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Abstract: The focus of this study is on the grid-forming operation of the Energy Router (ER) based
on Model Predictive Control (MPC). ER is regarded as a key component of microgrids. It is a
converter that interfaces the microgrid (s) with the utility grid. The ER has a multiport structure
and bidirectional energy flow control. The ER concept can be implemented in Nearly Zero-Energy
Buildings (NZEB) to provide flexible energy control. A concept is proposed where the ER works
as a single grid-forming converter. The challenge is to keep the predefined reference voltage and
frequency inside the NZEB in all possible modes, including the idle operation mode, current sources,
and nonlinear load control. To gain stability and output voltage quality, the MPC is proposed.
The design of the modified MPC algorithm with improved dynamics performance is explained.
PLECS software is utilized to verify the proposed algorithm. The results demonstrate the suitable
performance of the proposed control method in terms of total harmonic distortion of the output
voltage. The influence of weighting coefficiencies is evaluated, showing the higher impact of the
capacitor filter voltage on lowering the total harmonics distortion of the output voltage. Finally, the
capability of the control system toward step change in the reference value is evaluated.

Keywords: energy router; current sources; nonlinear load; grid-forming control; bidirectional power
flow control; model predictive control

1. Introduction

The steadily increasing penetration of renewable energy sources (RESs) in the utility
grid is a current trend [1,2], which, in turn, is a source of many technical challenges that
need to be overcome. The voltage/frequency disturbances caused by the chaotic nature of
RES in the utility grid are widely known.

The solution is to shift the responsibility to the local prosumer. Accordingly, in
many countries, governments have set strict regulations on grid energy injection. This
consists of the limitations of the power injected into the grid produced by RES in local
households. Near Zero-Energy Building (NZEB) is a concept regarding reductions in
energy consumption in households. This is achieved in several ways, including energy-
saving technologies, modern heating systems, and modern power electronics facilities.
New power electronics facilities ensure zero energy consumption by means of energy flow
control between RESs, storage batteries and loads. The announced priorities are drifting
from mass RESs used for grid balancing.

A more recent concept is the so-called smart communities, which take advantage
of the Smart Grid (SG), allowing for effective demand-side management. SGs require
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general-purpose power electronic converters (in both dc and ac), micro-storage systems
installed at the residential level, advanced metering infrastructure, and the optimal use of
information and communication technology [3]. In this regard, the trend moves toward the
concept of energy routers (ERs) or hubs [4].

The concept of ER, introduced by the NSF FREEDM Systems Center in 2010 [2],
introduces an SST-based ER concept and describes the IoE architecture. In this way, a
flexible and two-directional energy flow will be the future of the distribution network [5,6].
The main tool is the ER, which manages the power flow between the subnet, main grid,
RESs and other components. The further development of the concept for microgrids
application is addressed in many papers. Complementary energy exchange by means
of ER between neighboring microgrids is addressed in [6,7]. The control strategy of ER
inside a microgrid with different energy sources, loads and battery ES is studied in [8].
Work [9] studied the utilization of a hybrid converter as an ER in a case of dc nanogrid.
The conceptual architecture of the ER in a residential application and different power-
electronics architectures are discussed in [4]. Finally, paper [10] is devoted to the ER as a
power management tool in the case of low-voltage residential applications. The further
extension of this approach consists of ER utilization for the NZEB concept. It has to provide
flexible energy management in the case of different loads, energy sources, and battery
storage. In advance of the grid-connected mode, the islanded mode, when the main grid
is disconnected, has to be realized. In conclusion, the NZEB corresponds to the hybrid
nanogrid [11,12], while the goal of the ER is to maintain a stable output voltage in all
operation modes. Active and reactive power control, voltage control, current control, and
protection functions are just a few of the active functions that an ER could have [4].

Figure 1 shows a single-phase multiport converter topology that is selected to realize
the interface between the external grid and internal load. Inherently, it has dc and ac
terminals, which make similar micro-and nanogrids converters [13]. Two dc—dc interface
converters allow for energy storage and local energy generation sources to be connected. In
addition, dc loads can be connected to the dc-port. The different dc-load connection to the
dc-port of the ER and the proposed control technique is studied in [14]. The output ac port
is directly connected to the house appliances. Appliances in the NZEB are considered as
“grid followers”, only. At the same time, it is well-known that diferent types of load have
to be considered, including light load and non-linear loads. The basic operation modes of
the considered ER are described in [15]. This work studies the quality of the grid-forming
operation in extremely nonlinear conditions and small current sources. Enhancing the
classic linear controller to nonlinear control technique (MPC) and, specifically, the cost
function of the proposed MPC with the filter capacitor voltage of the output side is the main
contribution of this work. The next section concentrates on the conventional grid-following
solution and the limitations of the conventional control system. The proposed indirect MPC
is explained in the following sections. Finally, the parameter selections and the simulation
results for different scenarios are described. The robustness test results in case of a drop in
the reference voltage are also demonstrated.
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Figure 1. Energy router for NZEB.

2. Conventional Grid-Forming Control Systems and Problem Definition

Figure 2 shows the electrical circuit diagram of the ER. The measured signals are
marked in red. One of the conventional control systems of the ER is shown in Figure 3. It
has a conventional Phase-Locked Loop (PLL) block that provides synchronization to the
primary grid [16]. The traditional Second-Order Generalized Integrator (SOGI) regulator is
used [17]. The grid side reference current is derived by means of a simple proportional-
integral (PI) controller, in combination with the instantaneous value of the output current.
This provides the instantaneous power balance between the output side and the grid side,
which, in turn, mitigates the power ripple across the dc-link capacitor and improves the
dynamic of the system. Finally, a conventional proportional-resonant (PR) controller is
used for grid current control. Thus, the grid-side control operation is ensured (Figure 3a).
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Figure 2. Back-to-back mode circuit diagram of the proposed energy router.
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Figure 3. The conventional control system structure of the ER primary grid-side VSI1 control (a) and

output side grid-forming VSI2 control (b).

The PR controller is a key element of the discussed grid-side control system. To
provide the proper dynamic, it has to be the fastest and most properly tuned chain in the
control loop [18].
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The output control has a more complex structure. The classical definition of the
grid-forming operation is derived from the microgrid application and has high-level and
low-level control components. The low-level algorithm has to provide the output voltage
according to the reference value. An example of the output voltage control structure is
illustrated in Figure 3b. The initial goal of the output side controller is to provide sinusoidal
output voltage under any output load. As a result, a consumer recognizes this as a normal
grid. It typically has current and voltage control loops [19-23]. The internal structure
can differ. In the three-phase system, the dq rotating frame is often used, while resonant
controllers are mostly used for a single-phase system. In both cases, the most attention
should be paid to the stable operation of the system. The current control loop is usually
tuned as a fast control loop, while the voltage control loop has a damped dynamic.

The high-level algorithm provides the power-sharing control in the case of several
power sources working in parallel. First and foremost, this is achievable through Droop
control [24-28]. It is a well-known and verified approach.

The virtual impedance [29,30] method and its derivation can also be applied for this
purpose. Finally, a relatively novel approach, based on the synchronverter concept, was
proposed in [31-33]. The goal of a high-level algorithm is to provide different amplitudes
and frequencies of the reference voltage across the filter capacitor. It enables the stable
operation of the microgrid. However, this is beyond the scope of this work.

In the classical approach, the voltage at the Point of Common Coupling (PCC) is not
under direct control. It is assumed that only linear loads with sinusoidal current sources
can be connected to the PCC. At the same time, it is obvious that this assumption is not
acceptable in household applications where ER is connected to different low-power loads
and current sources. It is clear that the PCC obtains higher harmonics from appliances such
as solar microinverters and other nonlinear loads and current sources.

This paper is focused on how to improve the voltage shape in the PCC when the ER is
used with different loads and current sources. In addition, the robustness of the system
toward external noises and perturbations is another criterion that should be considered.
Different control methods were studied to compensate the system disturbances [34,35]. In
this paper, the ER control robustness is evaluated in the final step.

3. Grid-Forming Operations Based on Indirect Model Predictive Control

Model Predictive Control (MPC) is a well-known approach in power electronics
from the 1980s [36]. Despite the complexity of the MPC, which imposes limitations on
its utilization in power electronics, the progress of computational resources makes it
increasingly feasible for industrial applications [37,38]. According to the most recent
research, this can be used in a variety of power electronics fields [39-47]. MPC is categorized
into two types: Finite Control Set (FCS) MPC and Continuous Control Set (CCS) MPC. FCS
MPC provides optimized switching states; as a result, it can provide a variable switching
frequency, resulting in higher THD [48]. On the other hand, CCS MPC produces the
required duty cycles for modulators with a fixed switching frequency, ending with a lower
THD [40,49]. Considering the priority of a lower THD in the grid forming operation, CCS
MPC matches our control application.

Figure 4 shows the proposed control system. The control system for the primary side
of the ER is shown in Figure 4a. Only one modification concerns an additional PLL block.
It provides a pure sinusoidal reference current that is equal to the fundamental harmonic
of the output current. It will provide only a sinusoidal grid current under any shape of the
output current. All non-active harmonics will be circulated between the DC-link and the
secondary side of the ER.
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Figure 4. The proposed control system structure of the ER primary grid-side VSI1 control (a) and
output side grid-forming VSI2 control (b).

Figure 4b shows the part of the control system that is formed in response to the grid-
forming operation. In a very general case, the MPC says what the control action should be
by trying to minimize: a cost function that describesthe target of the control system.

The proposed approach was partially studied in [50] for the unidirectional power flow
control mode. In our case, the main goal of the proposed control system was to maintain the
output voltage shape according to the reference sinusoidal signal under any type of load
or current source that can be connected from the house side. Different from the classical
approach, where only the voltage across the filter capacitor is controlled, MPC allows for
control of both voltages across the capacitor and the output voltage, even without direct
measurement of the last value. It turns out that, in our case, the cost function | is defined as:

J [d} = kout|Avout(7’l + 1)| +kc|AUc(n + 1)| +... +kout|Avout(7/l + P)| +kc|Avc(7’l + P)| 1)

It contains a voltage error across the filter capacitor and an error of the output voltage,
along with corresponding weighting coefficients. It also has p elements that are defined
by horizon prediction. The function quantizes the estimations of different summarized
outputs and capacitor voltage errors. Each of those estimations corresponds to the possible
scenario d, which could occur at the prediction horizon.

The measurement system provides the dc-link voltage, the voltage across the filter
capacitor and currents in the inductors. If you want to conduct any more calculations, you
need to use the indirect MPC and the dynamic model of the system shown in Figure 5.

Ls j, Rs R:s L

lout

Figure 5. The dynamic model of the secondary side part of the ER used for iMPC.

The dynamic system is represented by the continuous vector of the measured parameters:

x(t) = [iL(t), iout (£), ve(B)]7, @)
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After the measured signal discretization, the discontinuous set of the measured values
is derived:

x(i) = [ip (i), iout (i), ve(i)]7, G)

After obtaining the measured values, the first step is to calculate the voltage at the
PCC point based on a simple equation:

. . Ly . . .
vout(” ) = Uc(n ) - (lL(n) - 1out(n)> X Rep — Tfi(h)ut(”) - 1out(7’l - 1)) — Ry % 1out(n)r 4)
where Ty is the sampling time, L3, L4, Cp, are parameters of the output filter, R3, Rg, Rc2 are
parasitic resistances.
To calculate the grid current value during the next samples in the discrete-time domain:

x(n+1) =Fx(n)+ Gu(n), (5)
u(n) = [vap(n), vout(n) ]T (6)
where F and G are matrices that correspond to the dynamic model of the system and
sampling frequency:
fi 2 f3
F=\fa f5 fe|, @)
7 fs fo
g 0
G=10 g4, ©®)
0 0
T R T T
f1=1—(R3+Rc2)fS;f2= CLZ S;f3=—f5; ©)
3 3 3
Rep T T T
fa= (iz % f :1—(R4+Rc2)fs;f6=fs; (10)
4 4 4
_ I Ts oo
f7_ Cf2/f8_ Cf2/f9_]-r (11)
_ L, __Is
81 = L3,g4 =L (12)

The proposed approach provides us a reference output voltage in the PCC. To make
sure the control system works properly, the voltage across the capacitor is set as follows:

v (8) = vgur(£) = (i (8) — dus(£)) X Rea + L4%ié‘ut(t) + Ry X gy (1), (13)
In the further step, the voltage across the capacitor of the output filter is calculated
as a function of the applied inverter voltage. The same concerns the output voltage in the
PCC, which can be estimated similarly to Equation (4). As a result, the proposed control
system keeps the capacitor voltage and the voltage in the PCC under control, considering
the difference between them.
Finally, possible errors are calculated:

Avor(n+1) = vout(n+1) — 05, (n+1); Ave(n+1) =ve(n+1) —vi(n+1); (14)

The flow chart diagram for the case p = 2 is shown in Figure 6. Firstly, the variables
are measured, and then the output voltage is estimated.


http://mostwiedzy.pl

A\ MOST

Energies 2022, 15, 4010

7 of 14

Measurement

[VABZ(I', "+I)ZV*CZ(”+I)+VABJ(1)]

v

[ x(i,n+1), Vouli, n+1), Avou(i, n+1),Avea(i, n+1) J

[ S=S+kcz | Avesfi, n+ 1) | Fhou | Avouli, n+1) | ]
~

[ Vapz(j, n+2)=v*ca(n+ 1)+ 152()) ]

v
[ §=8+ | Aves(j, n+2) |+ | Avougi, n+2) | ]
v
yes
[S:J, Vap mpc=Vap2(i, n+ l)]
v

. es
yes
Apply VAB MPC

Figure 6. The procedure of activity diagram of the proposed iMPC in the case of p = 2.

Based on this estimated state, the predicted state of the system at n + 1 is calculated
for all the possible output inverter values v4p combinations.

It should be mentioned that, in any case, the output inverter voltage is expected to be
close to the sinusoidal reference signal. v4p5(;) is an example of a possible reference voltage
that could be used to figure out the cost function:

vap(n+1) = v (n+1) + Avapa (i), (15)

Finally, the combination of voltages on the output inverter that minimizes (1) is stored
and will be used at the start of the next test.

4. Optimal Parameters Selection

The main criterion for the quality evaluation of the output voltage is the THD. At the
same time, from the above description, it is evident that the resulting THD depends on
the horizon prediction p, weighting coefficients, and the voltage quantizing d. Due to the
nonlinearity of the control, the most suitable tuning approach is achieved by simulation. In
this work, the PLECS simulation tool was used as the simulation environment.

The parameters of the prototype are shown in Table 1. They are used for simulation
and experimental tests.


http://mostwiedzy.pl

A\ MOST

Energies 2022, 15, 4010

8 of 14

Table 1. Components and parameters of the ER.

Parameter Value
Input RMS ac voltage Viy 230V
Output ac RMS voltage Vour 230V
Output power 0.3-3.6 kW
Dc-link capacitor Cy 0.8 mF
Grid side inductor filter L 0.6 mH
Grid side second inductor filter L, 1.44 mH
Grid side capacitor filter Cs; Rcq 3 uF, 0.8 Ohm
Output side inductor filter L 1.44 mH
Output side second inductor filter Ly 0.6 mH
Output side capacitor filter Cf2 Reo 9.6 uF, 0.8 Ohm
Switching frequency f 25 kHz
Sampling frequency f 25 kHz

First of all, based on previous research [50], it is assumed that the horizon prediction
p = 2 is optimal. Increasing p even more will not make a big difference in THD, but it
will make the calculations a lot more complicated. According to Equation (15), the output
voltage value is selected, close to the present reference voltage value with respect to voltage
deviations. During each sampling, five possible output voltage deviation values are indi-
vidually considered and verified. This number is constant from sample to sample, which
is limited by the calculation resources. However, the possible minimum and maximum
values can be different:

- AZ]ABZ_max < AUABZ(i/ d) < AUABZ_max/ (16)

It is well known that the voltage difference between the filter capacitor and the PCC is
defined by the parasitic resistance R4 (Figure 5), inductance L and current. The maximum
and minimum voltages that can be applied to the inverter can be flexible and changed
slightly based on the peak current.

In conclusion, the most significant parameters for evaluation are the weighting coeffi-
cients. The idea of these coefficients consists of a priority setting between the quality of the
output capacitor voltage and the quality of the PCC voltage. On the one hand, it is evident
that the PCC is more important than the voltage across the capacitor, which is an internal
parameter. However, this parameter that can be directly measured, and direct control of it
could improve both the capacitor and the PCC.

A simulation was performed to study the influence of these coefficients. Figure 7
shows the simulation results in the case of kout = 0, ke = 1. This means that only the quality
of the capacitor voltage is considered in the cost function estimation. At the very beginning,
the DC-link is charged and a 529 W simple resistive load is connected at 0.25s. At 0.35s,
the nonlinear 180 W load is connected. To emulate a highly nonlinear load, a resistor with a
half-bridge diode with an LC filter is assumed. It can be seen that, at the resistive load, both
the capacitor and the PCC voltage have a good shape, without significant distortions. At
the nonlinear load connection, both voltages have distortions. However, it is evident that
the capacitor voltage is less distorted. The grid current is also distorted by the nonlinear
load connection.
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Figure 7. Voltage and current shape at the main grid (a), output (b), and capacitor of the filter (c) with
kout =0, ke = 1.

tout(A)x20 (@) THD=2.1% vout (V)

(b) THD=2% vc (V)

The opposite situation is shown in Figure 8. In this case, the predicted capacitor
voltage is not considered in the cost function estimation. It can be seen from Figure 8 that
with a simple resistive load, the quality of the PCC voltage and the capacitor voltage is
good, but the situation changes under a nonlinear load. Both shapes are more distorted
compared to Figure 7 results. However, the THD of the grid current remains constant.

A0 ig(A)x20 THD=4.6% vg (V)
200+
0
—200+
-400
400
200
0
—200-
—400-
400
200 |
0
—200+

—~400+ , - -
0.2 0.30 0.35 0.40 0.45
(c)

Figure 8. Voltage and current shape at the main grid (a), output (b), and capacitor of the filter (c) with
kout =1, k. =0.

im/r(A)XZO (ﬂ) THD=24% Dout (V)

(b) THD=2.3% vc (V)

The simulation results of different coefficients ko, kc show the influence of the weight-

ing coefficients ko, k. on the THD of output voltage and capacitor voltage. It is assumed
that k., + k. = 1 under nonlinear load. The results show that different values of k,,; and
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k. have no significant impact on THD, but lower k,,; improves the output voltage and
capacitor voltage quality. As a result, we continue the simulation with k., = 0.2, k. = 0.8 as
optimal values. The higher impact of k. proves the improved performance of the proposed
iMPC compared to [50], in which the proposed cost function includes just koy;.

Figure 9 shows the simulation of the whole system under different load conditions
with kot = 0.2, ke = 0.8. It includes an idle mode, a simple resistive load, and a nonlinear
load. They are utilized in this case. This figure demonstrates the steady-state pictures with
a better resolution as well as the dynamic behavior of the main grid, ac output, and the
capacitor. This figure shows that the proposed iMPC can work because the THD of the
output voltage and the grid current are in the range that they should be.

— 15(A)x20  THD=4.6% v5 (V)
200
0
—200
-400
400
200
0
—200+
—400-
400
200
0
—200+
=400

i()!tf(A)XZO (u) THD:2 1 % Vout (V)

(b) THD=2.0% vc(V)

i 0.2 0.3 0.4 0.5

ya

Idle mode Iinear-load mode\Nonlinear-load mocie

(c)

Figure 9. Voltage and current shape transitions at the main grid (a), output (b), and filter capacitor
(c) with ky,t = 0.2 and k. = 0.8 in idle mode, linear load, and nonlinear load.

The next scenario evaluates the iMPC performance in the opposite power flow in a
low-power solar microinverter connection. Figure 10 demonstrates the simulation results
in idle mode with a current-source connection. The results confirm the good performance
of the iMPC in terms of grid-forming. However, the high THD of the grid current implies
the necessity of improvements in current control on the VSI1 side. The last case is the most
complex and reveals a problem with any grid configured by power electronics. The high
switching frequency current harmonics fluctuate between the ER and the microinverter.

The next level is the robustness evaluation of the proposed iMPC. As the grid-forming
inverter mmust also work in droop control in the case of multiple loads and sources
connection, the proposed control technique needs to be capable of tracking voltage with step
changes. As a result, we test the iMPC performance in this case. In this scenario, we make a
step-change in the reference value of the output voltage peak from 325 V to 305 V. The grid
voltage and current, load voltage and current and filter capacitor voltage are depicted in
Figure 11. In this case, gird current THD is 4.8%, however the iMPC provides voltage with
THD of 2.2%. The total simulation results, in terms of the THD, are summarized in Table 2.
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Figure 10. Voltage and current shape transition at the main grid (a), output (b), capacitor of the filter
(c) with k,,t = 0.2, k. = 0.8 in idle mode, and current-source connection.
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Figure 11. Voltage and current shape at the main grid (a), output (b), and capacitor of the filter (c) in
case of drop voltage reference with ko, = 0.2, ke = 0.8.
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Table 2. Comparison of THD results of the ER parameters for different scenarios.

Scenario Parameter THD (%)
linear and nonlinear load with Grid current iy 4.6
k.;=0.0and k. = 1.0 Output voltage vyt 2.1
o T Filter capacitor voltage v¢ 2.0
linear and nonlinear load with Grid current iy 4.6
k.:=1.0and k. = 0.0 Output voltage vyt 24
o T Filter capacitor voltage v¢ 2.3
linear and nonlinear load with Grid current iy 4.6
k.;=02and k. = 0.8 Output voltage voy; 2.1
o T Filter capacitor voltage v¢ 2.0
: . Grid current ig 20
current-source connection with |

ki =02and k. = 0.8 Output voltage vout 1.7
o= o Filter capacitor voltage vc 1.6
Step change in reference from 230 V to 210 V with o Grid Curlrent s ;g

k.»=02and k.=0.8 utput voltage voyt .
T T Filter capacitor voltage v¢ 2.0

It can be seen that the proposed control approach is capable of maintaining the sinu-
soidal voltage in the PCC under any type of load that can be connected on the house side.
Moreover, it underlines that the ER requires modification on the VSI1 side to maintain an ac-
ceptable quality of the injected current on the local grid under any load from the consumer
side. Finally, bidirectional operation is possible without significant PCC voltage distortion.

5. Conclusions

This work studies the energy-router-based back-to-back inverter in grid-forming mode.
The conventional PR regulator for grid-forming of the energy router has limitations in terms
of its idle mode, nonlinear loads and current sources. This paper proposes an enhanced
iMPC to improve the output voltage quality of the energy router. To improve the THD
of the output voltage, a prediction horizon of two is suggested. Increasing the number of
voltage deviations in each horizon will improve the output voltage quality at the expense of
a higher processing burden on the microcontroller at each sampling time. Considering this
issue, a voltage deviation of five is implemented, with a total of 25 loops in each sampling
time. The simulation results for four different modes of idle mode, linear load, nonlinear
load, and low-power current source show the higher impact of filter capacitor voltage on
the THD of the output voltage. The results confirm that the proposed technique can control
the steady-state and dynamic performance of the energy router in a grid-forming operation.
In addition, the high THD of the grid current in the current-source connection proves the
necessity of improvements in grid-following side control of the ER.

Future research can be conducted regarding the experimental verification of the pro-
posed technique in different operation scenarios.
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