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Abstract

:

The energy router (ER) is regarded as a key component of microgrids. It is a converter that interfaces the microgrid(s) with the utility grid. The energy router has a multiport structure and bidirectional energy flow control. The energy router concept can be implemented in nearly zero energy buildings (NZEB) to provide flexible energy management. We propose a concept where ER is working as a single grid-forming converter with a predefined voltage reference. The biggest challenge is to maintain regulated voltage and frequency inside the NZEB in the idle operation mode, where traditional regulators, e.g., proportional-resonant (PR), proportional-integral-derivative (PID), will not meet the control design requirements and could have unstable behavior. To gain the stability of the system, we propose model predictive control (MPC). The design of the MPC algorithm is explained. A simulation software for power electronics (PLECS) is used to simulate the proposed algorithm. Finally, the simulation results are verified on an experimental prototype.
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1. Introduction


The steadily increasing penetration of renewable energy sources (RES) in the utility grid is a current trend in electrical energy technology. This has launched a paradigm shift in energy production. Centralized production and distribution are moving towards a multi-sourced mesh network, also called the Internet of Energy (IoE) [1]. Similar to the Information Internet, the IoE has a potential for massive innovation, cost reductions and productivity enhancements in the industry [2]. Nevertheless, the increasing penetration of RES is also a source for many technical challenges that are still to be overcome. Well-known issues of the utility grid are the voltage/frequency disturbances caused by the chaotic nature of RES. One way to maintain the power balance is by utilizing energy storage (ES). Batteries that are the most robust and flexible ES technology are still too expensive. Currently, the price of an ES system (including Li-ion batteries, power electronics, taxes, installation etc.) is about 630 $/kWh on average [3]. Although there are many other ES technologies, e.g., pumped hydro power, compressed air, power-to-gas, none of them meet all of the following requirements: Robustness, reliability, and economic feasibility [1].



Alternatively, the power balance in the utility grid can be maintained also via smart energy management. The key element here is a power electronic converter called an energy router (ER). The concept of ER introduced by National Science Foundation Future Renewable Electric Energy Delivery Management (NSF FREEDM) Systems Center in 2010 [2] presented a solid state transformer (SST) based ER concept and described the IoE architecture. The operation of the energy router in the microgrids has been described in many papers. Complementary energy exchange via ER between adjacent microgrids is addressed in [1]. It is based on the idea that adjacent microgrids may have complementarity in terms of the pattern of energy production and consumption, which can be utilized to compensate for each other’s instant energy deficiency. In [4] the ER control strategy inside a microgrid consisting of photovoltaic energy, a battery ES and electric vehicles is studied. In [5] focus is on the use of a hybrid converter as an ER in a DC nanogrid scenario. An application scenario of the ER for low-voltage and small-capacity users in households is presented in [6].



In our paper, the energy router concept will be implemented in nearly zero energy buildings (NZEB) to provide flexible energy management. Typically, the NZEB consists of energy sources, loads and storages. It possesses independent controls and can operate either in grid connected or islanded mode. Regarding these features, NZEB can be seen as a hybrid nanogrid [7,8]. The main goal of the ER is to maintain regulated voltage and frequency inside the NZEB in all operation modes. In addition, the ER could provide many active functions such as:




	
Power control (active and reactive power injection/absorption);



	
voltage control (compensation of voltage sags and peaks, control of voltage harmonics, frequency control inside the building);



	
current control (harmonic cancelation, short-circuit current limitation);



	
simplifies integration of distributed energy sources (provides DC and AC ports control);



	
protection functions (island detection, frequency, voltage and current monitoring, short circuit protection);



	
increased reliability (modular structure, redundant supply, on/off-grid operation).








Providing stable frequency and voltage in the microgrid with distributed generation could be challenging. Traditionally, the frequency and voltage were connected to each other through rotating masses, e.g., synchronous generators. A variation in the load changes the frequency of the generator, which will also change the grid voltage. Today, power electronics are used to interface loads, sources and storage. This decouples the grid from sources and the system becomes inertialess. Inertialess grids are characterized by fast dynamical processes where voltage and frequency are not dependent on each other [9]. A well-known solution to this problem is the droop control, which emulates the operation of a rotating generator [9,10,11]. Droop controls allow for connection to many micro sources in parallel and share power proportionally between each other.



However, most conventional power electronic converters in household, residential or office buildings are not compatible with the droop control and new power converters need to be installed. Our goal was to design an ER for the NZEB that would be applicable in conventional buildings with minimal cost and modifications. In this case, the droop control is not a convenient solution. We proposed a solution where ER is working as a single grid-forming converter with a predefined voltage reference [12,13]. All micro sources in the NZEB must be grid followers, i.e., they are current controlled and inject power synchronously with the grid.



A single-phase back to back converter topology was selected for the realization of the concept. It inherently includes DC and AC ports (Figure 1), which makes it a suitable candidate for micro- and nanogrids [14]. The ER connects to the grid via the input inverter Inv1. At this port, power quality is the most important requirement regulated by multiple norms. This is also a bidirectional port that allows energy injection back to the grid. The second port is a DC port to access energy storage, local energy generation, DC-loads etc. The third port is a bidirectional AC port with the grid-forming inverter Inv2, which is connected to the house appliances, as shown in Figure 1. In the case of NZEB, house appliances not only include loads but also storage and sources. House appliances work as grid followers that either consume or generate power synchronously with the grid.



In [13] all possible operation modes of the proposed ER were described. The goal of our paper is to focus in detail on the control and stability issues of the building side inverter Inv2 in the voltage source operation mode and the idle operation mode in particular. This mode is a very important and expected to be utilized often. One of the biggest challenges is the idle (no-load) operation where traditional regulators, e.g., proportional-resonant (PR), PID, will not meet the control design requirements. To gain the stability of the system, we propose model predictive control (MPC) for Inv2. The paper first analyzes the stability issues of Inv2 in different load conditions with a conventional regulator in order to identify the problem. Then the MPC algorithm is proposed as an alternative solution. It is explained in Section 3. Optimal parameters are tuned by means of simulation in Section 4. Finally, the simulation results are verified on an experimental prototype.




2. Voltage Source Operation of the Output Inverter


We propose a concept where the ER operates as a single grid-forming converter. The ER has back to back topology with fixed DC-link. This paper focuses on the output inverter, which is emulating the behavior of the grid for the house appliances. Figure 2 shows a simplified model of the output inverter, which consists of a single-phase full-bridge, a DC voltage source, an LCL filter, and a load. In this paper, we assume that a load has a simple resistance RL. The most demanding operation point of the output inverter is the no-load operation. This situation happens when the load exactly matches the generation of the NZEB and no power is taken from the grid. In the no-load operation, Inv2 should still provide sinusoidal output voltage like a grid.



To analyze the stability of the system, a small signal model of the inverter was derived. The inverter can be seen as a duty-cycle controlled voltage source, as shown in Figure 2.



The dynamics of the system is defined by the LCL filter, which will be the plant. The state space equations of the plant are:


dx(t)dt=A·x(t)+B·u(t)y(t)=Cx(t)+Eu(t)



(1)




where


A=−(R1+RC)L1RCL1−1L1RCL2−(R2+RC+RL)L21L21Cf−1Cf0,C=0RL0,  B=1L100,  E=0



(2)




and the state, input and output vectors are defined as:


xtT=i1(t)i2(t)vC(t)



(3)






ut=vAB(t)



(4)






yt=voutt



(5)







After simplification and Laplace transform, the transfer function of the plant is derived:


Gvvs=voutvab=RL+Cf·RC·RLsa3s3+a2s2+a1s+a0



(6)







where



a3=CfL1L2,



a2=CfL1R2+CfL2R1+CfL1RC+CfL2RC+CfL1RL,



a1=L1+L2+CfR1R2+CfR1RC+CfR2RC+CfR1RL+CfRCRL,



a0=R1+R2+RL.



In the case of ER most of the presented works simply use droop control, where the grid frequency and voltage are formed jointly by distributed sources [14,15]. In this case, the idle operation of the ER represents no difficulties. However, it is a major problem in the case of a single grid-forming inverter. Different structures of control systems have been proposed for grid-connected inverters [16,17,18]. The same algorithms can be used for a grid-off inverter like ER. One of the most used inverter control approaches is the dual-loop: The outer loop with slower dynamics in the time domain and the inner loop with very fast response to control the current. Regarding this inner current control loop, its controller can be classified as nonlinear and linear. Hysteresis [19], predictive [20,21] and dead beat controller [22,23,24] types belong to the first controller’s group, presenting high robustness and fast dynamic response. On the other hand, linear current controllers such as proportional-integral (PI) based, PR based or repetitive controller based have been successfully used [25,26,27,28]. The PR controller, first proposed in [26], is quite a simple and attractive solution in the case of abc-naturally or αβ-stationary reference implementation frames because it can overcome two well-known drawbacks of the conventional PI controller: Inability to track a sinusoidal reference with zero steady-state error and poor disturbance rejection capability. Many detailed studies addressing that type of controller have been reported.



In our work, the PR controller is selected as a reference controller. Figure 2 depicts the closed loop control system with a PR controller.



The PR controller is defined by the equation below:


GPRs=KP+KR2wcss2+2wcs+wo2 



(7)




where KP,KR, and wc, wo are proportional gain, integral gain, cut-off frequency, and resonance frequency respectively. Assuming a digital delay of one sampling period, the closed-loop transfer function in a discrete domain can be derived as:


Gclosed loopz=GPRz×GVVz1+GPRz×GDz×GVVz



(8)




where GDz is the digital delay transfer function. It can be calculated as follows:


GDz=z−1



(9)







The pole-zero map of the closed-loop system with different load resistance values is presented in Figure 3. Results of the study of the pole-zero map behavior indicate a tendency of poles directed towards the right-half plane when the load resistance is increased.




3. Indirect Model Predictive Control Proposed for Voltage Source Mode


The study of the pole-zero map of the closed loop system showed that the conventional PR regulator has a tendency towards instability with the decreasing load. Thus, the PR control cannot be used in the idle mode.



Among nonlinear methods, MPC, which is a well-known approach from the 1980s, has attracted high interest [20,21]. However, the complexity of MPC imposes limitations to its utilization in power electronics. With the progress of computational resources, it becomes more and more feasible for industrial applications in power electronics [29,30,31,32].



MPC is a family of controllers that explicitly uses the model of the system to be controlled. In general, MPC defines the control action by minimizing a cost function that describes the desired system behavior. This cost function compares the predicted system output with a reference. The predicted outputs are computed from the system model. In general, for each sampling time the MPC controller calculates a control action sequence that minimizes the cost function, but only the first element of this sequence is applied to the system [31]. Typically, system identification is used to improve the accuracy of the MPC. System identification methods have been extensively studied for energy efficient buildings [33,34]. In this paper we study ER in idle mode. Thus, we only have predefined passive components of the LCL filter and in the case of acceptable tolerance (10%–20%) we do need any identification.



Many research papers have addressed the grid-connected systems [34,35,36,37,38,39]. At the same time, none of them address no-load or idle operation of the inverter. In the ER concept, this mode has to be realized to provide a reference output voltage. Our paper is devoted to indirect MPC (iMPC) study of an inverter operating in voltage source mode. The simulations demonstrate the effect of iMPC in no-load operation, while the experiments also show a power step from a no-load to a loaded operation. Thus, iMPC is able to control the output voltage with and without the load. The iMPC design procedure is described below.



Figure 4 shows the output filter along with the control system structure. The main purpose of the control system is to provide the output voltage vout(t) according to the reference sinusoidal signal. This signal along with measured currents in inductors iL1(t), iL2(t), and DC-link voltage vdc(t) is given to the iMPC block.



This signal along with measured currents in inductors iL1(t), iL2(t), and DC-link voltage vdc(t) is given to the iMPC block. In a very general case of iMPC, the dynamic system is represented by the continuous vector of state space variables:


xt =  iL1(t),iL2(t), vcf(t)T.



(10)







After deriving the measured values, the first step is to estimate the grid current value during the next samples in the discrete time domain:


xn +1=F·xn+G un



(11)




where u(n) is the input vector


un =  vab(n), vout(n) T



(12)




and F and G are dynamic matrixes that correspond to a discrete small signal model of the LCL filter. The dynamic matrixes are as follows:


F=f1f2f3f4f5f6f7f81



(13)






G=g100g400



(14)




where


f1=1−R1+RCTSL1;f2=RCTSL1;f3=−TSL1



(15)






f4=RCTSL2;f5=1−R2+RCTSL2;f6=TSL2



(16)






f7=TSCf;f8=−TSCf



(17)






g1=TSL1;g4=−TSL2



(18)




and TS is the sampling time.



It should be noted that the capacitor voltage of the output filter is not measured; it can be predicted as well, taking into account current across inductors and initial voltage that is assumed to be zero during the start-up process. The predicted capacitor value vc(n + 1) can be derived from Equations (10)–(18).



Finally, the output voltage can be predicted as:


voutn +1=vcn +1−(iL2n +1−iL2n )−g4.



(19)







It is obvious that it depends on the further output inverter voltage vab(n + 1) and the measured parameters. As a result, the voltage error can be estimated:


Δvouti= vouti– vout_refi, n+1≥i ≥ n+p.



(20)







Finally, to select the optimal sequence of the applied inverter voltage, the cost function J[d] is introduced:


J d= Δvout(n+1)+I+| Δvoutn+p.



(21)







The function quantizes estimations of different summarized output voltage errors. And each of those estimations can be associated with a possible scenario d, which could occur at the prediction horizon. As any MPC method is associated with a fixed switching frequency, a finite number of scenarios was considered as well. This process is illustrated in Figure 5.



It should be mentioned that in any case, the output inverter voltage is expected to be close to the sinusoidal reference signal. Some deviation from the reference value is required to smooth the output voltage in the case of load connection and to avoid resonance oscillation in the output filter. Also, it provides compensation of the voltage drop across the inductors. Based on this, a specific possible reference voltage vIb(i,d) during the cost function evaluation is expressed as:


vabi,d = vout_refi+ Δvabi,d.



(22)








4. Optimal Parameters Selection of iMPC


The main criterion of the quality of the grid current is the total harmonic distortion (THD) factor. At the same time, from the above description, it is evident that it depends on the horizon prediction p and the voltage quantizing d. Due to the nonlinearity of the discussed control, the most suitable tuning approach is simulation. The PLECS (4.2.6, Plexim GmbH, Zurich, Switzerland) simulation software was used in our work. Table 1 shows the main inverter parameters used for the simulation and final experimental verification.



According to Equation (22), the output voltage value was selected close to the reference output voltage value vout(i) with respective voltage deviations ∆Iab(i,d). During each sampling, 21 possible output voltage deviation values were considered. This number is constant from sample by sample. But the possible minimum and maximum value can be different:


−Δvab_max<Δvabi,d< Δvab_max



(23)







Figure 6 shows the simulation results with different ∆vab_max values. The reference root mean square (RMS) output voltage was set to 230 V.



Figure 6 shows two waveforms. The first waveform corresponds to the ideal sinusoidal reference output voltage vout_ref. At the moment of time 0.1 s, transistors start operating. It can be seen that a decrease in the output voltage deviation leads to an improvement of the THD of the output voltage. Both simulation results were derived for the horizon prediction p = 1. This is the simplest case and requires minimum calculation resources. Figure 7 shows the output voltage under different deviation voltage values at the horizon prediction p = 2. No significant improvements of the THD can be observed while the calculation complexity increases noticeably. Since 21 possible output voltage deviation values were considered, the overall iteration number N can be simply calculated as:


N=21p



(24)







It means that in the case p = 1 we have only 21 iterations, but in the case p = 2 we have 441 iterations. Thus, the simplest case from the practical aspect, the horizon prediction p = 1, should be used in a real microcontroller.



The non-significant impact of the horizon prediction on the output voltage waveform can be explained by a simplified model without a capacitor voltage measurement. At the same time, this approach has no redundancy and is feasible for practical application.




5. Experimental Verification


To verify the simulation results, an experimental study was conducted. Figure 8 shows the experimental prototype of the ER. It is a single-phase back to back converter with a three-port structure: Two AC ports and one DC port. Table 1 shows the experimental parameters. The inverters are based on isolated gate bipolar transistors (IKW40N65F5). The control system has six sensors: Input voltage, current, DC-link voltage, output voltage, and both inductor currents. The current sensors are based on the Hall effect current transducer ACS712 and the voltage sensors are based on the precision optically isolated voltage sensor ACPL-C87A. Rapid control platform RT Box from PLECS was used as a control system. The control system was first simulated and then used for the real demonstration.



In the first experiment the instable operation of the PR regulator in the idle mode was demonstrated. Since the unstable operation is a non-controllable process and could easily damage the hardware, we conducted this experiment with reduced power and voltage levels. In the idle operation the PR regulator is not able to provide sinusoidal voltage, as shown in Figure 9. The sinusoidal voltage shape is restored after the load is switched on.



In the following experiment, the performance of the iMPC algorithm in the idle mode was tested. In this mode, the load of the NZEB exactly matched the generation and no power was needed from the grid, i.e., the ER was operating in no load mode. Nevertheless, it should still sustain sinusoidal output with the grid frequency. The iMPC algorithm successfully fulfilled this task, as depicted in Figure 10. The RMS value of the output voltage was about 230 V while the current was zero.



The NZEB is characterized by highly dynamic properties. The load and generation can change rapidly. The ER should be able to respond to those changes by keeping its output voltage stable and sinusoidal. To test these properties, a load step from 0 to 700 W was added to the output of the ER. Figure 11 shows the result of the load step. The current jumped from 0 to about 3.5 Arms while the voltage remained stable at 230 Vrms and 50 Hz.




6. Conclusions


The energy router (ER) can be considered as a key element of the micro- and nanogrids. Through smart energy management the power balance in the micro- and nanogrids can be maintained without utilizing oversized and expensive batteries. Among other active functions, the ER’s goal is to maintain regulated voltage and frequency inside the micro- or nanogrid. In this paper we studied the ER role in the nearly zero energy buildings (NZEB), which can be seen as a hybrid nanogrid. Typically, droop control will be implemented in such systems. However, most conventional power electronic converters in residential or office buildings are not compatible with droop control and new power converters need to be installed. Our goal was to design an ER for the NZEB that would be applicable in conventional buildings with minimal cost and modifications. We proposed a solution where the ER is working as a single grid-forming converter with predefined voltage reference. In this case the most challenging operation point is the idle operation that happens when the load exactly matches the generation within the NZEB.



PR control is a well-known algorithm to regulate sinusoidal signals. Typically, it is used in voltage or current controlled inverters. However, PR control has its limitations. This paper shows that the PR control tends towards instability in small or no-load operation. Thus, it cannot be used in the case of a single grid forming inverter, it should be able to deliver sinusoidal voltage also in idle mode. Our proposal is to use indirect model predictive control (iMPC), which gave good results in both idle and loaded operation mode. The tuning procedure of the iMPC method was explained. As a result, it was found that the dependency between the quality of the output voltage and the horizon prediction p is small. It is shown that the most optimal p value is the simplest case p = 1. Increasing the horizon prediction level would only slightly improve the THD of the output voltage but significantly increase the calculation burden of the controller. The experimental results verified that the proposed iMPC method is capable of regulating the output voltage in both idle and loaded operation mode and it can handle the fast-dynamic nature of NZEB.



The further research includes study of the proposed iMPC method in the case of real non-linear loads in NZEB. In this case also system identification will become an important research topic.
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Figure 1. The structure of the energy router for a nearly zero energy building (NZEB). 
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Figure 2. Model of the energy router (ER) output inverter with LCL filter and proportional-resonant (PR) voltage regulator. 
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Figure 3. Pole-zero tendency map in Z-domain for different load resistance values. 
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Figure 4. Equivalent circuit of the output filter (a) along with the control system structure (b). 
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Figure 5. Proposed indirect model predictive control (iMPC) approach. 






Figure 5. Proposed indirect model predictive control (iMPC) approach.



[image: Energies 12 01892 g005]







[image: Energies 12 01892 g006a 550][image: Energies 12 01892 g006b 550]





Figure 6. Output voltage waveforms under different deviation voltage values for the horizon prediction p = 1: ∆vab_max = 40 V (a), ∆vab_max = 5 V (b). 
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Figure 7. Output voltage waveforms under different deviation voltage values for the horizon prediction p = 2: ∆vab_max = 40 V (a), ∆vab_max = 5 V (b). 
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Figure 8. Experimental prototype of the energy router. 
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Figure 9. Unstable operation of the PR regulator in the idle mode. 
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Figure 10. ER output voltage in idle operation mode. 
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Figure 11. Inverter output voltage and current at the power step from 0 to 700 W. 
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Table 1. Components and parameters of the inverter used for simulation and experiments.
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	Parameter
	Value





	Power step in experiments
	0–700 W



	Input DC voltage VIN
	400 V



	Output AC RMS voltage VOUT
	230 V



	Inverter side inductor L1
	1.44 mH



	Resistance of L1 windings R1
	0.05 Ω



	Output side inductor L2
	0.6 mH



	Resistance of L2 windings R2
	0.03 Ω



	Filter capacitor Cf
	9.6 µF



	Resistance of Cf RC
	0.5 Ω



	Sampling frequency fS
	20 kHz



	Switching frequency fSW
	20 kHz
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