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Power Sharing and Voltage Deviation Restriction for Multi-Bus DC
Microgrids

Handong Bai, Zhancheng Liu, Hongwei Zhang

Abstract—Power sharing and voltage regulation are fun-
damental but conflict control objectives of DC microgrids.
This paper presents a distributed control strategy to achieve
adjustment of the control objectives from accurate power
sharing to accurate voltage regulation. At the same time, the bus
voltage of critical node is regulated to reach the rated value of
the DC microgrid. Based on this control strategy, steady state
characteristics of the closed-loop system are analyzed. For a
given DC microgrid, the proposed control method is verified
experimentally.

I. INTRODUCTION

Replacing traditional fossil energy with renewable energy
is the most effective and direct way to solve the current
energy crisis [1]. But this substitution has also resulted in
significant changes in both the structure and dynamics of
power systems.

In order to integrate various renewable energys, such
as photovoltaic and wind power, and energy storage units,
such as batteries and ultra-capacitors, into distributed power
grids, the concept of microgrid is proposed [2]. Microgrid
is a locally controllable system on the distribution or sub-
transmission level composed of multiple distributed genera-
tions (DGs), energy storage units and loads.

Since most renewable generations have direct current (DC)
characteristics [3], DC microgrid as an effective and reliable
integration of DGs is attracting an increasing attention in
both power and control communities in recent years [4]-[7].
In order to maintain normal operation of DC microgrids,
two fundamental control objectives are generally taken into
consideration, i.e., load power sharing [8] and voltage regu-
lation [9]. Load power sharing refers to reasonably allocate
the load power among DGs. Voltage regulation aims to
guarantee the bus voltages within a admissible range around
their rated value. To attain these objectives, a distributed two-
layer control structure is usually adopted in DC microgrids
as shown in Fig. 1. Therein, the droop control, which is
a cooperative control method without communication, is
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Fig. 1: distributed DC microgrid system

commonly employed in the primary control layer [7], [10].
The distributed secondary control can improve the accuracy
of power sharing and voltage regulation, and enhance the
reliability and scalability of the DC microgrid systems [5],
[11], [12].

In multi-bus DC microgrids, if the impedances of power
lines between buses are nonnegligible, accurate voltage reg-
ulation of buses and accurate power sharing among DGs
cannot be achieved simultaneously. In other words, voltage
regulation and power sharing are conflicting objectives [5],
[13]. Accordingly, most existing control methods replace
accurate voltage regulation with average voltage regulation
among buses [6], [12], [14]-[17]. However, an obvious disad-
vantage of these control strategies is that voltage deviations
of buses from the rated value cannot be controlled, which
may cause abnormal operations or even damage of loads if
the voltage deviations exceed the allowable range [5].

In addition to power sharing, some literature also focuses
on voltage deviation restriction of buses [5], [13], [18].
In [13], a compromised control strategy including current
sharing and containment control for bus voltages is proposed.
In [18], an optimal control method achieves the control ob-
jective adjustment from accurate current sharing to accurate
voltage regulation. In [5], the authors illustrate the coupling
mechanism between current sharing and voltage regulation,
and thereby propose a distributed control method to achieve
voltage deviation restriction and degree adjustment of current
sharing.

In multi-bus DC microgrids, current sharing is a feasible
approximation of power sharing for small voltage deviations
of buses. However, there is no doubt that compared to current
sharing objective, it is more reasonable for control objectives
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to focus on power sharing while restricting steady state
voltage deviations. Due to the nonlinear relationship between
power and voltage, it is quite challenging to consider both
power sharing and voltage deviation restriction. To our best
knowledge, this issue has not been studied in literature.

In this paper, we focus on the control objectives of power
sharing and voltage deviation restriction for multi-bus DC
microgrids, and propose a distributed control method to
achieve adjustable objective from accurate power sharing
to accurate voltage regulation. In addition, a prototype of
DC microgrid is set up to illustrated the effectiveness of the
proposed control method.

II. PRELIMINARIES
A. Notations and graph theory

The notation 0 denotes zero scalar, vector or matrix with
appropriate dimensions. Let 1 = [1,---,1]7 € RV, A
diagonal matrix is denoted as diag(g1, 92, ,gn) With g; €
R being the ¢-th diagonal entry.

The communication network of a DC microgrid is mod-
eled as a graph G = (V,€), where V = {v1, - ,on}
denotes the set of nodes, i.e., DGs or buses, and £ CV x V
denotes the set of edges, i.e., communication links. The
topology of a graph G is captured by its adjacency matrix
A = [a;j] € RV*N, where a;; is the weight of edge (vj, v;),
and a;; > 0 if (v;,v;) € &; otherwise a;; = 0. When
a;; = aji, Vi, j, the graph is undirected; otherwise, it is
directed. A graph with adjacency matrix A is denoted as
G(A). The Laplacian matrix £ = [l;;] € RV*N of G is
defined as lii = Z;»V:I Qi and lij = —Qij if ¢ 75] [19]

B. DC microgrid modeling

For a general multi-bus DC microgrids formed by N > 1
DGs, each DG is connected to a DC bus by a converter. If
assuming each DG is equipped with a fast responsible energy
storage unit with sufficient capacity, the output voltage of
the converter can keep consistent with the control signal,
and will not be saturated. Under this assumption, it is
reasonable to ignore the nonlinear characteristics of DGs
in the modeling process. Therefore, combining DG and the
associated converter can be modeled as a controlled voltage
source [20]. Consiquensly, we model DGs as follows.

V=0, (D
where U = [uy,--- ,uy]" denotes the control signals of
DGs and V = [V4,--- 7VN]T denotes the output voltages of

the associated converters.

For DC microgrid system is mostly low with low voltage
level, the power lines in DC microgrids are usually modeled
by pure resistants [21]. In this paper, the power line between
buses i and j is represented by I;; with associated admit-
tance Y;; = 1% Moreover, the admittance matrix is denoted
by Y = [V};] € RVN*N | where Y;; =0, if bus ¢ and bus j
are not directly connected, and Y;; = 3;;Y;;. Then, the
electrical network of the DC microgrid can be modeled as

P =diag(V)I=diag(V) (Y +YL)V (2)

where P = [Py,--- ,Py]T and I = [I1,---,Ix]T denote
the injective power and current of DGs, respectively; Y =
diag(Rr,, -+, Rr, )~ ! denotes the impedances of loads.

Remark 1: Assume the Kron-reduction has been carried
out for the DC microgrid.

C. Droop Control

For the ith DG, Vi € {1,---,N}, the voltage droop
control is as follows,

*
u; = Vit — iy,

where V;*, u;, r; and I; denote output voltage reference, volt-
age set point, droop coefficient (also called virtual resistance
[22]) and output current of the ith DG, respectively. The
voltage set point u; is used to control the ith DG. Substituting
(3) into (1), the droop control is rewritten in compact form
as

V = V* — Adiag (V) ' P, 4)

where A = [rq,---,ry]T, and V* = [V, .-+ VZ]T.
According to the analysis above, a multi-bus DC microgrid
with droop control can be described by (2) and (4).

D. Accurate power sharing

DG, DG, DGy
A v, s
S L) S
77 :: 7 o ::
I I Iv}
+ DC bus
I bus RL

Fig. 2: A single-bus DC microgrid

For a single-bus DC microgrid shown in Fig. 2, all
DGs are connected to the same DC bus, and thereby the
impedances of the power lines between DGs are negligible.
If voltage droop control is employed for each DG to achieve
cooperative behavior among DGs, then voltage set points of
DGs are identical with the bus voltage, i.e. V; = Vjys,1 €
{1,-++-,N}. Letting V* = Vig,i € {1,---,N}, the
following identity is obtained at steady state.

Py

— ==, Vije{l,---,N 5

P jed{l,--- N} )
Moreover, we set the virtual resistance as r; = a#, where
o € Ry is constant, and P is the power capacity of DG
i. Consequently, accurate power sharing of single-bus DC

microgrid is achieved, i.e.,
PP
P Py’
J

K2

3448



For a multi-bus DC microgrid, the concept of accurate
power sharing is similarly defined.

Definition 1 (Accurate power sharing): In a multi-bus
DC microgrid described by (2) and (4), accurate power
sharing is achieved among DGs, if

1 2 N

In a multi-bus DC microgrid, if the impedances of power
lines between buses are nonnegligible, the impedances of
power lines will deteriorate the accuracy of power sharing.
In order to achieve accurate power sharing of multi-bus DC
microgrids, a secondary control level is generally used to

compensate the droop control [12], [16], [23].

E. Problem formulation

In addition to power sharing among DGs, for a multi-
bus DC microgrid, another important control objective is
voltage regulation among DC buses. In order to operate
loads normally, the bus voltages need to be maintained into
an admissible range around the rated value. However, the
objective of voltage regulation has conflicts with accurate
power sharing. In other words, when load power is shared
accurately among DGs, the bus voltages cannot be regulated
generally in an intended way. In order to formulate the
interested problem, we define accurate voltage regulation at
first.

Definition 2 (Accurate voltage regulation): In a DC
microgrid described by (2) and (4), accurate voltage regu-
lation is attained among DC buses, if

Vi=Vo=-=VN=Via, ®)

where V,.,; denotes the rated voltage of the DC microgrid.

In general, for a multi-bus DC microgrid, since both ac-
curate power sharing and accurate voltage regulation cannot
be achieved simultaneously, an alternative is to take average
voltage regulation among DC buses instead of accurate volt-
age regulation. Following this scheme, an obvious drawback
is that the voltage deviations of buses from the rated value
cannot be governed. If the voltage deviations exceed the
admissible maximum, e.g. 5% [12], abnormal operation or
even damage may occur for critical loads. Therefore, this
paper aims to solve the following problem.

Problem 1: For a DC microgrid described by (2) and (4),
design a distributed control method that enables continuous
adjustment from accurate power sharing to accurate voltage
regulation.

III. A METHOD CONSIDERING VOLTAGE REGULATION
AND POWER SHARING

In this section, a novel distributed cooperative control
method is proposed to achieve continuous adjustment from
accurate power sharing to accurate voltage regulation.

A. A Distributed Cooperative Control

We design a distributed secondary control law for V;* in
(3) as follows, and the corresponding block diagram is shown
in Fig 3.

N
- P, P
%zZaij<P;—Pb>+gi(vmt—m, (9a)
j=1 J i

V2
Py =0P; +(1—0)=
Y= 0P +(1-0)7

i

ie{l,---,N}. (9b)
where a;; are the entries of the adjacency matrix A of
the communication graph G(A), and g¢; denotes the weight
of the edge from V,,; to the ith node, with g; > 0, if
node ¢ is the critical node; otherwise g; = (. Parameter
6 € [0,1] is a trade-off factor to adjust the accuracy of
power sharing and voltage regulation. When 6 = 1, accurate
power sharing is achieved; When 6 = 0, accurate voltage
regulation is attained; When 6 € (0, 1), the DC microgrid
stayes a compromised state between accurate power sharing
and accurate voltage regulation. It is generally impossible to

droop

Secondary control
“‘ control

7 local
L
controller

DC microgrid
electrical network

Communication Network

Fig. 3: Control block diagram of the DC microgrid: controller
representation (9)

regulate the bus voltages of multiple different nodes to an
identical rated value, when load power is shared in a fixed
proposition. Thus, we needd the following assumption.
Assumption 1: In (9a), g; > 0 for only one i €
{1,---,N} and g; = 0 for all j # i. Moreover, the
communication graph G(.A) is undirected and connected.

B. Steady state analysis

Under the control of (9), the steady state of the DC
microgrid is characterized by the following theorem.

Theorem 1: Consider the DC microgrid described by (2)
and (4), which is governed by (9). Then, the steady state
satisfies the following conditions.

(i) For a given 6, power is shared among all DGs in the
following proportion, i.e.,
P P Py

_— = = = — = 9
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where 3(0) is a function of € satisfying the following
equation.

diag (Pb) Bly = diag (\7) (Y+Y,)V,

and GV = Vet G1y.

(i) When 6 = 1, accurate power sharing is achieved, i.e.,

PP _ Py

Py PPy
while the voltage of critical bus reaches the rated value,
ie., V; = Viqt, when g; # 0.

(iii) When 6 = 0, accurate voltage regulation is attained,
ie.,

Vi=Vo=--=VN="Vua
Proof: Part(i).
Rewrite (9a) in a compact form as

V* = —Ldiag (P") P + G (Vyly — V),  (10)

where L is the Laplacian matrix of G(A); P® =
[Plbv"'apjlil]T’ P = [ph"'aPN]T’ and G =
diag(g1,--- ,gn)- In steady state, since the left-hand side
of (9a) equals O, i.e., V* = 0, we have that

~Ldiag (P") " P+ G (Viwly — V) =0,
where V denotes the steady state bus voltage. According

to the consensus theory of multi-agent system [19] and
considering only one nonzero entry in G, we have

diag (P*) "' P = B(6)1y,

and V; = V,4:, when
yields

(11)
g; # 0. Substituting (11) into (2)

diag (P") B(0)1y = diag (V) (Y+YL)V,
and GV = V,,G1y.

Part (ii).
When 6 = 1, control law (9) is

N
V; :jz::laij (PJ*_PZ*> +9i Viat = Vi) .

It is trivial to show that

P P Py
Py Py Py
and V; = V,.44, when g; # 0.

Part (iii).
Substituting # = 0 into (11) yields

P=V2 Y801y = diag(V)(Y + Y1) V.

rat

This implies that diag(V)Y'V = 0. Since the bus voltage of
the critical node reaches the rated value at steady state, we
derive that

\Af = Viatln-

This completes the proof. [ ]

e DC == power
line

Sl
i Critical node

Fig. 4: DC microgrid with 4 buses

IV. EXPERIMENTAL RESULTS

Consider a DC microgrid consisting of 4 DGs (see Fig.
4). Let DG 3 be the critical node, which means that the bus
voltage V3 will be regulated to the rated value in steady state.
The communication network among the DGs is shown by
blue dashed lines. For simplicity, we let the weight of each
communication link be 1. However, note that same results
hold for general link weights. The parameters of DGs, loads
and power lines are listed in Table I. Let V., = 48V

TABLE I: Parameters of DGs, loads and power lines

DGs (W) loads (£2) power lines (£2)
P/ =100 Rp, =50 R; =5.8
P; =200 Ry, =45 Ry =6.3
Py =200 Rp, =30 R3 =5.0
Pf =100 Rp, =40 Ry =5.3
Rs =5.2

According to the DC microgrid shown in Fig. 4, a DC
microgrid prototype is developed (see Fig. 5), in which
each DG is presented by a programmable voltage source.
The parameters of DGs, loads and power lines of this DC
microgrid prototype are identical with those listed in Table
I. The rated voltage of the DC microgrid prototype is set to
48V'. For each DG, the droop control (3) and the proposed
secondary control (9) of each DG are realized in a DSP
TMS320F28335 control board. The communication network
among the secondary controllers of DGs is implemented
using Controller Area Network (CAN) with a data rate of
500kb/s.

This experiment consider three cases, namely = 1,0 = 0
and 6 = 0.5. For the first 10 seconds, only the local droop
controller (3) is applied to each DG. During ¢ € [10, 20]s,
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Fig. 5: DC microgrid prototype

the distributed secondary controller (9) is activated and node
3 is set to be the critical node.

CaseI: 0=1

As shown in Fig. 6(c), before the secondary control is
activated, only the droop control is enabled, and thereby
accurate power sharing is not achieved. After the secondary
control is activated, the output powers of all DGs gradually
reach accurate sharing, ie., P, : Po: Ps: Py =1:2:2:1
(see Fig. 6(b) and 6(c)). The bus voltage of the critical node
V3 gradually reaches the rated value 48V (see Fig. 6(a)).

Case II: =0

When 6 = 0, after the secondary control is enabled, all
bus voltage V; reach accurate voltage regulation (see Fig.
7(a)). However, the output powers of the DGs are no longer
accurately shared (see Fig. 7(b) and 7(c)).

Case III: 0 = 0.5

In this case, after enabling the secondary controller, the
voltage of the critical node is still regulated to the rated value
48V. From the power sharing point of view, Case III (see
Fig. 8(c)) is better than Case II (see Fig. 7(c)), and worse
than Case I (see Fig. 6(c)). On the contrary, from voltage
regulation point of view, Case III (see Fig. 8(a)) is better
than Case I (see Fig. 6(a)), and worse than Case II (see Fig.
7(a)).

It can be seen that above experimental results illustrate
Theorem 1.

V. CONCLUSION

In this paper, a distributed control method is proposed
which can realize the adjustment of control objectives from
accurate voltage regulation to accurate power sharing, and
can precisely adjust the bus voltage of the critical node. In
addition, a DC microgrid prototype is developed based on
DSP TMS320F28335 controllers. Finally, for a given DC
microgrid topology, the algorithm proposed in this paper is
verified on the experimental platform, and the effectiveness
of the proposed method is illustrated by the experimental
results.
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