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Adaptive Damping Control to Enhance Small-Signal
Stability of DC Microgrids

Abd Alelah Derbas, Arman Oshnoei, Member, IEEE, Maher Azzouz, Senior Member, IEEE, Ahmed S. A. Awad,
Senior Member, IEEE, Frede Blaabjerg, Fellow Member, IEEE, and Amjad Anvari-Moghaddam, Senior Member,
IEEE

Abstract—This paper proposes an adaptive active control ap-
proach for damping the low-frequency oscillations in a DC micro-
grid (DC-MG). The DC-MG is comprised of hybrid power sources
(HPSs) formed by a parallel set of supercapacitor modules and
photovoltaic systems. The HPS controller includes a multi-loop
voltage controller for adjusting the DC-MG voltage and a virtual
impedance loop for damping current oscillations. The virtual
impedance loop is augmented to the inner loop of the voltage
controller. An adaptive tuning strategy is developed to adjust the
damping coefficient of the virtual impedance loop optimally. In the
tuning process, small-signal analysis is used to determine an initial
adjustment for the damping coefficient. Subsequently, an approach
based on intelligent neural network is intended to provide accurate
online correction of the damping coefficient, which passes the
dependency of the converter control system on the operating point
conditions and accommodates different operation conditions. A
sensitivity analysis is also conducted to investigate the effects of
the system parameters on the HPS stability. Moreover, a mesh
analysis is carried out to examine the stability of low-frequency
modes of the whole DC-MG using the proposed control scheme.
Case studies are conducted to demonstrate the performance of
the proposed control strategy, and the analysis results are verified
by Hardware-in-the-Loop (HIL) setup using OPAL-RT (OP5600)
and dSPACE (DS1202) simulators.

Index Terms—Intelligent neural network, DC microgrid, virtual
impedance loop, stability analysis.

I. INTRODUCTION

C-microgrids (DC-MGs) have recived great attention in

the last decade due to the increasing growth of clean and
sustainable energy resources such as photovoltaic (PV) systems,
fuel cell (FC), and supercapacitor (SC) modules as storage.
These energy systems have a comprehensive integration with
DC loads. The topology of a DC-MG in which distributed gen-
erators (DGs) along with AC grid, and loads are connected to
the common DC line through power electronics converters [1]-
[3]. To fully satisfy load requirements and accurately support
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transients, the DGs comprise hybrid power sources (HPSs). The
HPS offers superior reliability and power quality.

In addition, various advantages of utilizing DC-MG include
high power quality, low power losses with high efficient energy
conversion, and no synchronization issues [4], [5]. In contrast,
there are some technical challenges when designing such
energy systems, including effective energy management for
organizing the power-sharing with different DGs, regulating the
DC bus voltage, meeting the power demand, and ensuring the
system stability. Time-scale hierarchically controls, therefore,
are required to control DC-MGs and deal with the aforemen-
tioned challenges [6]-[8].

Most attention has been focused on the stability problem
in DC-MGs, where stability concerns are exhibited by in-
teractions between converters, control units, grid, and loads.
When power electronic converters are tightly controlled, they
act as constant power loads (CPLs). The stability problem is
associated with the negative incremental impedance character-
istics in CPLs, which may cause instability in the DC bus,
and thus the entire MG may fail [9], [10]. The reason behind
this instability is sufficiently described in the previous studies
using small-signal impedance-based analyses [11], eigenvalue
analyses [12], and passivity-based analyses [13]. To mitigate
the instability problem caused by the CPLs, several stabilizing
strategies have been presented. From a physical viewpoint,
the strategies can be divided into passive and active damping
methods. The passive damping method includes a required
resistor or capacitor [14] or LC filters [15]. Nevertheless,
these strategies demand extra costs and physical restrictions
[16]. Introducing virtual impedance loops to converter control
systems offer promising solutions for increasing the precision
of power-sharing and damping oscillatory currents in MGs
[3], [17]-[21]. In [3], a virtual negative inductor stabilizer is
formed on the source-side converter to enhance the DC-MG
stability. A virtual positive-damping modified impedance is
proposed in [17] to improve the stability margin and decrease
the voltage drop in DC bus voltage. A feedforward control loop
is developed in [18] to address the active damping problem
for a buck converter interfaced with CPL. In that design, a
low-pass filter’s cutoff frequency needs to be adjusted. In [19],
a virtual impedance control method is proposed to withdraw
the negative incremental impedance characteristic of the CPL,
thereby enhancing the DC system stability. In [20], a negative
virtual impedance is incorporated into the droop control loop
to offset the effect of line inductance and CPL changes. In
addition, a control approach based on modifying the output
impedance of converters is investigated in [21] to improve the
transient response in DC-MGs. This control approach includes



a virtual capacitance and a virtual inductance. Although these
methods enhance the stability margin of DC-MGs, they are
only applicable to single-bus DC-MGs.

The interaction dynamics of the whole DC-MG can be
affected by various factors, including voltage and current
controllers’ parameters, load types, and line parameters. This
interaction can lead to high-frequency power oscillations [22],
[23]. With this regard, virtual-impedance loops have been
introduced in [22] and [23] to dampen high-frequency oscil-
lations efficiently. Another critical challenge of DC-MGs is
low-frequency oscillation arising from power/current-sharing
strategies in droop-controlled DC-MGs [24]-[26], which in-
crease with CPLs and electric springs [27]. In [24]-[26],
virtual-impedance-based strategies, realized by feed-forward or
feedback of disturbance variables, are proposed to alleviate
the low-frequency problem made by the droop controllers of
DC-MGs. In [28], a virtual series RC-based active damping
control strategy is presented for DC/DC converters loaded by
CPLs to improve their dynamic response and give stabilization
within the DC-MG. The performance of virtual impedance-
based methods is deeply influenced by the systematic gains,
the tuning of which is still a challenge to be undertaken. The
active damping approaches proposed in the previous studies
were designed based on a small signal model. Although various
linear control techniques can be easily applied into the small-
signal model for analysis or control, the stability around the
operating point can be ensured. However, providing a uniform
and satisfactory control performance over the entire operating
range is not easy. If a significant disturbance occurs, these
linear control methods may become inefficient, and the system
may become unstable because of the CPL. A comprehensive
comparison of state-of-the-art strategies used to improve the
stability of DC-MGs is summarized in Table 1.

Motivated by the previous discussions, this paper presents a
novel active damping scheme for HPSs used in DC-MGs. The
proposed approach uses a virtual resistive impedance loop to
efficiently eliminate the low-frequency current oscillations. It
relies on feedforwarding the DG output and is introduced to
the inner loop of the voltage controller. A tuning method is
embedded in the HPS control structure. In the tuning process,
the small-signal analysis provides proper initial adjustment for
the damping coefficient of the virtual impedance loop. Then, to
avoid the dependency of the response of the converter control
system on the operating conditions, the damping coefficient
is modified online using an intelligent neural network (INN)
method. An eigenvalue analysis is performed to study the
impact of the control system parameters on the stability of
the low-frequency modes of the DGs. Mesh analysis is also
used to obtain the frequency and damping factor of oscillations
in the entire DC-MG. A Hardware-in-the-Loop (HIL) setup
is implemented using OPAL-RT and dSPACE simulators to
validate the proposed control scheme and its success.

II. PROPOSED CONTROL SYSTEM
A. Multi-bus DC-MG Configuration

The single-line diagram of a multi-bus DC-MG with a
nominal voltage of 48 V is depicted in Fig. 1. DC-MG connects
to the main ac grid through a dc/ac interlink converter; it

AC Grid

Interlink
Converter

Load#1

Load#3  [oad#5

ESS#1

Load#2 Load#6

Fig. 1: Single-line diagram of a multi-bus DC-MG

consists of two DG units, two Energy Storage Systems (ESSs),
four local, and remote loads. The DG units are connected
through impedance lines and operate in voltage control mode.
The DC-MG is assumed to operate in an islanding mode. Table
I summarizes the parameters of the studied DC-MG including
DGs, line impedances, and loads.

DGI unit comprises an HPS that integrates SC and PV
systems. ESS1 and ESS2 incorporate an SC system. DG4
includes a PV system working in standby mode. The HPS
supplies steady-state power demand, outstanding power quality,
and fast dynamic response. Fig. 2 shows the proposed HPS
structure and its schematic of closed-loop control. The SC unit
is connected to the dc-link through a bidirectional dc-dc buck
converter and it is responsible for regulating the dc-link voltage.
In addition, the SC serves as an energy storage source (ESS)
to provide the demand loads. At the same time, the PV unit
is connected to the dc-link through a unidirectional dc-dc buck
converter, which is controlled to reach MPPT and does not need
to establish the voltage of the source bus. The parameters of
the buck converter used for PV and SC, including inductance,
resistance, capacitance, and frequency switching, are equal to
4.5 mH, 0.02 Q, 75 pF, 20 kHz, respectively.

B. Control Units & Tuning of Parameters

A comprehensive control strategy is proposed for the DG
unit-based HPS to enhance the dynamic characteristics and
increase the current sharing accuracy. Moreover, to fully satisfy
the load demands and sustain a constant DC bus voltage, the
HPS system control is provided with two controllers for the
PV and SC converters. The PV array controller is adopted to
track MPPT swiftly, where the input parameters of the PV
converter, the input voltage Vi, and the input current I;U
are measured frequently. The MPPT algorithm utilizes these
parameters to calculate the reference power that the PV panel
requires to operate at MPPT conditions and to track the PV
arrays’ maximum power point swiftly. The signal from the
MPPT controller is compared with the measured value V¢,
and then regulated using a PI controller to generate the PWM
signal. The PI controller parameters are chosen as Kp , = 0.01



TABLE I: Features of different studies in the stability of DC-MG

Method Description Advantages

Disadvantages

o Improving LF power oscillations damping
o Exhibiting suitable transient responses for
various load

Virtual impedance to cancel out
LF oscillation caused by droop
control [24]-[25]

e Weak performance for dynamic source changes
o Poor robustness against unknown line impedance
e Low current-sharing accuracy

o Active for HF power oscillations
Virtual impedance to eliminate o Exhibiting suitable transient responses for
HF oscillation [22]-[23] various load

o Limited bandwidth
e Poor damping for LF oscillations
o Poor robustness against unknown line impedance

Virtual impedance to cancel
out the negative impedance
characteristics of CPLs
[31,[18],[20]-[21]

¢ Enhancing the system damping
e Good dynamic response

o Closed-loop bandwidth limitation
e Poor to damp LF oscillations
o Poor robustness against the dc cable variations

Virtual-positive reshaped-
impedance to correct negative
resistance characteristic of
CPLs [17],[19]

o Improving the LF oscillations
o Robustness against the dc cable variations

o Low current-sharing accuracy
o Complex implementation

e Active for LF oscillations
Using hybrid control based on o Satisfactory performance for various disturbance

e Need to low-bandwidth communication

ACS and droop controls [26] scenarios o High cost
LF: Low-Frequency HF: High-Frequency
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Fig. 2: The block-diagram of the proposed control of the DG unit-based HPS

and Kj,, = 0.05. The SC module offers efficient performance,
convenient operation for essential sources, and guarantees the
system’s power quality; therefore, SC is deemed as a fast

response power supply integrated with a high-performance
dynamic control system. The proposed closed-loop control of
the SC converter consists of an inner loop and an outer loop.
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Fig. 3: Dominant poles of open loop control when K .(s) varies
from 1 to 50.

Here, the inner loop is a current controller which performs three
main tasks: 1) increased internal stability of voltage closed-
loop control, 2) preserving the switches of SC converter upon
any over-current, and 3) excluded the influence of the dynamic
load variations. Furthermore, the inner loop is composed of two
cascaded control loops, including a proportional controller (K.)
to decrease the output impedance and a feed-forward controller
to decrease the reaction of load dynamics. The feed-forward
controller is provided with the difference between the induc-
tance current and the output current of the converter. Based
on the open-loop control system, the variation of eigenvalues
can be obtained, as shown in Fig. 3. It can be seen from that
figure that all the eigenvalues will go more to the left half-plane
with the increasing proportional gain K .. This shows that the
system becomes more stable as K increases. The K, gain is
precisely determined based on the standard values of damping
ratio and overshoot of the dominant poles of the current loop,
which are chosen as 0.7 and 5%, respectively. The K. gain is
obtained equal to 10. The voltage control loop includes a PI
controller (G,.(s)). By analyzing the frequency response of the
open-loop control system, the PI parameters k,, and k;, are
set equal to 2 and 150, respectively. These values are obtained
in proportion to a phase margin of 58° and a bandwidth of
2 kHz. Fig. 4 shows the frequency response of the open-loop
control system of the converter.

As the DC-MG comprises DGs with different energy ca-
pacities, the voltage closed-loop control is integrated with
the current sharing control unit. Therefore, a droop control
loop is designed. The notation R; in Fig. 2 denotes the
droop coefficient, which is determined based on the maximum
allowable voltage drop value at the rated current.

The optimal operation of the SC module is proportional to
the load requirements in the transient conditions for estimating
the state of charge (SOC). An energy management strategy
between the SC and PV systems is proposed to obtain the most
efficiency from the SC module and preserve the SC module’s
lifetime. The proposed strategy is shown in Fig. 5. The essential
factor for this strategy is the power level supplied by the PV
system and the SOC of the SC module. The management
strategy allows the highest power from the PV system and
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Fig. 4: Frequency response of the open-loop control system of
converter without/with G¢(s).

protects the SC modules against depth discharge and overcharge
while meeting the energy requirements. It is supposed that
the SC modules are charged initially. The management control
mainly deals with the load’s power supply and the batteries’
safety (a minimum and maximum of SOC are considered). The
different modes for the system’s operation are as follows (Fig.
5)

« Mode 1: The PV power is sufficient to supply the load,
and SC is in charging mode.

« Mode 2: The PV power is sufficient to supply the load,
and SC is completely charged.

o Mode 3: The SC supplies the load when there is no power
from the PV system.

« Mode 4: The PV power is insufficient to supply the load,
and the SC is discharged.

e Mode 5: There is no power from the PV (during cloudy
day or night), and SC is completely discharged; thus, the
load will be disconnected.

An SOC regulation control loop is also introduced to the
closed-loop system to enhance the dynamic performance. A
PI controller is adopted for this purpose. The PI parameters
are tuned such that a fast response is achieved to supply the
required energy with no effect on the dynamic performance
of DC-MG is achieved. The controllers’ parameters are given
in Table II. As Fig. 2 illustrates, an adaptive virtual resistive
impedance loop is used as a feed-forward of the output voltage
error to improve the dynamic performance of the SC control
system. An INN-based method determines the gain associated
with the virtual resistive impedance loop. The design process of
the INN-based regulation scheme will be discussed in Section
V.

III. MODELING

1) Supercapacitor System: The SC is the main energy stor-
age source, and it effectively reduces the grid oscillations due
to its fast response, which will also lead to good power quality.
A bidirectional-buck converter connects the SC to the DC link,
whose parameters of inductance, resistance, capacitance, and
frequency switching are equal to 4.5 mH, 0.02 Q, 75 uF,
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Fig. 5: Energy management strategy between SC and PV
systems

20 kHz respectively. The average state-space model of the SC
converter is given as follows:

. 1 1 1
Vo, = Ve —— Ve — —1 1
¢ TR,C, R,C, G ¢, ke M
. 1 1 1
Ve, =——— Ve — ——Ver, 4+ —1 2
C2 7"102 d 7’102 Ca * CQ L2 ( )
f, == Yo, + 1w, 3)
Lo — L2 Cs L2 Csul

where V; is the supercapacitor’s voltage; Vi, and Vi, are
the voltages of capacitors C and C, respectively; I1s is
the current of inductor Ls. Ry and ro are the resistances
representing the cable losses, and wuy is the duty cycle of the
SC converter.

2) Closed-Loop Control of SC Converter: The output volt-
age of the SC converter can be written based on the reference
voltage V*(s) and the output current I,__(s) as follows:

Vout(s) = H(s)V*(8) — 2sc,. (8)1o,.(5) “)

where z,. . denotes the closed loop output impedance of the
SC converter; and H(s) is a transfer function that is calculated
by dividing V,,+(s) by V*(s), as given by

Vout(s) Vout(s)
V(s) Lo, (s)
The reference control signal V*(s) is generated based on the

subtraction of the SOC regulation control output (Vs,.(s)) and
droop control output (Vy(s)), represented by

V(8) = Veep(s) + Vioc(s) = Va(s) (6)

where V,.f(s) is the nominal voltage of the DC-MG. The V-I
characteristic of the droop control loop is obtained from Fig.
2 as follows:

H(s) =

Zseoe(8) = — ‘V*(s):O- )

‘IOSC:O

Wfd
vg(8) = ——— Ryl oui(s 7
a(s) s+¢dfdd +(s) (7
where wyq denotes the cut-off frequency of the low-pass filter
included in the droop unit. wyq is chosen equal to 107 rad/sec

i s) | L,(s)

i 1.(s) 2,8 1,620 i 1,(s) m’

‘ — + +
HGWV, (s L6 |

! Vo (s) MR, Vi (s)

| |

! |

| !

|

Fig. 6: Equivalent small signal model of HPS.

to provide suitable damping far away from the switching ripple-
frequencies over 20 kHz. vs,.(s) is obtained as follows:

Usoc(s) = _IOSC(S)GSOC(S) (8)
Substituting (7) and (8) in (6) and then in (4) yields
Vout(s) = H(S)V;ef(S)_

(Zscoe (8) T 2s0c(8)) Lo, (8) — za(8) Lout(s)
)

where I,,:(s) is the output current of the hybrid system, which
is expressed as

iout(8) = Lo,.(8) + Iopv(s) (10)
where
Wfd
Zd(S) = dH S (11)
(5) = - RaH (o)
kr
Zsoc(8) = <k:p + " H(s). (12)
TABLE II: Parameters of DC-MG
Symbols Description Value
r; (m€2) Line parameters 3.46, 3.46, 6.91, 3.46, 6.91, 6.91
1 (uH) p 22,22,44,22,44, 44
P; (kW) Power of load 0.5,0.5,0.7, 1.5, 1
Ppg, (kW) Power of DG 145, 2.5, 1.25, 1
Type source PV+SC, SC, SC, PV (S.b.)*
Vier (V) DC-MG voltage 48
Vpu (V) PV voltage 70-150
Cj (uF) Capacitor of converter 75
L; (mH), rj () Inductance of converter 4.5, 0.02
fsw (kHz) Switching frequency 20
T=1,.,6, i=1,.,4, 7=1,2 *S.b. = Standby

TABLE III: Controllers’ parameters

Controller Ky Kr
Voltage controller 3 250
Charging controller ~ 0.02 0.07
PI controller of PV 0.01 0.05
Current controller 15 -
. Ry Raz Ras
Droop coefficient 0057 0114 0228

The equivalent model of the closed-loop control is illustrated
in Fig. 6. As presented, the HPS system is modeled by an
independent voltage source in series with variable impedance,
which depicts the closed-loop impedance of the SC converter.
The PV system is modeled by a parallel independent current
source with low dynamic response characteristics.



By using the Thevenin’s equivalent for the rest part of the
DC-MG, the output current of the HPS can be calculated as
follows:

Vout () — Vin(s) = (fout<s> - ) Z0s) (%)

Substituting I, (s) from (10) in (9) and then substituting
Vout(8) in (13) leads to (14)

Then, the characteristic equation of the closed-loop system
can be obtained as follows:

Zout(s) (RL + ZZ(S)) + RLZZ(S) =0

‘/out(s)
R

5)
where
z1(s) = 1i(s) + sLi(s)

where z,,:(s) denotes the output impedance of the HPS system,
which is expressed as follows:

(16)

Zout(8) = Zse,.(8) + Zsoc(8) + 2za(s) (17)

Substituting (14) and (15) in (18) yields (21) as follows:

Wrd
S§+ wyrq
(Rp + (rp+sLy)) + Rp(r; + sL;) = 0.

(e ()4 by + VB (s) + L RyH(s)x (18

As (21) implies, the roots of the characteristics equation are
influenced by the DG system parameters. A sensitivity analysis
is addressed in the next section to investigate the effects of the
system parameters on the DG stability.

3) Small-Signal Model of HPS System Considering the PV
Converter Dynamics: The PV is an auxiliary source in the
DC-MG, and it is estimated according to the MG’s load. A
unidirectional-buck converter connects the PV to the DC bus.
The average state-space model of the PV converter is expressed
as follows:

e r 1 1
L1 = —#Im — I v + fvcpvdpv
R 1! ! (19)
ver = alm - alom
7 .
Vo =10 1]- [ Uéll ] 11 -, (20)

where ve,, and ve, represent the voltages of capacitors Cp,
and C1, respectively; iy, and 1o, are the current of inductance
L, and output current, respectively; r;; is the inductor resis-
tance; 7 is a resistance representing the cable losses; and d,
denotes the duty cycle for on-state of the switch.

The variables in (19) and (20) can be written as the sum of
the steady-state value and the disturbance (z = X + X), then
the small-signal model can be obtained as:

I
L1 B ILI
=A; - v +As- I, +A3-Ve,,
Ve <
+ Ay Dpy 21)
I
Vout = Bl . |: Véll :| + BQ . IOpv (22)

in which
o b c
e B TR
— 0
e 0
0 Dpv
Az=| 1 Ay=| I, (23)
L G 0
Bi=[0 1] By=-n 24)

By transferring the linear small-signal model in (21) and
(22) into the frequency domain, the output voltage is obtained
as follows

Vot () = [Bl (sI —Ay)~" AQ} - Dyo(s)
+ By (sT — Ay) "t Ay Ve, (5)
- [—Bl (sI — Ap) " Ay — BQ} o (s). (29

From Fig. 7, D,, is is given as

Dy = (V& (5) = Ve () X Gy, (5)Gpum(s)  (26)

where Gpum () is the transfer function of PMW generator and
Gpi,, (s) is the PI controller used to regulate the output voltage
Vc*pv- Here, the impact of MPPT on PV is represented by the
perturbation in the reference value of the PV output voltage
Ve,

Vout(s) = [B1 (SI - A1)71A2] : GpipUGpwm : VSW (5)

+ {Bl(sI - Al)_1A4 - [Bl(SI — Al)_lAQ]

X Gpivapwm} Ve, (s)
— [731(81 — A1)71A3 — BQ] . Iom(s). (27)
where
G (s) :(31(31 - Al)_lAg) % Gii,, Gpum
Ggl(s) = (Bl (SI — A1)71 A4) — (D1 (SI — Al)il A2

X Gpiy, Gpwm)

zom(s) = — Bl (5] — Al)_l A3 — BQ. (28)
Then (27) can be written as:
Vour(s) =|G1a(s) - V&, (5) + Ga(5) - Ve (5)]
— Zopy (s)- Iopu (s)- (29)

Eq. (29) implies the closed-loop control of the PV converter,
where the dynamics influenced by MPPT are characterized by
V(jim, input voltage V¢, , and output current [, . The output
voltage includes two main components. The first one is the
controlled voltage source determined by the reference VC*W,
and the measured value of the input voltage of the converter
Vo,,- The second one is the output impedance z,,. Fig. 7
shows the equivalent model of the closed-loop control of HPS
system considering the PV converter dynamic.



(R + ztn(s)) (H(S)Vref + (25,0 (8) + Zs0c(5)))

1,

Opv

Iout(s) ==

Zout(8) (RL + 21(8)) + Rrzin(s)

(5)) = (RoVin(s)) "

L,(s)

v, ()

Fig. 7: Equivalent small signal model of HPS

Now, by substituting 1, ,(s) (obtained from (29)) in (10),
substituting I, (5) in (9), and also substituting Vout(s) in

(13), the characteristic equation of the closed-loop system
considering the PV converter dynamics is obtained as follows

(2o (5) + Zacoe(5) + 200c(5)) - 21() R+ (R + 21(5))

X (Zscoc(s) + Zsoc(s) + Zd(ts))zop,,(s) =0 (30)

The impact of the PV converter dynamics on the stability of
the overall DC-MG will be studied in section IV-B.

IV. STABILITY ANALYSIS OF CLOSED-LOOP SYSTEM
A. Effect of DG System Parameters

The roots of the characteristic equation are affected by the
system’s parameters, including current droop, line impedance,
load, SOC controller, and the output impedance of the system.
Hence, an eigenvalue analysis is performed to investigate the
dynamic performance under varying parameters. To examine
the effect of line impedance, it is assumed that DG1 supplies
a local load of 2 kW and is connected to the grid through a
distribution line. Also, it is assumed that SC is in the discharge
operation mode. It is worth mentioning that the analysis is
conducted for the case where there is no virtual impedance loop
and only droop control is used. At first, to study the effect of
line resistance, it is assumed that the impedance line is fully-
resistive (.i.e lj;e = 0). The dominant low-frequency modes of
the DGI are calculated for varying line resistances from zero
to 46.1 mS2, as shown in Fig. 8.

As seen, the dominant low-frequency modes of the DG unit
are between 15-25 Hz, and as the line resistance increases, the
damping ratio is increased. Also, as it can be observed, the
system will be unstable for the line resistance values smaller
than 9.2 mQ (ryne < 9.2 m£2). Nevertheless, enlarging the line
resistance is not a practical and feasible solution as it increases
the losses and corrupts the voltage profile. Furthermore, it has
a negative effect on the current-sharing accuracy. To analyze
the effect of line inductance on the stability performance of the
DC-MG, it is supposed that the line resistance is adjusted at
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Fig. 9: Dominant low-frequency modes of DG1 when X L;/ R,
ratio changes from 0 to 0.2.

the worst operation condition (.i.e, 7;,. = 9.2 m{2), and the
dominant low-frequency modes are calculated when the line
inductance varies from 0 to 0.11 mH. The variation of the
dominant low-frequency modes of DG1 are shown in Fig. 9.
As depicted, the system performs better with an increased line
inductance. The parameters of the SOC controller, on the other
hand, can influence the system damping ratio. Accordingly, an
small-signal analysis is conducted for DG unit to study the
impact of the proportional gain (k,), and integral gain (k;) of
the voltage controller (G,.) on the operation of the DC-MG.
It is assumed that the parameters of line impedance are set as
(Ttine = 6.9 mQ) and (lj;ne = 4.4 pH) and the local load
is (Rioad = 2 kW). Also, the droop coefficient is set on a
specified value (R4 = 0.057) where the maximum voltage drop
will not exceed the permissible allowable value. The results are
shown in Fig. 10 and Fig. 11. As observed, the dominant low-
frequency modes are more impacted by the proportional gain
than the integral gain.

Next, the virtual impedance loop is included in the voltage
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control loop to damp the low-frequency modes of the DC-MG.
The dominant low-frequency modes are calculated for DGy,
DGs, and DG3 when the values of K, vary from -0.3 to 2. The
eigenvalues movement for different values of K, is shown in
Fig. 12. The line resistance and line inductance are considered
to be 9.2 m) and 4.4 uH, respectively, to provide the worst-
case operational condition. Furthermore, it is assumed that SC
is in the discharge operation mode.

The droop coefficients are adjusted to 0.057, 0.114, and
0.228, respectively. As it can be seen, the DGs stability is
deteriorated for the negative values of K, and it is enhanced
with an increased K,,. Thus, in order to achieve a favorable
damping ratio (DF = 0.7), K1, K,2, and K,3 are chosen
equal to 0.6, 0.9, and 0.16, respectively.

Moreover, an eigenvalue analysis is performed to investigate
the effect of droop coefficient R; on the stability performance.
It is assumed that droop coefficient Fig. 13 shows the dominant
low-frequency modes when Ry varies from O to 1. To analyze
the effect of R4 on the stability performance of the DC-MG,
it is supposed that the line resistance and line inductance are
set to be 9.2 m(2 and 4.4 mH, respectively, to provide the
worst-case operational condition. Also, DG supplies a local
load of 2 kW. It can be observed from Fig. 13 that the droop

300 Pole-Zero Map JW‘
- T T —— T T
.64 0.5 0.38. 0.28 0.17 0.0840 A
#Tos e
% 100 .94
8
2z 054"
£ 100|964
< x
2 Xx
g s0fo73
%-10 » &
E 60 [0.82 %%, 604 s KL
K,, =016 A S S 28 x x
.20 40{00 K,,z=°~95\”’g,, afsr : '-Xsdx % x 4
XX
RN, STV
3oof'q‘;m 00,30 4,38 28 047 0.0840°
-250 -200 -150 -100 -50 0 50

Real Axis (seconds™")

Fig. 12: Dominant low-frequency modes of DG1 when K, of
virtual impedance loop changes from —0.3 to 1.

coefficient has a small impact on the frequency oscillations,
and the characteristic equation of the closed-loop system has
two complex conjugate poles with a small damping ratio.

Pole-Zero Map

. T . T R, =1
600 10-07 0.046 0.032.-0.022-0.014 0.0071°°'L;
Increasing Ra 80 o
400 |01 Y B
-~ R, =0.06
8 0.2 - - i
2 200 | ; .
8 = 220
- R,=0} et
2 0 ®) o 60
< X X PV
g-zoo : T
= 02 : i
2
E :
400 T 14 60
' g0
600 507 0.045" 0.032 0.022 0.0140.007;50

-50 -40 -30 -20 -10 [}
Real Axis (seconds")
Fig. 13: Dominant low-frequency modes when R, varies from
0to 1.

B. Analysis of Small-signal Stability of the Overall DC-MG

As shown in Fig. 14, an equivalent model is provided to
investigate the small-signal stability of the overall DC-MG
in Fig. 1. As observed, each voltage-controlled converter is
modeled by an independent voltage source in series with
the closed-loop impedance of the SC converter. Small-signal
analysis is then carried out to evaluate the impact of the
proposed control loop on the system’s dynamic performance.
For this aim, the linear models of loads, lines, and all DG
units are obtained in the Laplace domain. The dominant low-
frequency modes of the overall DC-MG are determined using
the characteristic equation, which is expressed using impedance
analysis. The mesh impedance matrix can be calculated as

Zyvcn(s)  Zuci2(s)  Zavcis(s)
Znvc(s) = | Zyma21(s)  Zmcaz(s)  Zmcas(s) | (1)
Znvesi(s)  Zumase(s)  Zwaass(s)



=
-

Fig. 14: Equivalent model of overall DC-MG (DG4 is in
standby mode)

where
ZMG11(S) = [ outl(S) || Ry + ((ZoutZ( ) || RLz)
+Z12(s)) | Rus + Zra(s) + Zrs(s)]
Zmci2(s) = Zme21(8) = —[(Zous2(s) || Rre
+Z12(s)) |l RLs + Zps(s)]
Zmc13(s) Zmasi(s) =
Zyvaaz(s) = [(Zout2(s) || RLQ + Z12(s)) || Rus
+(Zouts(s) + Zrs(s)) || Rus
+Z13(s) + Zra(s)]
Zycas(s) = Zmas2(s) = —[(Zow2(s) + Zrs(s)) || Rus
+Z14(9)]
Zvess(s) = (Zows(s) + Zrs(s)) || Rus
+Z14(s) + Rye. (32)
where
Zout1(s) Zscocl (8) + Zsoc1 (8) + za1(s)
Zout2(8) = Zscoc2(s) + zaz(s)
Zouta(8) = Zscocs(s) + zaz(s)- (33)

The dominant low-frequency modes of the DC-MG with
and without the proposed control loop are shown in Fig.15.
As the figure illustrates, the proposed control loop provides
the system with a higher damping ratio than the conventional
control (without the proposed control loop). In addition, the
low-frequency modes of the system in two cases (a) without
considering PV converter dynamic and (b) with considering
PV converter dynamic are obtained and shown in Fig. 16. As
can be seen, the results with and without considering the PV
converter dynamics are in close agreement with each other. It
implies that the PV converter dynamic does not affect much the
frequency modes of overall DC-MG obtained by neglecting the
PV converter dynamics.

V. TUNING OF REGULATION COEFFICIENT USING
INN-BASED APPROACH

The performance of virtual resistive impedance loop is highly
influenced by the regulation coefficient K,, which should
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be adjusted optimally. The selection of optimal coefficient
based on random trial-and-error method and eigen-participation
analysis is a very time-consuming process, which requires many
selections and many computer simulations. Besides, once the
operating point changes highly, ensuring a favorable response
is a challenging task. The intelligent methods rehabilitate such
deficiencies in acquiring a robust performance in different
operating conditions of microgrids [29]. The INN as a powerful
tool is a suitable option to achieve the proposed control
objectives. The schematic diagram of the proposed INN-based
regulation scheme is depicted in Fig. 17. Input signals of the
INN-based regulation unit contain the MG output and a set
of basic data. The intelligent unit provides an accurate online
adaptation of the regulation coefficient K, embedded in the
virtual impedance loop and thereby enhances the stability of
the converter control system. This adaptive feature improves
the converter’s robustness against different uncertainties and a
wide range of operating states. The proposed method is detailed
in Fig. 18. The INN output is a supplementary regulation
coefficient Ky,, to update the constant regulation coefficient
Kos,,. The key functionality of the proposed structure is to mini-
mize the voltage variation. Therefore, appropriate set points are
created by INN and applied to the output of the inner loop to
achieve a stable control operation.

The processing units in an INN, which are inherently non-
linear, are known as neurons. Each neuron contains three
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basic elements including weights w;; = [w1j, waj, ..., Wy ], an
activation function f(net), and a bias parameter ¢ [30]. Var-
ious functions such as sign, tangent sigmoid, and logarithmic
sigmoid can be used for the activation function g(net). The
output of the hidden layer is calculated based on the weighted
input and bias as mathematically shown in (34):

Hj=g (Z Wi + go) i=1,2,...,L (34

i=1
where L is the number of nodes in the hidden layer; and u; is
the input signals.

Then, the output of the output layer can be obtained as
follows:

L
O.=> Hjwje+¢ c=12,..,m (35)
j=1

where m is the number of nodes in the output layer; and H;
is the output of the hidden layer.

The learning procedure deals with the minimization of mean
squared error as follows:

(36)

where e = Vit — Viey.

The weights of the INN are updated based on supervised
feedback approach in which back-propagation algorithm is used
for the learning procedure [31]. Back propagation is a very
well-known algorithm that is available in standard software like
MATLAB. Therefore, it will not be described further here.

The calculated error value in (36) is employed to update the
INN weights as follows:

i=1,2,..,n j=12..,L (37)
wje(k + 1) = wjc(k) + Awje = wie(k) + nHje
j=1,2,..L c¢=1,2,...m (38)

where, Aw;; and Aw;. are calculated based on Egs. (39)-(40).
All parameters used to calculate of Aw;; and Awj. can be
observed in Fig. 18.

A — OF oE GE@ Oxr Onet,
e n@ch’ Owj. Oy Ox Onet, Owj.’
onet.
Jwre f'(net.)
Onet. OF 0y 0X
dwjc 77 Oy 0X Onet, & wie = nHe  (39)
A OE  OE O0EJy Ox Onet. OH; Onet;
K "awij’ Ow;; Oy Ox Onet, OH; Onet; Ow;;
or , Onet,
= tc), = Wye,
Onet,. F(nete) 0H, Wi
aHj ’ 8n€tj
dnet; (net;), Owje "

Aw;; = ndf' (net)wjef' (netj)u = néu (40)

It is to be noted that in the Fig. 18, W, represents the weight
vector for the hidden layer whereas W5 is similarly deployed
for the output; and 7 is the learning rate.

The considered INN is trained by the response for a set
of different scenarios and based on the system dynamics
to online prepare the virtual impedance coefficient (X,). In
the design process of the proposed INN based fine-tuning
structure, it is considered that the input layer of INN has twenty
linear neurons, and there are ten nonlinear neurons for the
hidden layer. The number of neurons in input/hidden layers
is determined through a trial and error process. Besides, INN’s
output layer must contain an analogous number of neurons to
the control variables. Since the control variables include only
one regulation coefficient, one linear neuron is thus considered
in the output layer.

VI. SIMULATION RESULTS

Various case studies are conducted to assess the performance
of the proposed control scheme. The DC-MG shown in Fig. 1
is simulated in MATLAB/Simulink software environment. The
simulations are carried out on a MATLAB/Simulink environ-
ment on a laptop with a core i7-4510U CPU @ 2.6GHz, RAM
6GB. The dynamic performance is examined by applying a
sequence of step load changes at PCC for Bus4 as shown in
Fig. 19. As the figure indicates, a load increase of 0.75 kW
at t = 1s is assumed, followed by a load decrease of 0.75 kW
at t = 3s, a load increase of 1.1 kW at t = 4s, and a load
increase of 1.9 kW at t = 6s. The deviations in output currents
of DGI, ESS1, and ESS2 are shown in Fig. 20. As the results
imply, with traditional droop control, the output currents of



DG1, ESS1, and ESS2 oscillate with frequencies of 25.7 Hz,
22.2 Hz, and 41 Hz, respectively. The figure also indicates
that, by using the proposed adaptive virtual impedance loop,
significant reductions in the oscillations of output currents are
achieved. The generated regulation coefficients by INN-based
approach under the applied load changes are presented in Fig.
21. The figure reveals that the INN-based approach regulates
the virtual impedance loop such that the fluctuations in the
output currents are highly attenuated. The following conditions
are considered to update k,, during case studies: 1- The error
(Vref-Vout) < 0.05. 2- The damping ratio not be less than 0.6.
It is be noted that a logarithmic decrement method is used
to calculate the damping ratio. In the simulation model for
both offline simulation and HiL tests, the logarithmic decrement
method is implemented by using an embedded Matlab Function
block.

To study the impact of K, on the current-sharing accuracy, it
is assumed that the loading is changed under sequence steps, as
in scenario 1. Figs. 22—24 show the error of current sharing for
DG, ESS; and ESS,, respectively. It can be seen that using
the proposed control strategy brings the error close to zero,
while without the proposed control strategy, the error remains
in the interval [-2,2]. To further confirm the effectiveness
of the proposed method, a comparison has been conducted
between the proposed method and a prior work reported on
low-frequency oscillation damping [25]. Fig. 25 and 26 show
the comparison results, the dynamic response of output current
of DG1, ESS1, and ESS2 is shown in Fig. 25, the current-
sharing error of DG1, ESS1, and ESS2 is shown in Fig. 26. As
it can be seen, both methods are characterized by good dynamic
properties. From a point-view of current-sharing accuracy, the
proposed method has clear superiority compared to the method
reported in [25]. A study is carried out to assess the robustness
of the proposed control scheme against the variation of the
parameters of impedance lines. In this study, it is assumed that
the load at Bus4 is increased. The output current of DGy unit in
the cases of high and low impedance lines utilizing the droop
control is shown in Fig.27. As observed, while the system is
stable for the high impedance lines, it becomes unstable for
low impedance lines. In contrast, the output current of the DG,
unit using the proposed control is shown in Fig.28. As can be
seen, the proposed control method offers superior robustness
performance against the low impedance lines compared to the
droop control.

A stability analysis is also performed to further clarify the
robustness properties of the proposed control scheme. Accord-
ingly, the dominant low-frequency modes of the overall DC-
MG are calculated in the cases of low and high impedance lines
for the droop control method and in the case of low impedance
lines for the proposed control strategy. The results are depicted
in Fig.29. As can be seen, when the droop control is used, the
eigenvalues are in the right-half plane with a negative damping
ratio equal to -0.066 for lines with lower impedances. In this
case, the system experiences an instability mode. While for
high impedance lines, the damping ratio is 0.55, and the system
stability properties are suitable. In contrast, when the proposed
control scheme is applied, the dominant low-frequency modes
suggest that the system has good stability properties in the case
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Fig. 19: Variations in Load at Bus4.
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Fig. 20: Output currents of DG1, ESS1, and ESS2 when Loady
varies in a programmed sequence.
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Fig. 21: Variations of K, coefficient under the changes in

operation conditions.

of low impedance lines with a damping ratio equal to 0.63. This
ensures the robust performance of the proposed control scheme
against the parameter changes.

Moreover, to investigate the performance of the INN-based
approach to deal with critical conditions in DC-MG operation,
K, gain in the voltage control loop is set at 1.0 such that
the inner loop stability of DG unit is adversely affected. The
dominant low-frequency modes of the overall DC-MG are
shown in Fig.30. In the figure, the blue poles-zeros represent
the offline approach and the red ones correspond the proposed
INN-based approach. In the offline approach, the regulation
coefficients associated with virtual impedance loop are the same
obtained in section IV-A. As observed, the system falls into an
instability region without the INN-based approach. In contrast,
the feature of the proposed INN results in a stable operation of
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the DC-MG and makes the proposed virtual impedance loop an
online controller to support a wider range of operating points.
Fig. 31 shows the output currents of the DG1, ESS1, and ESS2
with the proposed INN-based virtual impedance loop.

VII. HARDWARE IN THE LOOP VALIDATION

The HIL simulation platform is built based on the real-time
simulator, OPAL-RT-OP5600, and dSPACE MicroLabBox. Fig.
32 shows a detailed structure of the HIL system used to verify
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Fig. 25: Output currents of DG1, ESS1, and ESS2 when load#4
varies in a programmed sequence.
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Fig. 26: Current-sharing error of DG1, ESS1, and ESS2 when
load#4 varies in a programmed sequence.
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Fig. 27: Output current of DG; with droop control in the cases
low and high impedance lines

the proposed control scheme. The system plant, which is the
DC-MG without its controllers, is modeled in OP5600. The
control loops, including voltage control, droop control, charge
regulator control, and virtual impedance loop, which determine
the control commands at 20 kHz switching rate for the convert-
ers, are modeled in the dSPACE MicroLabBox (DS1202). The
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DS1202 generates the PWM switching signals for the system
executed in OPAL-RT. The dSPACE MicroLabBox controller
provides an example of rapid control prototyping where the
focus is the development and verification of different control
methods rather than the implementation in a DSP requiring
programming in C.

In the presented HIL setup, Control Desk and RT-Lab are the

Time (sec)

Fig. 31: Output currents of DG1, ESS1, and ESS2 with INN-
based virtual impedance loop in case of K. = 1.

simulation platforms for dSPACE and OPAL-RT, respectively.
Both OP5600 and DS1202 are connected to a Windows-based
host computer using a TCP/IP connection. Moreover, to ensure
the accuracy of the comparison, the parameters of the controller
used in the HIL experiment are consistent with those in the
previous simulation. The analog output channels of OP5600
have been used to send the simulated plant’s measured voltage
and current signals to the analog input channels of DS1202.
The analog output channels of DS1202 have been used to
send control signals to the analog input channels of OPAL-
RT. It should be noted that all the signals are normalized as the
maximum limit on the I/O signals is £16 V for OPARL-RT and
410 V for dSPACE. The detailed structure of the HIL system
used to validate the proposed control scheme is depicted in Fig.
32. The computation time should be scaled over the sampling
time used. Also, for the HIL setup, the sampling times for both
OPAL-RT and DS1202 systems were 10 us.

A real-time scenario is made to evaluate the proposed control
strategy’s dynamic performance under the DG units’ plug-and-
play operation. For this goal, it is assumed that DG4 with
a rated power of 1 kW, suppling a local load of 0.5 kW, is
connected to Bus5 through the distribution line z;, (z;,=%;,) at
t = 1s, and then, DG4 is disconnected from the MG at ¢t = 4s.
While the output currents of DG1 and DG4 are displayed in Fig.
22, those of ESS1 and ESS2 are shown in Fig. 34. Without the
proposed control method, undesired oscillations in the output
currents appear. Whereas, by the use of the proposed virtual
impedance loop, the low-frequency oscillations are omitted
entirely. Another real-time scenario for the proposed control
scheme evaluation is investigated, which involves a dynamic
change in a nonlinear load. It is assumed that a constant-power
load (CPL) with a rated power of 0.5 kW is connected to
Bus#4 through a line with an impedance equal to z;,. The
CPL is modeled by a dc/dc buck converter operated in the
voltage-control mode supplying a resistive load. The results are
shown in Fig. 35. A comparison between the output currents
of the DGI1, ESS1, and ESS2 obtained for the traditional and
proposed control strategies shows that the proposed intelligent
virtual impedance loop remarkably diminishes the current’s
low-frequency oscillations during transient conditions.

VIII. CONCLUSION

This paper proposes an active control method to enhance
the dynamic performance of a droop-controlled DC-MG. The
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Fig. 32: HIL experimental setup to validate the proposed control
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Fig. 33: Output currents of DG1,4 when DG4 connects to Bus5
and then disconnects.
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Fig. 34: Output currents of ESS1,2 when DG4 connects to Bus5
and then disconnects.

proposed approach relies on augmenting a virtual resistive
impedance loop to the inner loop of the control system of
the converters. The principle of the presented damping loop
is based on regulating the output impedance of each converters
without manipulating the voltage controller. The INN method
was proposed to adjust the damping coefficient of the virtual
impedance loop. The initial tuning of the damping coefficient
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Fig. 35: Output currents of DG1, ESS1, and ESS2 when CPL
increases from 1.5 kW to 3.5 kW.

was based on a small-signal stability analysis. The results
confirmed that the proposed control scheme can: (i) reduce
the low-frequency oscillations compared to the case without a
damping loop; (ii) indicate a robust performance against the
unknown parameters; (iii) deal with various sorts of loads;
(iv) support a wider range of operating conditions. Finally, the
proposed control scheme was verified by the HIL simulation
platform.
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