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Abstract: Motivated by the significant efforts developed by researchers and engineers to improve the
economic and technical performance of microgrids (MGs), this paper proposes an Active Disturbance
Rejection Control (ADRC) for Distributed Energy Resources (DER) in microgrids. This approach is
a nonlinear control that is based on a real-time compensation of different estimated disturbances.
The DER operates along with the electrical grid to provide the load requirements. This load has a
nonlinear and uncertain character, which presents a source of unmodeled dynamics and harmonic
perturbations of the MG. The main objective of this paper is to ensure the stability and the continuity
of service of the distributed generation resources by controlling the DC-AC converter. The ADRC
as a robust control technique is characterized by its ability to compensate for the estimated total
disturbances caused by the load variation and the external unmodeled perturbations to guarantee the
high tracking performance of sinusoidal reference signals in the DER system. The ADRC technique is
characterized by its nonlinear function, which provides a high robustness to the controlled system.
However, in order to simplify the control structure by keeping its high reliability, this paper proposes
to replace the nonlinear function with a simple error (termed linear ADRC), compares the impact of
this modification on the system performances, and evaluates its operation in the presence of linear
and nonlinear load variations. Simulation results are presented to demonstrate the efficiency of the
proposed control approach for a three-phase DER.

Keywords: microgrids; distributed energy resources; Active Disturbance Rejection Control; linear
ADRC; extended state observer

1. Introduction

The microgrid is not a new concept, but its importance increases every day because
of the world’s demand for green energy and secure and clean electricity. Nowadays, the
definition of microgrid is changing to provide more choices in terms of grid flexibility,
reliability, and economy with high penetration of renewable energy resources, energy
storage devices, and controllable loads. A most concise definition is given by the Microgrid
Exchange Group (MEG) [1]: “A microgrid is a group of loads and distributed energy resources
interconnected within clearly defined electrical limits that acts as a single entity controllable in
relation to the grid. A micro-network can connect and disconnect from the network to allow it to
operate in both isolated and connected mode”. A microgrid, as an energy system, consists of
a variety of components, including [2,3] distributed energy resources (DER), distributed
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energy storage devices (DES) that can be used to absorb excess power and discharge to
cover the power deficit during on-peak periods, controller units, and controllable and non-
controllable loads. The characteristics and dynamics of each component of the microgrid
present a major challenge in terms of control and operation in both grid-connected and
islanded modes. Given the importance of this concept for the construction of a sustainable
electrical system, many innovative techniques and approaches have been proposed around
the world to control the DER in microgrids to improve its performance and enhance
its resilience.

Starting with the modeling, authors in [4] improve the balance between the dynamic
model precision and the steady state of the DER’s converter by modifying the control refer-
ence to simplify its integration into the control algorithm. After modelling the MG, authors
in [5] rely on multi-loop control for the voltage optimal control strategy. This technique
comprises a predictive current controller, which enhances the performance of power con-
verters in the MG. Combining the voltage regulator’s operation and the inverter capability
improves the expected results of the controlled system [6]. In [7], the authors propose
the elimination of the load disturbance with the deadbeat control strategy. Even though
this technique provides great results in the case of instantaneous perturbations, it loses its
robustness, as it is sensitive to periodic perturbations. Furthermore, a repetitive regulator
is suggested for the single-loop current control in [8]. This technique can improve the
system’s stability and steady-state performance in practice by the disturbance suppression,
but presents a period delay in the dynamic response process. Other researchers, as presented
in [9], choose to use the traditional PI regulators to control the DER system. Despite the
simplicity of the structure of this kind of regulator, it is sensitive to system modeling errors,
parameter uncertainties, and external disturbances, which can cause some undesired system
performance and loss of stability. To deal with these issues, authors in [10] introduced a
resonant controller based on the addition of harmonic modes in the direct control loop. This
method presents significant results in ideal cases, but the increase in the controller’s number
simultaneously used to improve the process performance may complicate the controller
parameter tuning.

Inverters in DER are a major source of harmonic distortions and high total harmonic
distortion (THD), which are mitigated using LC or LCL filter-based electronic circuits or
through active power filters. These harmonics threaten the DER performance, stability,
and may cause some power quality issues at load side [2,11]. Additionally, the presence
of periodic disturbances caused by linear and nonlinear loads, DER parameter variation,
and system uncertainties decrease the tracking ability of the reference voltage signal and
threaten the system’s accuracy and reliability [12]. Consequently, in order for DER to
operate in optimal and nominal conditions with high performance and low harmonic
distortion, an adequate and robust control strategy is required [13,14].

To implement a control approach for DER, a model is required. The use of the accurate
and simple mathematical model to design a controller is of paramount importance. Usually,
an accurate mathematical model is not necessarily the best one for control law derivation.
The more the model is detailed, the lower the simulation speed becomes [15]. Usually,
distributed energy resource models are presented in the synchronous reference frame (dg0)
or the stationary reference frame (x). Moreover, In the literature, several mathematical
modeling approaches of DER units have been presented. In [16], the authors proposed a
mathematical modeling of distributed energy resources using a Generalized Average Model.
In [17], the authors proposed State-Space Averaging Modeling and small-signal modeling
by discussing their advantages and limitations. Furthermore, multivariable closed-loop
modeling is proposed in [18]. An Impedance Modeling method in the synchronous d — g
reference frame for inverters is proposed in [19]. A harmonic-linearization-based sequence
impedance model is proposed in [20]. Both models allow addressing the harmonic instability
and low-frequency oscillation problems.

Based on modern control theory, an Active Disturbance Rejection Control (ADRC) was
introduced by Han Jingqing [21]. This approach has the advantages of a versatile and simple
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structure design, independence from exact process mathematical model, and high stability
and immunity from the internal and the external perturbations. The ADRC has proved its
efficiency in many engineering applications and several harsh operating conditions [22-24].
This technique has the capability to actively compensate for the estimated perturbations
from the system’s measured input and output parameters and reduce its effects on the
process performances. The core of this approach is the extended state observer (ESO), which
is able to estimate in real time both the internal states and the total disturbances (internal
and external disturbances with nonlinear terms and uncertainties). Then, the estimated
perturbation is compensated for at the same time using the Non-Linear State Error Feedback
(NLSEEF), also called the control law.

ADRGC, as a robust control strategy, is introduced in this work. This control approach is
mainly based on grouping all disturbances, undefined quantities, model uncertainties, and
nonlinear terms into a single parameter called “the total disturbance”, which is estimated
and then used as feedback control action to reject its influence on system performance.
The effectiveness of this technique is reflected by the stability and large controllable range
provided to the system even for an approximate mathematical model, in addition to the real-
time estimation and compensation ability. Unfortunately, the nonlinear function used in the
ADRC and the numerous parameters to be adjusted may complicate its implementation and
lower the simulation speed. In this context, and after proving the efficiency of the proposed
technique, a modification is proposed to simplify the controller structure by replacing the
nonlinear function with a simple error, as introduced in [25]. Indeed, the linearization of
the ADRC has been proven to simplify the control loop structure and implementation in
different application areas [26,27].

The main contributions of this paper are twofold:

e A thorough and consistent theoretical study and stability analysis of an ADRC-based
controller for DER disturbance rejection in microgrid application.

¢  In-depth simulation analysis of the proposed ADRC-based controllers (both linear
and nonlinear ADRC) for DER under several conditions: linear and nonlinear loads
and parameter uncertainties.

The proposed robust control technique is based on online estimation and compensation
of both the state-space parameters and external disturbances caused by the load variations
in order to ensure the stability and the continuity of the DER system to provide an output
sinusoidal signal equivalent in its characteristics to main grid voltage. Owing to its ability
to improve the disturbance rejection using the online compensation of estimated total
perturbation, which affects the system stability, the ADRC technique is introduced to
control the DER system by minimizing the steady-state error and increase the rejection
capability of multiple harmonics caused by the nonlinear loads.

The remaining parts of this manuscript are organized as follows. Section 2 presents
the DER mathematical modelling. Section 3 introduces the ADRC approach with the
stability analysis used to control the DER DC-AC converter. Section 4 applies the ADRC
to implement the cascaded control loops of the output current and voltage of the DER.
Section 5 provides some simulation results considering DER parameter variation and
nonlinear load influence. Finally, Section 6 concludes this paper and provides some
directions for future works.

2. Microgrid: DER System Modelling

Nowadays, microgrids generate power using sustainable renewable energy resources
(RES, i.e., hydropower, wind, PV, geothermal, etc.). However, due to their fluctuating nature,
these renewable sources cannot be used at any given time to meet fluctuating energy de-
mands, as they may disrupt the grid’s daily operation planning. These renewable resources
are considered as non-dispatchable sources. To avoid this issue, they are integrated with
other components in distributed energy resource units to form a controllable renewable
energy source connected to nearby consumers to allow production consumption balance.
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2.1. System Description

The general scheme of the considered voltage inverter is shown in Figure 1. It is
composed of three main elements, which include the DC bus source, the three-phase
inverter, and an RLC filter that is connected to the load and main grid. L fr R;, C 'z and
Rc are filter parameters, including inductance, resistance of inverter-side inductor, filter
capacitance, and resistance of capacitor, respectively.

VDC_']_._ — / [VDEr: ,R,", nrvv\Lf I EVC Tawid]
_I—I— r\l _J_ ; C - .

Figure 1. Simplified model of DER in islanded mode.

The DER model, presented in this work, is that of a three-phase model, but for
simplicity reasons, only the first phase was described in the different diagrams and the
mathematical model.

The inverter output voltage, Vpgg, is synthesized using Pulse Width Modulation (PWM),
while the RLC filter is added as a low-pass filter to reduce the switching harmonics, as detailed
in Figure 2. The DC bus is the common DC bus of the distributed energy resources that is
usually controlled to a constant value using the energy storage devices or the main grid.

Figure 2. Detailed distributed energy system.

To model the behavior of the DER in dynamic mode, it is necessary to establish the
relationship between voltages and currents of this system. In the proposed DER mathe-
matical model, the power electronic converter’s DC link voltage is assumed to be constant.
Indeed, it is controlled by primary renewable energy sources or energy storage devices
(i.e., in islanded mode when using a wind turbine as RES, which implements the MPPT
algorithm, the DC bus voltage is controlled by the DC-DC converter associated to the energy
storage system).

2.2. Mathematical Model of DER

Based on Kirchhoff’s current law, the relation between the currents flowing through
the RLC filter can be described by:

ip =ic+ig+ioad 1)
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1

il (R4 RC Nt ¢ [l SR
Ly DER Lf( L+ 1+YloadRC)lL Lf< 14 YipaaRe Joc + Lf1+Y1(deCld

where i corresponds to the capacitor current, ij,,4 is the current flowing through the linear
load, and ij; is defined as a set of the different currents that can affect the system during
operation, termed the disturbance current with unknown dynamic profile and depending
on the applied load. Although it represents an input to the DER system, it is considered as
a non-controllable quantity.

Using the Kirchhoff voltage law, the Vg voltage can be expressed by:

VDER = Vjpad + 0L + VR, )

with:
Vload = URc +0UC
Z)RL = iL . RL

; ©)
oL = Lyt
ic = CyGf

Based on the previously presented detailed scheme and using Equation (3), v;,,4 can
be expressed by:

. dZ)C .
Uload = Uc + VR, = vc +icRc =vc +C fRCW = Zjoadtload 4)

Using the relations defined by Equations (3) and (4), the current i} flowing through
the inductance of the RLC filter can be described as:

. dUC .
ip=C f g T Vload Yioad + 1d &)

The load-equivalent impedance Z;,,; can be expressed as Z;,,; = ﬁ, with Y}y, being
the admittance. Zj,,; and Y}, are two time-varying and bounded parameters. Taking into
account the unloaded and nominal operation conditions of the considered DER, Z,,,; can
be defined as 5 Q < Z;y,y < 10* Q, which implies 0.0001S < Y,y < 0.2S.

Replacing Equation (4) in Equation (5), we obtain:

. do do )
iL =Cf7f+Yload(vc+Cch7f)+1d (6)

Then, the derivative of vc can be deduced from Equation (6) as a function of the
measured parameters. The first state equation defining the capacitor voltage can then be
expressed as follows:

dUC 1

e (i, —0CYioud — i 7
dt Cf—l—YloudCfRC (ZL UC load ld) ( )

The second state equation related to the inductance current can be deduced from
Equation (2) by using Equations (3) and (4). Indeed, Vpgr can be rewritten as:

di dv .
VDER = LfdftL—FCchdftc-l-lLRL—l-Uc (8)

Replacing Equation (7) in Equation (8), Vpgr and the derivative of the inductive
current %L can be expressed as in Equations (9) and (10).

) dir, 1 . .
VbR = Ro4+ L2 4 CoRe [ = (i — 0 Yiond —
DER = O +iLR + Ly~ +Cp C<Cf+YzoudCch (iL — vcYioad ld)) ©)
1 Re Re 1 Re

(10)
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In order to simplify the mathematical modelling of the DER, the resistance R¢ used in
the RLC filter can be neglected. Then, the state-space equations can be rewritten as follows:

dZJC 1. Yloud 1.

— = =l ———0c— =1 (11)
dt Cf Cf Cf

dif, 1 Rr . 1

= = 7VDER — —1 — —0¢C (12)
dt Lf Lf Lf

Finally, the state-space representation for the DER system can be given by:
{ %(t) = Ax(t) + Bu(t) + Dd(t) (13)

y(t) = Cx(t)

—Rp =1 1
— 0
with A = Llf 75/1;” ,B= [ Ly ,p=1] &1 1 andC=[ 0 1 |, where the state
(oo 0 <

vector x(t) = [ ir oc ]T, the input and the output parameters are, respectively, Vpgr
and vc, and d = i, is the unknown input variable or the external disturbance of the DER
system.

Based on the previous mathematical developments, the Bode diagram of the RLC filter
used in the microgrid in the inverter side is shown in Figure 3, with a resonance peak at
the resonance frequency. Therefore, an active damping method is recommended, instead
of the passive method, which increases the power losses and reduces efficiency. Moreover,
the DER’s characteristics are sensitive to variations due to different operating conditions.
Because of the disturbances caused by the system parameter uncertainties and the external
disturbances, an accurate system description will be very difficult to define, which makes it
difficult to control. However, the interesting features of the nonlinear ADRC and its ability
to mitigate system parameter uncertainty and the disturbances affecting the process may
improve the control’s robustness, precision, and performance with the minimum information
about the system’s dynamics. Hence, the purpose of the next section is to compute the
controllers in order to control the output voltage to a desired reference and to ensure the
system’s closed-loop stability with the desired performance, while minimizing the effect
of disturbances, measurement noises, and avoiding the impact of modelling uncertainties,
parameter variations, and harmonic perturbations caused by the nonlinear loads.

Bode Diagram

50 —
- ——Damped LC filter
g —Undamped L filter
L0
2
=
(=]
=

-50

0 \ T

-180 . ! . I |
10" 102 103 104 10°
Frequency (rad/s)

Figure 3. Bode diagram of passively damped and undamped RLC filter.
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3. Active Disturbance Rejection Control

With the increase in DER in microgrids, many control techniques have been developed.
However, most of these approaches require the knowledge of detailed DER models and
accurate parameter values. Moreover, disturbances, uncertainty, and unknown dynamics
of nonlinear loads are not considered in most of those controllers’ designs. To overcome
these drawbacks, an Active Disturbance Rejection Control (ADRC) approach is proposed
to control the DER output voltage with the objective to improve the disturbance rejection
efficiency and achieve faster convergence capability.

3.1. ADRC Structure

Assuming that an exact mathematical model is not available because of external
disturbances caused by linear and nonlinear loads, the process dynamic model in the
state-space can be expressed as follows [21]:

{ () =a-x(t)+b-u(t)+d(t)+A
y(t) = Cx(t)

where x is the state-space variable vector, u is the input variable, a is a known parameter, 4 is
the unknown external disturbances, and A stands for state model uncertainty. Furthermore,
b = by + Ab, where by is the approximate value of b and Ab is the uncertainty. Since the
uncertainty can affect the controlled state variables (matrix a), the term ax(t) 4+ Ab can be
defined as the unknown dynamics of the system [28]. To simplify this expression, global
disturbances, the nonlinear terms, and the unknown dynamics can be denoted as f. Then,
using the ADRC framework, Equation (14) becomes:

(14)

X(t) =a-x(t)+bo-u(t)+Ab-u(t)+d(t)
=by-u(t) + f(x,t,d) (15)
j(t) = Cx(t)

Since f(t) is unknown, the ADRC technique presents a great interest to control this
kind of process with a real-time estimation and compensation of state-space variables and
global disturbances using only the known input u(t) and the measured output y(t) by an
extended state observer (ESO). Then, a nonlinear control law is implemented to control the
output. To achieve this, f(t) must be defined as an unknown and differentiable parameter
with a bounded derivative h = f [29].

Based on the ADRC'’s structure presented in Figure 4, the Tracking-Differentiator (TD)
is the part in the control scheme that arranges the transition process using the generalized
derivative of the reference input signal, z; and z, are the estimation of the internal and
extended state variables, and by is the approximated estimation of b.

_____________________________ . d
: el u : l y
\'% (& U
Pt NLSEF (=G 1/by [——{ System
: z Z | bo| :
1
I |
! [
' ADRC i :

Figure 4. Active Disturbance Rejection Control structure.

The first-order TD structure is defined by:

{sozvl—v (16)

vp = —rfal(ep, ap, do)
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where r is the tracking speed factor, and v = y,,r and vy are the reference input and the
output signal after TD arrangement, respectively.
The ESO can be expressed in the form of:

s =21—-Yy
Z1 = 2o + bou — py fal (e, a1, 67) 17)
Zp = _pzfal(sl,le,él)

where p; and p, are the observer gains.
Then, the nonlinear control law, or the NLSEF, is given by:

e=01—-Yy=91—271
{ ug = psfal(e,uz,67) (18)
u= -2

Parameter z, is the estimation of f and by is the estimation of b. Moreover, v is the
reference input, z; is the estimate value of y, and p;3 is the proportional controller gain.
All gains p1, p2, and p3 that define the ESO and the NLSEF depend mainly on the control
system sampling time, as discussed in [30].

It is worth noting that the ADRC approach implementation is based upon the nonlinear
function fal, which is the key of the controller design. In our case, the following nonlinear
function has been considered:

fal(e,,5) = { el <5 .

lell*sign(e), llell > 6

The conditions of derivability and continuity can be justified using this nonlinear
function, where ¢ and « are the filter and the nonlinear factors, with:

0<é
{0<1x<1 (20)

Based on the approximated model of the RLC filter’s dynamic, the output signal y
can be defined as the first state variable of the first-order reduced model, and the total
disturbance f will be introduced as a second extended state variable. The ADRC, as a
robust control technique, is configured to transform a complex system’s structure into a
cascade integrator model to simplify its control and treat the rest of the quantities and
signals as a global disturbance [31], which makes this approach a powerful tool for system
control under model and parameter uncertainties and disturbances.

Assuming that the exact mathematical description of the system is unknown and
with the presence of global disturbance, the authors in [32] have proposed to consider the
process dynamic in Equation (14), which can be presented in the ADRC framework using
the following augmented state-space form:

X1 = xp + bu .
Xp =h where h = f (21)
y=x1
which implies:

(22)
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The new ESO description, presented by Equation (17), can be expressed as follows:
2(t) = Az(t) + Bou(t) + L(y(t) — §(t))
= (A — LC)z(t) + Bou(t) + Ly(t)
= A.z(t) + Bou(t) + Ly(t)
g(t) = Cz(1)

where By is the approximation matrix of B, and L denotes the new ESO gain vector given by:

- [3]-12

02 Wy

(23)

where wy is the ESO bandwidth.

Finally, the extended state variable, which is estimated by the ESO, is compensated for
using the NLSEF presented by Equation (18). Consequently, the system dynamics can be
defined by:

y=bu+f=u—z+f=u (25)
It can also be noted that:
y=ps(01-y) (26)
The transfer function of the closed-loop system is given by:
y(s) 03
Ty(s) = = 27
y(s) 01(5) s+ 03 ( )

3.2. Performance Analysis of ADRC

As previously outlined, ESO is the core of the ADRC because of its ability to define an
unknown function as an extended state variable, which is estimated and then compensated
for using a nonlinear control law. Parameter tuning for both the ESO and NLSEF signifi-
cantly affects the control performance, and thus the closed-loop system stability and the
effectiveness of the ADRC [21]. Furthermore, due to the significant number of parameters
to be set in the ADRC, the nonlinear function used in the different parts of the ADRC
complicates the theoretical performance analysis of the regulator. In order to simplify the
mathematical developments, the fal function presented in Equations (17) and (18) can be
replaced by a simple error, i.e., fal = e, to be able to compute the transfer function of the
observer [33]. Hence, using the Laplace transform on the ESO, the expressions z; and z; in
the s-domain are given as follows:

P1 03
= 28
2 S+P1+P3y+s+p1+p3vl (28)

p2(s +p3) 0203
Zn = — v 29
s(s+p14p3)”  ss+p1tps) " @)

Then, the ADRC control law introduced by Equation (18) can be expressed as follows:

u(s) = Ty(s)v(s) — Ta(s)y(s) (30)
with 1 s ) )
_ 1 p3(s®+p1s+p2
) = By s(s 7 1 + po) ey
and

1 (p3p1 + p2)s + p203
T = — 32
2(s) bo s(s+p1+p3) (2
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Finally, using both Equations (25) and (30), the output signal in the s-domain can be
described by:

(bu(s) + £(s))

(b(T1(s)v1(s) — Ta(s)y(s)) + f(s))

s(s+p1+p3) 03
= S)+ ——0v1(s
Gre s +en) O s
= T5(s)f(s) + Ty(s)v1(s)

It can be noted that the output signal y is dependent on the desired reference signal and
the total disturbance affecting the process. Assuming the disturbance term f is neglected,
the transfer function of y can be equal to Ty, and then the control output depends only on
the control law gain p3. Figure 5 describes the impact of the variation in p3 on the stability
margin. By increasing the proportional controller gain, the high-pass filtering is enhanced
as well as the tracking speed and the stability margin.

y(s) =

D= 0| =

(33)

Bode Diagram
—

0
0
So0r
[0} — p3=1
E —p3=10
= p3 =50
$-40 — p3 =100
= — p3 =150
60L
0 = I T =
)
0]
2=}
o-45+- 3
n
©
=
o
90 - N 0 5 B PO S 0 1 Lt g g b ro—— . -
102 1071 100 10 102 10° 10*

Frequency (rad/s)

Figure 5. Bode diagram of Tj (s) with control law gain variation.

With consideration of the total disturbance term, it can be deduced from the control law
description and the output signal presented, respectively, by Equations (30) and (33) that
the closed-loop control’s stability depends mainly on the ESO and the NLSEF gains: p1, p2,
and p3. Using the relation between the observer’s gains pj, p2 and the observer bandwidth
wy described in Equation (24), the bode diagram of T3(s) is provided in Figures 6 and 7.
These figures describe the effect of changing the observer and the control law gains, where
wy is the observer bandwidth and w, = p3 is the control law bandwidth.

From these figures, it can be seen that the increase in pq, pp, or p3 improves the dis-
turbance rejection ability. It is noteworthy that the observer gains must be chosen in con-
sideration of the speed of state estimation and the sensitivity over the noises and the
disturbances [34]. Moreover, considering the use of two regulators in cascade, it is manda-
tory to consider that the inner loop is faster as compared to the outer loop while adjusting
the observer and the control law parameters.
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Figure 6. Bode diagram of T3(s) with observer’s gain variation.
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Figure 7. Bode diagram of T3(s) with controller’s gain variation.

3.3. Stability Analysis

To achieve the best results in terms of stability, reliability, and robustness, the ADRC’s
parameters can be deduced using the Lyapunov function, which is the most popular tech-
nique used for stability analysis, especially for a nonlinear regulator applied for uncertain
systems, as described in [35]. The stability study is mainly used to validate the existence of
appropriate gains in the ADRC that guarantee the convergence of the estimation errors.

Based on the generalized state-space description presented by Equation (23), we can
define the tracking error e = x — z and its dynamic as follows:

6= Aee+d (34)
with A, = A—LC = [ _zl (1) } and d = Eh.
—P2

Lemma 1. It can be noted that the error e is bounded if h is bounded and the matrix A, is Hurwitz.
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Proof. Assuming the matrix A, is Hurwitz, the Lyapunov function V and its solution X
can be presented by:
V =elXe (35)

with
ATX + XA, = —P (36)

and P is a positive definite matrix.
According to [36], the derivative of Equation (35) is given by:

V = —eTPe+ 24T Xe
= —(eTP2 — dTXP1)(eTP2 — dTXP2)T (37)
+ (dTXP2)(dTXP1)T
which implies that V < 0 if:

1

HeTPz —dTXP3|| > HdTXP% , (38)
then
2HdTXP% < HeTP% i (39)
For P = I, an identity matrix, V < 0 if:
lelly > 2| Xd[|, (40)

which implies that ||e||, decreases for all e satisfying (40). Consequently, the error e is
bounded. O

4. ADRC-Based Approach for Current and Voltage Control

The mathematical modeling of the DER unit is developed on a stationary reference
frame (ap). In this reference frame, sinusoidal quantities are used to design the controller,
which is in accordance with the AC nature of the designed microgrid [37]. To meet the
desired control dynamic performances, stability requirements, and robustness, ESO and
NLSEF gain tuning for voltage and current regulators is not an easy task, especially for
cascaded control loops. To deal with this issue, a detailed mathematical model is proposed
in the following to simplify the controller design and performance analysis for different
scenarios. This study eases the design of the power converter output voltage and current
controllers and the analysis of all the harmonics and disturbances caused by different loads
supplied by DER units.

4.1. Voltage and Current Controller Design

The first step for v, regulation is to reformulate its equation, presented in Equation (11)
as follows:
doc _ 1

. Yloud . 1.
= i — —="0c g = —ir+ f1(t) = biu(t) + f1(t) (41)

with by = Cif’ u(t) =i and f1(i’) = —Y%;dvc — Ciid-

To eliminate the steady-state error, the estimated disturbance using ESO must be
compensated for as a feedforward signal for the NLSEF, as presented in Figure 4. Moreover,
the estimated state-space is compared with the reference value to build the input of the
TD block. Finally, the output signal of the voltage ADRC-based controller is the reference
value of inductor current iy 7, which is the input signal for the inner loop controller.
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For the inner loop ADRC-based controller, the equation related to inductor current iy ¢
dynamic is used, which is given by:

dip _ 1., Ry, 1
3, — 7 _VDER — 7 lL — 7¢0C
dt Lf Lf Lf
1
= L—fVDER + fo(t) = bou(t) + fo(t) (42)
with bz = Cif’ M(t) = VDER and fz(t) = —%iL — %fvc.

4.2. ADRC-Based Control General Structure

The regulator design for the DER control in the microgrid can be presented by the
scheme provided in Figure 8. It consists of a voltage regulator that provides the current
reference and inner loop current regulator that provides the modulation signals for the
DC-AC converter. Figure 9 presents a detailed scheme of the structure of ADRC regulators
used to control the DER in the microgrid. The output signal of the ADRC presents the Vpgr,
which is the input signal for the inverter (control signals for DER) that allows producing
an output voltage wavefom equivalent to the main grid voltage in terms of amplitude,
frequency, and waveform.

¥ ai] -
[N P e i S
DCAC comverter | 3 S| % = A T
I»L cccas ELinear load

: VDER

e e e v VC» = ___________
Current Voltage |,
regulator | i o | regulator [Ty

- ADRC regulator -

Figure 8. Block diagram of the ADRC for the DER control in microgrid.

VC—ref//

—f 1D @ NLSEF b®

| Lle—ref

4
Voltage regulator ] Current regulator i
e Ny C
dt
ﬂ_ii _Yl”adv —li
Ve =Yy dt Cf k Cf e Cf d <
di, 1 R, 1

T o ol e e e U
dt  Lf L¢ Le

Distributed generator : inverter+LCL filter + load

Figure 9. Detailed block diagram of closed-loop system based on ADRC regulator.
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5. Simulation Results

The proposed controller is used for one distributed generator in order to improve
voltage waveform, system stability, disturbance rejection (i.e., rejection capability to switch
harmonics and harmonics caused by nonlinear loads), dynamic performances, and robust-
ness under parameter uncertainty. Given the critical importance of the loads, international
standards (ANSI/IEEE, 1986; IEC, 2011) [38,39] govern the performance of Distributed
Energy Resources (DER), establishing criteria for both transient and steady-state opera-
tions. In transient conditions, adherence to standards necessitates minimal fluctuations
in the output voltage amplitude and swift recovery times when loads are introduced or
removed from the system. In the steady state, a DER’s output voltage must manifest as a
sinusoidal signal with a consistent amplitude and frequency.

For the signal to be recognized as sinusoidal amidst periodic disruptions induced by
nonlinear loads, compliance with prescribed limits for Total Harmonic Distortion (THD)
outlined in these standards is mandatory. A fundamental performance expectation for a
distributed energy resource (DER) system producing a sinusoidal output is the delivery
of a voltage with minimal harmonic distortion, resiliently operating under uncertainties,
parametric variations, and nonlinearities stemming from factors like delay, saturation, and
disturbances—common occurrences in practical scenarios.

Achieving this objective is feasible using an ADRC control technique.

It is worth mentioning that, for several DER units combined in parallel to form a
microgrid, an additional control loop is required in order to ensure power sharing between
DER units to satisfy the loads and avoid circulating currents between DER units. In this
section, only one DER unit is considered for ADRC controller assessment. The DER model
studied is that of a three-phase model, but for simplicity reasons, and since identical results
were obtained, only the results of the first phase were displayed in the simulation part.

Simulation parameters are provided in Tables 1 and 2 [39]. The desired DER output
voltage is a sine wave signal with a nominal frequency of 60 Hz and an RMS value equal to
127 V. The performance assessment of the proposed control structure is carried out using
Matla/Simulink platform. Simscape toolbox has been used to implement the DER and
Simulink blocks are used to implement the proposed ADRC-based control approach. In the
following, both linear and nonlinear ADRC approaches are implemented and compared
for DER control in the microgrid.

Table 1. DER system parameters.

Parameter Label Value

DC bus voltage Vbe 520V
Inductance Ly 1mH
Resistance (inductance side) Ry, 0.015Q
Capacitance Cyr 250 uF

Resistance (capacitance side) R 00
Uncertain linear load impedance Yiin, Ymax [5;10,1000] O3

Frequency 60 Hz

RMS output voltage 127V
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Table 2. Load parameters.

Parameter Label Value
Ry 32920
Linear load
Ry 8.23 O)
R 0.73Q
R 0.75 Q
) R,3 3720
Nonlinear load
R4 1650
G 3010 uF
Cy 9010 uF

5.1. Comparison of DER Performance Using Linear and Nonlinear ADRC

ADRC has been implemented for DER output voltage control under varying load
conditions and considering several parameter uncertainties. Controller parameters for
voltage and current loops are provided in Tables 3 and 4.

Table 3. Parameters of voltage regulator.

Parameter Label Value
Nonlinear factor o 0.9
ESO Filter factor o1 2
Observer bandwidth wo 132.2876
Nonlinear factor ay 0.93
NLSEF Filter factor 02 0.01
Controller bandwidth We 17.799

Table 4. Parameters of current regulator.

Parameter Label Value
Nonlinear factor o 0.91
ESO Filter factor o1 5
Observer bandwidth wo 195.2744
Nonlinear factor ay 0.95
NLSEF Filter factor 02 7.5325
Controller bandwidth we 39

As presented in Figure 10, the DER operation starts with a simple linear load, and then
a second nonlinear load was added at t = 0.2 s for a period of 0.8 s. Figure 10a,b present
the output current and voltage of the inverter controlled by a linear and nonlinear ADRC,
respectively. It can be seen from these simulation results that the linear and nonlinear
ADRC approaches have approximately the same performance and efficiency in controlling
the inverter with high accuracy. The impact of using a simple error or a nonlinear function
“fal” in the control law and the observer can be seen in Figure 10c,d, where the THD
variation and the RMS error of the linear regulator are less than the nonlinear one. In both
cases, the THD does not exceed the limit of 5% (set by the IEC standards), and the RMS
error is less than 3% during transient and does not exceed the 1.5% in the steady state.

The performance, stability, accuracy, and efficiency of the two controllers can be
considered to be identical for DER control even with the presence of nonlinear loads. Due
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to the simplicity of the linear controller structure and based on the simulation results
presented above, the linear ADRC is chosen to drive the DER for the rest of this section.
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Figure 10. DER performance using linear and nonlinear ADRC. (a) Output current signal. (b) Output
voltage signal. (c) THD value of DER system output voltage. (d) RMS error of DER system output voltage.

5.2. Linear ADRC Performance under Linear and Nonlinear Loads

This part deals with performance analysis of linear ADRC to drive the DER system in
different operating conditions. Starting with a purely resistive load, the V, voltage perfectly
tracks the reference voltage signal, as presented in Figure 11a, with very fast time response
and an error less than 3 V during the steady state, as shown in Figure 11b,c.
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Figure 11. Output voltage with resistive load. (a) Output voltage signal. (b) Zoom in. (c) Output

voltage error.

To investigate the robustness of the ADRC controllers against load profile, several
simulations have been conducted. Figure 12 presents the simulation results with inductive
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load, which has been added to the first load at t = 0.1 s. It can be seen that the ADRC
regulator has a high accuracy even with the inductive load, as shown in Figure 12a,b, with an
average error that does not exceed 4% of the RMS value, as presented in Figure 12c. Then, the
inverter is used to supply a capacitive load. It can be concluded from the simulation results
introduced by Figure 13 that the ADRC regulator shows robust capability, as it has the ability
to adapt to different operating conditions for several load profiles. The performance of the
proposed control technique can be justified by the current signal presented in Figure 14, which
describes the output current signal in the case of resistive, inductive, and capacitive loads.

Voltage (V)

200

100

-200
0

0.2

—Reference
~—Output voltage.

—Reference
——Output voltage 150

Voltage (V)
: o

0.6 0.8 1 12 0.18 0.19 0.2 0.21 0.22 0.23 0.24
Time (s) Time (s)
(a) (b)
10 [y ra———
— Voltage error|
~ 5
2
g
@
o 0
=3
S
S
-5
10 : :
0.2 0.4 0.6 0.8 1 1.2
Time (s)
(0)

Figure 12. Output voltage with RL load. (a) Output voltage signal. (b) Zoom in. (c) Output voltage error.
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Figure 13. Output voltage with RC load. (a) Output voltage signal. (b) Zoom in. (c) Output

voltage error.
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Figure 14. Output current variation (a) with R load, (b) with RL load, and (c) with RC load.

Nonlinear loads have been also considered in this study. Simulations show high
performance, as depicted by Figures 15a and 16a. Indeed, the output voltage tracks the
reference voltage with high accuracy, even with the connection and disconnection of
nonlinear loads. Figures 15b and 16b provide a zoom in during a transient state when
adding the first and second nonlinear loads. At this instant, the voltage error presents a
small variation less than 10 V, the decrease in which tends to a steady-state condition, with
an error that does not exceed 5 V, as shown by Figures 15c and 16c.
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Figure 15. Output voltage with first nonlinear load. (a) Output voltage signal. (b) Zoom in. (c) Output

voltage error.
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Figure 16. Output voltage with two nonlinear loads. (a) Output voltage signal. (b) Zoom in.

(c) Output voltage error.

Load profile and load variations have an impact on the current delivered by DER and
consequently on the voltage waveform. Figure 17 gives the current variation in the case
of linear and nonlinear loads. It appears from these results that the ADRC used to control
the current allows compensating for these disturbances and enhances the voltage signal
waveform. Figures 18 and 19 depict the THD and the RMS variation for transient and
steady-state conditions. It seems from these results that THD and RMS value error comply
with the IEC standards, where the THD's variation is in the limit of 1%, and the RMS error
does not exceed 4%.

30

Current (A)
5 S
3 o & 8

)
S

—Output current

—Output current.

° L

Current (A)

&
S

0.2 0.4 0.6
Time (s)

@)

200
150
100

50

Current (A)

-50

-100

-150
0

0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 12

Time (s)
(b)
—Output current,
0.2 0:4 0:6 O:B 1 1.2
Time (s)
(0)

Figure 17. Output current variation (a) with linear load, (b) with one nonlinear load, and (c) with

two nonlinear loads.
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Figure 18. THD variation of output voltage signal (a) with linear load, (b) with one nonlinear load,
and (c) with two nonlinear loads.
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Figure 19. RMS value of DER system output voltage (a) with linear load, (b) with one nonlinear load,
and (c) with two nonlinear loads.

5.3. Parameter Variation and ADRC Performance Analysis

To further prove the robustness and the efficiency of the ADRC approach, further simu-
lations have been conducted under system parameter uncertainty. Indeed, DER parameters
are supposed to be known when deriving control laws using classical approaches. However,
these parameters are usually uncertain due to parametric variations due to aging, operating
conditions, and internal and external disturbances. In the following, simulation results are
presented considering the system behavior in the case of uncertainty of the RLC filter’s
parameters.

Figure 20a—c present the impact of the resistor, inductance, and capacitor variation
on the filter’s output current. It can be noted that uncertainty in those parameters slightly
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affects the system during the transient state, then the system quickly converges to the refer-
ence value. Consequently, the ADRC controller is robust to system parameter variations
due to its ability to estimate and compensate for any kind of disturbances due to parametric
variation or uncertainty or even external disturbances (termed total disturbances). This
fact provides the ADRC controller high performance capability, robustness against internal
and external disturbances, and efficiency in delivering a voltage source in microgrid-based
DER complying with international standards.
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Figure 20. Output current variation (a) with R, variation, (b) with L ¢ variation, and (¢) with C ¢ variation.

5.4. Discussion

The achieved results underscore the efficacy of the implemented Active Disturbance
Rejection Control (ADRC) controllers in attaining the prescribed control objectives. These
controllers exhibit interesting performance in tracking the output voltage sinusoidal wave-
form, even under challenging operating conditions. The study comprehensively explores
harsh scenarios, encompassing nonlinear loads and uncertainties in the parameters of the
Voltage Source Inverter in the microgrid.

Despite the observable impact of harmonic loads on the control signal and occasional
spikes in the output voltage waveforms, the average control error remains within an
acceptable range. These simulation results highlight ADRC’s robustness as a control scheme,
although certain limitations are evident. The intricate nature of external disturbances
encourages users to increase observer and controller bandwidths for enhanced disturbance
rejection and reference tracking. However, practical constraints such as finite actuation
capabilities, sampling time, and inherent limitations in the ADRC structure necessitate a
compromise in real-world applications.

Several constraints can be taken into account while dealing with ADRC real-world
implementation, encompassing measurement sensors, disturbance rejection capability,
parameter uncertainty immunity, and hardware computational cost. The ADRC can be
considered as a compelling approach, achieving significant objectives in terms of sinusoidal
voltage waveforms and power quality improvement. However, higher hardware computa-
tional costs should be required as compared with Proportional-Integral (PI) controllers.

6. Conclusions

This paper presents a robust control strategy based on Active Disturbance Rejection
Control (ADRC) for regulating voltage and current in a single Distributed Energy Resource
(DER) unit within a microgrid, accommodating both linear and nonlinear loads. The ap-
proach involves treating unknown load variations as total disturbances in the controlled
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system, estimating these disturbances in real time using an extended state observer (ESO).
The ESO within the ADRC framework estimates the extended state, encompassing all
disturbances, which are then utilized in the feedback control loops through Nonlinear State
Error Feedback (NLSEF) implementation.

The results obtained from the study indicate that the employed Active Disturbance
Rejection Control (ADRC) controllers effectively achieve the specified control objectives,
demonstrating notable success in accurately tracking the sinusoidal waveform of the output
voltage. This favorable performance persists under challenging conditions, including the
presence of nonlinear loads and uncertainties in Distributed Energy Resource (DER) parame-
ters. Even in scenarios where harmonic loads impact the control signal and occasional spikes
occur in the output voltage waveforms, the overall control error remains within a practically
acceptable range. These findings are promising, underscoring the potential of the proposed
approach to significantly improve power quality in DERs for microgrid applications.

To further validate these results and assess the practical feasibility of the proposed
controllers, additional investigations are warranted. Specifically, the implementation of the
controllers on lab-scale experimental benchmarks is essential. Subsequent stages would in-
volve exploring the application of this approach in the context of several interconnected DERs,
providing a more comprehensive understanding of its real-world efficacy and scalability.
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DER Distributed energy resources
RES Renewable energy resources
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ADRC  Active disturbance rejection control
MEG Microgrid exchange group

THD Total harmonic distortion

ESO Extended state observer

NLSEF Non-linear state error feedback
PWM Pulse width modulation

MPPT  Maximum power point tracking
TD Tracking-Differentiator

RMS Root mean square
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