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 a b s t r a c t

Constant-power loads (CPLs) impose strong nonlinearities on buck converters operating in continuous conduc-
tion mode (CCM), making stability and control highly sensitive to load power and passive parameters. This work 
proposes a three-stage inverse-to-forward physics-informed framework for online identification and predictive 
control. In the first stage, an inverse PINN (iPINN) jointly estimates the piecewise-constant CPL power and the 
passive parameters (𝐿,𝐶) from voltage–current trajectories by enforcing averaged CCM dynamics and regular-
ization terms, enabling reliable online identification during rapid transients. In the second stage, a direct PINN 
(DPINN) is trained using the identified parameters to construct a stable grey-box surrogate that embeds the buck 
conservation laws and generalizes across operating points. In the third stage, this physics-aware surrogate is inte-
grated into a model predictive controller (MPC) to perform short-horizon duty-ratio optimization with accurate 
state forecasts. A key contribution of this work is a dual-PINN architecture—combining inverse estimation with 
forward physics-consistent prediction—that forms a unified identification–prediction–control pipeline. This inte-
grated structure significantly reduces model–plant mismatch and enhances robustness to CPL steps and parameter 
drifts compared with conventional model-based or purely data-driven MPC schemes. Simulation results demon-
strate (i) low-error parallel estimation of CPL and (𝐿,𝐶), (ii) stable convergence of the forward surrogate, and 
(iii) improved closed-loop MPC performance, establishing a practical pathway from iPINN-based identification 
to real-time control.

1.  Introduction

Constant power loads (CPLs) arise in many modern DC systems 
such as telecommunication equipment, electric vehicle chargers, renew-
able energy interfaces, and DC microgrids. Unlike resistive loads whose 
power consumption varies proportionally with voltage, CPLs maintain a 
fixed power demand by adjusting the current inversely with voltage fluc-
tuations. This behavior introduces a negative incremental impedance, 
whereby a small voltage drop forces an increase in current draw, ef-
fectively making the load behave as a destabilizing negative resistor. 
For DC-DC buck converters operating in continuous conduction mode 
(CCM), this phenomenon significantly reduces natural damping, alters 
the equilibrium structure, and can cause oscillations, poor transient per-
formance, or even collapse of voltage regulation [1–3]. These destabi-
lizing effects become even more pronounced in DC microgrids where 
multiple CPLs operate simultaneously, collectively degrading stability 
margins. When the CPL value is unknown, time-varying, or piecewise 
constant, maintaining voltage regulation becomes particularly challeng-
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ing. Buck converter performance is highly sensitive to uncertainties in 
inductance 𝐿, capacitance 𝐶, and the instantaneous CPL power 𝑃 (𝑡). In 
practice, loads may vary abruptly, remain piecewise constant, or change 
unpredictably. Such variations degrade classic voltage-regulation strate-
gies, potentially causing overshoot, long settling times, or instability 
[4–6]. These challenges underscore the necessity of real-time estimation 
of both converter parameters and CPL power, without which controllers 
relying on nominal values cannot ensure robustness under rapid non-
linear disturbances. A wide range of estimation approaches has been 
proposed. Immersion-and-Invariance (II) observers [1], nonlinear ob-
servers [7], power/current observers [8], and reduced-order estimators 
[9] provide valuable insights. However, most of these methods assume 
smooth load profiles, require multiple high-quality sensors, or degrade 
under noise, parameter drift, or fast piecewise CPL variations. Paral-
lel to estimation research, many advanced control strategies have been 
developed for stabilizing buck converters feeding uncertain or nonlin-
ear loads. Passivity-Based (PB)and Energy-Shaping control(ES) meth-
ods [1,2,4] remain sensitive to inaccurate modeling. Sliding-Mode Con-
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\begin {equation}P(t) = \begin {cases} P_1, & \text {if } t \in [t_0, t_1) \\ P_2, & \text {if } t \in [t_1, t_2) \\ \vdots & \\ P_N, & \text {if } t \in [t_{N-1}, t_N) \end {cases} \label {Xeqn1-1}\end {equation}


\begin {equation}R_{\text {load},k}(t) = \frac {V(t)^2}{P_k}, \quad \text {for } t \in [t_{k-1}, t_k) \label {Xeqn2-2}\end {equation}


\begin {align}L\dot {i}_L &= dV_{\text {in}}-v_C - R_L i_L, \\ C\dot {v}_C &= i_L - \frac {P}{v_C}.\end {align}


\begin {align}\dot {\hat {x}}=A(L,C,P)\,\hat {x} + B(L)\,\hat {d} \label {Xeqn3-5}\end {align}


\begin {align}A= \begin {bmatrix} -\frac {R_L}{L} & -\frac {1}{L}\\[3pt] \frac {1}{C} & \frac {1}{R_{\text {neg}}C} \end {bmatrix},\quad B=\begin {bmatrix}\frac {V_{\text {in}}}{L}\\[3pt]0\end {bmatrix}, \label {Xeqn4-6}\end {align}


\begin {align}R_{\text {neg}}=-\frac {V_o^2}{P}\quad (<0). \label {Xeqn5-7}\end {align}


\begin {align}p(\lambda ;L,C)=\lambda ^2+ \bigg (\frac {R_L}{L}-\frac {1}{R_{\text {neg}}C}\bigg )\lambda + \frac {1}{LC}\bigg (1+\frac {R_L}{R_{\text {neg}}}\bigg )=0, \label {eq:char}\end {align}


\begin {equation}\frac {\partial \lambda }{\partial L}= -\frac {\partial p/\partial L}{\partial p/\partial \lambda },\qquad \frac {\partial \lambda }{\partial C}= -\frac {\partial p/\partial C}{\partial p/\partial \lambda }, \label {Xeqn7-9}\end {equation}


\begin {align}&e=-\hat v_C,\label {Xeqn8-10}\\ &\dot {\xi }=e\label {Xeqn9-11}\\ &u_{\text {raw}}=K_p e+K_i\xi ,\label {Xeqn10-12}\\ &\dot u_f=\omega _p(u_{\text {raw}}-u_f),\quad \hat d=K_{\text {pwm}}u_f,\label {Xeqn11-13}\end {align}


\begin {equation}\dot z=\underbrace {\begin {bmatrix} -\frac {R_L}{L} & -\frac {1}{L} & 0 & \frac {V_{\text {in}}K_{\text {pwm}}}{L}\\[3pt] \frac {1}{C} & \frac {1}{R_{\text {neg}}C} & 0 & 0\\[3pt] 0 & -1 & 0 & 0\\[3pt] 0 & -\omega _pK_p & \omega _pK_i & -\omega _p \end {bmatrix}}_{A_{\text {cl}}(L,C,P,K_p,K_i)} z. \label {Xeqn12-14}\end {equation}


\begin {equation}x(t) = \begin {bmatrix} i_L(t) \\ v_C(t) \end {bmatrix}, \label {Xeqn13-15}\end {equation}


\begin {equation}D(t) \in [0,1], \quad V_{\text {in}} > 0, \label {Xeqn14-16}\end {equation}


\begin {equation}L>0, \quad C>0, \quad R_p>0, \label {Xeqn15-17}\end {equation}


\begin {equation}P(t) \geq 0, \quad \text {(piecewise-constant or continuous)}. \label {Xeqn16-18}\end {equation}


\begin {equation}v_{\min } > 0, \qquad I_{\text {CPL,max}} > 0. \label {Xeqn17-19}\end {equation}


\begin {align}\dot {i}_L(t) &= \frac {D(t)V_{\text {in}} - v_C(t)}{L}, \\ \dot {v}_C(t) &= \frac {1}{C} \left (i_L(t) - \left (\tfrac {P(t)}{\max \{v_C(t),v_{\min }\}} + \tfrac {v_C(t)}{R_p}\right )\right ). \tag {1}\end {align}


\begin {align}\dot {i}_L(t) &= \frac {D(t)V_{\text {in}} - v_C(t) - R_w i_L(t)}{L}, \\ \dot {v}_C(t) &= \frac {1}{C}\left (i_L(t) - \tfrac {P(t)}{v_C(t)} - \tfrac {v_C(t)}{R_p}\right ) + \text {ESR}\cdot \dot {i}_L(t).\end {align}


\begin {align}i_{\text {cpl}}(t) &= \min \!\left (\tfrac {P(t)}{\max \{v_C(t),v_{\min }\}}, \, I_{\text {CPL,max}}\right ), \\ i_{\text {ld}}(t) &= i_{\text {cpl}}(t) + \tfrac {v_C(t)}{R_p}.\end {align}


\begin {equation*}t_n = nT_s, \quad n=0,\ldots ,N.\end {equation*}


\begin {align}\dot {v}_n^{\text {meas}} &= \frac {v_{n+1} - v_n}{T_s}, \\ \dot {i}_n^{\text {meas}} &= \frac {i_{n+1} - i_n}{T_s}.\end {align}


\begin {align}x_{n+1} &= x_n + \frac {T_s}{6}\,(k_1 + 2k_2 + 2k_3 + k_4), \\ k_\ell &= f\!\big (x_n + \alpha _\ell T_s k_{\ell -1}\big ),\end {align}


\begin {equation}P(t) = P_k, \qquad t\in [t_k,t_{k+1}), \label {Xeqn18-29}\end {equation}


\begin {equation}P_k = P_{\min } + (P_{\max }-P_{\min })\,\sigma (z_k), \label {Xeqn19-30}\end {equation}


\begin {equation}\sigma (x)=\frac {1}{1+e^{-x}}, \label {Xeqn20-31}\end {equation}


\begin {equation}L = L_{\min } + (L_{\max }-L_{\min })\,\sigma (z_L), \label {Xeqn21-32}\end {equation}


\begin {equation}C = C_{\min } + (C_{\max }-C_{\min })\,\sigma (z_C). \label {Xeqn22-33}\end {equation}


\begin {equation}\big (P_\theta (\tau ),\,L_\theta ,\,C_\theta \big ), \qquad \tau \in [0,1]. \label {Xeqn23-34}\end {equation}


\begin {align}P_\theta (\tau ) &\in [P_{\min },P_{\max }], \\[4pt] L_\theta &\in [L_{\min },L_{\max }], \\[4pt] C_\theta &\in [C_{\min },C_{\max }].\end {align}


\begin {equation}r_v(n;\theta ) = \dot v_n^{\text {meas}} - \frac {1}{C_\theta }\!\left ( i_n - \Big (P_\theta (\tau _n)\max (v_n,v_{\min }) + \tfrac {v_n}{R_p}\Big )\right ) \label {Xeqn24-38}\end {equation}


\begin {equation}r_i(n;\theta ) = \dot i_n^{\text {meas}} - \frac {1}{L_\theta }\big (DV_{\text {in}}-v_n\big ). \label {Xeqn25-39}\end {equation}


\begin {equation}\rho _\delta (r)= \begin {cases} \dfrac {1}{2}r^2, & |r|\le \delta ,\\[6pt] \delta \Big (|r|-\dfrac {\delta }{2}\Big ), & |r|>\delta . \end {cases} \label {Xeqn26-40}\end {equation}


\begin {equation}TV_P = \frac {1}{N-1}\sum _{n=0}^{N-2} \big |P_\theta (\tau _{n+1})-P_\theta (\tau _n)\big |\, \chi _{\text {in-seg}}(n). \label {Xeqn27-41}\end {equation}


\begin {equation}P_{\text {inst}}(t_n) = v_n\!\left (i_n - C_\theta \,\dot v_n - \tfrac {v_n}{R_p}\right ). \label {Xeqn28-42}\end {equation}


\begin {equation}L_{\text {seg}} = \frac {1}{K}\sum _{k=0}^{K-1} \left (\overline {P_\theta }^{(k)}-\overline {P_{\text {inst}}}^{(k)}\right )^2. \label {Xeqn29-43}\end {equation}


\begin {align}r_{\dot v,0} &= \dot v^{\text {meas}}(t_0) - \frac {1}{C_\theta }\Big ( i(t_0) \nonumber \\[-2pt] &\qquad \qquad - \big ( P_\theta (\tau _0)\max \!\big (v(t_0),v_{\min }\big ) + \tfrac {v(t_0)}{R_p} \big ) \Big ), \\[6pt] r_{\dot i,0} &= \dot i^{\text {meas}}(t_0) - \frac {1}{L_\theta }\big (DV_{\text {in}}-v(t_0)\big ), \\[6pt] L_{\text {IC-der}} &= \rho _\delta (r_{\dot v,0}) + \gamma _L\,\rho _\delta (r_{\dot i,0}), \\[6pt] L_{\text {IC-state}} &= \lambda _{v0}\left (v(t_0)-V_0\right )^2 + \lambda _{i0}\left (i(t_0)-I_0\right )^2.\end {align}


\begin {align}\mathcal {L}_{\text {iPINN}}^{\text {full}}(\theta ) &= \frac {\sum _{n} w_n\!\left ( \rho _\delta \!\big (r_v(n;\theta )\big ) +\gamma _L\,\rho _\delta \!\big (r_i(n;\theta )\big )\right )} {\sum _{n} w_n} \nonumber \\[6pt] &\quad + \lambda _{TV}\,TV_P + \lambda _{\text {seg}}\,L_{\text {seg}} \nonumber \\[6pt] &\quad + \mu _L\|L_\theta -\overline {L}\|^2 + \mu _C\|C_\theta -\overline {C}\|^2 \nonumber \\[6pt] &\quad + \lambda _{\text {ICd}}\,L_{\text {IC-der}} + \lambda _{\text {ICs}}\,L_{\text {IC-state}} .\end {align}


\begin {align}\hat P_k=\overline {P_\theta }^{(k)},\qquad \hat L=L_\theta ,\qquad \hat C=C_\theta . \label {Xeqn30-49}\end {align}


\begin {align}f_{v_C}(v_C, i_L, \hat {P}) = \frac {1}{C} \left ( i_L - \frac {\hat {P}(v_C, i_L)}{v_C} \right ) \label {Xeqn31-50}\end {align}


\begin {equation}(x_0, \{D_h\}_{h=0}^{H-1}) \;\longrightarrow \; \{(i_L, v_C)_h\}_{h=1}^H, \label {Xeqn32-51}\end {equation}


\begin {align}\dot i_L(t) &= \frac {D(t) V_{in} - v_C(t) - R_w i_L(t)}{\hat L}, \label {eq:il_dyn}\\ \dot v_C(t) &= \frac {i_L(t) - \Big (\tfrac {\hat P(t)}{\max (v_C(t),v_{\min })} + \tfrac {v_C(t)}{R_p}\Big )}{\hat C} + \mathrm {ESR}\cdot \dot i_L(t). \label {eq:vc_dyn}\end {align}


\begin {align}r_{i_L}(\tau ) :=\;& \frac {di_L}{d\tau } - T_h \frac {D(\tau )V_{in} - v_C - R_w i_L}{\hat {L}} , \tag {53} \\[6pt] r_{v_C}(\tau ) :=\;& \frac {dv_C}{d\tau } - T_h \bigg [ i_L - \left ( \frac {\hat {P}(\tau )}{\max (v_C, v_{\min })} + \frac {v_C}{R_p} \right ) \bigg ] \frac {1}{\hat {C}} \notag \\ & \quad + \text {ESR}\,\frac {D(\tau )V_{in} - v_C}{\hat {L}} . \tag {54}\end {align}


\begin {equation*}\widehat x(\tau ;\vartheta ) = \begin {bmatrix} \widehat i_L(\tau ) \\[3pt] \widehat v_C(\tau ) \end {bmatrix},\end {equation*}


\begin {align}\mathcal {L}_{phys} &= \frac {1}{J} \sum _{j=1}^J \Big (\|r_{i_L}(\tau _j)\|^2 + \|r_{v_C}(\tau _j)\|^2\Big ), \\[6pt] \mathcal {L}_{IC} &= \|\,\widehat x(0) - x_0\,\|^2 + \lambda _{\dot x0}\,\big \|\tfrac {d\widehat x}{d\tau }(0) - T_h f(x_0,D_0)\big \|^2, \\[6pt] \mathcal {L}_{data} &= \frac {1}{|\mathcal S|}\sum _{n\in \mathcal S} w_n \|\widehat x(\tau _n) - x^{meas}_n\|^2, \\[6pt] \mathcal {L}_{reg} &= \beta _{Lip}\int _0^1 \Big \|\tfrac {\partial \widehat x}{\partial \tau }\Big \|^2 d\tau + \beta _W \|\vartheta \|^2.\end {align}


\begin {align}\mathcal {L}_{Stage2} &= \lambda _{phys} \mathcal {L}_{phys} + \lambda _{IC}\mathcal {L}_{IC} + \lambda _{data}\mathcal {L}_{data} + \lambda _{reg}\mathcal {L}_{reg}. \label {eq:stage2loss}\end {align}


\begin {equation*}f_{pred}(x_0, \{D_h\}) = \{\widehat x(h/H;\,\vartheta ^\star )\}_{h=1}^H,\end {equation*}


\begin {equation}\begin {split} \min _{\{D_h\}_{h=0}^{H-1}} \; J = \sum _{h=1}^H \Big ( \underbrace {\|v_C(h)-v_{\text {ref}}\|_Q^2}_{\text {Voltage tracking}} + \underbrace {\|i_L(h)\|_R^2}_{\text {Current penalty}} \\ + \underbrace {\lambda _\Delta \|D_h - D_{h-1}\|^2}_{\text {Duty variation penalty}} \Big ) \end {split} \label {eq:stage3_cost}\end {equation}


\begin {align}(i_L(h), v_C(h)) &= f_{\text {pred}}\!\big (x_0,\{D_\ell \}_{\ell =0}^{h-1}\big ), \\[6pt] 0 \;\; &\leq D_h \leq 1, \\[6pt] v_{\min } \;\; &\leq v_C(h) \leq v_{\max }, \\[6pt] i_{\min } \;\; &\leq i_L(h) \leq i_{\max }.\end {align}


\begin {equation}D^\star (t) = D_0^\star , \label {Xeqn34-64}\end {equation}
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