Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

A Droop Approach for the Passivity—based
Control of Microgrids *

Isaac Ortega-Velazquez* Sofia Avila-Becerril *
Gerardo Espinosa-Pérez *

* Universidad Nacional Auténoma de Mézxico, Facultad de
Ingenieria-UNAM 04510 Ciudad de México, México

Abstract: In this paper, the stability properties of a microgrid in closed-loop with local
inverters’ controllers and a droop power-sharing scheme are studied. The main result is the
formal statement that this system is asymptotically stable concerning the equilibrium point
that satisfies desired operating conditions. In contrast to the results reported in the literature,
neither the stability analysis of the inverter’s dynamics is omitted, nor is it assumed that the
only dynamic behavior is that corresponding to the droop scheme. The contribution exploits
the inclusion of a passivity—based control law for the inverters and the input—to—state stability
properties exhibited by the considered droop algorithm. The validity of the analysis is illustrated

via a numerical evaluation.
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1. INTRODUCTION

The benefit obtained by the inclusion of microgrids (MGs)
for electric power generation is a well-recognized fact. The
challenges that impose their proper operation, however,
still require the attention of the scientific community
(Rojas and Rousan [2017], Tuffner et al. [2018], Rajesh
et al. [2017]). The main objective of a MG is two—fold:
voltage regulation in all the nodes and fulfillment of the
demanded power by the loads. This task must be carried
out taking into account the intermittency of the available
energy, the necessity of conditioning the generated energy,
and the sensitivity of the devices involved to sudden
changes in the network operation, among other problems.

To deal with the problem, it is necessary to first locally
regulate the voltages and currents of the generation units
for later on implementing power-sharing algorithms that
consider the amount of power that each source can provide
(Agundis-Tinajero et al. [2019], Barklund et al. [2008]).
In fact, if each source is equipped with an inverter, the
local controls are conceived to divide the sources into two
types: grid—forming inverters, with the main objective of
regulating the voltages nodes and grid—following inverters,
that provide the maximum amount of power that they are
capable of generating (See Han et al. [2016], Pedrasa and
Spooner [2006]). Many solutions have been reported. The
most relevant are related to the use of classical propor-
tional integral (PI) techniques for the local controls and
the droop control for the power-sharing step (Han et al.
[2016], Rocabert et al. [2012], Lopes et al. [2006], Guerrero
et al. [2013]). In this context, the implementation of the
PI schemes is carried out without giving formal proof to
justify stability properties, while for the droop algorithm
(for example in Zhong and Hornik [2012]) several quite
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important analyses of its stability properties have been
provided, although all of them are stated without consid-
ering the dynamics of the local controls (Schiffer et al.
[2014], Simpson-Porco et al. [2013]).

In this paper, the stability study of a MG model that
explicitly includes both the inverter dynamic and the
droop algorithm is approached. The result considers the
design of the local controllers as a continuation of the work
developed by the authors in a series of publications (Avila-
Becerril et al. [2018, 2017]) and the droop control algo-
rithm reported in Konstantopoulos et al. [2015] because
the dynamic behavior of this version tends to the behavior
of the basic droop algorithm and exhibits some input—to—
state stability (ISS) properties that are fundamental in
obtaining the main contribution of the paper.

The system approached in this paper considers the exis-
tence of grid—forming and grid—following inverters. Thus,
a passivity-based control (PBC) scheme is proposed to
guarantee the regulation of the output voltage of the
grid—forming inverters, while the voltages and currents
of the grid—following devices are steered to values that
correspond to the maximum amount of power that can be
extracted from them. In addition, the grid—forming sources
are provided with the droop scheme which, depending on
the power demanded by the loads, generates the voltage
reference required to implement the local control law. In-
terestingly enough, the final structure of the controlled sys-
tem satisfies the practical requirements for using only local
variables measurements’. Concerning the formal mathe-
matical analysis, the Hamiltonian structure of the closed
loop is exploited in the analysis since it exhibits some
passivity and ISS properties that, in conjunction with the
ISS properties of the droop scheme, allow to establishing
asymptotic stability properties of the equilibrium point.

The rest of the paper is organized as follows: In Section 2
the model considered for the inverters is presented while
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the PBC design is included in Section 3. Section 4, is
devoted to introducing the structure of Droop control,
and the main result of the paper the stability proof for
the whole closed—loop system is stated in Section 5. The
numerical evaluation is contained in Section 6, and some
concluding remarks are presented in Section 7.

2. INVERTERS MODELING

Each distributed energy resource (DER) includes a DC
voltage (or current) source, power semiconductor devices,
and an LC filter for approximately obtaining a sinusoidal
output voltage. Since there are two types of DC sources, it
is convenient to split the set of inverters into two subsets,
iie. N = Nj UN;, such that Nj contains grid-forming
nodes and N> corresponds to grid-following nodes.

Grid-forming inverters  Consider a generic voltage—fed
inverter located at the i—th node of an MG, i.e. i € N7,
represented in Fig. 1 where V5; > 0 € R, u,; € R is
the modulation (control) signal, while L, ;, C,; are the
strictly positive parameters of the output filter. Each grid-
forming inverter is subject to a current demand denoted
by I, ;. Denote the inverter’s output voltage by v, ;, the

L, iy TL I,

LYY /\N\, —>

+ +

=W 4(:} Vou, —C, e w,

Fig. 1. Voltage-fed inverter scheme

inductor’s current by 7,; and assume linear constitutive
relationships for both the inductor and the capacitor. If the
| V1| individual sources are piled up, then it is immediately
obtained that the dynamic model in compact form is given
by

d
L,,%il, = —rri, — v, + Vou,, (1a)
d _1 .
C’,jgvl, =—rg v, +1i, — 1L, (1b)
with the vectors i, = col{i,;}, v, = col{v,;}, u, =

col{uy i}, I, = col{lL,;} € RM1l, the parameter ma-
trices L, = diag{L, ;}, C, = diag{C, ;}, ri = diag{rr ;},
re = diag{rc.} € RWiIXIVl - and the matrix Vy =
diag{Vo,:} € RN Moreover, by defining the state

z,=[i] v]]" e RIMI (2)
and by recognizing the total stored energy function for

these devices W, : RNl x R2ZWIl 5 Ry as

1
Wy(z,) = ixIP,,xl,, (3)
with P, = diag{L,,C,} > 0, model (1) can then be

equivalently written as a Hamiltonian system of the form

Py = (Jy — Ry)zy + Gty — [ 0 } , (4)
ILV

where R, = diag{TL,ral} >0,

_ |00 _ .7 _ W 2)N7 [ X |V |
J”_[I O]——Jy, and Gy—[O}ER

Grid-following inverters A generic grid-following in-
verter located at the i—th node of a MG such that i € N,
is represented in Fig. 2 where Ip; > 0 € R, u,; € R is the
modulation (control) signal, while L, ;, Cpc,i, T, i, and
rpc,; € R are strictly positive parameters of the output
filter. Now consider |N3| current—fed inverters, denote the

Thr Ln ’LLHZ'K

LAAA—YN

+ +
<T>IO "'pc ——VpC —ﬁ} UkUDC vL

Fig. 2. Current-fed inverter scheme

inverter’s output voltage by vy, ;, the capacitor’s voltage in
the DC side by vpc,;, while i, ; is the inductor’s current,
and linear inductors and capacitors, then the model in
vector notation is given by

d . .
L/{*Zn = Tkrlk + UHUDC — VL,

dt (52)

CDcifUDC = _TglchC - Uni/{ + IO7 (5b)

dt
with the vectors i, = col{ix;}, vpc = col{vpc} € Rz
the matrix U, = diag{u.;} € RWV21%IN2l - the parameter
matrices L, = diag{L«;}, Cpc = diag{Cpc,}, me, =
diag{rs, i}, rpc = diag{rpc;} € RWN2IXIV2l - and the
vectors vy, = col{vy i}, In = col{ly;} € Rzl Define the
state

g i=lix vpc] € RPN (6)
and the total stored energy function W, : R2W2l x
R2M2l 5 R by
1
We(zg) = iszﬁm,{, (7)

with the parameters matrix P, = diag{Ly,Cpc}. Thus,
model (5) can be equivalently written as a PCH system of
the form

Pf@j;n = (JK(UK) - ch)xn + €k, (8)

with R, = diag{r,,,rp¢;} and the matrices

50 = | g, ] =T, ana e= | 2],

Remark 1. Animportant property enjoyed by the previous
model is that with an appropriate definition of the skew-
symmetric J;, matrix J,(Uy) can be rewritten as

[Nz

Te(Uk) = it i (9)

As a consequence, model (8) can also be expressed as
Pni'n - *R/{mn + Gn(xm)uk + €,
with the control input uy, = col{u,;} € RNzl and

(10)

(11)

GK(J"H) = |:J1xn T J|N2xn:| 62|N2‘X‘N2‘ .

3. PASSIVITY-BASED CONTROLLER DESIGN

In this section, following the ideas reported in Cisneros
et al. [2015] and Avila-Becerril et al. [2018], we present
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the inverters’ controllers that steer the output currents
and voltages of the inverters to a desired state.

Before we formulate the control problem, we first identify
the admissible voltages and currents that the inverters are
able to follow. These trajectories x% := [ixT vx']T €
R2WVil and 2% .= [ixT  vh,]T € R2MV2l verify that
. 0
P&y = (J, — Rz, + Gu), — |:IL1/:| ) (12a)
Piir = (Jo(UL) — Re)xk + ey, (12b)
for some u}, v} and for the measured current I, as well

v

as the measured voltage vy, .

It is important to notice that in the case of the grid-
forming inverters for a given u} the corresponding x} is
determined by the solution of (12a). Section 4 is dedicated
to obtaining u}. On the other hand, since the system (12b)
is related to the grid-following nodes, the output reference
currents iy are assumed known. Given 7}, the i-th entry
of uy, ; is given by

Uy = ﬁ (w5)" IT [Peidh, + Ruiahs — Q] 4
(13)
with

o 01 _ | VL
Ji_l:—lO]’Qi_[IQi]’

and v}, ; obtained as the solution of

ke
K,

Cpe,ithe,i = = [Lugitn + Tuiin; + L]
Ype,i
— 756,V boy + lois (14)
considering v}, ,;(0) > 0.

Remark 2. Equations (13) and (14) are singularity-free,
and their solutions tend to a (in average) positive value
since its structure is equivalent to

1 . . . . — 1
§C’Dc,iw = 712,2- [Lmvz;,i + 7%,1'12,2- + ULA frchyiw+IOiw2

where w = (v ;)?, avoiding any singular behavior as long

as vje ;(0) > 0. This can be proven following arguments
as those presented in Sandoval et al. [2012].

3.1 Inner Controllers

We now assume that the desired output currents and
voltages of the inverters are admissible trajectories that
fulfill the following;:

A.1 The reference state x} corresponds to a given active
power load sharing among the grid-forming inverters.

A.2 An external controller provides the bounded reference
signal 4%.

For presenting the controllers, we first introduce the error
variables Z, = x, — ) and %, = x,, — z};. These variables
have a dynamic represented by
Pz, = (J, — R,)%, + G, i, (15a)
Pﬁi.K, = (JK(UK) - Rn)im (15b)

with @, = u, — u} and U, = U, — UZ. The control
objective is formulated as to design control inputs u, and
u,, such that

lim z, =0,
t—o0

(16)

lim z, =0,
—00

guaranteeing internal stability.

Proposition 3. Consider the MG model (4)—(8) under
A.1-A.2 and assume the following:

A.3 The demanded current and voltage I, and vy are
known bounded continuous functions.

A.4 The prescribed input voltage u} is a known bounded
function with bounded first derivative.

A.5 The reference v} is a known bounded function with
bounded first derivative.

A.6 All the inverters’ parameters are positive and known.
The input voltages V; and currents I are also known.

Under these conditions, the control law given by

U, = Vofl(—Kp,,g,, + Ky + ul, (17a)
yu = _zua (17b)
Up = _KPKGZ('IZ)@Q + KinYr +ug, (17¢c)
i = =G (27) o, (17d)

with w} and wu} satisfying (12), and the gain matrices

Ky, K € RMV1IXINil 5 0 and Ky, K € RW2IXIN:| 5
achieve the control objective (16) guaranteeing internal
stability.

Proof. To prove the stability of the equilibrium z, =
Z,. = 0, we take the time derivative of

- - 1, -
Hu(xuvyuawfmym) = 5 (xIPl/xl/ + y;rKiVyV
+ &0 P +y) Kinys)  (18)

along the trajectories of the system (15) in closed-loop
with (17), which gives

Hu = —jjéyiu - jZRRZEn - jZGﬁ(x;)KPKGI(x;)j”
< “Amin {Ro} 130017 = Ain { R} 12 1?
= Amin {Kpi } ||G:($:)3~3VH2 <0,

with R, = diag{rr, + Kpy,r5'}. Finally, following similar
arguments to those of Cisneros et al. [2015], we can
conclude global asymptotic stability of z, = z,, = 0.

For the grid-forming inverters, the internal stability comes
from A.4-A.5, and in Section 5 we will investigate this
issue. In the case of the grid-following inverters, we use
A.3, A.6, and input-to-state properties. For this, we take
the admissible trajectories x% := [iX| wvh]T € RNl
solutions of (12b) and the Lyapunov function

Welos) = i Pea, (19)
that has a time derivative along the trajectories (12b) as
W, = -2 Real + 25T,
< —(1 = 0:) Amin { R} || (20)
v el

*> MRl
|xm|| o enAmin{R/{}

for 0 < 6, < 1 and e, defined in (8). Inequality (20)
implies that system (12b) is ISS such that

25l < vu(llexll) + Ba- (21)

Finally, from A.3 and A.6, e, € L, which concludes the
proof.
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4. DROOP CONTROL

To ensure that Assumption A.1 is satisfied, it is necessary
to generate appropriate references. To solve this problem,
in this paper a droop control scheme is adopted.

Unlike the reported in the literature, we use a robust droop
control to generate the i—th voltage reference for the inner
controllers of the grid-forming nodes, which are denoted
by Vo,iu;, ;. We assume that these references are sinusoidal

with phase angle 6, ; and amplitude \@Em, i.e.,
Vo,iu); = V2E, ;sin(0,,:). (22)
In the next subsection, we introduce the robust droop

controller to generate the signal y4ro0p,; that provides the
magnitudes and angles of the sinusoidal references (22).

Inspired by Konstantopoulos et al. [2015], the robust droop
controller is implemented in the following form:

Ydroop,i = \/§E121, (23)
where the dynamics of the RMS voltage E; and the phase
angle 0; of the ¢ — th inverters are given by

RS e
H - {_}gf HR] H ’ (24b)

where
¢i = (Ke(Bret — Vi) — Q7 c, (25a
0; = (wyef — miP), (25b
Rp =kg(E} + E, = V7?), (25¢
R. =k.(z} + 20, — 1), (25d
with Fiet and wys as the rated voltage and angular
frequency, respectively. Furthermore, ¢ € R is a positive

constant, while V;* in (25a) represents the RMS output
voltage of the grid-forming inverters such that

)
)
)
)

e 1 [totT
7 T “
Similarly, P’ and @} are the active and reactive power
calculated as functions of (v} ,,i; ;). The control param-
eters K.,n; and m; € R are determined by the droop
ratio (Zhong and Hornik [2012]), while kg, k., and V; are
positive constants.

%2
v, dt.

Finally, we get the reference of the inner controller by
matching (23) with (22). In Konstantopoulos et al. [2015]
it is proven that the solution of (24) converges to the so-
lution of the conventional robust droop controller (Zhong
and Hornik [2012]). This fact makes A.1 feasible.

5. CLOSED-LOOP STABILITY ANALYSIS

In this section the main result of the paper is presented:
the stability analysis of the whole closed—loop system
composed of the PBC introduced in Section 3 and the
droop control presented in Section 4. To this end, we first
establish ISS properties of the individual systems to then
establish that an interconnection as illustrated in Fig. 3
ensures ISS properties from I, to 2. Specifically, we show
that if A.3 holds and we use the droop control to generate
Vou;, then the references x} remain bounded.

= ey Voltage-fed T,
: XX e, = Tl 1

Droop Control

Fig. 3. Interconnection with droop control

Voltage-fed inverters ~ We first consider the admissible
trajectories % = [i%T  vxT]T € R*", which are solutions
of (12a) and the Lyapunov function W, (a})

W (e}) = 3ot P, (26)
Define
o= |10 (27)
such that the time derivative of W, along (12a) is
W, =22 R,z +a5'e,
< (1= ) Amin { B} 23 ]1® (28)
v [l leell

x> W=l
V” - eu)\min{RV}

and 0 < 6, < 1. Inequality (28) implies that system (12a)

is input-to-state stable (Khalil [1996]) such that
[zl < v (llevll) + Bo, (29)

where

| Pwad P e 2
! )‘min{PD} 012/ >\r2nin{Rl/}.

Droop control  First, notice that the droop controller (24)
has as an input a pair of currents and voltages as shown
in Fig. 3. This input is denoted by

i
€droop = |:,Uli’z:| . (30)

v,

According to Konstantopoulos et al. [2015], since E;, Eq;
are bounded in [—V;, Vi] and z;, z,; are bounded in [—1, 1]
for any input egroop, then

||yd7“oop,i = \/5 || Ezzz || < ﬁdroozr (31)

The controller (24) is also finite gain L, stable with gain
Ydroop = 0, since (31) holds true independently of the input

Edroop-

Interconnection ~ On the one hand, inequality (31) means
that for the grid-forming inverters the voltage Vouj in
(12a) can be bounded by

||V0u1t|| < Bdroo;r (32)
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Notice from (27) (see also Fig. 3) and the triangle inequal-
ity that

leoll < Mro |l + Baroop- (33)

Using the ISS properties of the voltage-fed inverters, in
particular substitution of (33) in (29), gives

Hx;H S BV + /VIJ(”ILVH) + lyl/ﬁdroozr
Thus, the connection of Fig. 3 is L-stable.

(34)

6. NUMERICAL EVALUATION

To validate the stability, performance, and robustness of
the PBC operating together with the droop controller, we
use a single-phase MG of nine nodes presented in Fig. 4
and taken from (Sauer et al. [2017]). The figure shows
three grid-forming inverters controlled by (17), among
which the power consumption is distributed. The network
parameters are presented in Table 1.

©) @)

1 +_,__ = -
“T /ca

L[ L
Vo,
B T— CA

R7’7Lr7
6

RT'9L7‘9

©
S

Vo oL | ~ -
T/

Fig. 4. Single-phase MG with nine nodes, three sources
and three loads.

The generation units have the same parameters but we
assume that the units have different apparent power ca-
pacity. In this sense, each inverter is powered by Vp,; =
400 V DC voltage source, and the power ratings are
S1 =20 kVA, S = 10 kVA, and S3 = 5 kVA. The
filters’ inductors and capacitors are L, ; = 2.35 mF and
Cy,; = 28 pF with parasitic resistances rp; = 0.9 Q and

rc,; = 100 MQ, respectively. The droop coefficients are

K. E ” :
ni = —5gL and m; = ‘f(')esf, while K, = 10, B,y =

127 Vins and wpep = 27 frop with frep = 60 Hz. The
parameter kp = k, = 10 and ¢ = Eqi/2.4E3€f, while the
controller’s gains are K, ; = 10 and k;,; = 1.

With respect to the power references, the considered
profiles are shown in Fig. 5(a) for the grid—forming sources
and in Fig. 5(b) for the active power demanded by the
loads connected in nodes 5, 6 and 8. The variations in
these behaviors emulate the intermittent availability of the
generated power for the inverters with some changes in the
demand. In time ¢ = 0 [s], a load of 6 [kW] is connected
in node 8 and a load of 4 [kW] in node 6. Finally, in time
t = 20 [s], a load of 10[kW] is connected to node 5.

6.1 Stmulation results

The numerical evaluation was performed in the Simulink
of MATLAB™ with a Runge-Kutta variable step-size
integration method. During the first 20 [s], there is only
active power demand in nodes 6 and 8; in node 6 the
demand is 5 [kW] and 7 [kW] in node 8 such that the total
active power demanded is 12 [kW]. The power capacities
of the grid-forming inverters satisfy that

Sl = 252 and SQ = 253

Fig.5(a) shows the active power generated by the inverters.
Notice that the power of inverter 1 is twice the power
supplied by inverter 2 which in turn is twice the power
generated by inverter 3, putting in evidence the distribu-
tion of the load between the inverters.

In t = 20 [s] a load of 9 [EW] is connect to node 5 and it
is observed that the distribution of load in the inverters is
satisfied, confirming the robustness of the proposed control
scheme. Fig. 6(a) shows the reference voltage E,.; and
the output filter voltages of the inverters. Note that the
error in steady state between the reference voltage and
the voltages of the inverter, is less than 1.5%, while the
maximum error is less than 5% of the nominal value.

To complete the illustration of the stabilization properties
of the controller, the reference frequency fr.; and the
frequency of the inverters are shown in Fig.6(b). Notice
that the steady-state error of the frequency of the inverters
and the reference frequency are less than 0.03%.

7. CONCLUDING REMARKS

In this paper, it has been shown that the equilibrium point
that corresponds to a proper operation of an MG equipped
with local PBC controllers and a droop power-sharing
scheme is asymptotically stable. The analysis exploited the
ISS properties of the closed-loop Hamiltonian system and

Table 1. MG parameters

[ Element Value [ Element Value [ Element Value
Crq 22 uF Lyy 152 uH Ry —
Chry 30 uF Ly 165 nH Ry, -
Cirg 37 uF Ly 155 pnH Rygy —
Cry 23 uF Ly 190 nH Ry, 0.85 Q2
Chry 128 uF Ly, 267 uH Ry 1.19Q
Crg 31 uF Lyrg 225 nH Ry 0.1Q
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Fig. 5. (a) Active power of the inverters (b) Active power
of the load
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Fig. 6. Voltage and frequency behavior in the output of
the inverters.

later on the ISS properties enjoyed by the droop scheme
were considered for stating the aforementioned stability
result. The validity of the analysis was illustrated via a
numerical evaluation.
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