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Abstract

:

The cascaded connection of power converters in a DC microgrid may cause instabilities. Indeed, power converters operating as external loads exhibit constant power load (CPL) behaviors. In this study, the design of the feedback controller of a multi–cell interleaved fuel cell (FC) step–up power circuit is based on the adaptive Hamiltonian control law. It includes two integral terms to confirm that there is no steady-state error in the DC bus voltage, and to guarantee the current balancing of each input inductor current. The design confirms that the desired equilibrium point is (locally) asymptotically stable by using the Lyapunov stability proof. The control approach is validated via digital simulations and experimental tests performed with a 2500 W FC converter supplied by an FC/reformer size of 2500 W and 50 V.
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1. Introduction


While diesel engines generate electricity via thermal energy processes, fuel cell (FC) engines are electrochemical power sources that transform chemical energy directly into electrical energy; therefore, the losses in the thermal energy conversion process are removed with FCs, leading to higher electrical efficiency. FCs have a strong potential in DC microgrid applications (electric cars, shipboards, and more electric aircraft (MEA)) because of their benefits over conventional engines [1,2]. The chemical reactions occurring are different according to the type of FC. One type of FC is currently of interest for DC microgrid applications: a proton exchange membrane fuel cell (PEMFC) that operates at lower temperatures (<90 °C), enabling a quick start-up, low-exhaust emission, silent operation, lower maintenance costs, and relatively higher fuel efficiency [3,4].



The FC output voltage is an unregulated DC voltage and it requires the use of a DC-DC converter for practical utilization. The boost converter (FC converter) is generally chosen for its simplicity and low-cost to transform the low DC voltage provided by the FC to the DC bus connected to external loads, as shown in Figure 1. In high-power applications, and to reduce the FC input current ripple, multiphase boost converters featuring interleaving techniques have been proposed to interface the FC and the DC bus [4,5] (Figure 2). By utilizing interleaved techniques, the current stress of power electronics devices can be reduced, and the thermal distribution is enhanced. Multiphase boost converters can continue to operate even in the case of power switch failures due to their natural redundancy [4].



More importantly, the constant resistive load (CRL) and/or constant power load (CPL) (see Figure 1) supplied by the DC bus are challenging issues in the DC microgrid, causing distinctive dynamic behaviors. For this reason, these issues have been studied in the literature. Under tight-speed/torque regulations with CPL association, the electric motor drive exhibits CPL characteristics at the DC bus [6,7]. In the case of CPLs, the instability of the DC bus connected to the power converters is a challenging issue. Indeed, this issue appeared during the 80s on a regional narrow gauge railway in Switzerland, where railcars were powered by DC motors. To address this issue, DC motors were substituted with induction motors fed by inverters. In this case, slight adjustments to the control structure of the inverter control solved the problem. The problem of the instability of the DC bus is strongly associated with the rated power of the converter system. With the increasing power of the converter system, the efficiency usually increases. Consequently, the inherent damping of the system declines. The system becomes more prone to this instability. The instability results in a smoothly increasing voltage oscillation that starts at a certain power level. By properly tuning the power level, it is possible to operate the system continuously with a certain limited voltage oscillation. On the other hand, increasing the power level immediately leads to a protective shutdown of the system.



As presented in [8], the dynamic behavior of CPLs is comparable to incremental negative impedance, which, under certain conditions, can introduce large oscillations or dangerous instability in the DC distribution. Stability issues should be considered to improve the performance of a DC bus. In recent years, there has been an effort to study and to solve instabilities introduced by CPL [9,10]. Various research has been conducted on this topic, using several control techniques. Glover and Sudhoff [11] initially proposed a nonlinear proportional-integral (PI) alleviating controller. The main drawback of this technique, as presented in [11], is its variable switching frequency. Subsequently, Emadi et al. [12] developed a sliding mode control for a buck converter under CPL; however, the key difficulty here is its sensitivity to excessive load variations. For other solutions, Cespedes et al. [13] studied passive damping techniques using a supplementary LC filter. Conversely, many active damping techniques have been studied to regulate the network: the “virtual inductor technique” proposed by Liu et al. [14]; the “virtual resistor approach” studied by You et al. [15]; and the “virtual impedance approach” proposed by Lu et al. [16]. Among these nonlinear control schemes, the interconnection and damping assignment passivity-based control (IDA-PBC, or the Hamiltonian Lyapunov control) has also received attention in the last decade to address the CPL instability issue [17,18]. This Hamiltonian energy control law is clear-cut, has high dynamics, and is sufficiently effective.



This paper presents a novel Hamiltonian control approach for an FC converter. The key contributions of this study are as follows:



C1. To improve the system dynamics, the derivative term of the desired state vectors has been added to the new IDA-PBC law.



C2. Two integral terms have been added in the control law to confirm that there are no steady–state errors in the DC link voltage and to ensure current sharing in each input inductor current.



C3. The control interconnection gain (KJ will be presented later) is the adaptive gain, updated every sampling period to find the optimum.



This study comprises five sections. After this introduction emphasizing the challenging issues with CPL and the current state of the field, Section 2 presents the Hamiltonian control law and Section 3 details the adaptive energy control approach for the multiphase FC boost power circuit. In Section 4, simulation and experimental results are presented to validate the adopted control approach. Finally, Section 5 concludes the study.




2. Passivity Control Based on the Hamiltonian Control Law


2.1. System Modeling Based on the Port-Hamiltonian pH


The nonlinear system has the general state–space model and can be expressed as:


   x ˙  = f  ( x )  + g · u + ξ  



(1)







Then, Equation (1), expressed in the standard pH model (including storage components), can be presented as [19,20]:


   x ˙  =  [  J − R  ]    ∂ H  ( x )    ∂ x   + g · u + ξ  



(2)




where u is the important input control vector (∈ ℜm), g is the input matrix (n × m), ξ is the external disturbance vector, x is the state variable vector (∈ ℜm), R = RT ≥ 0 is the damping matrix (n × n), J = −JT is the interconnection matrix (n × n), and H(x) is the Hamiltonian stored energy function (a scalar field) of the controlled power plant.




2.2. Proposed New Hamiltonian Control Law


Referring to (2), the target is to determine the control input u = β(x) with x = xd (the desired state variable), such that the feedback closed-loop model has the following proposed pH form (referred to as the “Hamiltonian energy control law” or the “IDA-PBC”):


   x ˙  =  [   J d  −  R d   ]    ∂  H d   ( x )    ∂ x   +   d  x d    d t    



(3)




where Jd = −JdT is the control interconnection matrix, Rd is the desired damping matrix, Rd = RdT ≥ 0, and Hd is the desired energy function. After assigning Jd and Rd matrices, the solutions of the partial differential equation (PDE) in (3) [∂Hd/∂x] provide a valid set of the desired Hamiltonian energy functions Hd(x). Then, by combining (2) and (3), the most significant equation in the proposed new Hamiltonian control law can be written as:


      [   J d  −  R d   ]    ∂  H d   ( x )    ∂ x   +   d  x d    d t    ︷   C o n t r o l   L a w   =     [  J − R  ]    ∂ H  ( x )    ∂ x   + g · u + ξ  ︷   P l a n t    



(4)







Finally, by solving Equation (4), the control input u = β(x) can be obtained.





3. Adaptive Hamiltonian Energy Control of the FC Converter


3.1. 2-Phase Interleaved Step-Up Power Circuit Model


The topology of the two cell boost converters for FC applications is depicted in Figure 2a. Sn is the power switch and Dn is the diode. iFC is the FC current, vFC is the FC voltage, and pFC is the FC power (=vFC · iFC). iCH is the load current, vC is the DC bus voltage, pCH is the load power (=vFC · iFC), and iLn is the inductor current. CB is the total output capacitance at the DC bus and Ln is the input inductance. In this work, two (2) phase converter cells are studied and implemented (n = 2). The two boost cells are formed by {S1, D1, and L1} and {S2, D2, and L2}. The switching signals for triggering S1 and S2 are 180o out of phase as displayed in Figure 2b. The input current iFC is the sum of the two inductor currents iL1 and iL2. Since the inductor’s ripple currents are out of phase, they cancel each other out and reduce the input ripple current caused by the boost inductors. The best input inductor ripple current cancellation occurs at 50% duty cycle.



The well-known nonlinear differential equation of multiphase boost converters [21,22] (average model) can be expressed as:


    d  i   L 1      d t   =    (   v  FC   −  r   L 1     i   L 1    −  v C  +  d 1   v C   )   /   L 1     



(5)






    d  i   L 2      d t   =    (   v  FC   −  r   L 2     i   L 2    −  v C  +  d 2   v C   )   /   L 2     



(6)






    d  v C    d t   =    (   (  1 −  d 1   )   i   L 1    +  (  1 −  d 2   )   i   L 2    −  i  CH    )   /   C B     



(7)




where d1 and d2 ∈ [0, 1] are the 1st and 2nd important control duty cycles (pu.) of the power switches (S1 and S2), which are control signals. rLn is the equivalent series resistance (ESR) of each inductor, Ln. Note here that rLn characterizes the fixed losses in each converter module. Moreover, for simplicity, the equivalent parallel resistance and the equivalent series resistance of the output capacitor CB are omitted in this study.




3.2. Adaptive Hamiltonian Energy Control


In this circuit, as shown in Figure 2, there are two important variables to be regulated:




	
The DC bus voltage vC is the most essential variable so that, at the equilibrium point, vC = vCd (the desired set-point).



	
The current sharing of each input inductor current at equilibrium point iL1 = iL2.








As highlighted in the literature concerning the control of fuel cell (FC) systems [23,24], the cathode oxygen excess ratio (OER) has to be regulated to avoid oxygen starvation, decreased efficiency, degradations, and likely shutdown [23,25]. The oxygen starvation phenomenon appears when the quantity of oxygen provided to the FC is not adequate to react with the stack current [23]. Hence, different control strategies have been conceived to face this crucial issue, such as the control of stack current derivative [24,26]. As this paper is mainly focused on CPL issues and not OER issues, only two variables have been taken into account, including the DC bus voltage for stability reasons, and the current of each inductor phase of the converter to avoid additional current stresses (causing a decrease in energy efficiency and possible power switch failures). Nevertheless, OER issues are considered and discussed when presenting the obtained experimental results in Section 4.



To guarantee robustness against the converter parameter variations (e.g., the resistor rLn variations with temperature), noise, or external perturbations, the implementation of integral terms are mandatory. For the first constraints above vC = vCd, the new control law λV has the integral form:


   λ V  =  K  IV     ∫   (   v  Cd   −  v C   )       d t  



(8)




where KIV ≥ 0 is the tuning integral gain for the voltage regulation. Next, for the second constraints iL1 = iL2, the new control law, λI, has the integral form:


   λ I  =  K  II     ∫   (   i   L 2    −  i   L 1     )       d t  



(9)




where KII ≥ 0 is the tuning integral gain for the current sharing.



According to (5)–(7), the modified FC converter model with two additional Integrators (8) and (9) can be written in pH form (2), as follows:


   x =  [       x 1         x 2         x 3         x 4         x 5       ]  =  [       i   L 1           i   L 2           v C         λ V         λ I       ]    ,   u =  [       u 1         u 2       ]  =  [       d 1         d 2       ]  .   



(10)







Subsequently, the extended Hamiltonian function in the proposed quadratic equation [27,28] is set as:


  H  ( x )  =  1 2   x T  Q x ,  



(11)






where Q = diag {L1, L2,, CB, 1/KIV, 1},



(12)




which can therefore be written as:


  H  ( x )  =  1 2   (   L 1   x 1 2  +  L 2   x 2 2  +  C B   x 3 2  +  K  IV      − 1    x 4 2  +  x 5 2   )   



(13)







Therefore, the gradient of a scalar field H(x) may be expressed as:


    ∂ H  ( x )    ∂ x   =    [       L 1   x 1       L 2   x 2       C B   x 3       K  IV      − 1    x 4       x 5       ]    T    



(14)




Then, the matrices J − R and g and vector ξ can be expressed as:


  J − R =  [        −  r   L 1     /   L 1 2       0      − 1  /   (   L 1   C B   )       0   0     0      −  r   L 2     /   L 2 2          − 1  /   (   L 2   C B   )       0   0       1 /   (   L 1   C B   )         1 /   (   L 2   C B   )       0   0   0     0   0      −  K  IV    /   C B       0   0        −  K  II    /   L 1           K  II    /   L 2       0   0   0     ]   



(15)






   g =  [         x 3   /   L 1       0     0       x 3   /   L 2            −  x 1   /   C B          −  x 2   /   C B         0   0     0   0     ]    ,   and   ξ =  [         v  FC    /   L 1             v  FC    /   L 2            −  i  CH    /   C B           K  IV      v  Cd        0     ]  .   



(16)







Next, to apply the Hamiltonian energy control law defined in (3), it is essential to state the desired set-point vector xd = [x1d, x2d, x3d, x4d, x5d]T (also identified as the steady-state vector) and the error vector e = [e1, e2, e3, e4, e5]T. One may write:


  e =  x d  − x .  



(17)







Subsequently, according to (11)–(13), Hd [refer to (3)] was chosen as the proposed quadratic function:


   H d   ( x )  =  1 2   e T  Q   e  



(18)






   H d   ( x )  =  1 2   L 1  ·    (   x   1 d    −  x 1   )   2  +  1 2   L 2  ·    (   x   2 d    −  x 2   )   2  +  1 2   C  Bus   ·    (   x   3 d    −  x 3   )   2  +  1 2   K  IV    − 1    ·  x 4 2  +  1 2  ·  x 5 2   



(19)




with x4d and x5d set to zero. For simplicity, we set L = L1 = L2 and rL = rL1 = rL2 so that the gradient of a scalar field Hd(x) may be expressed as:


    ∂  H d   ( x )    ∂ x   =    [      L  (   x 1  −  x  1 d    )      L  (   x 2  −  x  2 d    )       C B   (   x 3  −  x  3 d    )       K  IV      − 1    x 4       x 5       ]    T    



(20)







In terms of the energy shaping and damping control [29,30], the control interconnection matrix Jd and control damping matrix Rd are proposed as follows:


   J d  =  [     0   0    −   1 +  K J    L  C B       0       K  II    L       0   0    −   1 +  K J    L  C B       0    −    K  II    L          1 +  K J    L  C B          1 +  K J    L  C B       0       K  IV      C B       0     0   0    −    K  IV      C B       0   0      −    K  II    L         K  II    L     0   0   0     ]   



(21)






   R d  =  [         K R     L 2       0   0   0   0     0       K R     L 2       0   0   0     0   0   0   0   0     0   0   0   0   0     0   0   0   0   0     ]   



(22)




where Jd = −JdT, Rd = RdT ≥ 0, and KR ∈ ℜ ≥ 0 is the tuning controller used to dampen the transient oscillations. KJ ∈ ℜ is the real-time adaptive gain.



Substituting (10), (14)–(16), and (20)–(22) into (4), results in five equations, after some algebra. As a final point, one solves (4); therefore, the last two bottom equations are equal to zero, with x1d = x2d (which will be presented later). There are three (3) equations and three (3) unknown signals (u1 (=d1), u2 (=d2), and KJ) to be estimated with three fixed tuning controller gains: KR, KIV, and KII. By using the MATLAB code of the solve() function, the unique result of the proposed adaptive Hamiltonian control law can be written as:


KJ = −(iCH·x3 − vFC·x1 − vFC·x2 + x3·x4 + x1·x3d − x3·x1d + x2·x3d − x3·x2d − KR·x12 − KR·x22 + …

rL·x12 + rL·x22 + CB·x3·(dx3d/dt) + L·x1·(dx1d/dt) + L·x2·(dx2d/dt) + KII·x1·x5 − KII·x2·x5 + …

KR·x1·x1d + KR·x2·x2d)/(x1·x3d − x3·x1d + x2·x3d − x3·x2d).



(23)






d1 = u1 = (x3d − vFC + rL·x1 + KR·(x1d − x1) + KJ·(x3d − x3) + KII·x5 + L·(dx1d/dt))/x3.



(24)






d2 = u2 = (x3d − vFC + rL·x2 + KR·(x2d − x2) + KJ·(x3d − x3) − KII·x5 + L·(dx2d/dt))/x3.



(25)








3.3. Desired Set-Point Generation xd


According to (20) and (23)–(25), the state variables x1 (=iL1), x2 (=iL2), and x3 (=vC) are measurable via current and voltage sensors; the state variables x4 and x5 are calculated using (8) and (9); and, finally, the three desired variables (x1d (=iL1d), x2d (=iL2d), and x3d (=vCd)) need to be determined. According to its application, the utility DC link voltage vC of a DC microgrid is set as vCd = 270 V for electric aircraft, or 300–540 V for electric/hybrid/fuel cell vehicles. To estimate [x1d (=iL1d), x2d (=iL2d)], first, the load power pCH can be expressed as:


pCH = vC·iCH = x3·iCH.



(26)







According to (8), the load power pCH can be simplified as:


pCH = x3d·iCH + x3d·x4.



(27)







According to the power balance at the equilibrium point of (5)–(7) (dx/dt = 0 and x = xd), the FC power set–point pFCd may be written as:


    p  FCd   = 2  p  Max    (  1 −   1 −  (     p  CH      p  Max      )     )    ,   with    p  Max   =    v  FC     2    2  r L    .   



(28)







Then, x1d (=iL1d) and x2d (=iL2d) can be expressed as:


   x   1 d    =  x   2 d    =    (     p  FCd      v  FC      )   / 2   



(29)







Now, the explanations to establish xd are completed.




3.4. Stability Proof and Control Conclusion


The Lyapunov stability theory is employed to verify the stability of the proposed control law (23)–(25). Hd(x) (see (18) and (19)) is a positive-definite function and e = xd − x; then, Hd(e) may be written. Consequently, Hd(e) can be set as the Lyapunov candidate function V [30], which can be written as:


V(e) = Hd(e) > 0.



(30)







According to (20), the gradient of a scalar field Hd(x) can be extended as follows:


    ∂  H d   ( x )    ∂ x   = − Q e .  



(31)







Next, the derivative of the error e can be expressed as:


   e ˙  =   x ˙  d  −  x ˙  .  



(32)







Substituting (3) and (31) into (32), we obtain:


   e ˙  =  [   J d  −  R d   ]   [  − Q e  ]  .  



(33)







As a result, the derivative of V(e) can be presented as


   V ˙   ( e )  =   ∂  H d   ( e )    ∂ e    e ˙  =    [  − Q e  ]    T    [   J d  −  R d   ]   [  − Q e  ]  .  



(34)




Jd is an anti-symmetric matrix (Jd = −JdT), then      [  − Q e  ]    T    J d   [  − Q e  ]    ≡ 0 and Rd is a positive-definite matrix (Rd = RdT ≥ 0). Therefore, the derivative of V(e) can be expressed as:


   V ˙   ( e )  = −    [  − Q e  ]    T    R d   [  − Q e  ]  < 0 .  



(35)




Combining the results   V  ( e )    > 0 and    V ˙   ( e )    < 0, the proposed control law exhibits asymptotical stability at the operating fixed point [31,32], thus completing the proof starting at the beginning of Section 3.4.



For tuning the controller gains linked to the stability margin, only three tuned controller parameters are available: KR, KIV, and KII. The damping controller KR is homogeneous to the resistor; it is set at no more than 5–10 times the value of the inductive resistance rL. This restriction allows ensuring an underdamped transient behavior with low overshoot and a fast response. The damping controller KR has been set to 0.5 to obtain a faster response as a result of the operating condition changes. Finally, according to the Nyquist–Shannon theorem and (24) and (25), the relationship between the integrator’s time constants ((=1/KIV), and (=1/KII)) and the well-known boost converter natural frequency ωn [=1/sqrt(L·CB) is roughly expressed using the cascade control loop: KII << KIV << ωn. The natural frequency of the converter is equal to 503.6 Hz, while the period is equal to 1.98 ms. Based on the Nyquist-Shannon theorem, the sampling period has to be equal at least to 4 ms (double the period). As a result, the integrator’s time constants in the current sharing regulation is set to 8 ms; while for the DC bus voltage regulation, the time constant is set six times higher, equal to 50 ms. Thus, the tuning integral gains KIV and KII are set to 120 and 20, respectively.



The control approach of the interleaved FC step-up converter is shown in Figure 3. Integrator (8) generates x4, Integrator (9) calculates x5, and the desired set-point generator (26)–(29) estimates the desired inductor currents iLd (=x1d = x2d). Next, Equation (23) generates the adaptive gain KJ, resulting in the real-time estimated gain, updated every sampling period. Finally, the control vector generation in (24) and (25) introduces the duty cycles u (u1, u2).





4. Performance Validation


Figure 4 illustrates the test bench platform, which comprises a real PEMFC/Reformer (ME2PowerTM FC system: 2.5 kW, 50 V), 2-phase FC step-up converter, and loads, using the parameters in Table 1. By choosing a phase inductor value equal to 200 µH, the FC current ripple is restricted between 0.8 and 2.5 A, allowing a guarantee of the FC reliability [4]. In comparison, the inductor current ripple varies from 4.86 to 5.5 A. Regarding the DC bus voltage ripple, it is limited to 0.5 V by using a DC bus capacitor equal to 500 µF. The electronic load ChromaTM 63212E–600–840 was used to emulate the CRL and CPL. All control algorithms were digitally estimated in MicroLabBox dSPACE DS1103 (sampling frequency = 25 kHz, i.e., a high switching frequency fs of 25 kHz of the boost power circuits) with the controller parameters listed in Table 2. It should be noted here that it is beyond the scope of this paper to discuss the sampling time delay (for example, single update or double update); more details can be found in [33,34].



First, to validate the current-sharing iL1 = iL2 and the input-current ripple cancellation of the interleaving switching technique, the equilibrium-point data in Figure 5 illustrates the characteristics of the power converters at vCd = vC = 110 V and pCH ≈ pFC = 352 W (CPL). CH1–CH6 denote the DC bus voltage vC, fuel cell voltage vFC, fuel cell current iFC, first inductor current iL1, second inductor current iL2, and integral output variable x5 (=λI, see (9)), respectively. As a result of the integral action (9) with a small signal x5 of approximately 0.03 The two-phase boost circuits use controlled current balancing iL1 = iL2 (average currents). Each circuit operates 180° out of phase at fs = 25 kHz. Therefore, the peak-to-peak ripple current iFC switches at an effective frequency (50 kHz) of twice the PWM frequency fs as iFC = iL1 + iL2.



Next, to substantiate the effectiveness of the studied adaptive energy control approach for the DC microgrid during the CPL step, a simulation analysis is also performed on the MATLAB/SIMULINK program by using the switching model. Figure 6 displays the simulation and experimental results obtained for the converter regulator with the proposed control law. CH1–CH11 show the DC bus voltage vC, FC voltage vFC, FC power pFC, external load power pCH, 1st input inductor current iL1, 2nd input inductor current iL2, 1st control duty cycle d1, 2nd control duty cycle d2, input FC current iFC, integral output variable x4 [= λV, see (8)], and adaptive gain KJ, respectively. The CPL changes immediately from 245 to 980 W due to the applied power load step. For this dynamic test, the voltage gain of the converter varies from 2.2, to 3 since the FC stack voltage is included between 36 and 50 V, guaranteeing a good energy efficiency. In comparison, the duty cycle values vary from 0.54 to 0.67. The DC bus voltage undershoots when the power increases 7.27% (8 V), and the associated settling time is 10 ms (see Table 3). The adaptive gain KJ is updated to find an optimum value, depending on the equilibrium point. For example, in Figure 6b, KJ = 0.53 (at pCH = 245 W) and KJ = −0.60 (at pCH = 980 W). It should be noted that the steady-state error is e3 = 0 (vCd = vC = 110 V) because the integral term (8) is realized in the control law. As a result of a CPL step, the stack current shows a slight overshoot (32 A, corresponding to 12.5% of the steady-state current of 28 A) reached in 3 ms. On one hand, if the studied converter was supplied by a Ballard 1.2 kW Nexa FC (generally used in the literature for control purposes) [23,24], this test with a large CPL step (around 635 W) would have likely led up to oxygen starvation and a shutdown, since the proposed control does not include the regulation of the stack current derivative. On the other hand, in the current work, the ME2PowerTM FC system supplied by a methanol-reformer feeds a two-phase interleaved boost converter. Compared to the Ballard 1.2 kW Nexa FC, this FC system can be supplied with an adequate hydrogen quantity to consequently avoid any shutdown risk in the case of a sudden CPL change. However, the FC stack voltage continues to drop despite the FC stack current having reached a steady-state operation (10 ms after applying the CPL step). Due to the decrease in the FC stack voltage (around 4 V for 50 ms) and the FC power, a possible oxygen starvation phenomenon occurred [23]. It may lead to energy efficiency loss and long-term degradation. In summary, mitigation strategies are needed to optimize the performance and the reliability of the FC [24].



Finally, for the experimental results in Figure 6b after the CPL step (after t = 20 ms), there are some noises in measured waveforms (at high current and high electromagnetic interference EMI) because the laboratory test bench is in an environment of strong EMI (caused by the power electronics’ switching frequency). A significant agreement can be observed between the simulation and the experimental results in the laboratory test bench, indicating that the network modeling was accurate.



To clarify the advantages of the proposed Hamiltonian control law, a comparison is made between the proposed control law and the traditional cascaded linear proportional-integral (PI) control method [35,36]. First, the conventional outer-loop PI voltage controller is written as:


   p  FCd   =  K  Pv    (   v  Cd   −  v C   )  +  K  Iv      ∫ 0 t   (   v  Cd   −  v C   )      d τ  



(36)






  with    i  L 1 d   =  i  L 2 d   =   (   p  FCd    /   v  FC    )  / 2  ,  



(37)




where KPv and KIv are the tuning proportional and integral gains, respectively. Next, to estimate the control signals d1 and d2, the conventional inner-loop PI current controllers are expressed as:


   d 1  =  K  Pi 1    (   i  L 1 d   −  i  L 1    )  +  K  Ii 1     ∫ 0 t   (  i  L 1 d   −  i  L 1   )     d τ  



(38)






   d 2  =  K  Pi 2    (   i  L 2 d   −  i  L 2    )  +  K  Ii 2      ∫ 0 t   (   i  L 2 d   −  i  L 2    )      d τ  



(39)




where KPi1, KPi2, KIi1, and KIi2 are the tuning proportional and integral gains, respectively. Set KPi1 = KPi2 = 0.02 A−1, KIi1 = KIi2 = 20 A·s−1, KPv = 35 W·V−1, and KIv = 65,000 W·V·s−1. Figure 7 and Figure 8 illustrate the dynamic response of the DC bus voltage stabilization with CRL and CPL disturbances using a linear controller and the studied controller. CH1–CH4 represent the input FC current iFC, disturbance load power pCH, first duty cycle d1, and DC bus voltage vC, respectively. For the first scenario CRL (Figure 7), the external load resistor is changed from 10.08 to 6.05 Ω at t = 5 ms; this indicates that the equilibrium point changes from 1.2 to 2 kW, revealing that, using the proposed Hamiltonian controller, the DC bus voltage is regulated faster with a lower voltage deviation and lower setting time, leading to stronger robustness against CRLs. More importantly, for the second scenario CPL (Figure 8), the disturbance load power is stepped from 1.2 to 2 kW at t = 5 ms. The performance of the cascaded PI algorithm is poorer than that of the proposed method, and the transient behavior of the PI method exhibits much worse performance, with a very large overshoot and oscillations. For the proposed control law in Figure 8b, the DC bus voltage undershoots when the power increases 7.27% (8 V) and the associated settling time is 15 ms.




5. Conclusions


This article reports the instability issues in DC microgrid networks, particularly those caused by the CPLs for parallel DC-DC boost power converters. To solve this issue, a new adaptive Hamiltonian energy control law (or a new IDA-PBC) is applied to stabilize the large oscillations caused by the CPLs in the DC distribution. To remove the static errors of the DC bus voltage level (vC = vCd) and the two current sharing inductors (iL1 = iL2) caused by the system disturbances, noise, and modeling error, two integral terms are suggested in the proposed control law. The proposed controller provides superior DC bus voltage stabilization compared to the classic cascaded linear PI controller. The MATLAB simulation and experimental results (with a 2.5 kW FC converter supplied by the PEMFC/reformer) are presented to authenticate the control performance of the proposed controller. Furthermore, the experimental tests have revealed possible oxygen starvation through the decrease in the fuel cell stack voltage, due to large constant power load steps. Therefore, to avoid this phenomenon and the likely degradation of the fuel cell, mitigation strategies have to be developed by regulating the fuel cell current derivative.



Finally, the proposed adaptive Hamiltonian energy control law is a model-based control system. It is necessary to identify the controlled plant parameters (such as rLn) to determine the port-Hamiltonian form. In future work, some real-time parameter observers will be studied to improve the control system.
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Figure 1. An FC energy source in dc microgrid. 
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Figure 2. (a) Studied 2-phase parallel interleaved step-up converters as an FC converter (b) mode of operation. 
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Figure 3. Adaptive Hamiltonian control for the FC step-up converter. 
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Figure 4. Laboratory test-bench of the DC microgrid platform. 
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Figure 5. Experimental results: equilibrium-point waveforms of the FC converter at vCd = vC = 110 V and pCH ≈ 352 W. 
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Figure 6. Dynamic characteristic of the power circuit in a CPL step from 245 W to 980 W: (a) simulation results and (b) experimental results. 
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Figure 7. Simulation results: comparison of system dynamic response with CRL step from 10.08 to 6.05 Ω: (a) cascaded linear PI controller (b) proposed controller. 
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Figure 8. Simulation results: comparison of system dynamic response with CPL step (1.2 kW → 2 kW): (a) cascaded linear PI controller (b) proposed controller. 
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Table 1. Two-phase fuel cell boost circuit parameters.
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	Symbol
	Parameter
	Value





	vFC
	Nominal input FC voltage
	50 V



	vC
	DC bus voltage
	110 V



	L = L1 = L2
	Inductance
	200 μH



	rL = rL1 = rL2
	Resistance ESRs
	0.1 Ω



	CB
	Total dc bus capacitance
	500 μF



	S1 = S2
	MOSFET (IXFN90N85X)
	850 V, 90 A



	fS
	Switching frequency
	25 kHz
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Table 2. Control System Parameters.
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	Symbol
	Value/Unit





	vCd
	110 V



	KR
	0.5



	KIV
	120



	KII
	20
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Table 3. Settling time and undershoot voltage vC under CPL step from 245 W to 980 W.
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	Simulation Results
	Experimental Result





	Settling time tst
	≈10 ms
	≈10 ms



	Undershoot voltage vC
	6 V
	8 V
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