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ABSTRACT The hybrid droop and master-slave structure studied in existing work complements the advan-
tages of droop control and master-slave control, at the cost of frequency and voltage deviations in microgrids.
To eliminate these deviations and maintain accurate power sharing among distributed generators, this paper
proposes a decentralized secondary control method based on mode switching, where the secondary controller
switches among three modes. In the first mode, a feedback strategy is applied to maintain accurate power
sharing among slave distributed generators, and then the load demand is estimated and redistributed among
distributed generators to calculate new secondary control commands in the second mode, which are further
updated in the third mode to eliminate frequency and point-of-common-coupling bus voltage deviations. The
proposed method is communication-free and is able to eliminate the influence of triggering delay among
slave distributed generators during the mode switching. The effectiveness of the proposed method is verified
through hardware experiments.

INDEX TERMS Decentralized secondary control, droop control, master-slave control, microgrid, mode
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switching.
NOMENCLATURE N Sampled frequency and PCC volt-
m,s,i(i=1,2, ...,N) Subscripts denote the master, the age.
slave and the ith slave distributed Py,,, Qg Nominal power.
generators (DGs). DPms Qs DPsi> Gsi Measured instantaneous power.
Rems Resis Xems Xesi Cable resistance and reactance. Py, O, Pyi, Osi Instantaneous power
VCdm» VCqm» VCdsi> Vegsi  d-axis and g-axis capacitor voltage. LPFs.
Lodm» Togms Lodsi» Togsi d-axis and g-axis output current. P, O Output power references.
vy d-axis capacitor voltage reference. P;;.S“m, Q:‘is"m Sampled output power references.
w0, Epo Nominal frequency and point-of- Prfrf st nEff Estimated output power.
common-coupling (PCC) voltage. PEst QEst Estimated output power of all slave
W, E;f " Frequency and PCC voltage refer- DGs.
ences. P, 01 Estimated load demand.
a)?f “ E bEs‘l?’ Measured frequency and estimated Py, Oy Load demand shared by slave DG i.
PCC voltage. P, Opsi Active and reactive power ratings.
wsis Epsi Frequency and PCC voltage filtered  my,,,, ngm, mpsi, ngs Droop gains.

by low-pass-filters (LPFs).

Wems Wes, Of

Cutoff frequency of LPFs.
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Frequency and PCC voltage bound-
aries of the pre-configured error
band.

Parameters of the proposed sec-
ondary control methods.

Power dispatch coefficients.
Secondary control commands, also
the power setpoints and droop off-
sets.

New secondary control commands.
Pre-configured time intervals.
Triggering delay and the maximum
possible triggering delay.

wr, wg, Epr, Epg

Up, &g, Bp, By

Y psi> V gsi
Pnsi, Qnsi

New New
Pnsi ’ Qnsi

Tar, Taz, Ta3
Id, Td max

I. INTRODUCTION
Existing methods for power distribution among distributed
generators (DGs) in microgrids can be classified into two
categories: the peer-to-peer control, represented by the droop
control, and the master-slave control [1]. On the one hand,
the awesome active power-frequency (P-w) and reactive
power-voltage (Q-E) droop control is capable of accurate
power sharing among voltage-controlled parallel DGs with
a communication-free manner, especially for DGs with the
same type [2], [3]. On the other hand, the master-slave con-
trol is a very simple structure to integrate voltage-controlled
and current-controlled parallel DGs in microgrids with sev-
eral limitations: the single-point-failure problem, poor power
quality in remote buses and large capacity requirement for the
master DG [4], [5]. Therefore, to complement the advantages
of droop control and master-slave control, the hybrid droop
and master-slave (HDMS) structure has been studied by many
researchers [6]—[8]. In this method, all voltage-controlled DGs
are grouped together as master DGs adopting traditional P-w
and Q-E droop control, whereas the rest of current-controlled
DGs are grouped together as slave DGs adopting frequency-
active power (w-P) and voltage-reactive power (E-Q) droop
method. Using this method, voltage-controlled and current-
controlled DGs work together in one microgrid with a simple
structure and the load demand would be shared among master
DGs and slave DGs with a completely communication-free
manner. Meanwhile, the single-point-failure problem along
with power quality and capacity issues would be mitigated
by proper placement of multiple voltage-controlled DGs in
microgrids. However, the secondary control is still required
to eliminate frequency and voltage deviations resulting from
droop characteristics of master DGs. On this issue, either
master DGs or slave DGs can participate in secondary control.
Considering most of DGs, such as photovoltaic and wind
turbine, operate in the maximum power point tracking mode
to generate power as much as possible, current-controlled
DGs are dominant in microgrids [9]. Therefore, it is more
reasonable to implement secondary control in slave DGs to
mitigate the capacity requirement for master DGs.

Generally, secondary control methods can be classified
into three groups: centralized, distributed and decentralized
schemes [10]. In the centralized scheme, a microgrid central
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controller (MGCC) communicates with each DG to regulate
frequency and voltage, at the expense of low reliability and
high cost [11]. As an improvement, requiring only sparse
communications, the distributed scheme based on consensus
algorithm attracts tremendous interests over the years [12]—
[14]. However, communication still challenges the reliability
and convergence speed of this technology.

Without communication and MGCC, the decentralized
scheme is an optimal solution to achieve the two main con-
trol objectives of secondary control: 1) eliminating frequency
and voltage deviations and 2) maintaining accurate power
sharing. However, the most popular proportional (P) and
proportional-integral (PI) regulators can only achieve either of
the objectives. P regulators show steady-state frequency and
voltage deviations and PI regulators accumulate integral errors
that deteriorate power sharing performances [15], [16]. To
realize all two objectives, there are two strategies: the single
mode strategy where the two objectives are realized in a single
mode simultaneously, and the mode switching strategy where
the controller switches among several modes in a time division
manner and each mode realizes one or part of one objective
independently. Many researchers focus on the single mode
strategy. The washout filter studied in [17]-[19] is a sim-
ple structure to achieve the two secondary control objectives
with bandwidth-dependent accuracy. Meanwhile, estimating
other DGs’ information through nonlinear observers, the state
estimation-based methods have been studied in many papers
[20]-[22]. Unfortunately, high order matrix calculation and
model dependency limit its applications. Furthermore, the in-
jected small-AC-signal in [23] acts as the communication link
but weakens the voltage quality and complicates the overall
control structure. Fortunately, the mode switching strategy
achieves each objective with independent modes resulting in
higher accuracy, lighter calculation burden and easier realiza-
tion. Secondary control in [24] switches between P and PI
regulators to eliminate frequency and voltage deviations and
maintain accurate power sharing simultaneously. However,
the required event trigger process makes the system fragile
suffering possible triggering delay among DGs.

To tackle the possible triggering delay in aforementioned
mode switching-based secondary control methods, this paper
extends our previous work in [25] and proposes a new mode
switching-based decentralized secondary control method for
microgrids with HDMS structure, which is only implemented
in the slave DGs so that the capacity of the master DG can
be greatly reduced. In this method, the secondary controllers
switch among three modes to achieve correspond secondary
control objectives in a time division manner. In the first mode,
i.e., power-sharing mode, a feedback strategy maintains ac-
curate active and reactive power sharing among slave DGs in
steady state, then in the second mode, i.e., power-estimation
mode, the secondary controllers estimate the load demand
and redistribute it among DGs to calculate new secondary
control commands (SCCs), which are further updated in the
third mode, i.e., restoration mode, so that frequency and
PCC voltage would restore to their nominal values. The main
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FIGURE 1. Studied microgrid with hybrid droop and master-slave structure.

contributions of this paper are summarized as follows. First,
frequency and PCC voltage would recover without deterio-
rating power sharing performances. Meanwhile, to resist the
perturbations in microgrids, an error band is introduced to in-
struct the triggering and termination operations of secondary
control. Second, the influence of any possible triggering delay
among slave DGs can be eliminated theoretically. Finally, a
simplified model is established for analysis and parameters
design.

The rest of this paper is organized as follows. Section II
describes system overall structures. Section III introduces the
proposed secondary control method. Some applications issues
involving modeling, analysis and parameters design are dis-
cussed in Section IV. The experimental results are presented
in Section V. Finally, the concluding remarks are given in
Section VI.

Il. SYSTEM STRUCTURE

Fig. 1 shows the structure of the studied islanded microgrid
with N+1 DGs and RL loads connected to the same PCC bus.
Each DG consists of an ideal DC power supply, a three-phase
inverter, an LC output filter and transmission cables. The
HDMS structure is applied to the studied microgrid with only
one master DG considered to simplify the analysis. However,
the proposed method can be naturally applied to the HDMS
structure with a group of master DGs.

A. MASTER DG

The voltage-controlled DG is considered as the master DG
in the studied system. The master DG first uses capacitor
voltages and output currents to calculate the instantaneous
power

(1a)
(1b)

Pm = VCdmlodm + UCqmioqrm
dm = qumiodm - demiaqm~
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Then, the average values of active and reactive powers
are obtained through LPFs with transfer function shown as
follows:

2)

After that, the traditional droop control is applied to calcu-
late the frequency and the PCC voltage references:

GLrrm(S) = Wem /(5 + Wem).

;kn = wo — Mpm(Py — Pom),

E;m = Ep — nqm(Qm — Qom)-

Since the DG can only have access to capacitor voltage,
the d-axis capacitor voltage reference can be estimated using
PCC voltage reference E;; and cable impedance information
prestored in the local controller based on the phasor analysis:

1) (3a)

(3b)

Vim = \/ 0.5E;2 + PuRem + OmXem + 0.5VA, (4a)

A = E}b 4+ 2(PuRem + QuXem)ES2 — 4(PyXem — OmBem)*-
(4b)

Meanwhile, the g-axis reference is set to zero. Finally, the
inner loops adopt traditional PI-based dual loops control in
dg-frame.

B. SLAVE DG

All current-controlled DGs are grouped together as the slave
DGs. Each slave DG first measures the frequency and the ca-
pacitor voltage through a synchronous-reference-frame phase-
locked-loop (SRF-PLL). And then, the PCC bus voltage can
be estimated using the measurements and the cable impedance
information prestored in the local controller of each slave DG
so that estimation is completely communication-free. To do

this, the instantaneous powers are calculated
Psi = Vcdsilodsi + quA'iioqsiv (5a)
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FIGURE 2. Timer-based mode switching rules of the proposed method.

qsi = qusiiodsi - UCdsiiaqsi- (5b)

Then, similar to the master DG, the average values of the
active and the reactive power Py; and Qy; are obtained through
LPFs with transfer function shown as follows:

Grprs(s) = wes/ (S + wey). (6)

Since the g-axis capacitor voltage tracks zero through SRF-
PLL. According to phasor analysis, the PCC voltage can be
estimated as

E}ilvt Z\/(UCdsi _ PSiRCSi+QSiXL‘Si )2+ (Pschsi _QSiRCSi )2.

VCdsi VCdsi
(7

To resist the perturbations in microgrids, the measured fre-
quency and the estimated voltage are filtered through LPFs
with the same transfer function as (6) . Then, the w-P and E-Q
droop control are applied to calculate the power references as
(8a) and (8b) shows, where P, and Q,,; are power setpoints,
or named SCCs, to be calculated by the secondary controller.
Finally, after calculating the d-axis and g-axis current refer-
ences, the traditional PI-based current regulators are adopted
in the inner loop.

(8a)
(8b)

P;:' = - mpsi(a)si — wo) + P,

Qi = — ngsi(Epsi — Epo) + Opsi-

1ll. PROPOSED MODE SWITCHING-BASED
DECENTRALIZED SECONDARY CONTROL METHOD

In the proposed mode switching-based secondary control
method, only the slave DGs participate in secondary fre-
quency and PCC voltage regulation so that the required
capacity of the master DG to deal with the load variations can
be greatly reduced, considering the current-controlled slave
DGs certain dominate in the microgrids as Fig. 1 shows.
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Fig. 2 shows the timer-based mode switching rules. An
error band instructs the triggering and termination of the
secondary control. When secondary control terminates, the
secondary controllers operate in the termination mode (TM)
and maintain their outputs. However, when secondary con-
trol is triggered, the controllers switch among three modes:
the power-sharing mode (PSM), the power-estimation mode
(PEM) and the restoration mode (RM). Each of these three
modes achieves one control goal and will last for a preset
time interval Ty, Tz2 and Ty3 respectively, controlled by a
timer. In PSM, any power sharing error among slave DGs
resulting from measurement noise and the possible estimation
errors would be eliminated. Then, in PEM, the secondary
controllers calculate new SSCs, which are also the power
setpoints of slave DGs, based on load demands estimation and
redistribution. Finally, in RM, the new SSCs are updated to
recover frequency and PCC voltage. Details for each mode
are illustrated in Fig. 3.

A. TERMINATION MODE (TM)

After initialization, the secondary controller switches to TM.
In this mode, the secondary controller maintains its outputs
and monitors whether frequency and PCC voltage meet the
triggering condition.

B. TRIGGERING CONDITION

To resist small perturbations in microgrids, an error band is
introduced. When both of the frequency and the PCC voltage
stay in the error band, the secondary control would stay in
TM, otherwise the secondary control would be triggered. The
error band is expressed as

wp < ws < wpand Epp < Epg < Epy. )

C. POWER-SHARING MODE (PSM)

When frequency or PCC voltage exceeds the error band, sec-
ondary control is triggered and switched to PSM immediately.
The PSM will last for a given time interval 7,1, controlled
by the timer. The control goal in this mode is to guarantee
accurate active and reactive power sharing among slave DGs.
To achieve this, feedback loops and feedforward loops are
added together to form SCCs. The feedback loops are respon-
sible for eliminating power sharing errors and the feedforward
loops provide another degree-of-freedom for steady state and
dynamic performances improvement. The LPFs with a cut-off
frequency of wy determine the bandwidth of secondary con-
trollers. This control law can be expressed as

Pusi = ! [ = OIPP;;' + IprpSl (wo — wsi):| , (10a)
S+ wr |5+ W Mpm
@y Wes « o BaVgsi
| = 4 ————(Epo — Epgi) | -
Qnst s+ oy [S + Wes ansz + Ngm ( b0 bsi )i|
(10b)

337



WANG ET AL.: MODE SWITCHING-BASED DECENTRALIZED SECONDARY CONTROL

P, -PDroop Control &) o, E,, Eyo E-Q Droop Control (.
: G € & O =
I S 3 R O (< T
— g ﬁ h -_— A4
Dy @y 7OH Trigger & D
S+ a, f S+, Termination s+,
4 TM& Judgement i\
L« | : PEM v , | |
i L\ PSM EO/ Logical i PSM_/ N
! Control !
B,Y i 2 B s
mﬂm @ nqm
A 4 *Sam Sam im| *Sam A 4
P, . . si i
S/H | Power Qg Timer S/H [ty Power S/H
@, Estimation Estimation Ebl)
PSM L A i__FH Logical r 'y : PSMI
Controller

Frequency Secondary Controller

PCC Voltage Secondary Controller
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FIGURE 4. Rearranged block diagram of frequency secondary controller in
PSM.

Where ap <1, ay<1, B,>0, B;>0, ypsi and y 4 are power
dispatch coefficients that are proportional to the droop gains

N

Vpsi = mpsi/ E i Mpsi s
N

Vasi = nqsi/ Zi—l Ngsi-

After rearranging the block diagram of the frequency sec-
ondary controller in PSM, as Fig. 4 shows, an integrator
appears in the feedforward path that can be treated as vir-
tual regulator. Since the frequency deviations in steady state
sensed by each slave DG is the same, and y ; is proportional
to the droop gain myy;, the virtual reference P:l. would also
be proportional to the droop gains. As a result, the power
reference P;; is forced to track the proportionate virtual ref-
erence P); through an integral regulator. It is apparent that the
power reference will be shared among slave DGs in steady
state. Therefore, the output power will be shared among slave
DGs in steady state in the same proportion, if the inner control
loops are well designed. The same conclusion can be drawn
when combining (10a), (10b) with (8a), (8b). In steady state,
the relationships between frequency and PCC voltage devia-
tions and power references are

(11a)

(11b)
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N
* ypsi /3[)
i = Mpsi + —— (wo — wy;), (12a)
Tol-a, ; Mpm
Vi (o p
Qf = =Y ngi+ —= | (Ewo — Epg).  (12b)
I —ay Ngm

i=1

Since the slave DGs share the same frequency and PCC
voltage deviations in steady state, the power references would
be shared according to the power dispatch coefficients y
and y4 in steady state. Finally, the output power of slave
DGs would also be shared in the same proportion in steady
state, as (13a) and (13b) shows, if the inner control loops are
well designed.

P iPhi i Py=Pa:Po: i PN=yps:

Vps2 ©tt VpsNs (13a)
05 :0n i 1 Qn=0s1:00: : ON=Vgsl :

Vgs2 © " L VgsN- (13b)

D. POWER-ESTIMATION MODE (PEM)
If T, is long enough so that system achieves steady state at
the end of PSM, then the output power of slave DGs shares
according to (13a) and (13b). After T4 timing out, secondary
control switches to PEM immediately and lasts for time inter-
val T,. During this mode, the secondary controller maintains
its output, just like in TM. The control goal is to calculate the
new SCCs based on load demand estimation. To do this, the
frequency, PCC voltage and power in steady state are sampled
and hold firstly. Then, as Fig. 5 illustrated, the load demand
can be estimated based on two facts:

1) The frequency and PCC voltage in steady state sensed

by each DG are the same, which means o}, = a)fl-“m and
E; = Egs‘;m, so that the power of the master DG can
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FIGURE 5. Principle of load active power estimation. (a) Power estimation
of the master DG. (b) Estimation of total power of all slave DGs.

be estimated according to its droop control law (3a) and
(3b) as

Prln;xt = Pom + (wO - wfiam) /mpmy
05" = Qom + (Epo — Ep2™) /ngm.

Where Py, Qom» Mpm and ng, can be prestored in the
local controller of each slave DG so that the estimation is
completely communication-free.

1) The PSM guarantees the power sharing in steady state
as (13a) and (13b) describes so that total output power
of all slave DGs can be estimated by each slave DG by
its power dispatch coefficients and its power sampling,
which equals to its output power if inner loops are well
designed as

(14a)
(14b)

E st «Sam
Ps = Psi /yPSi’

E st S,
Qs I = Q; am/yqsi-

Finally, neglecting the transmission loss, the load demand
can be estimated by adding up the estimation of master DG’s
power and total power of all salve DGs together as

(15a)
(15b)

b= Prlr::St"‘PsEM :stsam/ypsi+P0m+ (wo—wf,'um) /Mpm,
(16a)

Or = 0L + 05" = 0% 1 yysi+ Qom+ (Epo —Ep&™) /ngm-
(16b)

After that, the estimated load demand should be redis-
tributed among the N+1 DGs. To restore frequency and PCC
voltage to their nominal values, the master DG should under-
take their nominal power Py,, and Qy,, according to (3a) and
(3b). Meanwhile, the rest of load demand should be shared
among slave DGs based on their power dispatch coefficients
¥ psi and y 5. Therefore, the load demand undertaken by the
ith slave DG can be derived from (16a) and (16b)

Prgi = Vpxi(PL — Pop) = P:;'Sdm + Vpsi (CUO - wfl'am) /mpm,
(17a)
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FIGURE 6. Physical Meaning of (18a). (a) Before power redistributing. (b)
After power redistributing.

Orsi = Vgsi(Q1 — Qom) = Q5™ + yysi (Epo — E;;g;f'm) [Mgm-
(17b)

Finally, to eliminate frequency and PCC voltage deviations,
let wsi=wo and P}; = Ppy for (8a), Epsi=Epo and Q}; = Qi
for (8b), the new SCCs can be calculated as

P,I,\s,,ew = PLsi = P;;'Sdm + Ypsi (wO - wfjam) /mpms (183)
ONE = Qpgi = O™ + yasi (Epo — ES2™) /ngm.  (18b)

The calculated new SCCs will then be hold by zero-order-
holders and be updated until 7, timing out. They cannot be
updated immediately, otherwise the system will move from
steady state to transient state and the possible triggering delay
among slave DGs, which will be discussed in the following
part, will make the frequency, PCC voltage and power refer-
ences sampling of the delay-triggered slave DGs differ from
the sampling of non-delayed slave DGs. As a result, power
estimation error will appear.

Fig. 6 illustrates the physical meaning of (18a). After power
redistributing, the master DG only undertakes Py,, and the
rest of load demand is shared by the N slave DGs according
to their y . Each slave DG undertakes its current sampled

power P> and the shared power i (0o — @3%™) /M.

E. RESTORATION MODE (RM)

After T, timing out, the secondary control switches to RM
immediately and lasts for a time interval Tz3. The control
goal in this mode is to restore frequency and PCC voltage.
To achieve this, the outputs of secondary controllers would
be updated by the new calculated SCCs stored in ZOHs
through LPFs, whose cutoff frequency determines the restora-
tion speed.

F. TERMINATION JUDGEMENT

During the process from PEM to RM, if load demand shows
no variations, frequency and PCC voltage will exactly restore
to their nominal values theoretically. Otherwise, frequency
and PCC voltage deviations will still appear and even exceed
the error band defined in (9) suffering a large load variation.
To deal with this issue, a judgement is configured. The ter-
mination condition is that only if both the frequency and the
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FIGURE 7. The sketch illustrating the example of triggering delay during frequency restoration using the proposed secondary control method. The system
consists of one master DG and two slave DGs. The system operates at nominal frequency initially and shows an inertial response with frequency drop
when the load demand changes in ;. When the frequency waveform overlaps the lower boundary of the error band, the secondary control of slave DG 1
is triggered at t, and switches to PSM, whereas the secondary control of slave DG 2 is triggered at t; with a triggering delay 4 resulting from the
hardware or software distinctions. After PSM, the output power of the two slave DGs reaches an agreement owing to the feedback strategy in PSM. Then
the new SCCs of the two slave DGs are calculated in PEM and updated in RM in turn so that the frequency recovers to the error band finally.

PCC voltage stay in the error band defined in (9) after RM, the
secondary control terminates, otherwise the secondary control
would be retriggered and switched to PEM again.

G. EXAMPLES OF TRIGGERING DELAY AND RETRIGGERING
Fig. 7 sketches an example of possible triggering delay, result-
ing from the software or hardware distinctions among DGs,
during the frequency restoration. As the waveforms shown,
using the timer-based mode switching strategy, the triggering
delay will not change, which means t; = t1g - tg =13 - t7 =
6 - t5 = 13 - 1, so that the triggering delay is limited, and
its influence can be eliminated. Meanwhile, another example
showing the retriggering process during PCC voltage restora-
tion is illustrated in Fig. 8.

IV. APPLICATION ISSUES

This section discusses some issues related to real applications
such as modeling, analysis, and parameters design. Consid-
ering the similarity between secondary frequency and PCC
voltage regulation, only frequency regulation processes are
modeled and analyzed as an example.

A. MODELING AND ANALYSIS

As Fig. 9 shows, a simplified model of frequency regula-
tion process only considering droop controllers and secondary
controllers is established for qualitive analysis and parameters
design purposes. The dynamics related to circuit, inner control
loops and SRF-PLLs are much faster so that their dynamics
can be neglected.
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1) PSM

In PSM, feedback loops and feedforward loops are added up
to form the SCCs. The feedback loops contain connotative in-
tegrators in feedforward paths so that accurate power sharing
can be guaranteed in steady state. According to Fig. 9, the
transfer function from load demand variation APy (s) = Py(s)
— Py, to frequency deviation Aw(s) can be derived as

Mpm@cm [52+(wf twes)storweg(1 _O‘p)]

A = AP (s),
(s) s3+azs2+als+a0 £(s)
(19a)
ay = Wep + Wes + 0, (19b)
a) = Wepof + wcsa)f(l —ap) + WemWes
N
x (b mn > mpsi). (19)

N
ag = WepWes®f (1 —ap+ By + mpy Zi:l mps,-> .
(19d)

The root loci are showing in Fig. 10. With the increase of
ap, the damping ratio of the two conjunction poles increases.
But the damping ratio and the phase margin decreases with
the increase of §,.

2) PEM, RM AND TM

In PEM, the secondary controllers maintain their outputs and
new SCCs are calculated and then stored in ZOHs. Once
switching to RM, the SCCs will be updated by the new cal-
culated ones through LPFs so that frequency and PCC voltage
deviations will be eliminated gradually. After the secondary
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FIGURE 8. The sketch illustrating the example of retriggering process during PCC voltage restoration using the proposed secondary control method. The
system consists of one master DG and two slave DGs. The system operates at nominal PCC voltage initially and shows an inertial response with PCC
voltage drop when the load demand changes in t;. When the PCC voltage waveform overlaps the lower boundary of the error band, the secondary control
of slave DG 1 and slave DG2 is triggered at t, simultaneously. Then after going through PSM, PEM and updating SCCs at ¢;, the PCC voltage deviations
resulting from load change at t; are gradually eliminated. However, the load demand changes again at ¢; and the PCC voltage still stays out of the error
band during termination judgement process at ts so that the secondary control is retriggered and goes through PEM and RM again to restore PCC voltage.

Finally, the PCC voltage restores to its nominal value.

1 P :
P ! [0) Om Ao =, — @
S O 1
, an Master DG!

FIGURE 9. The simplified model of frequency regulation process
neglecting the dynamics of circuits, inner control loops and SRF-PLLs.

control terminated, the secondary controllers operate in TM
and also maintain their outputs. As a result, the SCCs during
PEM and TM keep constant and show a step change once
switching to RM. According to Fig. 9, the system transfer
function can be expressed as

N
M W (S+ @es ) oy
A — pmmemdt TSI AP (s)——2— NP i
) = = e e A0 kuy ; 25i (5)
(20a)
b1 = wem + wes, (20b)
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N
bo = Wemes (1 g Y mps,-) . (20¢)

According to the Routh Criterion, (20a) is always stable
since by > 0 and by > 0. Fig. 11 shows the root locus of
the transfer function from P,;(s) to Aw(s). The damping ratio
decreases with the increase of vaz | Mpsi -

B. PARAMETERS DESIGN
Step 1: Determining wy, wy, Epr, and Epy. According to IEEE
standard 1547-2018, frequency and PCC voltage deviations
should be limited within +0.1Hz and £3% of nominal values
in medium voltage network [26]. Therefore, the error band
defined in (9) should be designed within this range.

Step 2: Determine y; and y 4. Generally, the slave DGs
shares the load demand according to their rated power, which
are determined as

N

Vpsi = Prsi/ Zi:l Prsi,
N

Yqsi = Qrsi/ Zi:l Orsi-

Step 3: Determine m, and ng;. Setting system damping
ratio equal to 0.707, according to (11a), (11b) and (20a),
(20b), (20c), my,; and ny; can be determined as

(21a)

21b)

N 2 2
w., + o
cm cs
Mpsi = Vpsi E Mpsi = Vpsi , (22a)
i— 2mpm WemWes
N 2 2
w;, + o
cm cs
Ngsi = Vgsi E Ngsi = Vgsi (22b)
=1 2nqm WemWes
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FIGURE 10. Root loci of frequency regulation model in PSM. mp,;, =
2x10™ [rad/s/W], ocm = wcs = 87 [rad/s], Y1, mps; =5000 [W/(rad/s)],
wf=2n [rad/s]. (a) «p increases from -2 to 0.99, B, =2.5 (b) B, increases
from 0.1 to 5, «,=0.3.

FIGURE 11. Root locus of the transfer function from Py;(s) to Aw(s) when
the summation Z?':, mpg; increases from 2 to 5e3 [W/(rad/s)]. mpm =
2x10 [rad/s/W], wen = wes = 87 [rad/s], ws=2x [rad/s].

Step 4: Determine wy. The oy is usually designed smaller
than the cutoff frequency of LPFs of droop control for decou-
pling between the secondary control and the droop control but
should not be too small for fast responses.

Step 5: Optimize ap, ag, Bp, By. These parameters deter-
mine the static and dynamic performances of the system in
PSM. Therefore, they could be chosen optimally considering
some indicators such as the steady state deviations during
PSM, settling time and stability margin. Fig. 12 shows the
influence of ) and B,. @,=0.3 and B,=2.5 are selected in
this paper with 74.28 degrees phase margin, 0.28 seconds set-
tling time and 0.0053Hz unit steady state frequency deviations
during PSM.

Step 6: Determine Ty1, T4> and Ty3. In PSM, the Ty
should be long enough for system reaching the steady state
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Steady State Frequency Deviations
per Unit Load Increment [Hz/kW]

Settling Time [s]

Phase Margin [degree]

FIGURE 12. Influence of secondary control parameters o, and 3, on (a)
steady state frequency deviations during PSM, (b) settling time (2% error
band) and (c) phase margin.

so that slave DGs can accurately share the load demand.
Considering that the dynamics of secondary control are much
slower than the droop control and mainly determined by LPFs
in secondary controllers, 741 should at least be greater than
the time constant of LPFs. Meanwhile, secondary controllers
shall deal with the possible triggering delay among slave DGs
as mentioned in Section IV. Therefore, 771 can be designed

as
le = 2z /wf + td,max- (233)

The second time interval T, deals with the possible trig-
gering delay among slave DGs. Similarly, the 7,3 guarantees
the system reaches steady state before termination judgement.

VOLUME 3, 2022



IEEE Open Journal of

4x Power Electronics

S
Impedince Jf

(2) (b)

FIGURE 13. Hardware platform photos of (a) overall system and (b) inside
of each DG.

Therefore, they can be roughly designed as

Ty = Tyz = Ty (23b)
C. COMMUNICATION-FREE CAPABILITY

The operation of the proposed method can be divided into
two modes: the configuration mode and the normal operation
mode. In the configuration mode, all the required informa-
tion, such as cable impedance and droop gains of the master
DG, wound be prestored in the local controllers of all slave
DGs. Then, in the normal operation mode, the proposed
method only requires the prestored information along with
the local measurements to achieve secondary control targets.
Therefore, the operations in the normal operation mode are
completely communication-free. However, the system should
switch to configuration mode to update some required in-
formation once there are some significant changes in the
microgrids such as any DG tripped off or any new DG entering
service.

V. EXPERIMENTAL VERIFICATION

The effect of the proposed secondary control method is ver-
ified through a hardware platform containing three DGs and
the loads as Fig. 13 shows. Thereinto, DG #1 is the master
DG, and the other two are the slave DGs. Each DG consists
of a 10kVA three-phase inverter, an LC filter and the cable
impedance. The detailed circuit topology follows Fig. 1 and
the parameters of circuit and controllers are listed in Ta-
ble 1. All the aforementioned technologies are implemented
in digital-signal-processor (DSP) TMS320F28335 of Texas
Instruments. Variables to be observed are calculated in DSP
and captured by two Tektronix oscilloscopes (MDO3014 and
DPO4014B) through digital-to-analog converters.

First, the tradition PI-based method and the proposed
method are compared to verify the effectiveness of the pro-
posed method through case 1 and case 2. Meanwhile, case 2
also verifies the ability of the proposed method to deal with
triggering delay of secondary control among slave DGs. Case
3 shows how the proposed method deals with step change
in load demand during the secondary control process. The
retriggering mechanism works in this situation. Then, the

VOLUME 3, 2022

TABLE 1. Experimental Parameters

Symbol Description Values
Vae DC voltage. (V) 600
fs Switching frequency. (kHz) 10
Ly LC filter inductance. (mH) 3
Cs LC filter capacitance. (uF) 30
R, Line resistance. () 0

DG #1(master): 4
L. Line inductance. (mH) DG #2(slave): 1
DG #3(slave): 3

o Nominal frequency. (rad/s) 1007
Eyo Nominal PCC voltage. (V) 200

[wr, wn] Frequency error band. (rad/s) 27%[49.99, 50.01]

[Ebr, Eprl PCC voltage error band. (V) [199,201]
My Droop gain. (rad/s/W) 2e-4
Hgm Droop gain. (V/var) Se-3
Mpsi Droop gain. (W/(rad/s)) gg zgg:}zggggg
Ngsi Droop gain. (var/V) gg zig:xg }88

Wemy Os Cutoff frequency (rad/s) 87
wy Cutoff frequency (rad/s) 2w

Op, Oy Secondary control parameters. 0.3
s By Secondary control parameters. 2.5
Vpsis Vasi Power dispatch coefficients. gg Zgzz}gg 828
Tar, Tans Tz Time intervals. (sec) 2

model in Section IV is verified in Case 4. Finally, case 5 shows
the voltage and current waveforms of the proposed method.

A. CASE 1: TRADITIONAL PI-BASED METHOD

Fig. 14 shows the results of traditional PI-based method. Both
frequency and PCC voltage restores to their nominal values
after the secondary control starting. However, power sharing
error between the two slave DGs appears and accumulates at
the same time. This error is result from the integral error in PI
regulators and becomes much bigger when the load changes.
As a result, the traditional PI-based method fails to guarantee
power sharing among slave DGs while restoring frequency
and PCC voltage.

B. CASE 2: PROPOSED METHOD AGAINST TRIGGERING
DELAY

As Fig. 15(a) and (c) illustrate, after the system reaching
steady state, the load demand increases by 3.8kW so that fre-
quency decreases. When the frequency exceeds the error band,
the secondary controllers of DG #2 and DG #3 are triggered
with a 200 ms given triggering delay. However, the active
power sharing error resulting from this triggering delay can be
completely eliminated during PSM and frequency restores to
the error band with accurate active power sharing between the
two slave DGs. The results of PCC voltage restoration process
are similar. In conclusion, the proposed method not only elim-
inates frequency and PCC voltage deviations but guarantees
accurate power sharing among slave DGs. Meanwhile, the
influence of any triggering delay among slave DGs can also be
eliminated theoretically if the parameters are well designed.
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FIGURE 15. Experimental results of proposed method when DG #2 shows 200ms triggering delay: (a), (c) Frequency regulation, (b), (d) PCC voltage

regulation.

C. CASE 3: RETRIGGERING OF THE PROPOSED METHOD

As Fig. 16(a) and (c) illustrate, the secondary controllers of
DG #2 and #3 are triggered and switched from PSM, PEM
to the RM after the load demand increases 2kW. However,
the load demand changes again and decreases 2kW during
RM. As a result, frequency increases and moves beyond the
error band. Then, at the end of RM, the termination judgement

344

process starts. The secondary controllers are retriggered and
switched to PEM again since frequency is still out of the
error band. Finally, frequency restores to the error band with
accurate active power sharing among DG #2 and DG #3. The
results are similar for PCC voltage restoration situation. In
conclusion, the proposed method can still restore frequency
and PCC voltage to the given error band and guarantee
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FIGURE 16. Experimental results of proposed method when load changes during secondary control: (a), (c) Frequency regulation, and (b), (d) PCC voltage

regulation.
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FIGURE 17. Peak value of master DG’s output power when load demand shows step change in experimental test: (a) 8, = 2.5 and (b) a, = 0.3.

accurate power sharing among slave DGs at the same time,
even if the load demand changes during the secondary control
process.

D. CASE 4: MODEL VERIFICATION

Since the peak value of the master DG’s output power during
secondary control processes is a key parameter to determine
the capacity of the master DG, this value is compared between
the experimental results and the prediction of the model, as
Fig. 17 shows. The peak value of master DG’s output power
predicted by the model is very close to but a little larger
than the experimental result in each situation. This is because
the model neglects dynamics of the circuit, the inner control
loops and the SRF-PLLs, which contribute extra damping.
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Therefore, the damping of the model is small than the real
system so that the peak value of the model is larger than the
real system. As a result, the parameters designed based on the
model is relatively conservative and works well in real system.
Therefore, the model is accurate enough for parameters design

purpose.

E. CASE 5: VOLTAGE AND CURRENT WAVEFORM

Figs. 18 and 19 shows the PCC voltage and output current
waveforms of frequency restoration process during the tran-
sient processes and after the system reaching steady state
respectively when the load increases 4kW. It is clear that both
of the PCC voltage and output current waveforms show good
dynamics without apparent overshoot. Meanwhile, the two
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FIGURE 18. Experimental waveforms of frequency restoration process
during transient process when load increases 4kW. CH1: line-to-line PCC
voltage between phase-a and phase-c; CH2: p a output current of DG
#1 (master); CH3: phase-a output current of DG #2 (slave); CH4: phase-a
output current of DG #3 (slave).
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FIGURE 19. Experimental waveforms of frequency restoration process
after system reaching steady state when load increases 4kW. CH1:
line-to-line PCC voltage between phase-a and phase-c; CH2: phase-a
output current of DG #1 (master); CH3: phase-a output current of DG #2
(slave); CH4: phase-a output current of DG #3 (slave).

salve DGs shares the same output current in steady state after
the frequency restoration process.

VI. CONCLUSION

The HDMS structure takes the advantage of both droop con-
trol and master-slave control but causes frequency and voltage
deviations in microgrids. To deal with this issue, this paper
proposes a mode switching-based decentralized secondary
control method implemented in slave DGs. The secondary
controller switches among different modes to achieve differ-
ent control goals in a time division manner. The proposed
method can not only eliminate frequency and PCC voltage
deviations but maintain accurate active and reactive power
sharing among slave DGs in a communication-free man-
ner. The influence of possible triggering delay among slave
DGs can be completely eliminated. The effectiveness of the
proposed method is verified by experiments.
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