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Abstract—This paper proposes a unified distributed secondary
control for the grid-forming (GFM) and grid-feeding (GFE) con-
verters in DC microgrids. An optimization problem is formulated
for the secondary control and the objective function considers
regulating the global average of the GFM and GFE converter
output voltages and proportional current sharing among all GFM
and GFE converters. A unified distributed control is then de-
signed to generate voltage and current references respectively for
GFM and GFE converters based on the formulated optimization
problem. The dynamic model of the DC microgrid under the
proposed control is also developed, and steady-state analysis is
performed to show that the proposed distributed control can
achieve the control objectives in steady state. The performance
of the proposed control is validated through real-time simulations
in OPAL-RT on an 8-DG DC microgrid system.

Index Terms—Current sharing, DC microgrid, distributed
control, grid-feeding converter, grid-forming converter, voltage
regulation.

I. INTRODUCTION

With the increased penetration of renewable energy and
energy storage, DC microgrid is gaining popularity due to
the elimination of redundant DC-AC conversion, improved
reliability, and high efficiency [1], [2]. DC microgrid can
either operate independently or coexist with the AC system.
DC microgrid does not encounter the traditional challenges
such as reactive power support, frequency synchronization,
transformer inrush current, and harmonic issues [3].

DC microgrid can accommodate different types of sources
such as PV, wind, and energy storage that are usually con-
nected to the DC bus through power electronic interfaces.
Depending on the nature of the sources, the DC-DC converters
can operate in grid-forming (GFM) or grid-feeding (GFE)
mode [4], [5]. In GFM mode the DC converters regulate
the distributed generator (DG) output voltages whereas in
GFE mode the converters inject constant power into the DC
microgrid. A DC microgrid with converters operating in both
GFM and GFE modes can provide better voltage regulation,
modularity, and expandability [2], [4].

For the regulation of parallel-connected DC-DC convert-
ers, droop-based primary controllers have been proposed for
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voltage stabilization and current sharing [6]. However, in the
presence of nonlinear loads, line impedance mismatches, and
measurement noises the droop control provides poor voltage
regulation and current sharing [7]-[9]. To solve this problem
the secondary control with centralized or distributed structure
is proposed [10]. The centralized control suffers from the
single point of failure problem [1]. By contrast, the distributed
control that utilizes a sparse communication network can
lead to improved reliability, lower computational complexity,
reduced cost, and scalability [7], [11], [12].

The utilization of GFM and GFE converters from energy
management perspective has been considered in [5]. In [13],
the stability of a DC microgrid with GFM and GFE converters
is studied. The authors in [2] present a decentralized droop
control for DC microgrids. However, the droop control has
the aforementioned limitations and gives inappropriate volt-
age/current regulation. In [4], a communication based droop
control is proposed for GFM and GFE converters. However,
this control only considers the average voltage of the GFM
DGs, and the current sharing among all DGs is not included
in the control design. For the appropriate control of the
microgrid average voltage, information from all DGs needs to
be considered. Also, proportional current sharing needs to be
achieved among all GFM and GFE converters as inappropriate
current sharing may overload some of the converters and lead
to thermal stress on the converter switches.

In this paper, we propose a unified distributed control for
both GFM and GFE converters in DC microgrids to achieve
average voltage regulation and current sharing among all
GFM and GFE converters utilizing a single communication
network. Although a unified distributed control of GFM and
grid-following inverters has been proposed for AC microgrid
system [10], the control approach remains unexplored for DC
microgrids. Also, in [10] the dynamic model is not developed
and only Simulink simulation results are presented. The main
contributions of this paper can be summarized as follows.

1) A unified distributed control is proposed for both GFM
and GFE converters in DC microgrids. The proposed
control is designed based on a formulated optimization
problem where the regulation of global average voltage



among the GFM and GFE converters and achieving
proportional current sharing among them are taken as
the control objective.

2) The dynamic model of the DC microgrid under the
proposed control is developed and steady-state analysis
is performed to show that the control objectives can be
achieved in steady state.

3) The performance of the proposed control is validated
through real-time simulations on OPAL-RT.

The remainder of the paper is organized as follows. Section
IT introduces the cyber-physical model of the DC microgrid.
The proposed unified distributed control is presented in Sec-
tion III. Section IV develops the dynamic model of the DC
microgrid under the proposed control and steady-state analysis
is further presented in Section V. The performance of the
proposed control is validated on a 8-DG DC microgrid in
Section VI and conclusions are finally drawn in Section VII.

II. CYBER-PHYSICAL DC MICROGRID
A. Physical Network of DC Microgrid

Assume there are N dispatchable DC sources, including
N7 GFM converters and No GFE converters. All buses except
the output buses of the DC sources are eliminated by Kron
reduction. Let Y be the admittance matrix of the reduced
network. Then the current injection vector of the DGs is:

i=Yv, (1)
where i = [ij ij] with i, € RV and i, € RV as
the current injection vectors respectively for GFM and GFE
converters, v = [VI v;'—]T with vi € RV and vy € RM2 as
the DG output voltage vectors for GFM and GFE converters.
Let the Laplace transforms of i and v be I and V, respectively,

: Ty71T TvT1T
with I = [11 Iz] and V = [Vl VQ} .

B. Communication Network of DC Microgrid

A directed graph (digraph) G is used to model the com-
munication network where nodes represent agents for the
DGs and edges represent communication links between nodes.
G can be represented by a time-invariant adjacency matrix
A = [a;] € RV*N. The Laplacian matrix is defined as
L = D™ — A where D™ = diag{d™} is the in-degree matrix
with di* = > JEN; @ij and \V; as the set of neighbors of node
i. It is assumed that the Laplacian matrix is balanced and G
has at least a spanning tree and minimum redundancy [8].

III. UNIFIED DISTRIBUTED CONTROL OF GFM AND GFE
CONVERTERS

The proposed distributed control is designed based on a dis-
tributed optimization problem. The following design objectives
are considered:

1) The average voltage of the GFM and GFE converters

should be regulated to the microgrid rated voltage;

2) The proportional current sharing among all GFM and

GFE converters should be achieved.
Therefore, the following optimization problem is defined for
DG i:
min f;, 2
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Fig. 1. Proposed unified distributed secondary control for GFM and
GFE converters.

with f; = 22 (0r = 0)2 + 1Y cu ai (A — A)? 2 1+
f? where @ > 0 is a design parameter, ¥ = Zijilvi/N is
the average voltage of all converter output buses, v* is the
microgrid rated voltage, N; is the set of the neighbors of DG
iin G, and \; = ¢;/4} is the normalized current from DG i.
The average voltage v can be estimated by DG i =

1,---, N using a distributed average voltage observer [8]:
t
@i(t) = U,L'(t) + / Z Qij (53' — ﬁi)dT, 3)
0 JEN;

where v; is the estimated average voltage by DG :.
Differentiating (3) for ¢ = 1,..., N, the global average
voltage observer dynamics can be obtained as:

v=v-Lv, (4)

where v = [VI vy ] T is the average voltage estimation vector.
In frequency domain (4) becomes [8]:
V =s(sIy +L)"'V 2 GV, (5)
where V = [VIT VQT ] T is the Laplace transform of ¥, Iy €
RN XN is an identity matrix, and G is the distributed average
voltage observer transfer-function matrix with G; and Go as
the rows of G respectively corresponding to the GFM and
GFE converters.

A. Secondary Control of GFM Converters

The secondary control in GFM converters generates voltage
reference. The partial derivative of f; with respect to v; is:

v o Ofi _Of 020N 0i
vi T 61)1- o 8’01 8)\Z 811 Bvi
_ o 1 0i;
= a(vi — v )_1781)1 . aij()\j — /\1) (6)
¢ JEN;

Since 0i;/0v; = Y;; where Y;; is the (i,4)th element of the
bus admittance matrix Y, (6) can be rewritten as:
Vvi = a(@- - ’Ur)—}% Z aij()\j — )\1) (7)
v jEN;
Using (7) the voltage reference v; for the GFM converter in
an DC microgrid can be obtained as

vE =0+ Ay, 8)
with dA,, /dt = =1V, where 1 > 0 is a design parameter.
B. Secondary Control of GFE Converters

In GFE mode the secondary control generates current ref-
erence. The partial derivative of f; with respect to A; is:

o 2 0fi _0f ovi 0ii | 0f
X = 8)\1 - 8’Ui 6@- 6)\“ (9/\Z
= a%(ﬁi - 'Ur)— Z aij()\j — )\1) (9)

JEN;



The current reference A; of DG 4 can be set as:
with dAX; /dt = —naV, where 12 > 0 is a design parameter.
The block diagrams for the unified distributed control of
GFM and GFE converters are shown in Fig. 1. When a DG
is disconnected, its communication with its neighboring DGs
becomes unavailable and it will not participate in average
voltage regulation or current sharing. The average voltage of
the remaining DGs will be regulated to the rated voltage and
the current of the remaining DGs will be proportionally shared.

IV. DC MICROGRID DYNAMIC MODEL

In the proposed control, v" is the input whereas V and
I are the outputs. Therefore, the dynamic model for the DC
microgrid under the proposed control is developed to formulate
the relationship between v" and the outputs V and 1.

Let the vector of the partial derivatives of the objective
function f; with respect to the GFM DG voltages be V; =
[V, s Vi, - ,Vle]T and its Laplace transform be Vj.
Then in frequency domain (7) can be written as:

v, = a(GlV - %1N1)+H1L11f11, a1

where 1y, € RM is a column vector of all ones, H; =
diag{H; ;} € RN *M js defined for GFM converters with
H,, =Y,/i, Ly is obtained by only keeping the rows of L
for GFM converters, and I' = diag{it} € RV*Y,

Let the voltage references selected by the secondary control
of GEM converters be vi = [v},v3, - ,v},] . Accordingly
in frequency domain (8) can be written as:

Vi1 aJl(GlV - 11Nl)+J1H1L1F”I, (12)
S S

where J; = diag{Jlji} € RN XNt with J17i = —T]1/8.

Let the vector of the partial derivatives of the objective
function f; with respect to the GFE converter normalized
currents be Vo = [Vay ,1» Vay, 420 > Vay] - Then in
frequency domain (9) can be written as:

vF 1
Vy = aH, (GQV - §1N2)+L21 I, (13)

where Hy = diag{H>,} € RN>*N: with Hy; =
By Ny / Y(ir Ny 4Ny LN, € R™2 and L, is obtained by only
keeping the rows of L corresponding to the GFE converters.
Let the current references selected by the secondary control
of the GFE converters be i3 = [i%, 1%, 12, " +iN] -
Accordingly in frequency domain (10) can be written as:

LI = Bl + aJoHo (GoV — 1y, )+JoLoI' 1, (14)
s
where I = diag{i}, y } € RY2>*N> and J, = diag{.Js;} €
RN2XN2 with J2,i = —772/8.

The input-output relationship for the DC-DC converter can
be represented as [8]:

VvV, =T,V] (15)

I, = ToI3, (16)

where T = diag{T} ;} € RM*M and Ty = diag{T»,} €

RN2%Nz are respectively the transfer-function matrices of the
GFM and GFE converters.

Since in frequency domain (1) can be written as

5} Y11 Yi2| |V
{12] B {Y21 YzJ {VJ ’ {17)
we can get
Vy =Yy, (I~ Yo Vi) (18)
L=YnuVi+YYy (- YaVy). (19
Then from (18) we have
A% 0 I
Ve [Vj B {Y;:;IJ " [Y 212\{1Y21] Vi
2B, +B,Vy, (20)
where Oy, € R™M is a vector with all zeros.
Substituting (12) and (20) into (15) we can get:
C1V: + Colz = Gy, (21)

where CO = —’Ur’]:‘l(IN1 — Ole)lNl/S, Cl = DB1 — INl’
C, = D,Y,), and D = T,J;(aG+H,L;,I' 1Y) 2
[D' D?] with D' € RV XNt and D? € RN x Nz,
Similarly, substituting (14) and (20) into (16) we can get:
E V) + Exl = Eg, (22)

where Ey = av'Toly ' JoHoIy, /s, By = F1By, E,

Fo+F2Y o — Iy, Fi = Tolh ' Jo(aHyGo4- Lol 1Y)
[FiFﬂ with F; € RM2*N1 and F] € RM2*Nz and Fy =
T, 15,

Finally solving (21) and (22) we get:
Vi = (C; + CE;'E}) " H(Cy — CLE; 'Ey) (23)

I, = (E;'E1C{'Cy — In,) 'E; H(E,CTICy — Ep). (24)
Then we can also obtain Vy and I; respectively from (18)
and (19) based on (23) and (24).

V. STEADY-STATE ANALYSIS

In this section we perform steady-state analysis and show
that all objectives can be achieved by the proposed control.
From (12), (14), and (15)-(16) in Section IV we can get:

v’ — v’
V=T, <81N1 + aJy (V1 — ;1]\11)
+J1H1L11"1I> (25)
IQ = TQ (IQ + aI§71J2H2 (vg — %11\[2)

+I§‘1J2LQI”I>. (26)

Applying final value theorem on (25) we have

3 —1_ss __
lim sT] "vi" =

lim sv'1y, + o lim sJ1(V5° — v"1y,)
s—0 s—0 s—0

T lim sJ H LT i, (27)
s—0

where vi° is the steady-state voltage vector for GFM con-
verters, V> is the vector of the steady-state average voltage
estimates of GFM converters, and i*® is the steady-state vector
for current injections of all converters.

When the communication network of the DC microgrid has
at least a spanning tree and a balanced Laplacian matrix, the
steady-state average voltage estimated by all DG converters,

v>, will converge to the true average-voltage i.e. v®° =



Fig. 2. Schematic diagram of the 8-DG DC microgrid test system and
the communication network.

(v®*)1y where (v®%) is the average of all elements in v [8].
Since the DC-gain of the closed-loop DC-DC converters is
equal to one [8], we have lim,_,o T = limg_,g Tl_1 = In,.
Also note that lim,_.q SIN1 = 0N1><N1s lim,_,o 81]\[1 = ONl,
and lim,_,osJ; = jl = diag{jl,i} € RN xN1 with jl,i =
—n1 [8]. Then (27) can be simplified as

Oéjl (<Vss> — ’Ur) ].N1 = 7le1LlIr_liss. (28)
Since 1L = 0%, a > 0, and all diagonal elements of the
diagonal matrix H; are nonzero, premultiplying both sides of
(28) by 117\]11-11*131_1 we have

N
((v®) —o") Z Hizl =0.
i=1

Because H;,; > 0 for i« = 1,..., Ny, from (29) we have
(v*) = o', implying that the proposed control can success-
fully regulate the average voltage of all converters to be the
rated voltage. Further substituting (29) into (28) we can obtain
LI i =0y,. (30)
Similarly, applying final value theorem on (26) we have

. —1less _ q: ssS : r—1 =SS r
lim sT5 i3 = lim si3’ 4+ o lim sI5 ™ JoH (V5 —v'1y,)
s—0 s—0 s—0

(29)

+lim s, L ILLoIT i, (31)
s—0

where v and i3 are, respectively, the steady-state voltage
and current injection vectors for GFE converters, and v5°
is the vector of the steady-state average voltage estimates
of GFE converters. For the DC-DC converters, we have
limg o To = limg_,g T;l = In,. Since limg_,q $I~N2 =
0N2X1Y2’ lirﬂsﬁoslj\[2 =_ ONQ, limsﬁong = J2 =
diag{Jg’i} € RN2XNz2 wijth Jg’i = —15 [8], and V;S—Ur].Nz =
((v*) = v") 1y, = On,, (31) can be simplified as:

I 1J,L.T i® =o. (32)

Premultiplying both sides of (32) by 1}23 5 113 we have
L,I" i = 0y,. (33)

From (30) and (33) it is clear that LT i =0 ~ which means
all converters will achieve proportional current sharing.

TABLE I
PARAMETERS OF THE TEST SYSTEM

Parameters

Symbol Quantity Value
VT Rated voltage 48V
ot ot 1 DGT, DG3, DG3, DG7
11> 135 U5 U7 rated current 12A
DGs o o . DGZ, DG4, DG6, DG8
i 14> T Ty rated current 15A
Ri.8,R48,Ro6, R3s Line resistance 0.75Q
Lines L1.8,Lag, Lo, L3¢ Line inductance 7.5uH
Ri5,R37, Ry Line resistance 0.8502
Li5,L37,La7 Line inductance 8.5uH
Rs.10, Re-9 Line resistance 050
Ls 10, L9 Line inductance 5uH
Ro.5 Line resistance 0
Loy Line inductance T0pH

VI. REAL-TIME SIMULATION RESULTS

The performance of the proposed unified distributed control
is validated through real-time simulation on an 8-DG DC
microgrid test system shown in Fig. 2. The parameters of the
test system are given in Table I where converters for Source
1-Source 4 are considered as GFM converters and those for
Source 5-Source 6 are as GFE converters. The topology of
the communication network is also shown in Fig. 2. We set
a;; = 1 in A if there is a communication link between nodes
7 and j, and a;; = 0 otherwise. The real-time simulations are
performed at 50 ps time step using the ODE-5 solver on OPAL-
RT OP4510. The parameters «, 11, and 7y are respectively
selected as 1, 2, and 2.

A. Performance Under Load Changes

Fig. 3 shows the control performance under load changes.
Initially the system is operating under the load condition
shown in Fig. 2 except that the load at Bus 9 is disconnected.
Then at 10 s and 40 s, respectively, a 202 and 102 load are
connected to Bus 9. Due to the impact of the load changes
the system operating conditions change. Fig. 3a shows that the
proposed control successfully achieves the objective of average
voltage regulation among all GFM and GFE converters and
the average value of the output buses of all converters is
regulated to the rated voltage (1 p.u.). Fig. 3b shows that the
proposed control achieves proportional current sharing among
all GFM and GFE converters. In Fig. 3c it is seen that the
average voltage that is distributedly estimated by each DG
can converge to the actual average voltage.

B. Performance Under Disconnection of Sources and Lines

Fig. 4 demonstrates the control performance when a GFE
converter at DG 5 and GFM converter at DG 4 are discon-
nected from the DC microgrid, respectively at 10 s and 40
s. Due to the disconnection, the communication links of the
disconnected DGs become unavailable and the disconnected
DGs will not participate in voltage regulation or current
sharing. After a DG is disconnected the voltage at that bus
experiences a sag, due to which the global average voltage
becomes less than the microgrid rated voltage (see v in Fig.
4a). However, the average voltage of the remaining DGs can
still be regulated to the rated voltage (see v’ in Fig. 4a). After



(a) DG Output Voltages

(b) Current Sharing
07 =A== g g = Ag — X = = Ag o Ar == Mg

©
L2 i e !;
5 £ 0.6 et %‘/” e S 1
5 \
0.5 - L L I 1 I

1.005 (c) DG Average Voltage Estimations
o T - ~ Vg Vg - Vg — Vg = =V V7 ——Tg| |
o0
88
|
S A L |
== ] !

0.995 L L I 1 I

10 20 30 40 50 60 70
Time (s)

Fig. 3. Performance under load changes applied at 10 s and 40 s.

(a) DG Output Voltages

(p-u.)

Voltage

(b) Current Sharing
Ao v Ag = Mg — g = = Ag = A7 ,,,,\8‘ !

SIS

Current
(pu)
(=]
wn —
J]
t
t
1
{
4!?
5

0t i I I I T T m

1.01 : ‘

)

B0 3

s = 1 1

CRE) ‘f_ ?

> 099+ T — A A—
0 10 20 30 40 50 60 70

Time (s)
Fig. 4. Performance when Source 5 is disconnected at 10 s and
Source 4 is disconnected at 40 s. Note that ' in (a) is the average
voltage of the remaining DGs. After a DG is disconnected it will not
estimate the average voltage and thus in (c) the estimation result is
not shown after a DG is disconnected.

(a) DG Output Voltages (b) Current Sharing

VII. CONCLUSION

In this paper, we propose a unified distributed control for the
GFM and GFE converters in DC microgrids. The secondary
control of both GFM and GFE converters is designed based on
a set of formulated optimization problems in order to optimally
coordinate two types of converters for voltage regulation and
current sharing. The control structure is similar for both GFM
and GFE converters which will facilitate implementation in
real systems. Steady-state analysis of the proposed control
shows that all control objectives can be achieved for two types
of converters. From the OPAL-RT based real-time simulation
results, it is also clearly seen that the proposed control suc-
cessfully achieves the desired control objectives on average
voltage regulation and proportional current sharing among all
GFM and GFE converters.
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