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A robust damping droop control based
on energy reshaping

Opracowanie metody sterowania zwrotnego w celu poprawy stabilno$ci i wydajno$ci sieci energetycznej

Abstract. This work contributes to advancing the understanding and application of grid—forming inverters for power sharing in microgrids. The focus is
to develop a new framework including droop control methods for enhancing the stability and performance of the grid. Advanced droop controllers, based
on interconnection and damping assignment passivity—based control (IDA—PBC) methodology, will be proposed, including dual integrators. These
controllers demonstrate very good performance in voltage and current stabilization and help to overcome problems of stability, local oscillations, and
transient behaviour under islanded mode. The proposed methodology allows smooth and flexible energy distribution, thus approaching a very strong
solution for microgrid management. MATLAB simulations are employed to validate the performance and reliability of the proposed control strategies.

Streszczenie. Niniejsza praca przyczynia sie do poszerzenia wiedzy i zastosowania falownikéw typu grid—forming w celu wspoétdzielenia mocy
w mikrosieciach. Gtéwnym celem jest opracowanie nowej struktury, obejmujgcej metody sterowania zwrotnego (droop control), w celu poprawy
stabilnosci i wydajnosci sieci. Zaproponowano zaawansowane regulatory zwrotne, oparte na metodzie sterowania pasywnego z przypisaniem
ttumienia i potgczen (IDA—PBC), w tym podwdjne integratory. Regulatory te wykazujg bardzo dobre wtasciwos$ci w stabilizacji napiecia i prgdu oraz
pomagaja przezwyciezyc problemy zwigzane ze stabilnoScia, lokalnymi oscylacjami i zachowaniem przejsciowym w trybie wyspowym. Zaproponow-
ana metoda umozliwia ptynng i elastyczng dystrybucje energii, stanowigc tym samym bardzo skuteczne rozwigzanie w zarzgdzaniu mikrosieciami.

Symulacje w $rodowisku MATLAB zostaty wykorzystane do potwierdzenia wydajno$ci i niezawodno$ci zaproponowanych strategii sterowania.

Keywords: Distributed generator, droop control, microgrid, island, grid—forming
Stowa kluczowe: Generator rozproszony, sterowanie opadaniem napiecia, mikrosie¢, tryb wyspowy, formowanie sieci

Introduction

Due to the increasing electrical loads that need to be pow-
ered, especially in isolated areas, microgrids are frequently
employed to meet consumer demands. They typically include
PV panels, wind turbines, and other distributed energy sourc-
es [1, 2]. A microgrid comprises several distributed genera-
tors connected in parallel to enhance power production while
improving reliability, flexibility, and service continuity.

However, microgrids still have problems with stability be-
cause of factors such as power—sharing during island mode
operation. The solutions for regulating these systems can
be divided into grid—following and grid—forming approaches,
where each one has many types of controls, such as droop
control, which fits within the grid—forming control. It ensures
active and reactive power distribution, eliminates circulating
currents between multiple distributed generators, and miti-
gates transient and permanent circumstances during unex-
pected switching of loads and production units [3].

Droop control has been widely developed as convention-
al droop, transient droop, droop control with virtual imped-
ance [4], and droop control with two integrators [5].

This study provides a general control strategy for an au-
tonomous microgrid consisting of a droop control with two in-
tegrators with voltage and current regulation based on inter-
connection and damping assignment passivity—based control
(IDA-PBC) for systems represented in the Port Hamiltonian
(PCH) form. This control provides high voltage quality within
the standalone microgrid and corrects active and reactive
power allocation among generators and loads. The Hamilto-
nian function reflects the energy of the physical system. This
strategy allows us to quickly and easily develop generic, mod-
ular control that maintains the system’s stability by directing
energy toward the chosen equilibrium point. This stability is
assured without needing any intervention from the other lo-
cal controllers, even when the microgrid is reconfigured [6].
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The proposed control approach tackles the inherent is-
sues of circulating currents and provides a scalable and mod-
ular solution that boosts the operating capabilities of MGs. By
using detailed simulations and comparing different control-
lers, this study shows how advanced a droop control tech-
nique could make independent microgrids much more reli-
able and improve their performance.

The paper is organized into five sections. The system’s
structure and modelling are presented in Part Il. The invert-
er’s control techniques, including two types of droop control
and types of VSI control, are described in section Ill. Sec-
tion IV presents the simulation results for the different con-
trol combinations. Finally, section V contains the conclusion
of the study.

Distributed Generator

The main parts of a microgrid system always include dis-
tributed generators (DG), which mean DC sources, inverters,
and LC filters. That is connected to loads, and an impedance
transmission line connects them. In this system, a control al-
lows it to regulate the voltage at each DG’s output and ad-
just the power—sharing between them. The internal model of
each DG is based on the relations between current and volt-
age equations across the filter, which can be described in abc
frame.V¢,,; is shown as the voltage at the capacitor, and i,
is the three—phase current at the point of common coupling
(PCC), where V,,, and i, are the voltage and the current at
the output of the inverter, respectively. Where (i) represents
the number of the inverter [7].

dia ci

(1) Li di = Vabct Cabci
dvabcz :

(2) Ci dt = lahci - lLabci
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Transformed into the synchronously rotating frame (SRF).

di
(3) Li d_dl = L a)thl + vdi - vcdi
t
diqi .
“4) L dt =-Loi,+ Vi = Vegi
av, . .
(5) C dCdl Sl Tyt Ciwichi
t
dl/uqi .
(6) Ci dt = lqi th C @; del
li 1 PCC
I‘ apc
3 [ - | e 'b‘ez"c'“f-.-l' ;
- % Ly,
£ : }
* V( ‘abc

Fig. 1. Main circuit schematic diagram. [5]

Inverter Controls

The control strategies applied to the inverter are mitigated
through a two—stage approach, incorporating internal control
and primary control. The proposed solutions involve droop
control as the primary control and voltage source inverter
(VSI) as the secondary stage, representing internal control.

Voltage source inverter

The voltage source inverter control ensures that each
distributed generator outputs a sinusoidal voltage waveform.
System stability is maintained, static mistakes are rectified,
and disturbances are disregarded. The literature proposed
techniques and control strategies to operate each scattered
generating unit independently for the best performance. The
number of control loops used, the nature of the control (lin-
ear or nonlinear), and other parameters, such as proportion-
al—-integral (PI) controllers, all influence the outcome [5], [8].

(7) i*d :PV(S)(V*M -Vv.,)+iy, +Ca)ch
(8) i, =P(s)(v, —v )+i, +Cav,
©) V*d =F, (S)(i*d —i,)— Lo, + V*cd
(10) Vv, =P(s)(i", —i)+Loi,+V,

K
and P.(s)=K,. +TIC regulate the voltage

and current control loops, respectively.
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Droop Control

The performance of droop control structures for active
and reactive power demands was investigated under nonlin-
ear DG plug—and-play. When the inverter output is instanta-
neous, absolute power is essential for applying droop control
laws. A low—pass filter with a fixed cutoff frequency is needed
to get absolute power.

P, Q stand for absolute power and p, q denote instanta-
neous power, active and reactive, respectively. Convention-
al Droop is one of the most widely applied dEBOp controllers.
Thatincludes m,and n, droop coefficients, » is the system
frequency, and V, is the nominal voltage.

As for droop control with two integrators, there is an addi-
tion at both levels; as the control name, it has two integrators,
one at the frequency level and the second at the voltage level.

Its Control laws are written in dg frame as follows:

Fig. 2. Conventional droop control block diagram. [8]

(11) w,=w,—m,P

A
L

power
calculation

Fig. 3. Block diagram of a droop control with two integrators.

(12) V' yi=Ei=K0,~V)-n,0,

Where: V*, . =V, =0V, =E,
Proposed Microgrid Solution

In the earlier research, the power—sharing at each DG
output was regulated using droop control with two integra-
tors. However, more is needed when addressing the varying
loads and energy changes. Droop control with two integra-
tors adjusts the output voltage or frequency based on power
demand, but it has limitations in handling supply—demand
variations and maintaining stability under dynamic conditions.
Pl control reduces oscillations and maintains a steady power
supply, but it has limitations in dealing with transient modes
and island mode operation. Despite these limitations, exist-
ing solutions can be improved by using the proposed solu-
tion based on IDA-PBC.
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Port Hamilton strategy

The Port Hamilton (PH) model was proposed to simu-
late this system, where the PH framework guides develop-
ing and examining control rules that support stability and the
intended energy—related behaviors. It also represents the
system’s total energy.

(13) % =[J(x)-R(x)|VH(x)+ g(x)u+d

The state vector is x, and the control input vector is u. The
antisymmetric interconnect matrix is denoted as J (x), and R
(x) denotes the symmetric dissipation matrix, which reflects
the internal losses of the system. H (x) represents the Ham-
iltonian function quantifying the system’s energy. g (x) is the
input matrix that depicts the system’s connection port with
the outside and defines the energy flow, and d is the vector
of the external disturbances. The paper [9] and [10] contains
additional information.

The main objective is to provide an improved method
to overcome droop control with two integrators’ limitations
and achieve power—sharing precision. The suggested control
consists of two parts modelled on the PH framework:

e Voltage source inverter based on the PH

VS| generates reference inverter voltages, which are
required for distributed generation. Both controls were de-
signed to attenuate the output filter.

[ i ]
dt
diqi 0 oL, -1 0 iy,
“dr | _|—eoL 0 0 =1 || i,
C. dvcdi - 1 0 O wi Ci Vcd!
dt 0 1 —oC 0 ||v,
dchi
L' dt ]
1 0 0 Vi
0, 10 Vi
+ .,
0 0 -1 0|y
0 0 0 -1 ilq,-

(14)

e Port—-Hamiltonian—-Based Droop Control with Two
Integrators
The new formula of the proposed control includes droop
control with two integrators based on IDA—PBC to guarantee
the decoupling between the reactive and active powerand guar-
antee stability, where: V = E;;V,, = E;a,=1;a, =1/ K

i

“a |1 o]

EANURIE
dt

-m . 0 P 0

pi

+ +
0 -n,/K|| O E,

(15)

The Hamiltonian function representing the total energy of
the system can be formulated as:
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(16)

And F; is given by:

H.(x,) :%xuz +E'x2i2 +Ex3i2 +Lx4 ?

i i

i

7) +—x
ali
H/(x,)= lLl.ijl. +1L,.ii. +lc,.v2, +lcl.v?
2 2 q. 2 cdi 2 cqi
1 )
18y —a, . E
(18) = ik,

Model for Closed-Loop System Based on IDA-PBC

In step two, the IDA—PBC control law will be calculated
and implemented. These characteristics facilitate the synthe-
sis of control laws to ensure stability. The IDA—-PBC approach
for a closed loop is represented as follows:

d(x)

(19 dr = [‘]d (x)—R, (x)] VH, (x)

The essential components of the structure’s preserva-
tion and integrability to meet the condition of stability are
shown below:

4 0 0 0 O
0 4 0 0 O
R,(x)=R",(x)= 0 0 4 0 O
0 0 0 4 O
(20) 00 0 0 4]
00 -1 0 O
00 0 -10
J (x)==J",(x)=[1 0 0 0 0
01 0 0 O
(21) 100 0 0 O]
idi _i:!i
i—i
VH (%) =| v, = v:di
Vegi — v:qi
(22) | E-E |
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The goal of the proposed control is to design a state feed-
back mechanism that ensures the closed—loop system dy-
namics preserve the PH form while stabilizing the system
around the desired equilibrium point x". This is achieved by
defining a desired energy function H, in the closed loop, ac-
complished through the modification of the interconnection
and damping matrices [11, 12].
where e;=x,—x;".

The control variables under consideration in this context
for tracking error is:

1 1 *
Hdt(-xmx) (xlz ) +2 ('x2l 2i )2
+L(x —x )2+—(x X, )2+L(X —x.)’
(23) e T e
KN 1 . kN D
Hdl(xmx)— L(Zd, i) +_Li(lqi_lqi)
1
G 0u =V, )+ C(cqﬁ Bl
1 BN
(24) +5ali(Ei —El_ )

The goal is to guide these variables to follow their pre-
scribed set points and eventually converge to zero.

Through the process of matching or comparing these two
equations, an observation will be made:

[J(x) - R(x)] VH(x)+g(x)u+d =

(25) [J,(x)—R,(x)]VH,(x)

4 (idi - i*di) - (vca’i - v*cdi)
(26) = Lla)llql + vdi - dei

A (l i i*qi) - (chi - v*cqi)
27) Lla)lqu YV, — Ve

A3 (vcdi cdl ) + (ldl - dl )
(28) = Cia)ichi iy =l

A (chi - cqi ) + (lql qi )
(29) =—Coy,,; +i,—i,,

* n,
Ass(E,—E )=-E +E, _lQi

(30) K

The IDA-PBC equations are defined as follows:

o *
Uy = A0V = V) Hig + Cia)ichi

(31)

K3 *
iy=A4,0 v, +i, +Cov,

vqt

(32)
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u* . * .
v =40, —i)+v .+ Loi,

(33)

*

(34) v qi = AZ (l qi

- Lla)llql

. *
—i)+V

Fig. 4. Block diagram of voltage and current control based on IDA-
PBC. [8]

Equations (31) to (34) represent internal control, specifi-
cally addressing voltage and current to ensure high—qual-
ity voltage.

(35) 0 =0, -m,P,
(36) E =F-—F+ 1 F 4+ 0,
i i A i 4 0 KA i

55

55 55

Va

Fig. 5. Block diagram of proposed control based on IDA—PBC
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Equations (35 and (36) are dedicated to primary control
objectives, including frequency synchronization, voltage reg-
ulation, and power—sharing. where: E. =V ;E =V,,.

Stability Verification

Hd (x) should have a minimum at equilibrium point x* to
achieve closed—loop stability and convergence under three
conditions [13—15]:

aHai(x;’xi) _ a(Hai(xjﬂxi)_Hi(x:))

ax,. axi
1 * 1 * 1 * 1 * 1 *
(37) =[-—x _'x2i9__'x3i’__x4i’__x5i]T

L L C C

i i i i 1i

OH ,(x;,x,) denotes the energy stored within the error
terms of the controller.

VH[()C:) = of(x,)
ox;
1 * 1 * 1 * 1 * 1 *
(38) = [lei,zle-,E.X3i,6x4i,_x5i]r

i i i i 1i

*

0H,(x;) 0H,(x,x,) oA, (x))

1

ox, ox, ox,
(39) =[0,0,0,0,0]
Condition 2:
O’H,(x)) 2 2 1
40 —t = [—+—+—]>0
40) 6xi2 [Ll. C ali]
Condition 3:
* T *
OH,(x) | 0H,(x)
ox, “ o,
_i(xli - 1*1)2
a
_f(XZi 'x21)2
a .
= _%j(x3l_x3,)2
_i(xﬂ. - x4z)2
a .
41) - (X —x5;)
- 11 -
a.>0

The condition is verified when ”
This study fulfilled all three conditions.
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Simulation Results

This study compares previous method: droop control with
two integrators, and the proposed Approach: droop control
with two integrators based on IDA-PBC, in microgrid con-
tains two DGs two impedance lines also load and step load.
Both inverters will have the same control structures

The two inverters are considered identical. The controls
have the same values. In addition, the step load can be con-
trolled with a circuit breaker (CB) in 0.1 seconds. A simula-
tion was conducted by building a microgrid model in MAT-
LAB Simulink to confirm the suggested strategy’s viability and
efficacy. Where balanced Load1 is: P=64 Kw, Q=200 Var;
Unbalanced Load?2 is: L,=1mH r,=100Q, L,=10mH r,=150Q,
L,=200mH r,;=250Q; nonlinear Load3 is: a Full bridge rectifier
with RC load in parallel, C,=3.25uF r,=200Q and Step Load
is: P= 25 Kw, Q=200 Var.

A simulated microgrid system was evaluated across sev-
eral impedance lines. This section presents a comparison of
two approaches over multiple impedance lines for six situa-
tions, as seen in the table below.

e (Caseone:

Figures (A) and (B) compare the previous approach’s ac-

tive and reactive power outputs and the proposed method.

Table 1.Power and controller parameters.

Parameters Symbol Values
Voltage source v, 400V
Switching frequency o 10 KHz
Filter inductor L 1.35 mH
Filter capacitor C 50 uF
cutoff frequency @, 31.41 rad/
sec
Voltage per phase RMS v, 380V
Phase f 50 Hz
- 7e-5 rad/
m
Frequency droop coefficient » (W*s)
Voltage droop coefficient n, 5e—6 V/var
Gain of Current (IDA—PBC) A5 4, 50; 50
Gain of Voltage (IDA-PBC) | 4,3 4,; As| 0.8;0.8;1
Gain of the integrator K 10

Table 2. Various cases study for power sharing controls.

Case Impedance lines
(a) Resistor
(b) Inductance
(©) 1.35 mH
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Fig. 6. Power outputs of distributed generators for resistor as impedance lines.

Each figure includes two distinct curves representing the
power outputs of the two distributed generators (DGs): the red
curve corresponds to DG1, while the blue curve corresponds
to DG2. These curves offer a clear visualization of the perfor-
mance and behavior of the system under the two methods.

When the DGs’ resistances are assumed to be identical,
a significant performance difference between the two ap-
proaches becomes evident. In the previous approach, the
system failed to maintain stability when subjected to a step
load injection at 0.1 seconds. The findings clearly suggest
that the proposed strategy delivers a considerable increase
in resilience and reliability compared to the old method.
e (Case two

The figures below show that the preceding approach
demonstrates instability in the succeeding 0.2 when utilizing
inductances. Conversely, the proposed approach preserves
consistency. This stability underscores the recommended
method’s greater flexibility and control capabilities, making it
a more trustworthy alternative for systems.
e (Case three

In case three, using a resistor and inductors together will
make the power output of DG one and DG two more clear-
ly identical when using the proposed method. After several
changes in the impedance lines, it can be stated that the
proposed method is more robust and performs better than
the previous one across these different scenarios. With this
model, further development can be made to better address
most consumer problems of electrical flows in isolated areas.
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Conclusion

This work has concentrated on developing grid—forming
controllers in primary and internal control domains. It has
underscored the limits of earlier control approaches and in-
troduced a fresh approach — droop control with enhanced
adaptive virtual impedance based on IDA-PBC. The work
has given excellent results through comparative analysis
with the latest droop control. The proposed technique has
shown exceptional flexibility to changes in the microgrid sys-
tem, effectively managing computational mistakes, noise,
and disruptions. It has allowed precise proportional active
power sharing and demonstrated resilience against param-
eter drift. While the simulation results in MATLAB demon-
strate various advantages, a downside occurs in each injec-
tion starter, whether a distributed generator or a load. The
purpose of future investigations is to improve this limitation.
The insights gained from this study substantially contribute
to the ongoing development of efficient control systems for
inverter—based generators, fostering advancement in micro-
grid technologies.
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