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In this article, we propose a model for a stand-alone hybrid
distributed generation system. In this model, the input sources
are distributed DC sources like solar panels or batteries. The
idea behind this network framework is to introduce a hybrid
DC/AC network, feasible for small and remotely located areas
with stand-alone DC grids, in the vicinity of larger towns
requiring a functional AC connection. The behaviour of the
system in the steady state is analysed, and the network is
mathematically represented with port-controlled Hamiltonian
modelling. Stabilization to the desired voltage, both AC as
well as DG, is attained with nonlinear passivity-based control
taking into consideration not only the energy characteristics
but also the inherent physical structure.

1. Introduction

Dispersed generation is defined as the decentralized genera-
tion of electricity through small generators located near the
end-user or the consumer [1,2]. With the global push to
move towards renewable sources of energy, the generation of
electricity is moved away from centralized power plants and
towards individual generator units scattered over towns and
villages [3]. This is referred to as distributed or dispersed
generation. Distributed generation has been discussed widely as
an alternative to solve the electrification problem of rural and
remote areas by constructing small stand-alone power grids by
installing renewable energy generators in multiple households
[4]. Such projects have been developing under the umbrellas of
local governments as well as in the private sector [5-8]. Of late,
several ideas for stand-alone renewable energy grids have been
proposed for rural areas [9-12].
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The concept of an AC/DC hybrid microgrid has been discussed in previous works [13-15]. Unlike n

conventional AC microgrids, an AC/DC microgrid combines the advantages of both the AC and DC
microgrids. In this article, we introduce an AC/DC hybrid stand-alone hybrid microgrid with DC and
AC subgrids aimed at employing solar panels or other DC sources as the primary inputs. The idea
behind this network framework is to introduce a hybrid DC/AC network feasible for small, remotely
located areas with stand-alone DC grids, in the vicinity of larger towns requiring a functional AC
connection. Towards the goal of rural electrification, stand-alone microgrids with DC inputs such as
solar cells have been subsidized by governments in various countries [16,17].

Numerous control methods and power-sharing techniques have been discussed with the above-
mentioned AC/DC hybrid microgrid strategies [14,15]. Going beyond regular droop control techniques
and linear control typically employed for the control of hybrid microgrids, we aim to step further
and provide a control strategy to achieve output voltage control for all the AC and DC subgrids
through nonlinear passivity-based control (PBC). PBC was introduced by Popov & Georgescu [18] in
the context of electrical circuits. PBC is founded on the basic concept of using the potential and kinetic
energy of the system as a cost function to achieve fine tuned control of a desired variable. The strength
of PBC comes from the fact that it is possible to guarantee the stability of the entire system by using a
control function obtained from the energy function, which in turn is derived from the ‘passivity’ of the
system. In this article, we aim at using the nonlinear PBC framework to implement an output voltage
control for the DC as well as the AC grids of the hybrid microgrid, as well as frequency control for the
AC grid. Thus, by using nonlinear PBC, the microgrid network can have grid-forming capabilities with
voltage and frequency control.

The first step of implementing the nonlinear PBC is to develop a design framework that includes the
circuit configurations for the hybrid AC/DC microgrid. This design framework refers to port-controlled
Hamiltonian modelling (PCHM) and takes into consideration the physical circuit configurations of the
entire microgrid including the AC as well as the DC microgrids and the inverters connecting them.
The PCHM framework models the potential and kinetic energy functions of the microgrid through the
inductances and capacitances while also incorporating the non-energy elements of the circuit such as
resistors, diodes and power electronic switches [19,20]. The design framework is also scalable, making
it flexible to the incorporation of additional dispersed generation units. The utility of this framework is
analysed by developing a control strategy based on the energy characteristics of the entire microgrid.
In the context of a hybrid network, consideration has to be given to coupled converters as well as
inverters operating concurrently. In this article, we define an energy function such that its minimum
corresponds to the desired equilibrium of the entire network. The energy transfer between individual
converter/inverter units in a particular network, as well as that between the networks themselves,
governs the dynamic behaviour of the hybrid dispersed generation network. As stability, along with
scalability in the modelling have been two important questions for microgrid research, PBC has been
studied in the context of microgrids. Particularly, DC microgrids have been the main focus of research-
ers employing PBC techniques owing to the well-understood PBC control for DC/DC converters
[21]. Voltage regulation of DC microgrids with variations of PBC has been studied and implemented
recently [22-24]. For example, the application of adaptive PBC has been studied in [25], and robust and
decentralized PBC for DC microgrids has been studied in [25]. Injection and damping assignment PBC
for DC microgrids has been explored in [26]. The literature for the development of PBC for inverters
and AC microgrids is relatively scant with [27] proposing to control an islanded AC microgrid with
coordinated PBC strategy and a phase synchronization strategy proposed in [28]. For hybrid AC/DC
microgrids, Amirkhan et al. and Azimi & Hamzeh [29,30] provide two different PBC strategies to be
applied to AC/DC hybrid microgrids. To the best of our knowledge, the methods discussed above
usually consider generalized linear models, and a nonlinear but computationally light model has not
been discussed. Amirkhan et al. [29] suggest a PBC focusing on the coordination between AC and
DC microgrids, describing in detail the design structure and passivity equations of all the different
components in the given AC/DC microgrids. However, a scalable network framework for increasing
the number of distributed generation units has not been discussed. Also, the phase synchronization of
all the distributed generation units and a steady-state analysis of the inverters has not been provided.

Considering the available literature, the main contributions that highlight the novelty of this work
are as follows. (i) A general circuit framework: a circuit framework has been provided considering
DC/DC boost converters and buck-type inverters as an example for modelling both AC and DC
networks in a stand-alone microgrid. As the circuit framework is common to all power electronic
converters, it can be used for other types of converter and inverter topologies. To comprehend the
scalability of the network, a graph representation is provided with a degree centrality analysis. (ii)
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Scalable PCHM: based on the converters and inverters in the circuit, a matrix framework can be
obtained based on the port-controlled Hamiltonian framework. PCHM provides a state matrix with
the currents flowing through the inductive elements and the voltage across the capacitive elements, a
structure matrix relating to the circuit topology and a dissipation matrix separating the resistive loads
in the model. (iii) Nonlinear PBC for voltage control: based on the PCHM, an energy function incorpo-
rating the potential and kinetic energies of the system can be derived. After proving exponentially
asymptotic stability for the given energy function, control equations can be derived to obtain voltage
control for the DC as well as AC output voltages. (iv) Validation: validation of the control method is
provided with simulation results.

2. Network formulation

The structure of the proposed hybrid DC/AC network is described in figure 1. The network configura-
tion shows multiple connected rings, with the a ring comprising multiple DC inputs accompanied by
buck-type inverters to obtain a single-phase AC output. The a ring is connected to multiple DC rings (8
and y), with DC inputs, which are conditioned with multiple DC/DC boost converters.

Various studies point out that the main challenge in the implementation of a hybrid microgrid with
DC/AC subgrids is to manage the power flow between the subgrids by designing an effective method
of control. This article discusses the control of the power flow between the subgrids with a control
strategy that relies on the energy-conserving structure of the entire network.

Prior to the application of PBC, the system is mathematically formulated using PCHM [31]. As
opposed to the traditional Euler-Lagrange modelling, the PCHM framework successfully modifies
the potential as well as the kinetic energy functions of the network, thus incorporating non-energy
elements such as resistors, diodes and power electronic switches [19,20]. This article presents the
successful application of PCHM and PBC to achieve stabilization of the entire network through
numerical simulations.

Figure 2 shows a schematic diagram for the connection of the a—f rings. The connection of the a—y
rings is assumed to be similar. The coupled converter/inverter units in the ring maintain a constant
voltage in the ring through control action. Here, the load resistances (R,r) are placed across the
capacitor output voltages. Distributed generation implies that each generation unit, i.e. the input (PV)
and the power electronic circuitry of the inverters and converters, be dispersed in space. The dissipa-
tion elements of line inductor (L) and line resistance (R;7) are in series, a model closely resembling the
transmission line model. Details of the individual ring configuration can be found in [32]. The number
of converters in the ring as well as the number of DC rings connected to the main AC ring («) can be
chosen as per user definition, and does not cause any loss of generality.

The system equations are given below and are divided into three parts. First, for the « ring,
subscription n denotes the #n inverter in the ring. The equations for the « ring are given in equations
(2.1)=(2.3). The control task is to regulate the average output voltage for all the converters/inverters.
As the output voltages are either DC or AC with a frequency (usually 50 or 60 Hz) much lower
than the switching frequency of the power electronic switches, it is desirable to consider the averaged
circuit variables rather than the instantaneous ones. It is assumed that the ripples and harmonics are
sufficiently small. Then, the instantaneous switch position will be replaced by a modulating function p.
The averaged circuit variables will be replaced by their instantaneous values.

di
Lon dL:m = = Ucan + ManEons (21)
dv . ; . Uc . .
Com dc;om =1Lan ~ Tan t lTan-1— Rzo:-ll + Nlag + ;layl (22)
di ;
Lren c;";xn =UCun ~ VCgn+1~ RianiTan - (23)

Here, n=1 for the inverter #n of which the output is connected to the DC ring 8 and { =1 for the
inverter connected to the DC ring y. iq and iy, are the currents flowing in the dissipation between the
a—f rings and a-y rings, respectively.

Equations for the connecting inverter between the rings o and 8 and the dissipation current between
these rings are given in equations (2.4)—(2.6):
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Here #q is the converter where the DC ring f8 is connected to the AC ring a. The equations for the n

inverter connecting the a—y rings assume a similar form. Let #s be the converter of the DC ring y
connected to the a ring.

For the DC Rings § and y, the format of the equations is the same. Equations (2.7)-(2.9) give
the system equations for the § ring. The subscription p denotes the #p converter in the § ring:

dizgp
Lgp dr (1 - ugp)vcsp + Epps (2.7)
Uesp _ S ) Ucgp _
Cﬂp dr (1 - uﬁp)lﬂp —lrgp * irg(p-1) — Rorgp — Viinvglinvps (2.8)
LTﬁPi Tpp = Ucpp ~ Ucp(p+1) ~ Rirgpirgp - (2.9)

Here, v =1 for the converter #p, which is connected to the AC ring a.

3. Open-loop system analysis

Before the application of the nonlinear control, the system is analysed as an open-loop system with
no feedback control on the duty ratio of the power converters. For the DC rings, it is a constant
signal corresponding to the desired output voltage. For the AC rings, and the connecting inverters,
however, the duty ratio has to be formulated by solving the differential equation as the derivatives of
the state variables are not stable. The results with the application of the open-loop system are helpful to
compare the eventual application of the feedback control.

3.1. Open-loop system analysis for DC rings

The desired steady state of the DC outputs is constant; thus, the derivative of the state variables
becomes zero. Thus, the steady-state variables for the 8 ring are given as follows:

. Egp . 1 Egp - Egp+1
Ryrgy (1= Ugp) Bitap| (1-Up,)* (1= Ugp1)(1- Upgp)
_Rn;,1 (1- Uﬁff)_(i ~Us) (1 —E tﬁjpﬁp)2 ' 3.1)
Degp = % (3.2)
O [ e ©

3.2. Open-loop system analysis for ACring

For the #n buck-type inverter in the « ring, the desired voltage is an AC waveform in the form
Ucan = AansSIN21f ). Here, the angular frequency wen = 27 f .

Equations (2.1)—(2.3) give the mathematical description of the system for any #n buck-type inverter
system. Steady-state analysis is employed to formulate the equilibrium values for the desired inductor
current (i o) and the desired dissipation current (i 7o) for a given desired voltage Ucan = Ucan- Then, it
will be possible to formulate the sinusoidal duty ratio Ugp.

It is possible to analytically solve the linear differential equation (2.3), by employing the known
values of Ucan = Ucan, Ucan+1 = Ucan+1- The solution is given in equation (3.4):

h RlanAan

LTan =

RignAann
COS(CUant) + %
lan Rl ant LTomwanﬂ

Wan+1L -
— ZantlZTan cos(coomﬂt)) +kqe (Rian/Lan)t
R]om

. L .
5 5 (sm(want) — Lan’Tan sin(wgn+1t)
R]om + LTomwdom (34)
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Here, k, is the constant of integration. The value of k, is obtained by applying the initial condition n

irq(0) = 0:
_ AcmwomLTan _ Acm+1wan+1LTan
@ 52 2 2 2 ) (35)
Rlom + Lomwom Rlom + Lomwomﬂ
Then, the equilibrium value of i;,, can be obtained by solving equation (2.1) with izg, = i 7em:
T _ P T r ﬁCom T T
izan = CanUcan = iTon +iTan-1+ R +nlaﬁ+‘way- (36)
2an -1

Finally, the open-loop duty ratio U, is obtained from equation (2.2) by substituting izen = izem and
given in equation (3.11):

Lotn = y Y l'jCom 6Com
Um = CoanUcan ~ itan+ iTan-1+ +

F Nigp+Vigy . 3.7
Eom RZan—l En 7 B o ( )

3.3. Open-loop system analysis for connecting inverters

As the setting for the AC ring, the steady-state analysis can be applied to the inverters between the
rings. The desired voltage is set to be the same as the instantaneous desired voltage of the AC ring:
Uinvg = Agsin(wgt). Then, by analytically solving equation (2.6), we can get the following.

_ Ry sA wgL, Ry 54
fg= 8 sin(wgt) - Bap cos(wgt)| = B0 sin(wgo)
B 2 2 B R B 2 2
Rocﬁ + Laﬁcoﬁ af Rocﬁ + Laﬁa)ao (38)
WaoL,
_ MCOS(%O)) + ke (Ragl gl
Rag
__ Apwpleg  Aaowaolag (3.9)
o Riﬁ + Lftﬁwﬁ Riﬁ + Liﬁa)ao ' '
The other state variables are given as follows:
T = T Ui B
Linvg = Caﬁvinvﬁ “lggt Rli:],ﬁ/ (3.10)
Ung= L8| g fage S8 B (3.11)
ap ﬁcﬁq aBVinvp ap Rinvﬁ ECﬁq . .

4. Port-controlled Hamiltonian modelling

PCHM is a method to represent systems through the interaction they have with their environment
[33]. Application of PCHM to ring coupled converters is given in [28,32], where it is used to model
not just rings of DC/DC converters but DC/AC inverters as well and allows for the inclusion of
non-energy elements like power electronic switches and load resistances. PCHM is thus the first step in
the application of PBC.

PCHM organizes the system into interconnection (J), dissipation (R) and external input (E) matrices
within a state space framework [19]. The system model using the port-controlled Hamiltonian (PCH)
framework for the hybrid AC/DC system is given in equation (4.2) as in the form given in [34]:

) OH
Dx(t) = [T - R]a—x +G(x)E, (4.1
y= GT(x)aa—iI ) (4.2)

For total m inverters/converters in the ring network, x, the state of the system, is a (mx3)x1)
column matrix of all the inductance currents and capacitance voltages. D is a diagonal matrix of the
capacitance and inductance of the currents and voltages in the state space configuration, respectively,
and represents the coefficients of all the energy elements in the system. The structure matrix, J, is a
((m x 3) x (m x 3)) skew-symmetric matrix. As the input voltage to the connecting inverters is the output
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voltage of inverter #q of ring § and converter #r of ring y, the structure matrix J is a function of pinyg

and in,, as well as of the DC/DC converter duty ratios ug, and p,s . A ((m x 3) x (m x 3)) diagonal
matrix, G, is a function of y,,. J and G are determined from the structure as per Kirchoff’s law. E is a
((m x 3) x 1) matrix of the external DC inputs to the corresponding inverters. R, the dissipation matrix,
is a ((m x 3) x (m x 3)) diagonal matrix, with resistance elements. Finally, H is the Hamiltonian of the
system which corresponds to the energy of the system.

As the structure matrix J is a function of the sinusoidal duty ratio of the inverters, it is a function
of time. The structure matrix represents the connection of all the state variables. It indicates whether
a pair of state variables are connected to each other. Figure 3 gives a graphical representation of
the structure matrix of the proposed distributed generation system. It visualizes the structure of the
matrix. Here, ugp and pys= 0.6. As Uinyg and uiqyy are sinusoidal, the structure matrix is shown for three
values of finyg and finyy-

As the proposed network comprises multiple converter/inverter units, it is desirable to know the
connection properties to identify the most important units of the entire network. For a smaller system
with fewer number of units, the important units are evident, but for larger systems, not necessarily in
ring coupled formulation, such analysis is important to figure out the weak areas of the network. For
the proposed AC/DC dispersed generation system, the centrality of the network is shown in the graph
representation shown in figure 4. Here, the state variables are represented as nodes of the graph. The
size of the nodes is proportional to the degree centrality of the node, indicating that the biggest nodes
are the ones with the highest degree. Failure of the higher-degree nodes is more likely to result in the
failure of the network as a whole [35]. Thus, this information helps to make the network more robust
by safeguarding the vulnerable nodes [36].

5. Passivity-based control

The application of PBC to the dispersed generation system with AC and DC voltage output is
investigated in this section. PBC can be applied by specifying a desired energy function such that
the minimum of this function is the desired equilibrium. The desired energy function, which can be
shown to be a candidate for Lyapunov functions, is designed based on the Hamiltonian of the system.
The basics of the application of PBC to a passive circuit, especially applicable to ring-connected DC/DC
converters or DC/AC inverters is given in [28,32]. It can be shown that the control equation obtained
for PBC is given by taking a desired energy function as a candidate of the Lyapunov function with
the error function as e = x - x4, where x; is the desired trajectory of the state, the control rule with
nonlinear PBC can be formulated for the entire network as given below [28,32].

Dxy(t) = (I~ R)xa(t) + E+ Ry(x — xq(t)) - .1

Here, the damping injection R; is a ((m x 3) x (m x 3)) diagonal matrix, with damping added to the
corresponding inductor current term, making the system asymptotically stable if R + R; > 0. Satisfying

the two conditions of e”J(u)e = 0 for all values of u and (R +R;) >0, the system becomes exponentially
and asymptotically stable at the equilibrium point [37].

Thus, the control rule given in equation (5.1) renders the system exponentially asymptotically stable
with the damping injection.

Zero dynamics are defined as dynamics that characterize the internal behaviour of the system
once the initial conditions and inputs are chosen such that the output is identically zero [38]. For
stabilization through nonlinear PBC, we take into consideration the zero dynamics of the system to
confirm the structural properties, in addition to the mathematical analysis mentioned above, to apply
feedback control. The zero dynamics analysis of the boost converter as well as the buck-type inverter
associated with the equilibrium points was given for the output as the capacitor voltage and the
inductor current [28,32]. This analysis indicates that the dispersed generation network system is a
non-minimum phase system with respect to the output voltage, but a minimum phase system with
respect to the input inductor current. Thus, the chosen method of feedback is with the inductor current
rather than the output voltage.

The nonlinear control equations are obtained from the exogenous control system given in equation
(5.1). They play the role of a reference model with a stronger dissipation structure than the original
system underscored by the added damping. The control equations are obtained separately for the AC
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ring, the DC rings and the connecting inverters as was done for the steady-state analysis. The control
equations for the AC ring are given in equations (5.2)—(5.4)

HMan = [Lnl In+Ocn

_ (5.2)
= Reuiizn = iLn)]/Eom/
CanGCan =i Lon — {Tan + i~Tom -1
_[RZSZK-I | s+ Sl (.3)
L 7an = Bcin = Bcan +1 = Rind an - (5.4)

Here, Xgun =[i1, Oc i LT]T is the desired dynamic state vector of the controller for the inverters in the AC
ring and g, is the feedback duty cycle. Next, the control equations for the inverters are obtained as
follows:
Minvg = .[Linvﬁi_L._mvﬁ + 6Ci'nvﬁ (55)
= Regiizinvg — lLinvﬁ)]/ Ucgy

égvogz :.|.,"|;"'pguado.'.9"c.)§ Yy sou}iéﬁmoﬂﬁm‘éﬁiﬁs!|qnd/(1a.!;t.).s.iékgi H
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~ T ﬁCinVﬁ
CinvgUcinvg = i Linvg ~ o1l
.
Legi rap = invg ~ Ocan — Raglag - (5.7)

For the connecting inverter control equations, the DC input is given by the steady-state voltage of
the corresponding DC/DC converter of the DC ring, in this case given by #q. The equations for the
connecting inverter between y — «a rings can be obtained in a similar manner. Finally, the control rule for
the DC rings is given in equations (5.8)—(5.10)

1 o
0= T [Egp + Repilizep ~ irgp)| + 1, (5-8)
L T 4 > 6C15’P
CopUcpp = (1= Map)ivep ~i1p +ingp-1- [R2l3p-1]
~HUinvpl invgs (5.9)
Lrgpi 1gp = Ocgp ~ Ocgp+1~ Rugpl 7gp - (5.10)

The constant desired inductor currents i jqn, i Linvgs i Linvyr i pp and i Lys are obtained from the steady-state
analysis. The state inductor current for all converter/inverter units is used for feedback control with
corresponding damping Raniks Rinvg Rinvykr Rgpk and Ry

With the application of nonlinear PBC, the value of the duty ratio u is calculated at every instant ¢
with respect to the input, the system parameters and the desired state. That is, u depends on time and
the current state.

6. Numerical simulations

This section gives the numerical simulation results for a hybrid AC/DC system with five units in each
ring. The numerical simulations were carried out on ode45 solver Simulink (Version 8.7 R2016a).

6.1. Simulation results for a balanced system

In this section, results are presented for numerical simulations performed for a balanced system with
and without the application of PBC. A balanced state is when the parameters for all converters/inver-
ters in each ring are identical, indicating the same values for the inductance, capacitance, load and
dissipation between (Lr) and the input voltages (E) are also set at the same value for each ring,
respectively. This creates a natural balance within each ring, but not necessarily between the rings.
These values are set as given in tables 1-3 for a, §, y rings and the connecting inverters.

Figure 5 gives the result of numerical simulation for the distributed generation system without the
application of PBC. Here, the duty ratios for the rings Uan, Uinyg, Uinvy, Ugp and Uy are set at a constant
value estimated at the steady-state analysis. A disturbance in the load or the dissipation will not be
controlled and will affect the system output adversely. It is seen that all three rings settle on the desired
output voltage after the transient.

The parameters for the § and y rings have been set to be the same, creating symmetry and resulting
in the output for the two DC rings to exactly equal. The duty ratio for the DC rings is constant, and
sinusoidal for the « ring and the inverters as shown. The connection parameters for the inverters are
given in figure 6. Even beyond the transient, it is seen that current flows between the converter/inverter
units in the rings (iran irgpitys) as well as between the a-f and a—y rings as indicated by ig and iy,
given in figure 5.

Next, the simulations with the application of PBC with the control rule in equation (5.1) are given.
PBC is a nonlinear dynamic feedback controller that shapes the closed-loop energy by enhancing the
closed-loop damping of the system. When adding the damping it is necessary that R+R;>0. The
damping for the following numerical simulations was set at Ry, = 20 for all the converter/inverter units.
Now the duty ratio is not constant, but a function of time as is shown, confirming the application
of feedback control through passivity. The output voltage shows a faster convergence to the desired

—
Q1
)

~
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Table 1. Parameters for a ring.

parameter value unit
Ean 36 v
Lan 46 mH
Can 100 uF
LTan 15 mH
R1an 50 0]
RZan 100 0
Vean (A = 13) 13sin(376 x 1)
Table 2. Connecting inverters.
parameter value unit
Llnv[i 16 mH
Ginvp 100 pF
Rinv[i 100
RaB 10 0
Lo 16 mH
Table 3. Parameters for B, y ring.
parameter value unit
Egp 18 v
Lgp 46 mH
Cao 100 pF
LT[Zp 15 mH
Rugy 50 Q
Rogy 100
Vagp 40 v

value with damped oscillations for the transient, as shown in figure 7. The flow of current through
the rings (ir) as well as between the rings (iys,i4,) is reduced, allowing the system to attain stability by
maintaining the passivity of the entire network. The connecting parameters for the inverters are given
in figure 8.

6.2. Simulations for the system with disturbance

If the inductance and capacitance values for the converter/inverter units or the dissipation between two
neighbouring units are not symmetrical, it creates an imbalance in the ring. In this section, numerical
simulations for systems with imbalance by varying input voltage values for the § and y DC rings
are considered. Practically, as the DC rings represent a distributed network in remote villages, it
is assumed that the input voltage from the solar arrays might change depending on the weather
conditions. The simulated change in input voltage and the corresponding output of the network are
shown in figure 9. Here, PBC is not applied, and the output is based on the duty ratio calculated by
the steady-state analysis. Figure 10 shows the connection parameters for the same. As the input varies,
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Figure 5. State variables for the a, § and y rings for the original open-loop balanced system.
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Figure 6. Parameters for connecting inverters for an open-loop balanced system.

the system shows the transient from one state to another creating imbalance and a noticeable flow of
current between the rings. The inverter output voltage for the § and y rings varies according to the

transient created by the changing input.

For the same change in input voltage, the application of PBC is shown in figure 11. The output
voltage is seen to be devoid transient disturbances. The DC as well as the AC outputs are seen to be
much closer to the desired values as compared to the original system. Figure 12 shows the duty ratio of

connecting inverters, the output voltage and the flow of current between the rings as PBC is applied.
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Figure 8. Parameters for connecting inverters with the application of PBC.

As passivity is invariant under negative feedback interconnection, the connection of two passive
systems is a passive system. Thus, PBC is applied to the entire network by ensuring the passivity of
individual converter/inverter units, ensuring the passivation of the whole network. The results allude
to this fact. The flow of the line current through the ring at any point of time is zero, indicating that
the entire system retains passivity. This is true even when there is flow of energy between individual
converters/inverters.
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Figure 9. State variables for the a, § and y rings for the original open-loop system with varying input voltage.
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7. Discussion and further research

The engineering of hybrid distributed generation systems needs to be consistent with a suitable and
affordable extension of the network. For this reason, the inclusion of additional generation units as
an integral part of the system model is desirable [2,39]. In the hybrid distributed generation network
presented in this article, the numerical simulations have been carried out for a limited number of
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Figure 12. Parameters for connecting inverters with the application of PBC.

generation units per ring and a limited number of DC rings connected to the main AC ring. The
extension of this model to a practical system applicable to small villages must be discussed. As is
shown in equations (2.1)-(2.3), equations (2.4)-(2.6) and equations (2.7)—(2.9), the mathematical design
facilitates the inclusion of further generator units. The same goes for the number of DC rings connected
to the ‘main’ ring. The system design presented does not cause a loss of generality. The control
equations have also been laid out to include an arbitrary number of units as well as DC rings.

The structure matrix J of the PCHM presents two highly desirable outcomes: not only is it necessary
for system control, but can also act as an adjacency matrix for the analysis of vital system components
and performances. The adjacency matrix (figure 3) reveals the dynamic connection between all nodes
of the network at a glance. For expansion, it will be able to incorporate new node connections in
the ring as well as jump connections between rings. Thus, the adjacency matrix provides valuable
indicators of the distributed generation grid when expanded by adding a large number of units.
Within this network representation framework, further analysis can be conducted to understand the
robustness properties [40,41]. Here, robustness implies the ability of the distributed generation grid to
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be resilient to external disturbances, one of which is failure to operate smoothly subject to expansion [ 15 |

[42]. The vulnerable nodes in the network can be detected, thus making expansion achievable with
keeping the safety. Here, the numerical results are in congruence with the centrality analysis presented
in §4. The degree centrality graph presented in figure 4 predicted the most significant nodes to be the
voltages Ucao, Ucan, Ucgo and veyo.

The aim of the network is to have multiple consumers connected together, with all units operating
synchronously with equal output voltages. It is assumed that the consumers are scattered over a
large area with varying distances between each other. The proposed hybrid network design considers
the dissipation with a transmission line model. It enables the incorporation of variable dissipation
parameters potentially determined by the distance between the units. PCHM with its well-ordered
matrix structure allows effortless modification in the system parameters.

Based on the numerical simulations, it is clear that the AC as well as DC output with nonlinear PBC
shows improved convergence time during transient operation. Nonlinear PBC takes into account the
energy dynamics, and the physical structure of the original converter/inverter as well as its closed-
loop formulation. In §5, it was mathematically proven that the entire network achieves Lyapunov
stability with the application of nonlinear PBC. Moreover, the system converges exponentially to the
desired state with the addition of damping. The numerical results show coherence with the analytical
solutions. For the same input inductor and output capacitor values, the original system produces
an under-damped transient response as opposed to the system with PBC, which shows a damped
response.

Nonlinear controllers have been shown to be exceptionally good at trajectory tracking as com-
pared to their linear counterparts [43,44]. It has been shown in comparative studies that dependence
on linearization renders the system fragile, making it less attractive in applications [43]. With the
nonlinear PBC, the exogenous system described in equations (5.2)—(5.10) is responsible for tracking the
error based on the desired energy function. The controller anticipates the energy dynamics as well
as the physical structure of the system, enhancing robustness and resilience to fluctuations during
transient. The controller follows a time-variant desired state-trajectory created by the exogenous
system forcing the duty ratio of each of the converter/inverter to change as a function of time. This
is especially significant for the system transient response. As the nonlinear exogenous system modifies
the duty ratio based on the dynamic energy structure to track the desired state trajectory, the system
rapidly converges to the steady state, as shown in figure 7.

Power quality issues have been a challenge for distributed generation. For DC networks in the
hybrid microgrid, these can correspond to voltage drops, insufficient power input from one or more of
the distributed generation units and sudden load changes. For AC networks in the hybrid microgrid,
these may correspond to harmonic distortion, abrupt frequency changes and phase unbalance. A
well-described PCHM framework and a well-suited energy function for deriving the PBC equations
can address these issues. Depending on the chosen energy function, stability can be guaranteed and
the design of the energy function can make it possible for the system to respond to sudden changes
in the load. This is confirmed from the numerical results of the original system (without control)
when the input voltage is varied, as shown in figure 9. For an unbalanced system, the states of the
connecting converters a, ay, 3y and y, are the only ones that vary from the desired trajectory. For the
same conditions, PBC exhibits accelerated convergence to the desired state.

As each unit (either a converter or an inverter) in distributed generation needs its own control input,
another challenge faced by distributed generation is the effect of time delays and noise. For smooth
voltage and frequency control, it is imperative that the control should be robust to time delays. For
the control method suggested in this article, this problem is partially addressed by the method for
calculation of the control input. With PCHM, the system is neatly defined in matrices, which renders it
easy to solve meaning that the calculation time is greatly reduced as compared with similar nonlinear
methods. To allow for enhanced noise reduction, it is possible to adjust the energy function such that
the control equations in turn are modified to include active filtering properties. To the best of our
knowledge, such techniques are scarcely considered in literature with the notable exceptions being [45]
in the context of fuel cells.

Another possible area of further research for nonlinear PBC with an expanding distributed
generation network is through reinforcement learning. Reinforcement learning is an area of machine
learning where the optimal behaviour is learned in a given environment to obtain the maximum
reward. In the context of nonlinear PBC, based on the given structure of the AC/DC hybrid microgrid,
reinforcement learning can be used to obtain the best suitable energy function to apply for a faster
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control action. Simulation results from the given structure can be used to learn a more optimal m

definition of an energy function.

8. Conclusion

In this article, a nonlinear PBC technique was introduced to provide voltage control for the AC and DC
sides of a stand-alone hybrid microgrid. To this end, first of all, a network framework for the structure
of a hybrid AC/DC microgrid was developed. The framework considers multiple DC grids connected
to a central single-phase AC microgrid. A mathematical modelling of this network framework was
proposed with the PCHM approach. The main contribution of this article was proposing a nonlinear
control technique to control all the converters and inverters in the proposed hybrid microgrid to obtain
voltage control for the DC network of the hybrid microgrid and voltage control along with phase and
frequency synchronization for the AC network of the microgrid.

Nonlinear PBC is a control method that shapes an energy function to have a stable equilibrium at the
desired state, implemented by using a quadratic function, and impedance damping was added to enhance
the asymptotic stability. To derive the equations for nonlinear PBC, first, steady-state analysis is conducted
to find the constant duty ratio to attain the desired voltage for the DC as well as AC networks in the steady
state. The steady-state representation provides a default control algorithm and can be used in the event of
time delays and unforeseen circumstances where the control may be unavailable.

A quadratic energy function based on the total energy of the circuit was chosen as the cost function
to design the nonlinear control equations for PBC. It was shown that the system is asymptotically
stable with the application of the control equations, and impedance damping was added for exponen-
tial stability. It was shown that by minimizing the desired storage function, it was possible to attain the
user-defined desired output voltage by regulation of the duty cycle through feedback of the inductor
current of the multiple power electronic inverters/converters in the network.

Numerical simulations were performed to confirm the application of the control method in the
transient as well as the steady state. Numerical simulations were performed for a balanced case as well
as under varying inputs to the network. The state variables of inductor current and capacitor output
voltage as well as the current through the dissipation within each ring component of the network were
obtained. The flow of current between the rings and the operation of the connecting inverters was
investigated for both the original system as well as feedback control through PBC. The results indicate
that the application of PBC significantly improves the system response time and drives the system to a
stable equilibrium in an exponential time.
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