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ABSTRACT This paper proposes multiple control actions applied to centralized advanced microgrids
(MGs). The well-established control actions feedback (FB), feedforward (FF), and disturbance decoupling
(D) commonly used in current control of distributed energy resources (DERs) are herein extended to
advanced MGs. Analytical expressions are derived to show the effect of each control action on the well-
established DER current control and then on advanced MG control. Comprehensive comparisons between
the feedback and all control action strategies are performed for both DER and MG controls. Simulation
and experimental results show a dynamic response improvement in load disturbance rejection when all
control actions are considered, as well as a reduction in steady-state error for the grid power flow control.
By employing low-bandwidth communication between DERs and central controller, no hardware retrofit
is required in comparison to what is needed in other state-of-the-art centralized MG controls.

KEYWORDS Centralized advanced microgrid, disturbance decoupling control, feedback control, feedfor-

ward control.

I. INTRODUCTION
Advanced microgrid (MG) models offer a promising solution
to address power quality issues arising from the widespread
integration of distributed energy resources (DERs) [[1]. These
advanced MGs organize loads and DERs within clearly
defined electrical boundaries and provide several key fea-
tures [2]]: (z) power dispatchability at the point of common
coupling (PCC), allowing the MG to function as a single
controllable entity from the perspective of the upstream grid;
(22) efficient power sharing among DERs; and (i:¢) the ability
to operate in both grid-connected and islanded modes.
Many control strategies are found in the literature to
properly manage advanced MG models. The aforementioned
features can be satisfactorily achieved by adopting central-
ized MG architectures equipped with low-bandwidth com-
munication infrastructure [3]]. In centralized architectures,
a central controller (CC) steers all participating DERs to
achieve efficient MG management and provide ancillary
services such as PCC power flow control [4], voltage support
and harmonic compensation [5]], current unbalance mitiga-
tion [6], and improved frequency/voltage deviation [7].
Although several strategies that align with the definition of
advanced MGs are outlined in the literature, enhancing the
response dynamics of these strategies can be readily achieved
by also incorporating control actions in its formulation.
This practice is widely implemented in the well-established
current control of DERs, where feedback (FB), feedforward
(FF), and disturbance decoupling (D) actions are incor-

porated to enhance the dynamic response of the inverter
without requiring hardware upgrades or complex algorithms.
The feedback mechanism in DER control mitigates the error
between the injected current and its reference. The feedfor-
ward action anticipates changes in the DER current, while
disturbance decoupling action mitigates voltage transients at
the DER terminals. Several established literature references
addressed and evaluated the dynamics of current control from
the perspective of control actions [8]-[12], a focus that has
not yet been applied to advanced MG control. For instance,
the authors of [§] presented a comparative evaluation of
the performance of three state-of-the-art feedback current
control techniques (i.e., linear proportional-intergral (PI),
deadbeat and hysteresis controllers) for active filter-based
DERs. Reference [9]] shows feedback current controllers for
grid-connected DERs, including PI, proportional-resonant
(PR), and deadbeat controllers. The authors also discuss
the enhancements achieved by incorporating disturbance
decoupling actions during voltage sags. The control actions
FB, FF and D are presented for single-phase uninterruptible
power system inverters in [10] and for ac machine drives
in [[11]. Reference [12] proposes a feedback current control
scheme for selective harmonic compensation in shunt active
power filters. The authors also incorporate cross-coupling
decoupling and line voltage disturbance compensation into
their approach.

In the control of advanced MGs, strategies are often not
articulated in terms of multiple control actions and typically
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rely on a single control mechanism. For instance, the authors
of [[7] proposed a centralized strategy to reduce frequency
and voltage deviations within MG nodes through feedback
PI controllers devised into a CC. A coordinated feedforward
harmonic mitigation and voltage support scheme is proposed
in a centralized MG architecture [13]], where PCC power
dispatchability is not addressed. In [14], it is proposed a
centralized MG control embedding feedforward and distur-
bance decoupling control actions capable of controlling the
power flow through the MG PCC. Since the feedback FB
action is absent in [14], steady-state errors in the PCC power
flow control due to non-idealities of communication links
and power measurements not properly calibrated may not
be compensated. The authors of [15] proposed a MG power
dispatch control based on the feedback action with a PI
controller and evaluated the effect of communication delays
on the MG operation. Other control actions or controller
tuning procedures have not been incorporated in [[15]. Araujo
et al. [16]] proposed a centralized control strategy for ad-
vanced MGs, integrating distributed grid-forming converters
and heterogeneous converters. This approach included the
formulation and modeling of secondary feedback controllers
for voltage and frequency restoration, providing a framework
for controller design. Although not yet addressed in this
emerging application, the combined feedback, feedforward,
and disturbance decoupling control actions can improve the
performance of advanced MG control.

In view of the aforementioned, this paper proposes a
centralized control applied to advanced MGs, with improved
dynamics by employing feedback, feedforward, and distur-

Upstream grid<eMicrogrid

bance decoupling control actions. To the best of the authors’
knowledge, this approach has not yet been adopted for
MG control. This paper is an extended version of [17]],
providing an enhanced state-of-the-art description and pre-
senting experimental results. As contribution, an analogy is
drawn between the well-established current control applied
to electronic converters [9]], [[10], [18] and the centralized
MG control, highlighting that well-applied simple concepts
can lead to significant improvements in the dynamic control
of MGs without introducing unnecessary complexity. The
analogy with DER control strengthens the appeal of the
proposed strategy by translating the complex MG context
into a more well-known framework. Dynamic response
improvements of load disturbance rejection and reference
tracking are demonstrated by means of simulation and exper-
imental results on a single-phase residential advanced MG.
Controller tuning methodology is also addressed, which can
be extended to any advanced centralized MG model.

This paper is outlined as follows: Section [IIf presents the
description of the DER conventional current control regard-
ing the feedback, feedforward, and disturbance decoupling
control actions. Section |l1Ij shows the control actions applied
to the centralized advanced MG control. Sections and
show comparative simulation and experimental results,
respectively. Conclusions are stated in Section

Il. CONTROL ACTIONS APPLIED TO CONVENTIONAL
DER CURRENT CONTROL

Figure [I(a) shows the single-phase current-controlled
inverter-based DER analyzed herein. It is an H-bridge in-
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FIGURE 1. (a) Hardware and (b) control diagrams of the DER. (c) Single-phase MG topology. (d) Proposed centralized MG control diagram.
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verter with LC filter to suppress the harmonic components
produced by the switching [19]]. The dc stage is modeled
as an ideal dc voltage source (i.e., v4.) without loss of
generality. Lowercase and uppercase variables are time-
varying and frequency-domain signals, respectively - see
Figures [I(a) and (b). v, is the DER point of connection
(PoC) voltage and ¢, is the DER controlled current. Since
the converter switching frequency fs,, = 12 kHz is much
higher than the DER current controller bandwidth fPFF =
1.2 kHz - see Figure [[[b), the circuit of Figure [I(a) can be
simplified by its average model [20].

Figure [T(b) shows the DER closed-loop control block
diagram in Laplace domain, in which: (z) H(s) models the
pulse-width modulation (PWM) unit (i.e., including mod-
ulator and analog-to-digital conversion delays); (ii) Z; =
s-Lg+ Ry is the DER output filter impedance; (i) G(s) is
the proportional-resonant (PR) current controller; (v) Ly is
an estimate of the DER filter inductor (i.e., DER hardware
design information); and (v) F' (i)\ is a low-pass filter (LPF) to
attenuate the derivative term sL . Control and plant signals
are black and red colored, respectively. In such a block
diagram, I is the controlled output variable, while I} and
V, are the model inputs (i.e., reference and disturbance).
By enabling switches , @, and D) in Figure b),
feedback, feedforward, and disturbance decoupling actions
are performed, respectively. The DER closed-loop control is
given by (I), which lists all the aforementioned input and

output terms:
5 ®

—_—

—~ — =
, _ G HtsL H H -1 0
‘ Zf+G-H Zf—i-G-H

where the terms inserted by the feedback, feedforward, and

disturbance decoupling actions are highlighted by , @,
and (D), respectively. The feedback control is responsible for
mitigating the error between I; and I, where G(s) must
be properly tuned to achieve this task. Feedforward and
disturbance decoupling actions provide anticipatory action
to Is changes and decouple the PoC voltage transients,
respectively. Feedforward action is performed by I - sL A
wide bandwidth LPF F'(s) is employed to reduce the effect
of the derivative function s, whose cutoff frequency is wy.
The PoC voltage, V,, that disturbs the DER current control
is also added to the DER controller output to decouple the
disturbance in Figure [T[b).

By enabling only the feedback control action, only switch

is closed in Figure b). The terms in () highlighted

by @ and (D) are null since these actions are absent. The
current controller tuning is designed one decade apart from
the DER switching frequency and lower than the LC filter
resonance frequency, following the guidelines of [21]]. Equa-
tion (I)) is complete when all control actions are employed.

The feedforward control action affects I,/I* in (1), while
the disturbance decoupling action affects I;/V,. The terms
in (I) highlighted by (D) show that V, is compensated if
H(s) = 1, which shows disturbance decoupling up to the
bandwidth limit of H(s).

lll. CONTROL ACTIONS APPLIED TO CENTRALIZED
ADVANCED MG CONTROL

Figure [Tfc) shows the diagram of the single-phase low-
voltage MG topology, with constant-power-modeled loads
(i.e., L1, L2, and L3), a non-dispatchable photovoltaic (PV)-
based DER, and two single-phase multi-task dispatchable
DERs. Herein, dispatchable DERs are configured to operate
in current-controlled mode (CCM). However, DERs can
operate in either CCM or voltage-controlled mode (VCM), as
long as they can track power references transmitted from the
CC. For VCM, cascaded power, voltage, and current control
loops are required [22]. However, this mode is beyond the
scope of this paper. The CC is installed at the MG PCC,
where current (ipcc) and voltage (vpcc) measurements
are performed. Figure[T(d) shows the evaluated active power
loop control diagram. Since active and reactive powers are
orthogonal to each other (i.e., decoupled), analyses can be
conducted individually for each power term without loss
of generality. The communication link enables the CC to
gather information from all dispatchable DERs and send
control commands to exploit them according to the pursued
objectives.

Scaling power coefficients ap and g are calculated in the
CC based on the power conditions of the DER hosting nodes
and the MG PCC, following the guidelines in [23]]. These
coefficients, ap and ag, are then transmitted via a low-
bandwidth communication link to set the active PPF%* and
reactive QPFR* power references for the DER-embedded
control loops. This procedure ensures proportional power
sharing based on the capacities of the participating DERs of
the MG control. For simplicity, the diagram in Figure [T(d)
omits this process, as calculating the power coefficients and
applying them to the DER control loops involves no dynamic
behavior (i.e., only a static gain normalization). The n-th
DER current reference for sinusoidal current synthesis is
calculated according to (), where PPER* = p . PDER

max,m
and QDER* = ag - Qﬁffn. VEMS is the RMS voltage
measured at the DER PoC; cos(f) and sin(6) are unity
in-phase and quadrature signals synchronized at the DER
PoC voltage given by a phase-locked loop algorithm [24].
Notably, the maximum available active power of the DER,
ng;’?n, depends on the state of charge of the energy storage
system integrated with the n-th DER. The maximum reactive
power of the DER, Qﬁfﬁn, is determined by the remaining

power capacity up to the DER rated power rating [23].

. V2. PPER* . cog(0)

7
’ Vol

V2 QPER . sin(6)
PRt o
PoC
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In Figure [1{d), transfer functions (TFs) A2(s) and AS(s)
represent the n-th DER—CC and CC—n-th DER commu-
nication infrastructures, respectively. P(s) models the CC
delayed response, whose processing frequency is expressed
by fc. Power terms are calculated by means of moving
average filters (MAFs) M (s), which are modeled by an LPF
with bandwidth frequency (w.) cascaded with a notch filter
tuned to the fundamental line-frequency w,, [25]]. Control and
plant signals are black and red colored, respectively. PPFE
quantifies the power injected by all DERs participating
in the MG control, specifically those coordinated by the
CC. C(s) represents the proportional-integral (PI) controller
implemented in the MG CC. D(s) represents the closed-loop
DER current control, whose hardware and control diagrams
are shown in Figures [T{c) and (d), respectively.

From the comparison of Figures [I{b) and (d), it is noted
that the complete MG control is analogous to the well-known
autonomous DER control in terms of control actions. Thus,
all control techniques previously addressed in the literature
can be directly applied to the MG centralized control. In both
cases, switches X @, @ enable feedback, feedforward,
and disturbance compensation control actions, respectively.
Regarding Figure [I(d), the feedback control is responsi-
ble for mitigating the error between PCC active power,
Ppcc, and PCC active power reference, Py, where the
controller C'(s) must be properly designed to achieve this
task. Similarly, in Figure [I[b), the proportional-resonant
(PR) controller, GG(s), is responsible for mitigating the error
between the sinusoidal reference, I, and the measured DER
current, [.

Feedforward action provides action in advance of a change
in the Ppcc, by adding the feedforward signal to the C(s)
output. This control action is analogous to the one performed
in Figure |1 b) by means of I} - sL ¢ term. Finally, the
disturbance decoupling action, Py, decouples the MG load
transients (i.e., Pr). The estimation of Pp s developed
according to [14], in which PL is computed within one CC
control cycle. The procedure to estimate Py, is summarized
in the following: () the n-th DER unit transmits to the CC
the individual active power provided by the n-th DER unit
(PPER); (i4) the CC computes the total active power PPFE
provided by the NV participating DERs; (i) monitoring the
PCC power flow, the CC estimates the total active (Ppr)
power drained within the MG internal nodes:

PtD ER

——
N

Py = PPER 4 Ppcg, 3

n=1

where ]3L produces the required load disturbance decoupling
action due to MG load shedding/connection and/or also
power variation of non-dispatchable DERs. Analogously, (@)
lists all the aforementioned input and output terms regarding
MG centralized control:

AN
P . A D-P-(C + 1)
pcc = f'pce C . — 1D
1+A9.D-P-(1-AP+ C©)
© @
(D)
——~
1-AY. AP .D.P
+ Pr, n

1+A¢-D-P. (17AD+ C)

o

A suitable control strategy must effectively track Pp .
and reject Pj disturbance. As noted, the feedback ac-
tion affects both the Ppcc/Ppoc and Ppcc/Pr TFs.
The feedforward control action affects Ppcc/Ppe e, and
the disturbance decoupling action affects the numerator of
Ppcc/Pr. The terms inserted in (@) by the control actions
are highlighted by , @ and (D). Equation (@) is complete
if the three control actions are enabled.

The tuning of the centralized controller and the processing
time of CC are designed with different dynamics for proper
MG operation: (¢) DER switching frequency is 12 kHz -
vide fDFR in Figures [3{b) and (d); (ii) current controller
is tuned with cutoff frequency fP¥%, one decade below the
switching frequency (i.e., 1.2 kHz) - lower than the LC filter
resonant frequency (i.e., 2 kHz); (¢47) the processing time and
data exchange between DERs and CC is set to f.,, =120
Hz, one decade below the DER current control bandwidth;
and (¢v) the centralized PI controller, implemented in CC,
is tuned to cutoff-frequency of f¢¢ =10 Hz, 90° phase
margin, according to the method described in [21]]. The non-
compensated open-loop TF, G (s), of the secondary control
from Figure [T(d) is:

C
Gor(s) = C(s) - Ay (s) - D(s) - P(s), ©)
= 100
= f¢C=10 Hz
o 50F ,
=
e 0
g —Non-compensatec |
%3 -501 ?,I,l ( )}}/lp:(rb l‘)() !
=-100 ;
1072 107! 109 10!
Frequency [Hz] |
(a) |
_ 0 s
o -0 '
<
A -180 901
-270

1072 1071 100 10!
Frequency [Hz]
(b)
FIGURE 2. Compensated and non-compensated open-loop frequency
response of the MG centralized control with feedback action: (a)
magnitude, and (b) phase.
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where D(s) is the DER closed-loop TF, I(s)/I:(s), defined
in (I), cascaded with a MAF - see (6). DER is power open-
loop controlled. P(s) is defined in by means of a zero-
order holder TF tuned at frequency f.o, or period T¢,,,, and
adjusted using the Padé approximant method. A is defined
in (8), where T.¢ is transmission time from CC to n-th DER.
The centralized PI controller C(s), defined in @I), can be
tuned from (3) according to the previous assumptions (i.e.,
f€¢ =10 Hz and phase margin of 90°). The magnitude and
phase response of Figure [2| shows that f¢¢ and pm are
reached.

Is/13 M(s)
—
D(S)_G-H—Fst'H We $2 + w?
n Zy+G-H s+ we 24 s wp+w?

(6)

1 — ¢ 5Tcom
P(S) = T, (7)
Ag(s) = e_‘s‘T”C7 (8)

KCC
C(s) = KSC + i ©)

S

It is worth noting that an anti-windup mechanism is incor-
porated into the PI controller to prevent deep saturation of
the integral term during transients, when the communication
link is lost or when the DERSs lack sufficient available power
to meet the required MG PCC dispatchability. Integrator
windup occurs when the integral term in the PI controller
accumulates excessively during periods when the controller
output is saturated or constrained. This can lead to a signif-
icant overshoot and slow recovery when the system returns
to normal operation.

IV. SIMULATION RESULTS

Table [T| shows the main parameters of the DERs and single-
phase MG. PLECS® platform is adopted in the simulations,
with a discrete simulation step of 0.83 us. The communica-
tion link between dispatchable DERs and CC is configured
to occur every 1/120 s, with the transmission latency defined
in Table [T} The single-phase loads are modeled to drain
constant active and reactive power, according to Table [I]
Load L1 is connected to MG at ¢t; = 1.5 s. The non-
dispatchable PV-based DER has the same parameters com-
pared to the dispatchable DERs. The PV-based DER injects
a fixed 1000 W during the entire simulated period. The
feedback and all control strategies are evaluated considering
the same parameters of DER (i.e., well-established current
control) and MG (i.e., advanced MG control) to ensure fair
comparisons between them.

TABLE 1. Parameters of the DERs and single-phase advanced MG.

DER parameters Label Value
DER power rating (simulation/experimental) S]DERA, SZDER 6 kVA / 1.5 kVA
Switching/sampling frequency fsws [s 24 kHz
LC filter parameters Ly, Ry, Cy 2 mH, 150 m, 3.3 puF
de-link capacitance Cae 1.17 mF
de-link voltage (simulation/experimental) Ve 400 V /320 V
PoC peak voltage (simulation/experimental) Vik 220v/2 V / 127V2 V
PoC RMS voltage (simulation/experimental) VPR 220V/ 127V
Inner loop: P gain Kprmer 16 Q
Inner loop: R gain Kjpnner 2000 V~1/s
Estimated filter inductance Zf 2 mH
DER LPF bandwidth wf 2. m-10,000 rad/s
MG parameters Label Value
RMS phase-to-neutral voltage VQRA"'S 127 V, 60 Hz
Fundamental line frequency wn, 377 rad/s
Number of participating DERs N 2
Zg.71 0.032+50.012 ©
Grid and line impedances Za, Zy 0.021+50.002 Q
Z3 0.021+50.01 ©
CC controller KSC, KE¢ 0.54, 58.82 s~
L1 2000 W, 1300 var
Loads (simulation) L2 1500 W, 1250 var
L3 1500 W, 1500 var
Loads (experimental) LI 1000 W, 0 var
L2 250 W, 0 var
CC sampling frequency SC’C 6 kHz
CC processing frequency (simulation/experimental) feom 120 Hz / 10 Hz
MAF notch filter bandwidth wp 90 rad/s
MAF LPF bandwidth wWe 20 rad/s
Transmission time from CC to n-th DER ¢ 0.1 ms
Transmission time from n-th DER to CC P 0.1 ms

A. Improved dynamics derived from control actions for
DER current control

Figures [3(a)-(e) comparatively show current and voltage
waveforms considering the DER control with only the feed-
back control action and with all control actions (i.e., feed-
back, feedforward, and disturbance decoupling actions). For
fair comparisons, the same controller gains are employed for
both cases. Four scenarios are conducted in the simulation
results of Figure E} (z) DER control initialization at 0.5 s,
with current reference magnitude set to 10 A; (7¢) step from
10 to 20 A of current reference magnitude at 0.8 s; (ii%)
disturbance of the DER PoC voltage by a 50% residual
voltage sag at 0.9 s, maintaining the same DER reference
current; (iv) voltage restoration to rated condition (i.e., 127
V) at1s.

When all control actions are enabled, the transient of cur-
rent tracking i is visually imperceptible under all performed
(2)-(2v) events, as shown in the zoomed views of Figure Ekb)—
(e). The absence of transient overcurrents is interesting from
the point of view of DER hardware safety, suggesting a stiff
control to reference variations and disturbance rejection. On
the other hand, a current overshoot of 12.5 A is observed at
the DER control initialization when only the feedback action
is used - see Figure [3[b). A transient overcurrent of 26.5 A
is also noted during the 50% voltage sag, in such a scenario
with only feedback action - see Figure [3(d). Although
the control results between both cases are similar in the
steady-state condition, the transient response of the DER
current control deteriorates when using only the feedback
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FIGURE 3. (a) Current and voltage waveforms considering the simulated DER control with only the feedback control action and with all control actions.

Zoomed views of current waveforms during (b) current control initialization

action. Thus, the feedforward and disturbance compensation
actions positively affect the dynamics of the DER current
control, without performing a hardware retrofit or additional
measurements.

B. Improved dynamics derived from control actions for
centralized MG control

1) Reference tracking performance and load disturbance
rejection

Two case studies are conducted in the results of Figure [F
centralized MG control with only feedback action; and cen-
tralized MG control with all control actions (i.e. feedback,
feedforward and disturbance decoupling). Figures [{a) and
(b) show the active and reactive power terms exchanged be-
tween the MG and the upstream grid for the entire simulation
time. Four scenarios are conducted in the simulation results
of Figure Et (#) MG control initialization at 0.5 s, with null
active and reactive power references (i.e., Ppo~ = 0 and
QRpcc = 0); (79) load L1 disconnected at ¢1=1.5 s, which
drains 2 kW and 1.3 kvar; (ii7) Pp ramped from O to
-2000 W at 2 s; and (iv) Qpe ramped from 0 to -5000
W at 2 s. Negative power terms indicate the exportation of
active and reactive (i.e., capacitive) power to the upstream
grid.

The zoomed views of Figures Ekc) and (d) show the effect
of controlled PCC active power during load disturbance L1
and Pp.~ from 0 to -2000 W, respectively. When all control
actions are enabled, load disturbance rejection - modeled as

; (c) current reference step from 10 to 20 A; (d)-(e) 50% residual voltage sag.

Pr, and compensated through Py -is improved compared to
the MG control with only feedback action.

For instance, when only the feedback action is employed,
a deviation of 733 W from the active power reference is
observed in the Ppcc regulation during the disconnection
of L1, as shown by the orange plot in Figure @{c). In contrast,
when all control actions are utilized, the power disturbance
is reduced from 733 W to 351 W, leading to approximately
a 52% reduction in transient overshoot, as indicated by the
blue plot in Figure @{c). Figure f[d) shows that the dynamics
of reference tracking when changing Pp.. from 0 to -
2000 W is improved with all control actions, due to the
feedforward action, compared to the case with only feedback
action. This same observation is performed in Figure [F(f),
when changing Qb from 0 to -5000 var. Additionally,
the zoomed view of Figure f[e) shows that the deviation
from the zero reactive power reference is 460 var with only
the feedback action, compared to 190 var when all control
actions are implemented. It is a 61% reduction in transient
reactive power deviation at the MG PCC with the proposed
strategy, which also shows enhanced disturbance rejection
capabilities.

2) Power sharing between DERs and PV generation
disturbance rejection

The simulation results of Figure [ show the centralized
MG control with only feedback action and with all control
actions, considering PV generation disturbance within MG
nodes. Active and reactive power terms exchanged between
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the MG and the upstream grid for the entire simulation time
are shown in Figures [5[a) and (b), respectively. At 0.8 s,
Ppoe and Qpe increase to 0 W and 0 var, with the
PV-based DER injecting 1 kW into MG node 3. As noted,
PCC reference tracking is improved with all control actions,
compared to the case with only the feedback action. At 1.5
s, solar irradiance is emulated from 300 to 700 W/m?. The
PV-based DER increases the active power injection from 1
to 3.5 kW, as shown in Figure Eka). The zoomed-in view of
Figure[5a) shows the effect of the controlled active power of
the PCC during this disturbance for both secondary controls
of MG. Generation disturbance rejection - computed through
PL - is improved 55% (i.e., from -1565 to -692 W) in terms
of the Ppcc sinking for all control actions compared to
only feedback control. Due to the power couplings caused
by the MG line impedances, the PCC reactive power is also
disturbed by the PV-based DER active power injection.
The behavior of the coefficients for active, ap, and
reactive, g, power along the simulation scenario considered
is reported in Figures Ekc) and (d) for only feedback control.
Also, Figures Ekc) and (d) show the active and reactive terms
processed by the two dispatchable DERs for MG control with
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feedback action. Figure [S[e) shows ap, PPPR and PPFER,
while Figure e) shows ag, QPEE and QPFE for MG
control with all control actions. Since both DERs have the
same active power availability and apparent power rating,
active and reactive power—sharing capability is observed in
Figures Ekc)-(f) for both strategies. When solar irradiance
suddenly increases from 300 to 700 W/m? (or equivalently,
PV-based DER injects from 1 to 3.5 kW), both dispatchable
DERs proportionally reduce their active power output to
maintain P} regulation at 0 W.

3) Lack of power capacity of DERs to track CC commands
Simulation results of Figure [6] explore the operating condi-
tions of the centralized MG control with all control actions
under limited DER power capability. The following sequence
of events is simulated: up to 1.5 seconds, the proposed MG
control maintains the P5,- = 0 W; at 1.5 seconds, the
PCC power reference is gradually increased to inject 10 kW
to the upstream grid; at 3 seconds, the 3 kW PV-based DER
is disconnected; and at 4 seconds, the PCC power reference
is gradually reduced back to 0 kW.


https://creativecommons.org/licenses/by/4.0/

Callegari et al.: Integrating Multiple Control Actions in Advanced Microgrids: an Analogy to Well-Established Inverter Control

==-Boc—Rce (feedback)—Fpec (complete) — = =Qhcc—Qpce (feedback)— Grec(complete)

274000

B

= e > Frec= 0 W N £ 4000
= 3000 B T s LU :
5 2 £ 3000 \ | 2000
2 2000 l, v g N\
o Sisturbance| £ 2000 W e
Z 1000 disturbe = N\ 0F T 12
k3] TN kst |
& 0 1000 mmft Yy $ 1000 I PPV
S A e = : disturbance
& -1000 100§, = S ul,'x;v( Nt
1.5 1 et - % var T
05 i L5 2 0.5 1 L5
Time |s] Time |s]

- QPER _(2511.'lr( b)

Feedback action only

-—-RpPER —PPER (a)

Feedback action only

3000 3000

r [var]

2000 2000

1000 1000:

PV B PV
disturbance

0 var 0

L5 2

DERs: Active power [W]

Active power coefficient [pu]
Reactive power coefficient [pu]

DERs: Reactive powe

> Qpec
1

(c) (d)
---pPER —PPER -==QPER —QPER
All control actions All control actions

ient [pu]
er [var|

= 3000

2000}

Reactive power coefficient [pu]

< 1000

> PV
disturbance

> Qpec— 0 var

>
disturbance
b>Fpoe=0 W v
0.5 1 1.5 1 15
Time |[s] Time [s]

(e) (f)

FIGURE 5. (a) Active and (b) reactive power terms at the PCC,
considering the simulated MG centralized control with feedback and with
all control actions. (c) Active and (d) reactive power-sharing by
dispatchable DERs using MG centralized control with feedback action. (e)
Active and (f) reactive power-sharing by dispatchable DERs using using
MG centralized control with all control actions.

DERs: Reactive pow

[

= 4
=
=3 i
g of §
z
2t .
% ok
1 L5 2 2.5 3 3.5 1 15 5
()
*
— Tpee == PV power
= reduction
Z op—— 4
B / 7
= -5F 4 B
Q 2z Feedback controller
=~ Lack of powér \\ » anti-windup desaturation
O-10F capacity of DERs ¥ = = = = = = == == = = = — —
apacity of DERs | | \
1 1.5 2 2.5 3 3.5 1 L5 5
\ (b)
i N\ T T T T T : 1
o5t 4 .
0

o
o
[
3

3
Time [s|
(¢)

FIGURE 6. (a) Active power generated by the PV-based DER. (b) Active
power at the MG PCC and the respective power reference. (c) Power
coefficient ap.

Figure [6{a) shows the active power generated by the
PV-based DER. Initially, the DER injects around 3 kW.
At 3 seconds, the PV-based DER is disconnected, causing
the PV active power to drop abruptly to zero. Figure [6{b)
displays the active power at the MG PCC (i.e., Ppcc)
and the respective power reference (i.e., P5-). Up to 1.5

P;'otectin
switchboards

\

FIGURE 7. Laboratory-scaled single-phase MG prototype. The diagram
connection of each piece of equipment is established in Figurem

seconds, the control strategy regulates the PCC power to
zero, following the power reference. At 1.5 seconds, the PCC
power reference is ramped up to 10 kW (i.e., P = -10
kW). However, due to the DER power limitations, the actual
PCC power remains below the reference, stabilizing around
-6.3 kW.

Figure [6fc) shows that the power coefficient ap reaches
its maximum value, which indicates that the DERs inject
their maximum available power. The CC feedback controller
anti-windup mechanism prevents excessive integrator from
accumulating during the period when the controller output
is saturated. When the PV is disconnected at 3 seconds, the
discrepancy between the PCC active power (i.e., -3.2 kW)
and its reference (i.e., -10 kW) further increases, as expected.
At 4 seconds, the power reference returns to 0 kW, allowing
the actual PCC active power to converge to the reference
once more as desaturation of CC feedback controller occurs.
When the reference returns to 0 W at 4 seconds, ap drops
below unity, desaturation occurs smoothly, and the PCC
power is able to accurately track the reference again.

V. EXPERIMENTAL RESULTS

The laboratory-scale experimental single-phase MG pro-
totype is depicted in Figure [7] and Table [I] Despite the
slight differences between the simulation and experimen-
tal parameters, the proposed strategy extends readily to
both cases with the core findings remaining consistent, as
further discussed in this section. Dispatchable DERs are
implemented using PHB 1500-NS single-phase off-the-shelf
commercial inverters, programmed with the TMS320F28034
fixed-point digital signal processor. The CC is composed of
the LAUNCHXL-F28379D, located at the MG PCC. Com-
munication between the CC and dispatchable DERs uses the
standard CAN protocol at a communication rate of 125 kbps.
The communication link between dispatchable DERs and
CC is configured to occur every 1/10 s. MG load variations
are emulated by the NHR 9430 18 kW regenerative four-
quadrant load, and the upstream grid is simulated by the
TC-ACS 30 kVA programmable four-quadrant source. A
4-channel oscilloscope, equipped with A612 and P5200A
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FIGURE 8. Experimental dc-link voltage; ac current, and ac voltage waveforms considering the DER control with only the (a)-(b) feedback control action

and (c)-(d) with all control actions.

probes, measures the PCC and DER currents (i.e., ipcc, @51,
and i2) as well as the PCC voltage (vp.). More detail can be
found in [26]], [27]. The datalogger’s sampling period is 30
ms. Experimental results are obtained to show the dynamics
derived from control actions related to DER current control
and centralized MG control.

A. DER current control: improved dynamics derived from
control actions

The results in Figure [§] show experimental dynamic response
of the DER current control to a voltage sag programmed in
the grid simulator. The DER current control is composed
of feedback action in Figures Eka) and (b), and incorporates
all control actions in Figures Bkc) and (d). The voltage and
current waveforms at the inverter output terminals, along
with the DER dc-link voltage are shown in Figure [§] The
voltage sag is approximately 20% for a duration of 100
ms, occurring at the peak of the grid voltage in both cases
for a fair comparison. Also, the same phase-locked loop
synchronization algorithm is used in both cases for a fair
comparison.

When only feedback is enabled, a DER current overshoot
of 14.17 A occurs at the moment of the voltage sag, reaching
an injected current peak of 22.79 A - see zommed view
of Figure [§[b). By enabling all control actions, the current
overshoot is reduced by 43%, as shown in the zoomed view
of Figure [§(d). The overshoot reaches 8.01 A, with a peak
of 17.84 A. The disturbance decoupling term plays a crucial
role in the results of Figures [8c) and (d), improving the
dynamics of current control during grid voltage variations.

B. Centralized MG control: improved dynamics derived
from control actions

Figures Ofa) and (b) show the time-varying signals at the
MG PCC and DER terminals for the MG control with
only feedback action and with all control actions, respec-
tively. Figure [] shows seven transitions. In the first (7),
MG control is disabled, and the DERs operate in standby
mode, processing null power. In the second (i¢), MG control
is initialized to achieve the self-consumption regime, with
both PCC active and reactive power references set to zero.
The third scenario (:¢7) involves connecting load L1 to the
MG at a rate of 50 A/s. The fourth scenario (iv) shows
load L1 being disconnected from the MG at the same rate.
In the fifth scenario (v), the PCC active power reference
Ppoo is ramped from 0 to 700 W to inject power into
the upstream grid. The sixth scenario (v?) involves ramping
the PCC reactive power reference Qp - from 0 to 800 var
(inductive). Finally, the last scenario (vi?) resets both active
and reactive power references to zero to achieve grid zero
operation.

Figures [O(a.1) and (b.1) show the experimental active
and reactive power terms collected at the MG PCC during
all events, for the cases with feedback only and with all
control actions, respectively. Figures P[a.2), (a.3), and (a.4)
show zoomed views of the transitions (tv)—(v), (v)—(vi),
and (vi)—(vii), respectively, extracted from Figure [Ofa.1).
Similarly, Figures [9(b.2), (b.3), and (b.4) provide zoomed
views of these same transitions, sampled from Figure Pfb.1).
The PCC signals (i.e., vpcc and ipcc), and the dispatch-
able DER currents (i.e., ¢s;; and i,2) for the transition

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202516, 2025. 9
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FIGURE 9. Experimental results of MG PCC power terms for the MG control (a) with only feedback action and (b) with all control actions.

(29)—(422) are shown in Figure Eka.S) for the strategy with active power deviation from the null reference is significantly
only feedback, and in Figure [O(b.5) for the strategy with all reduced to 396 W and 358 W (approximately 36%) during
control actions. During the evaluated period, DERs 1 and L1 connection and disconnection, when disturbance decou-
2 have active power capacities of 800 W and 1000 W, and pling is incorporated into the MG control with all control
reactive power capacities of 800 var each. Due to the inherent  actions. This improved load disturbance stiffness is further
proportional power-sharing characteristic of the proposed evident when comparing the results in Figures [O(a.5) and
strategy, DER2 consistently contributes approximately 25% (b.5). The PCC current amplitude deviates less from zero
more active power than DER1. This behavior is illustrated in ~ when all control actions are implemented compared to the
Figures [9(a.6) and (a.7) for the strategy with only feedback, case in Figure Eka.S). The Qo and Ppo - tracking during
and in Figures Ekb.6) and (b.7) for the strategy with all (iv)—(v), (v)—(vi), and (vi)—(vii) is also improved when
control actions. the feedforward action is incorporated into the case with all

Deviations of 618 W and 621 W are observed in the actions. The tracking delay between the power reference and
PCC active power regulation during L1 connection and the power measurement, observed when only the feedback
disconnection when only the feedback strategy is adopted -  control action is adopted - see Figures[0fa.2), (a.3), and (a.4),
see Figure[[a.1). In comparison, Figure[0[b.1) shows that the  is no longer evident when all control actions are implemented
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- see Figures [9(b.2), (b.3), and (b.4). The strategy incor-
porating all control actions shows more accurate reference
PCC tracking dynamics, higher stiffness against MG load
shedding and MG load connection, compared to the method
that relies solely on feedback action.

VI. CONCLUSIONS

This paper proposed a centralized control approach for
enhancing the MG response dynamics through feedback,
feedforward, and disturbance decoupling control actions.
A straightforward relationship between the well-established
DER current control and the control of centralized advanced
MG was highlighted. The features of feedback-only and all
control action strategies were described, and their perfor-
mances were evaluated through simulation and experimental
results in a single-phase MG. The simulation results demon-
strated the effectiveness of the all control action strategy
in achieving greater disturbance rejection, with a 52% im-
provement for load rejection and a 55% improvement for
generation rejection, compared to the feedback-only strategy.
The experimental results showed a 40% improvement in
load disturbance rejection and faster PCC power tracking
capability with all control actions, achieved with low imple-
mentation complexity and without any hardware retrofit to
the MG.

In advanced microgrid applications, the most critical as-
pects for grid-connected MGs are PCC reference tracking
and load disturbance rejection. Based on these criteria,
the proposed strategy, with its integrated control actions,
has proven to be the most effective and suitable for such
applications, requiring no hardware retrofit unlike other state-
of-the-art centralized MG controls.
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