Conventional Safety Measures:- saturation blocks, heuristic clamps, conservative tuning P is the unique positive-definite solution to the algebraic Riccati equation. Minimizing v(x, u) c§
are reactive and not guaranteed drives the fastest descent toward the reference 12
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The Gap we Fill I3 Control Barrier Functions £
c) CLF-CBF Contrpl
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CLF-CBF sate control }}as been ap ph.ed top O\TVG.I' Systems but only at the outer loop (slow Separate CBFs enforce d- and g-axis current limits, making the safe set forward invariant:
voltage and frequency timescales). It 1s non-trivial to address the inner current control loop,
where:
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+  Reference currents may temporarily exceed safe limits during sags, creating a direct conflict h (x) = i " —l1g=20 V.h(x) x4+ ap(h(x)) =0 Fig. 3 —d-axis current tracking. PI overshoots and recovers slowly. LOR recovers fast but breaches the

limit. CLF-CBF-QP: fast recovery, limit never crossed

. L. . . * PI - overshoots and recovers slowl
If this condition 1s satisfied for all time, the system cannot leave the safe set. Both CBF's are 4

, * LQR — fast recovery, but breaches the limit
Stlldy SyStem relative-degree-one * CLF-CBF-QP — fast recovery, limit never crossed

Converter Super-linear Barrier and Yy Bound Power Quality: THD

between tracking and safety
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[he Super-linear barrier allows smooth, minimal corrections away from the Iimait
Fig. 1 — Three-phase grid-following inverter with LCL filter. State vector x = |i14, 114, 24> 120> Ved» V ]T. h driv Ing; ' d limi limi
g P g g 1dr*1qr t2dr *2q» YVedr Yeq The CLF cost drives traCklng, the CBF constraints are hard limits. When far from the limaits,

Known dynamics: x = Ax + Bu the QP behaves like a pure tracker. Conclusion
SAFE CURRENT LIMIT (IEEE 1547) m Safety: Peak Current * CLF-CBF embeds the current limit 1n the control law with formal guarantees
jmax — ﬁ 115 oo A * CBF constraint values strictly positive throughout the voltage sag
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Fig. 2 — Three-phase inverter current under 0.6 pu voltage
CBF Gain y4 = ¥, 6000 sag (0.02-0.04s). Red dashed line = 224.5 A safe limit. * This work 1s supported by the National Science Foundation (NSF) under OIA-2316399,

Bottom Panel: CBF constraint values :- strictly positive Scan to read the full paper OIA-2218063, and OIA-2316401
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