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ABSTRACT Changes in distribution grids pose significant challenges with respect to the control and
management of these grids. Stability and decentralized control are vital to ensure the availability and
accessibility of plug-and-play dc distribution grids that are (temporarily) without communication. Therefore,
this paper presents guidelines for these grids that ensure global stability and a decentralized control strategy
that implements these stability guidelines. The stability guidelines are derived using a Brayton—-Moser
representation of the system to arrive at a Lyapunov candidate function. Furthermore, the decentralized
control strategy implements these stability guidelines and ensures that the voltages in the system remain
within a specified range. In addition, several simulations are performed to illustrate the stability of the system
and the behavior of the control strategy under different scenarios.

INDEX TERMS DC distribution grid, decentralized control, microgrid, plug-and-play, stability.

I. INTRODUCTION

Future distribution grids are likely going to be subjected to
changes such as the increasing participation of distributed
energy resources (DER), segmentation of the grid (into
microgrids), and increasing participation of consumers, pro-
ducers and prosumers. These changes pose significant chal-
lenges with respect to the control and management of distri-
bution grids [1]-[3].

Firstly, the location of power generation is fundamentally
changing. The renewable power generation plants are located
in regions of high resource availability, rather than regions
of high consumption. Furthermore, because of decentralized
generation, the power flow in the system is no longer unidi-
rectional [4], [5]. Secondly, the inertia of future distribution
systems is significantly less than current grids. Solar and wind
energy provide little (rotational) inertia to grids compared to
conventional generation, which is still dominant in present-
day grids [6], [7]. A costly solution would be to add virtual
inertia by incorporating a large amount of storage into the
grid. An alternative is to adapt the control to ensure the
supply and demand are balanced on a much shorter time scale.
Lastly, the uncertainty in the distribution grid is increased.
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With the increasing participation of renewable energy
sources, not only demand is subject to uncertainty, but also
supply. Moreover, because of the islanding and de-islanding
of microgrids, the topology of the distribution network is also
becoming more dynamic [5], [8], [9].

Nevertheless, it is paramount that the distribution system’s
availability, affordability, accessibility and safety are ensured.
To do so, the actors (e.g., loads, sources and storage) in the
distribution system must cooperate to find a dynamic balance
between supply and demand. Moreover, like the situation in
current grids, it is desirable that the distribution grid operates
in a plug-and-play fashion [10], [11].

It becomes attractive to employ dc distribution systems
since they have several advantages to ac distribution systems
with respect to control. DC distribution grids do not require
the synchronization (of frequency and phase) or reactive
power governance, and do not face challenges regarding
harmonic and inrush currents. Therefore, the interconnec-
tion of dc (micro)grids is significantly simpler [12], [13].
Furthermore, dc distribution grids are also foreseen to have
advantages over ac in terms of efficiency, distribution lines,
and converters [14]-[16]. However, the field of dc distribution
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grids is still relatively novel and more research on the control
and protection of these grids is vital.

One significant control challenge is the stability and con-
trol of plug-and-play dc distribution grids without commu-
nication. This is relevant for systems that aim to be more
reliable or cost-effective by not utilizing a communication
infrastructure, or for systems that are (temporarily) without
communication (for example) due to a fault.

Previous studies on the stability of dc distribution grids
often do not ensure global stability, or only apply to well-
defined systems (i.e., systems with known topology and/or
parameters) or systems that utilize some form of commu-
nication. For example, (non-)linear droop based strategies
are commonly used for many systems [17]-[22]. Although
droop-based strategies do not require any communication
they do not ensure global stability unless the system parame-
ters and topology are known. Furthermore, several strategies
exist that adapt the virtual impedance or operating mode of
the converters depending on system parameters [23]-[29].
These methods further improve stability when flexibility
is available in the system, but still rely on well-defined
system parameters (e.g., load power) or communication for
global stability.

Several plug-and-play control strategies have been pre-
sented in previous research. For example, local controllers
can be updated after a change in the system occurs [30].
Alternatively, a (centralized) power management strategy can
specify the set points of the converters in the grid [31]. More-
over, global stability can be ensured when a well-defined
topology is used [26], [32], [33]. However, all these control
strategies require some form of communication or that the
different system topologies and/or parameters are predefined.

The contributions of this paper are easy-to-use global
(small-signal) stability guidelines, a decentralized control
strategy that implements these stability guidelines, and sup-
plementary converter guidelines for plug-and-play dc distri-
bution grids that are (temporarily) without communication.
Based on the work presented in [34] and [35], the global sta-
bility guidelines are derived using a Brayton-Moser represen-
tation of the system to arrive to a Lyapunov candidate func-
tion. The derived guidelines only pose requirements on the
output capacitors of constant power loads and the disconnec-
tion of these loads at specified (local) voltages. Furthermore,
a decentralized control strategy is presented that establishes
global stability and ensures that voltage stays within a speci-
fied range. Moreover, three guidelines for converter behavior
are presented that further improve the transient behavior of
the system. Additionally, several simulations are performed
to illustrate the stability and the behavior of the decentralized
control strategy.

The remainder of this paper is organized as follows: in
Section II the models that are used for the dc distribution sys-
tem are given. In Section III the stability guidelines for plug-
and-play dc distribution systems are derived. In Section IV
these guidelines are applied in a novel decentralized control
strategy and additional desirable converter guidelines are

VOLUME 6, 2018

FIGURE 1. Example of a (subsection of a) bipolar dc distribution system
containing storage, sources and loads.

given. In Section V several simulations are performed to
illustrate the global stability of the system and the behav-
ior of the decentralized control strategy. In Section VI the
results, and main merits of the work are discussed. Lastly,
in Section VII conclusions are drawn.

Il. DC DISTRIBUTION SYSTEM MODEL

An example of a (subsection of a) bipolar dc distribution
system is shown in Figure 1. Any dc distribution systems can
be described by its n nodes, [ distribution lines and o phase
conductors. For the sake of simplicity, the dc distribution
systems in this paper have a single phase conductor (i.e., are
monopolar systems). However, the models described in this
section can be extended to multiple phase conductors [36].

A. DC DISTRIBUTION NETWORK MODEL
The incidence matrix, I', is used to describe the electrical
network as a directed graph and is given by

if 1; is flowing from node i

G, = !
I(,i
—1 if I; is flowing to node i

ey

where the indices i and j are used to indicate the nodes and
lines of the system respectively. Therefore, J; indicates the
current flowing in distribution line j.

For the modelling of the system’s lines a lumped element
model is used. This model is valid when the length of the line
is much smaller than the wavelength of the signals [36], [37].
The dynamic behavior of dc distribution systems can then be
described by the differential equations of their node voltages
and line currents, which are given by

CUy =Iy-T"I, ()
Li; = TUy — RI}, (3)

where Uy are the node voltages, Iy, are the line currents,
Iy are the sums of the currents from the converters connected
to each node, and C, L and R are the capacitance, inductance
and resistance matrices respectively [36].

B. POWER ELECTRONIC CONVERTER MODELS

In this paper it is assumed that the bandwidths of the power
electronic converters are large enough that they react instan-
taneously to changes in the system [38].

Constant voltage and constant current behavior exhibit no
incremental impedance and therefore do not influence (small-
signal) stability. Furthermore, constant impedance and con-
stant power loads exhibit positive and negative incremental
impedance respectively [39].
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FIGURE 2. Equivalent circuits of droop controlled sources (top) and
constant power loads (bottom).

Since droop sources can be reduced mathematically to
voltage sources and the presence of constant impedance
loads is decreasing, droop controlled sources and constant
power loads are considered to be the main contributors to the
(in)stability of dc distribution grids.

Droop and constant power load converters of the dc distri-
bution systems can be modelled according to the equivalent
circuits shown in Figure 2 on the left. The currents flowing
from the droop source and constant power load converter into
the node are respectively given by

Uy — U;

I, = ——' 4

g 7 )
P

L=--1 )
Un

where U is the reference voltage, U, is voltage of the node
the converter is connected to, Z; is the (virtual) impedance of
the droop controller, and P; is the load’s power.

For small-signal analysis of the stability, droop sources and
constant power loads are modelled as a current source with an
impedance in parallel. Furthermore, the constant power load
is linearized around a voltage U. The small-signal behavior
of these converters can then be approximated by

Uy U; U;
= =Lo——, 6
s 2 2 5,0 2 (6)
PR /R T W-U _, U o
1= T it T T 1,0 7%

where Z; is the equivalent impedance of the constant power
load converter and U is the voltage at which the load is
linearized [35], [40]. The equivalent circuits of these (small-
signal) models of droop sources and constant power loads are
shown in Figure 2 on the right.

C. DC DISTRIBUTION SYSTEM MODEL

From (2), (3), (6) and (7) the state-space model of the whole
dc distribution system is derived to be

. —c~'z7' —c7'rT c!
X:[ L,]r _L]R}X+|: 0 IN,O? (8)
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where Z is the (diagonal) matrix containing the converter
impedances, @ is an empty set, Iy, ¢ is the matrix containing
the constant terms (/. o) of the converters’ (small-signal)

model, and
_ | U~
X = [ I } 9

Ill. DC DISTRIBUTION SYSTEM STABILITY

DC distribution systems are stable if the left-hand matrix
in (8) only has eigenvalues with negative real parts. However,
the derivation of these eigenvalues is, in general, complex and
highly dependent on the incidence matrix I' and accordingly
on the topology of the system [40]. Therefore, stability for
plug-and-play operation (unknown system topologies) must
be derived using an alternative method.

In this section the stability of plug-and-play dc systems is
derived. First, the existence and adequacy of an equilibrium
is determined using the state-space equations. Second, guide-
lines for asymptotic stability are derived using a Brayton-
Moser representation of the system, which provides a
Lyapunov function.

A. EXISTENCE OF AN EQUILIBRIUM

At the equilibrium of the system all time derivatives in the
system are zero. Therefore, from (8) the state variables at the
equilibrium are given by

11
Xz[c z

_c-'rT -1 _c-!
L't

o ig @]m@<m

Using some matrix manipulations the node voltages are
found to be

Uy=Z " +T"R'T) Iy,o0, (11)

which is equivalent to finding equivalent impedance of the
network topology [35]. Nevertheless, providing sufficient and
necessary conditions for the existence of this inverse for any
topology (unknown I') is infeasible.

Howeyver, sufficient conditions for the existence of an
equilibrium are available. According to [34] and [41],
an equilibrium is guaranteed to exist if the total load power
of the network is bound by

Py < Ug 12

® = Ry (12)

where Py is the total load power of the network, Uy is the

reference voltage of source(s) in the system and Ry is the
total resistance of the network.

This sufficient condition for the existence of an equilibrium
can be substantiated and slightly appended by utilizing a
simple example circuit shown in Figure 3. For this equivalent
circuit the voltage at the load side’s output capacitance is
given by

P Z, PR
U; U’

U =Uy— (13)
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Uo U

1

FIGURE 3. Equivalent steady state circuit of a droop controlled source
connected to a constant power load via an arbitrary dc distribution
network.

where R’ is the equivalent resistance of the arbitrary dc dis-
tribution network between the source and the load.

A solution for the equilibrium of this system exists if

2
Py < L. (14)
4(Zs +R)

Now a dc distribution grid with an arbitrary number of con-
stant power loads is considered. In the worst-case scenario the
current from all the constant power loads flow through all line
resistances. Consequently, the existence of an equilibrium in
the worst case scenario can be ensured by

2

Py < —0 15
¥ = XZ+Ry) (15)

B. ADEQUACY OF THE EQUILIBRIUM
Equation (15) ensures the existence of an equilibrium, but
does not ensure that the voltage in the system remains within
predefined limits. Therefore, it must be ensured that the
voltage remains above the minimum voltage Upiy.
In the worst (allowed) case the load current is given by
I = % and therefore, using the same example circuit from
Figure 3, the equilibrium is above the minimum voltage if
P Z PR’
Unmin Unmin
Equivalently to the existence of the equilibrium, the worst-
case scenario is when all load current flows through all the
resistance in the network. Therefore the adequacy of the
equilibrium in the worst case scenario is ensured by

< Unin(Uo — Unin)
o Zs + RE

which, as long as the minimum voltage is not chosen to be
exactly half of the reference voltage, is more strict than (15).

Uy > Unmin. (16)

Py, , a7

C. BRAYTON-MOSER REPRESENTATION

To assess the asymptotic stability of dc distribution systems
Lyapunov’s method is used. From the system’s (2) and (3) the
natural Lyapunov function candidate is given by

1

&y = Gy — EILTRIL +I1.'TUy, (18)
2U0,Ug—U?  U?

Gy = P iInU;— L Ly ), (9

0 ;( 1,inU; 2Zs,i +ZZZ,1' il,i ( )
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where Gg is the resistive co-content of the sources and
loads [34]. The different terms in (19) are for constant power,
droop, constant impedance and constant current converters
that are connected to each node respectively.

The dynamic equations of the system, (2) and (3), can then
be rewritten as

Q00X = —dx Do, (20)
cC 0
Qo = [@ _L]. @

However, Lyapunov function candidate ® is not sufficient
to ensure stability of the system, since it is not sign definite.
Therefore, a closely related Brayton-Moser potential @ is
defined, which is given by

-1
@ = 2 (o )" [3 ﬂ (0x®0) + @0, (22)
where Tmax 1S the maximum time constant (L/R) of all the
distribution lines in the dc distribution system [34], [42], [43].

Subsequently, by substituting X = —QO_IE)X dy into (22)
and utilizing OX = —0x®, the Brayton-Moser potential &
and the matrix @ corresponding to to the Brayton-Moser
potential ® are found to be

c 0]
Ox P = Tmax (35 Do)’ [0 L} ox o +dxPo,  (23)
Tmax9x 0x Go + C fmaer
= . 24
Q [ —TmaxD TmaxR—L (24)

The Lyapunov function V that follows from this Brayton-
Moser representation is given by

v =x"0x, (25)

which according to LaSalle’s invariance principle makes the
system asymptotically stable if

V=X"(Q—oxix®)X <0, (26)
0> 0. 27)
Both of these conditions result in different requirements on

the system, which are derived in the following subsections.

D. SYSTEM CONVEXITY
The first condition for asymptotic stability is given by (26).
It can be shown that this equation reduces to

(Q — dxdx®) <0, (28)

where Q is zero when the system is at rest, and nega-
tive or negligible otherwise [34]. Therefore, the system is
convex if 0y dx ® > 0, which is valid when

1 P 1 1
— — b=+ =0 (@
;RjJrXi:( Ul-2+Zs,i+Zz,i)_ (29)

In the worst (allowed) case scenario there is only one
droop source and constant power loads that all operate at the
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e Uo p— p— Z lo

FIGURE 4. Incremental steady state circuit of a droop controlled source
connected to a constant power load via an arbitrary dc distribution
network.

minimum voltage Upyn. Therefore, convexity is ensured if

2
Py < & (30)
Zs + Ry
which is less strict than (17) as long as the minimum voltage
is more than half the reference voltage.

The same result can be obtained using a more intuitive
approach. Figure 4 shows in incremental (linearized) version
of the example circuit, where the constant power load is
replaced by a current source and a parallel impedance (see
Section II-B).

This equivalent circuit converges to the equilibrium if a
perturbation on the load voltage causes a larger change in
source current than a change in the load current. In other
words, if

1 1
AR =7 GD
U2
Zi+R < 7’1, (32)
2
“faﬁw’ (33)

which, in the worst case scenario, is equivalent to (30).

E. ASYMPTOTIC STABILITY

In addition to the convexity of the system it must be ensured
that @ > 0. From (24), it can be derived that this is the case
when the diagonal entries of Q are positive definite [34]. It
is clear that the choice of tax ensures that TR — L > O.
Furthermore, T, dx dx Go+C is positive definite if (for each
node) it is true that

Tmax Pl S Tmax Tmax

+ +
U»2 Zs,i Zz,i

1

+Ci > 0, (34)

which is always true for nodes to which no constant power
nodes are connected. Furthermore, for nodes to which only
constant power nodes are connected it is required that

TmaxPl,i
vz,

min

Ci > (35)

Intuitively this requirement can be explained by the time
constants and damping of the system. If (35) is true, then the
damping of each distribution line is more than the amplifica-
tion of the constant power loads on oscillations in the system.
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F. DC DISTRIBUTION SYSTEM STABILITY

In summary, if the minimum allowed voltage Up;y is chosen
to be more than half of the reference voltage Uy there are two
requirements or guidelines for the asymptotic stability of any
dc distribution system.

Firstly, (17) ensures the existence and adequacy of the equi-
librium, and that the system moves towards this equilibrium.
Secondly, (34) ensures that there is sufficient damping on
oscillations in the system. Furthermore, together these two
requirements ensure asymptotic stability.

Although the two guidelines provide robust sufficient con-
ditions for the global stability of the system an additional mar-
gin could be used to (further) reduce sensitivity to parameter
deviations.

IV. DECENTRALIZED CONTROL STRATEGY FOR
PLUG-AND-PLAY DC DISTRIBUTION GRIDS

This section presents a novel decentralized control strategy
that ensures plug-and-play global stability and propriety of
the voltage even when there is no communication infrastruc-
ture available.

From Section III it is clear that to ensure global stability
and voltage propriety any dc distribution system must adhere
to (17) and (34). It is straightforward to comply with (34) by
requiring that the output capacitances of all constant power
loads in the system are sized using (35). Here it is noteworthy
that Timax is independent of the length and configuration of the
distribution lines, and only depends on the type of cable (ratio
of inductance and resistance).

However, it is less straightforward to comply with (17)
since (for plug-and-play systems) the total load power, total
resistance of the network, and the droop impedance is often
variable or unknown. Therefore, instead of ensuring that the
voltage remains above the minimum voltage via applying (17)
directly, this is done by means of control.

A. CONVERTER BEHAVIOR

The converters in dc distribution grids can be categorized as
source, load or hybrid converters. Although renewable energy
sources are variable and uncertain by nature, due to maximum
power point tracking algorithms, they exhibit constant power
behavior in timeframes shorter than seconds [44]. Load
converters exhibit behaviors such as constant impedance,
constant power, constant current or a combination of these
behaviors [45]. Hybrid converters supply or consume power
depending on the system’s voltage. Often hybrid converters
exhibit constant power or impedance behavior.

B. DECENTRALIZED CONTROL STRATEGY

Previous research showed the advantages of dividing the
acceptable voltage range into regions where the converters’
mode of operation is varied [26]-[28], [32], [33]. However,
unlike the decentralized control strategy presented in this
paper, these methods do not ensure global stability, propriety
of the voltage, and offer plug-and-play capabilities for dc dis-
tribution system (without utilizing communication).
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Maximum Voltage
Supply Response

Absorption

Nominal Voltage

Voltage

Emission

Demand Response

Minimum Voltage

FIGURE 5. The different supply response, absorption, emission and
demand response voltage regions for the decentralized control strategy.

To guarantee global stability and propriety of the voltage
it must be ensured that the voltage never goes below the
minimum voltage or above the maximum voltage. There-
fore, the acceptable voltage range is divided into supply
response, absorption, emission and demand response regions.
An example of such a division of voltages is given in Figure 5.
However, the different regions do not necessarily need to be
divided proportionally.

The absorption and emission regions are the naturally
desired regions of operation of the dc distribution grid.
In these regions the load and source converters operate at
constant power, while the hybrid converters (e.g., batteries)
regulate the voltage. In the emission region, when the voltage
is below the nominal voltage, the hybrid converters sup-
ply power to the grid. In this region, the hybrid converters
ramp up their supplied current as the voltage reduces. In the
absorption region, when the voltage is above the nominal
voltage, the hybrid converters consume power from the grid.
Analogously, the hybrid converters ramp up their consumed
current as the voltage increases. When there are no hybrid
converters in the network the system will always operate in
the supply or demand response regions.

If the voltage enters the demand response region it means
that the source and hybrid converters cannot cope with the
power demand. Therefore, in the demand response region the
load must be decreased. Loads either decrease their power
gradually (e.g., by dimming lights) or switch off when a
specified voltage is reached. The voltage at which the loads
are switched off determines their priority. However, no load
is allowed to consume power when the voltage is below the
minimum voltage.

If the voltage reaches the supply response region the loads
and hybrid converters cannot consume the power supplied
by the sources. Therefore, in this region the power supply
must be reduced. Similar to the demand response, the sources
either gradually decrease their output power or switch off at
a specified voltage. However, no source is allowed to supply
power when the voltage is above the maximum voltage.

An example of the behavior in the voltage regions for
source, load and hybrid converters is shown in Figure 6.
In this example the source and load converters’ power is
ramped down in the supply and demand response regions.

C. CONVERTER GUIDELINES
The decentralized control strategy from the previous subsec-
tion ensures plug-and-play global stability and voltage pro-

VOLUME 6, 2018

1.3 Voltage [p.u.]
1.2
T Ucu!-out
1.1
T Umax
-
10| ="
o
-—-—-—-—- TUnom
0.9
T Umin
0.8
i Ucan
- Pmax Pmax*}
-1 -0.5 0 0.5 1
Power [p.u.]

FIGURE 6. Example of a source (blue), load (black) and hybrid (red)
converters’ voltage-current characteristic that complies with the
decentralized control strategy.

priety. However, some additional guidelines for the converter
behavior are desirable if some additional knowledge about
the system is available.

Firstly, natural voltage and current transients occur during
changes in the system. To prevent these transients from nega-
tively affecting control decisions, changes should be ramped
over a significantly longer time period than the slowest time
constant (of distribution lines and capacitors) in the system.
Consequently, transients in the system will be significantly
damped before a final control decision is made.

Secondly, while a change is ramped, a voltage drop is
incurred on over the system’s inductances. This voltage drop
is equal to the system’s equivalent inductance times the
current rate of change. The voltage drop dictates the error
between the measured state and the steady state, but also
affects the maximum overshoot of the steady state. Therefore,
the ramp rate should be chosen to achieve a desired accuracy.

Thirdly, to prevent repeated transitions between control
states (such as the connection or disconnection of a load),
some form of hysteresis is recommended. For example,
the voltages for disconnecting and connecting a load should
be (slightly) offset.

To illustrate the reason for the first two converter behav-
ior guidelines a simple system shown in Figure 7 is used.
However, this approach can be used to analyze more complex
systems yielding similar results.

The source’s voltage U is assumed to be constant, while the
load’s current / is variable. Since the load’s control decisions

@u c= @|

FIGURE 7. Simple system used to illustrate the necessity of the guidelines
on the converter behavior.
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are made on the local voltage, the voltage of the capacitor U,
is of interest. The transfer function of the capacitor voltage as
function of the load current 7 is

-1

U= —"1 (36)
sC + 7x
The poles of this transfer function are given by
_ —R " R? 1 37)
Pr2=sp Va2~

Moreover, these poles are bounded by two different sets of
poles. Firstly, when the capacitance is negligible the poles are
approximated by

~ K 38
P2~ - (38)
Secondly, when the inductance is negligible the poles are
approximated by
~ L 39
Pra” o (39)
Consequently, the transients in the system are bounded by the
time constant of the distribution line (L/R) and capacitance
(RC). To prevent transients significantly affecting control
decisions, it is recommended that, for more complex systems,
any change is ramped over a significantly longer period than
the slowest time constant of the system.

When the current source / is ramped with a ramp rate a the
dynamic response of the capacitor’s voltage can be found by
using the inverse Laplace transform

Udt) = ot <£2 _—1)’ (40)

57 sC+ sL1+R

Uet) = Uo(0) + a(—Rt — L+ CR2 + e 3L f(1)),  (41)
VCR (3L — CR?) sinh (’V CRZ“‘L)

/L
f@ = L
+ (L — CR2> cosh (ﬂ) (42)
2J/CL

In (41), e*zR*tL f(¢) represents the transients in the system
which are damped out over time. Furthermore, U.(0) — aRt
represents the steady steady state of the system for the load
current 1(0) + at. Moreover, —alL + aCR? represents the
offset between the steady state of the system and the perceived
voltage during the ramping of the current.

In the worst case, the offset of scenario the capacitor’s
voltage from the steady state can therefore be approximated
by aL. Therefore, a desired accuracy of the converter’s con-
troller can be achieved by choosing an appropriate ramp
rate a. For more complex systems the accuracy can be ensured
by assessing the equivalent inductance (in the worst case the
total inductance) of the system.
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FIGURE 8. Example system for the simulation of the stability and the
presented decentralized control strategy.

TABLE 1. Distribution line parameters for the example analyses.

Rp[Q] | Ly [mH] | CL[nF] | G |mS]
1 0.25 0.5 0

V. SIMULATION EXAMPLES OF THE STABILITY AND
DECENTRALIZED CONTROL STRATEGY

In this section several simulations are performed to illustrate
the stability and the behavior of the presented decentralized
control strategy under various scenarios. For all the simula-
tions the simple bipolar dc microgrid shown in Figure 8 is
used. However, the principles are scalable and work for larger
dc distribution systems.

For the simulations it is assumed that the different dis-
tribution lines are identical, and have the parameters given
in Table 1, which are parameters of typical distribution lines
with a length of 1 km. Furthermore, it is assumed that the
output capacitance of every converter is 50 uF. Addition-
ally, the nominal voltage of the grid is £350 V with a
margin of £10%. Consequently, the minimum and maxi-
mum allowed voltages of the grid are £315 V and £385 V
respectively.

Since the converter capacitance, minimum voltage and
time constants of the distribution lines are know, the maxi-
mum power of a load converter in this system can be calcu-
lated from (35) to be 20 kW. Accordingly, the system will be
stable if the load converters switch off at the minimum voltage
and do not consume more than 20 kW.

A. GRID CONNECTED DC MICROGRID: IDEAL CASE

The first example simulation is a dc distribution grid where
all the common elements are present. Firstly, at node N; the
grid is connected to a larger stiff grid. This grid connected
converter is droop controlled with a reference voltage of
700 V (£350 V) and a droop impedance of 4 Q2. Secondly,
constant power loads are connected at nodes N, N3, and Ny.
The reference powers of these constant power loads over time
are shown in Table 2. Lastly, at N5 a converter of photovoltaic
panels with maximum power point tracking is connected. The
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TABLE 2. Reference power of the constant power loads and the
PV source.

t [ms] Py [W] | Py[W] | Py IW] | P [W]
0 0 0 0 -3900
5 1500 0 0 -3900
10 1500 3000 0 -3900
15 1500 3000 2000 -3900
20 1500 3000 2000 -2500

output power over time of this PV converter is also shown
in Table 2.

To add complexity, the loads and source are assumed to not
ramp their output power in the response regions but switch off
at specified voltages. In this scenario the loads at N>, N3 and
Ny are switched off at 315V, 325 V and 320 V respectively.
Consequently the load at N> has the highest priority and the
load at N3 has the lowest priority. Furthermore, the PV source
is switched off at 385 V.

The simulation results of this ideal scenario, when all the
elements are active, are given in Figure 9. From the simulation
results it is clear that the system is indeed stable and that
the voltage remains in the absorption and emission regions.
At 10 ms the voltage moves from the absorption into the
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FIGURE 9. Simulation results for the grid connected dc microgrid in the
ideal case when all elements are active.
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FIGURE 10. Simulation results for the isolated dc microgrid in the worst
case when there is no available flexibility in the grid.

emission region since the total power of the loads exceeds the
supplied power of the PV source. In this scenario the hybrid
converter at Ny ensures that all the excess or deficit in power
is balanced by the regional grid.

B. ISOLATED DC MICROGRID: WORST CASE

In the previous simulation example it was assumed that the
microgrid was connected to a stiff grid via a power electronic
converter. However, in this scenario this converter is non-
operational. This situation can, for example, occur during
an outage of a regional grid. Other than the grid connected
converter, this scenario is identical to the previous scenario.

The simulation results of this scenario are given in Fig-
ure 10. This scenario is the worst case scenario since all
the loads and the source either operate at their reference
power or no power. Therefore, the microgrid does not have
any form of flexibility and no match in supply and demand
can be found (no combination of loads exactly equals the
source power).

Although the system is stable, the system is either at the
maximum or minimum voltage. This decentralized control
strategy can only find a solution if there exists a match in
supply and demand. If there is no flexibility in any source,
load or hybrid node in the system it is unlikely that such a
solution will be found.

C. ISOLATED DC MICROGRID: SOURCE-SIDE FLEXIBILITY
In the previous scenario there were no nodes that provided
flexibility to the grid and therefore the control strategy could
not find a match between supply and demand. This scenario is
identical to the previous scenario, however in this simulation
source-side flexibility is introduced by ramping the source’s
power in the supply response region (as shown in Figure 6).
The results of this simulation are shown in Figure 11.

Since there is flexibility, the control strategy is able to find
a suitable match of supply and demand. Between 0 and 5 ms,
when there is no load connected, the source power is ramped
down completely. Afterwards, when the first load is switched
on a steady state is reached at 10 ms. Furthermore, when the
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FIGURE 11. Simulation results for the isolated dc microgrid in the
scenario where the source is providing flexibility to the grid.

load power exceeds the source’s power, the drop in voltage
results in loads being switched off completely until a match is
found between supply and demand. Twice a load is switched
off, once when an additional load is switched on (at 15 ms)
and once when the source power is reduced (at 20 ms).

D. ISOLATED DC MICROGRID: LOAD-SIDE FLEXIBILITY
The last scenario is, again, almost identical to the second
scenario, however in this simulation load-side flexibility is
introduced (instead of source-side flexibility) by ramping
down loads in the demand response voltage region (as shown
in Figure 6). Furthermore, the source’s control is set to re-
attempt connection to the dc grid every 5 ms. The results of
this simulation are shown in Figure 12.

Also in this case, the system is stable and the decentralized
control strategy finds a suitable match of supply and demand.
Between 0 and 10 ms the load power is not sufficient to
consume the non-flexible source power. Therefore, the source
is switched off and no power is consumed by the loads.
However, at 10 ms a match between supply and demand
is found since the total demand exceeds the total supply.
Furthermore, in subsequent changes the control strategy finds
a suitable solution.

VI. DISCUSSION

The stability guidelines and decentralized control strategy
presented in this paper ensure global stability, that the
voltage stays between the desired bounds and maximization
of the energy utilization. Compared to previous publications,
the presented stability guidelines and decentralized control
strategy do not require communication and only require min-
imal knowledge of the system to achieve these goals.

For example, droop based strategies require communica-
tion or a known topology and system parameters [17]-[22].
Strategies that adapt the virtual impedance (or operat-
ing mode) reduce this dependency but do not eliminate
it [23]-[29]. Furthermore, plug-and-play strategies exist
but still require some form of communication or that the
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FIGURE 12. Simulation results for the isolated dc microgrid in the
scenario where the loads are providing flexibility to the grid.

different (possible) system topologies and/or parameters are
known [26], [31]-[33]. On the other hand, the presented
method only requires an estimate of the worst time con-
stant of the lines in the system (Tpax). Moreover, this time
constant is only dependent on the type of cable and not of
the length or configuration. Therefore, the sensitivity of the
presented method to line impedance is low.

In the previous section a few examples a few examples of
different scenarios utilizing the control strategy for plug-and-
play dc distribution systems without communication were
analyzed of different scenarios utilizing the control strategy
for plug-and-play dc distribution systems without commu-
nication. In general, the control strategy will find a suitable
solution and stable when flexibility is available in the system.
The flexibility can be provided by hybrid converters (e.g.,
grid tied or battery converters), source converters or load
converters.

Flexibility provided by load converters can be achieved
by reducing the load (e.g., dimmable lighting) or by (tem-
porarily) supplying the load by local storage. Further-
more, flexibility in source converters can be achieved, for
example, by going outside of the maximum power point
for photovoltaic and wind energy sources. Alternatively,
the excess power can be (temporarily) dumped into a resistive
circuit.

An optimal situation is when there is more than one type
of flexibility present in the grid. In this case the available
flexibility from hybrid converters will be utilized first to com-
pensate the excess or deficit in power. If this flexibility is not
sufficient, the flexibility in the respective demand or supply
response regions will start playing a role.

When non-flexible loads and sources are used they switch
off at a specified voltage, where the relative voltage to other
loads/sources determines its priority. However, resistive volt-
age drops over the distribution lines may cause an offset
in measured voltages of the converters (and may cause a
shift in priority). Nevertheless, in general, these voltage drops
are negligible in distribution systems when the switch-off
voltages are chosen with a reasonable disparity.
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VII. CONCLUSION

A significant challenge for dc distribution grids is the global
stability and decentralized control of plug-and-play grids.
Previous research relied mostly on the system being well
defined or some form of communication. The contributions
of this paper are easy-to-use global stability guidelines,
a decentralized control strategy that implements these sta-
bility guidelines, and supplementary converter guidelines for
plug-and-play dc distribution grids that are (temporarily)
without communication. Moreover, minimal knowledge of
the system is required.

A model of dc distribution systems was presented and,
by using this model and a Brayton-Moser representation of
the system, stability guidelines were derived by finding a
suitable Lyapunov candidate function. These stability guide-
lines resulted in two easy-to-use requirements on plug-and-
play dc distribution systems. Firstly, the output capacitance
of constant power loads must be sized according to its power,
the minimum allowed voltage and the system’s slowest time
constant. This slowest time constant is the only required
information of the system and exclusively depends on the
type of cable and not on the length or configuration of the
distribution lines. Secondly, constant power loads must be
disconnected from the grid when the local voltage goes below
the minimum allowed voltage.

The stability guidelines were implemented in a decentral-
ized control strategy. Four regions of operation were defined
within the allowable voltage range: the supply response,
absorption, emission and demand response regions. In gen-
eral converters are expected to switch off or ramp down their
output power at designated voltages. Furthermore, additional
guidelines were established for the converters if additional
knowledge about the system is available to improve the
transient behavior of the system. These converter guidelines
establish the maximum current rate of change and minimum
ramp time of changes in the system to achieve a required
accuracy of the system.

Several example simulations were performed to demon-
strate the stability of the system and the behavior of the
control strategy and guidelines in different scenarios. The
decentralized control strategy aims to find a match between
supply and demand in the system. However, to achieve such
a match the control strategy requires some form of flexibility.
If no flexibility is present in the system no power will be
exchanged between sources and loads (unless supply, demand
and losses are perfectly matched). Various scenarios where
the flexibility is provided by the source, load and a stiff grid
connection were investigated. These scenarios illustrated that
any form of flexibility is sufficient for the system to operate.

The work presented in this paper can form a basis for the
stability of plug-and-play dc distribution systems and their
standards. In future work, the decentralized control strategy
could be expanded upon by implementing an algorithm that
arranges the disconnection and connection of loads with iden-
tical priority, and by further improving stability and reliability
when communication is available.
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