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                    Abstract
In this work, the perturbation theory is applied to the analysis of an electromechanical pendulum system. The frequency response behavior of the system is studied, and the existence of unstable poles is detected using the Routh–Hurwitz criterion. Numerical simulations show the existence of nonlinear behaviors such as hysteresis and the Sommerfeld effect in the resonance region. To damp the electromechanical system oscillations due to the nonlinear characteristics of the system the State Dependent Riccati Equation (SDRE) technique is used. The SDRE control strategy is applied considering two control signals, a feedback control that force the state trajectory of the system to a previously defined periodic orbit, and a nonlinear feedforward control that keeps the system motion synchronized to the periodic orbit. Additionally, the robustness of the control technique is tested for parametric uncertainties.
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Appendix

                  $$\begin{aligned}J_{1} &= \frac{{a^{\prime}_{1} \omega_{1}}}{2\omega_{3}}\left\{\cos[ {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )}]\right. \\& \left. \quad -\, \cos[(\varOmega - \omega_{3})\tau+ (\beta_{1} + \beta_{3})] \right\}\end{aligned}$$

                    (35)
                


                
                  $$\begin{aligned} J_{2} &= \frac{{a_{1} \beta^{\prime}_{1} \omega_{1} }}{{2\omega_{3} }}\left\{ \sin [ (\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )] \right.\\ & \quad \left. - \sin [ (\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} ) ] \right\} \end{aligned}$$

                    (36)
                


                
                  $$J_{3} = - \frac{{a_{3} \mu_{3} }}{2}\left[ {1 - \cos \left( {2\omega_{3} \tau + 2\beta_{3} } \right)} \right]$$

                    (37)
                


                
                  $$\begin{aligned} J_{4} &= - \varepsilon \frac{{\delta a_{1} \omega_{1} \mu_{3} }} {{2\omega_{3} }} \left \{ \cos [(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )] \right. \\ & \left. \quad - \cos [(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )] \right\}\end{aligned}$$

                    (38)
                


                
                  $$\begin{aligned} J_{5} &= - \frac{{\delta a^{\prime}_{1} \omega_{1} }}{2} \left\{ \cos [ (\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} ) ] \right. \\ & \left. \quad - \cos [ (\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} ) ] \right\} \end{aligned}$$

                    (39)
                


                
                  $$\begin{aligned} J_{6} &= - \frac{{\delta a_{1} \omega_{1} \beta^{\prime}_{1} }}{2} \left\{ \sin [ (\varOmega + \omega_{3} ) \tau + (\beta_{1} + \beta_{3})] \right. \\ & \left. \quad - \sin [ (\varOmega - \omega_{3} ) \tau + (\beta_{1} - \beta_{3}) ] \right\} \end{aligned}$$

                    (40)
                


                
                  $$\begin{aligned} J_{7} &= - \frac{{\delta a_{1} }}{2}\left( {\omega_{1} \varOmega - \varOmega_{3}^{2} } \right) \left\{ \sin [ (\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )] \right. \\ & \left. \quad - \sin [ (\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )] \right\} \end{aligned}$$

                    (41)
                


                
                  $$J^{\prime}_{1} = \frac{{a^{\prime}_{1} \omega_{1} }}{{2a_{3} \omega_{3} }}\left\{ {\sin \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right] - \cos \left[ {(\omega_{3} - \varOmega )\tau + (\beta_{3} - \beta_{1} )} \right]} \right\}$$

                    (42)
                


                
                  $$J^{\prime}_{2} = \frac{{a_{1} \beta^{\prime}_{1} \omega_{1} }}{{2a_{3} \omega_{3} }}\left\{ {\cos \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right] + \cos \left[ {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )} \right]} \right\}$$

                    (43)
                


                
                  $$J^{\prime}_{3} = \frac{{a_{1} \omega_{1} \varOmega }}{{2a_{3} \omega_{3} }}\left\{ {\cos \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right] + \cos \left[ {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )} \right]} \right\}$$

                    (44)
                


                
                  $$J^{\prime}_{4} = - \varepsilon \frac{{\mu_{3} }}{2}\sin \left[ {2(\omega_{3} \tau + \beta_{3} )} \right]$$

                    (45)
                


                
                  $$J^{\prime}_{5} = - \varepsilon \frac{{\mu_{3} \delta a^{\prime}_{1} \omega_{1} }}{{2a_{3} \omega_{3} }}\left\{ {\sin \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right] - \sin \left[ {(\omega_{3} - \varOmega )\tau + (\beta_{3} - \beta_{1} )} \right]} \right\}$$

                    (46)
                


                
                  $$J^{\prime}_{6} = - \frac{{\delta a^{\prime}_{1} \omega_{1} }}{{2a_{3} \omega_{3} }}\left\{ {\sin \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right] - \sin \left[ {(\omega_{3} - \varOmega )\tau + (\beta_{1} - \beta_{3} )} \right]} \right\}$$
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                  $$J^{\prime}_{7} = - \frac{{\delta a_{1} \omega_{1} \beta^{\prime}_{1} }}{{2a_{3} \omega_{3} }}\left\{ {\cos \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right] + \sin \left[ {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )} \right]} \right\}$$
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                  $$J^{\prime}_{8} = - \frac{{\delta a_{1} }}{{2a_{3} \omega_{3} }}\left( {\omega_{1} \varOmega - \omega_{3}^{2} } \right)\left\{ {\cos \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right] + \cos \left[ {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )} \right]} \right\}$$
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                  $$G_{1} = \left( {\frac{{a_{3}^{2} \omega_{3}^{2} }}{2} + \frac{{a_{1}^{2} \delta^{2} a_{3} }}{4}} \right)\left\{ {\sin \left[ {(2\varOmega + 2\omega_{3} )\tau + (\beta_{1} + 3\beta_{3} )} \right] - \sin \left[ {(\omega_{3} - \varOmega )\tau + (\beta_{3} - \beta_{1} )} \right]} \right\}$$

                    (50)
                


                  $$G_{2} = \left( { - \frac{{a_{3}^{2} \omega_{3}^{2} }}{2}} \right)\left\{ {\sin \left[ {(\varOmega + 3\omega_{3} )\tau + (\beta_{1} + 3\beta_{3} )} \right] - \sin \left[ {(3\omega_{3} - \varOmega )\tau + (3\beta_{3} - \beta_{1} )} \right]} \right\}$$

                    (51)
                


                  $$G_{3} = \left( { - \frac{{a_{3}^{2} \omega_{3} a_{1} \delta }}{4}} \right)\left\{ {\sin \left[ {(2\varOmega + 2\omega_{3} )\tau + (2\beta_{1} + 2\beta_{3} )} \right] - \sin (2\omega_{3} \tau + 2\beta_{3} )} \right\}$$

                    (52)
                


                  $$G_{4} = \left( { - \frac{{a_{1}^{2} \delta^{3} }}{8}} \right)\left\{ {\sin \left[ {(3\varOmega + \omega_{3} )\tau + (3\beta_{1} + \beta_{3} )} \right] - \sin \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{3} + \beta_{1} )} \right]} \right\}$$

                    (53)
                


                  $$G_{5} = \left( { - \frac{{a_{1}^{2} \delta^{2} a_{3} }}{8}} \right)\left\{ {\sin \left[ {(3\varOmega - \omega_{3} )\tau + (3\beta_{1} - \beta_{3} )} \right] - \sin \left[ {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )} \right]} \right\}$$
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                  $$G_{6} = \left( {\frac{{a_{3}^{2} \omega_{3}^{2} a_{1} \delta }}{4} + \frac{{a_{3}^{2} \delta^{2} }}{2} - \frac{{a_{1}^{3} \delta^{3} }}{8}} \right)\left[ {\sin (2\varOmega \tau + 2\beta_{1} )} \right]$$
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                  $$G_{8} = \left( { - \frac{{a_{3}^{2} \omega_{3}^{2} \delta a_{1} }}{8}} \right)\left\{ {\sin (2\omega_{3} \tau + 2\beta_{3} ) - \sin \left[ {(2\omega_{3} - 2\varOmega )\tau + (2\beta_{3} - 2\beta_{1} )} \right]} \right\}$$
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                  $$G_{9} = \left( {\frac{{a_{1}^{2} \delta^{2} a_{3} \omega_{3} }}{4}} \right)\left\{ {\sin \left[ {(3\varOmega - \omega_{3} )\tau + (3\beta_{1} - \beta_{3} )} \right] - \sin \left[ {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )} \right]} \right\}$$
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                  $$G_{10} = \left( { - \frac{{a_{1}^{2} \delta a_{3} \omega_{3} }}{4}} \right)\left\{ {\sin \left[ {(3\varOmega + \omega_{3} )\tau + (3\beta_{1} + \beta_{3} )} \right] - \sin \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{1} + \beta_{3} )} \right]} \right\}$$
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                  $$G^{\prime}_{5} = \left( {\frac{{a_{3}^{2} \omega_{3} a_{1} \delta }}{4} + \frac{{a_{3}^{3} \omega_{1}^{2} \delta^{3} }}{4} - \frac{{a_{1}^{3} \delta^{3} \omega_{1}^{2} }}{8}} \right)\left[ {1 - \cos (2\varOmega \tau + 2\beta_{1} )} \right]$$

                    (68)
                


                  $$G^{\prime}_{6} = \left( { - \frac{{a_{3}^{2} \omega_{3}^{2} a_{1} \delta }}{8}} \right)\left\{ \begin{array}{l} \left[ {\cos \left( {(2\varOmega + \omega_{3} )\tau + (2\beta_{1} + 2\beta_{3} )} \right) + \cos \left( {2\omega_{3} \tau + 2\beta_{3} } \right)} \right] \hfill \\ + \left[ {\cos (2\omega_{3} \tau + 2\beta_{3} ) + \cos \left[ {(2\omega_{3} - 2\varOmega )\tau + (2\beta_{3} - 2\beta_{1} )} \right]} \right] \hfill \\ \end{array} \right\}$$

                    (69)
                


                  $$G^{\prime}_{7} = \left( {\frac{{a_{1}^{2} \omega_{3}^{2} a_{3} \delta }}{4}} \right)\left\{ \begin{array}{l} \left[ {\cos \left( {(3\varOmega - \omega_{3} )\tau + (3\beta_{1} - \beta_{3} )} \right) + \cos \left( {(\varOmega - \omega_{3} )\tau + (\beta_{1} - \beta_{3} )} \right)} \right] \hfill \\ - \left[ {\cos \left( {(\omega_{3} + 3\varOmega )\tau + (3\beta_{1} + \beta_{3} )} \right) + \cos \left[ {(\omega_{3} + \varOmega )\tau + (\beta_{3} + \beta_{1} )} \right]} \right] \hfill \\ \end{array} \right\}$$

                    (70)
                


                  $$\begin{aligned} G^{\prime}_{8} &= \left( { - \frac{{a_{3}^{3} \omega_{1}^{2} \delta^{3} }}{8}} \right)\left[ {\cos \left( {4\varOmega \tau + 4\beta_{1} } \right) + \cos \left( {2\varOmega \tau + 2\beta_{1} } \right)} \right] \\ & \quad + \, \left( {\frac{{a^{\prime}_{3} \omega_{3} }}{2}} \right)\left[ {\sin \left( {\left( {\varOmega + \omega_{3} } \right)\tau + (\beta_{1} + \beta_{3} )} \right) - \sin \left( {\left( {\varOmega - \omega_{3} } \right)\tau + (\beta_{1} - \beta_{3} )} \right)} \right] \\ \end{aligned}$$

                    (71)
                


                  $$G^{\prime}_{9} = \left( {\frac{{a_{3} \omega_{3} \beta^{\prime}_{3} }}{2}} \right)\left\{ {\cos \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{3} + \beta_{1} )} \right] + \cos \left[ {(\omega_{3} - \varOmega )\tau + (\beta_{3} - \beta_{1} )} \right]} \right\}$$

                    (72)
                


                  $$G^{\prime}_{10} = \left( {\frac{{a_{3} \omega_{3}^{2} }}{2}} \right)\left\{ {\cos \left[ {(\varOmega + \omega_{3} )\tau + (\beta_{3} + \beta_{1} )} \right] + \cos \left[ {(\omega_{3} - \varOmega )\tau + (\beta_{3} - \beta_{1} )} \right]} \right\}$$

                    (73)
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