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Abstract

This paper addresses the operation of parallel interlinking converters (ICs) in hybrid AC-DC microgrids from different
perspectives, then proposes a unified mitigation technique. Firstly, the influence of the system nonlinearity on circulating
currents between parallel ICs is investigated. Secondly, it is shown that ICs might induce voltage harmonics due to the
antiparallel diodes of the power electronic switches which are seen by the AC subgrid as nonlinear diode rectifiers. Lastly,
the synchronization of ICs following abnormal operating conditions is discussed and new findings are presented. In order
to enhance the operation of ICs and overcome the preceding challenges, a modified virtual synchronous machine (VSM)
strategy with a dual-droop (DD) controller is proposed. The positive influence of the proposed VSM-DD controller on the
overall system dynamics is clearly justified. Small-signal state-space modeling for the entire system is conducted to verify the
results analytically. A nonlinear time-domain simulation model is developed using PSCAD/EMTDC to validate the impact
of the VSM-DD controller experimentally.
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List of Symbols K, ~ Proportional current controller gain
T Mechanical torque K. Integral current controller gain
Tele Electrical torque K, Integral voltage controller gain
wygy  Virtual angular frequency K,,  Proportional voltage controller gain

@ Microgrid angular frequency
Mechanical power

P,.  Electrical power

Dy Virtual damping

v?lclin Allowable minimum DC voltage
yde Measured DC voltage

m Droop gain for DG unit in DC grid
Droop gain for DG unit in AC grid
P@) DG active power with index

A State or system matrix

B Input matrix

C Output matrix

D Feedforward matrix
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F Controller feedforward gain

Py Active power of interlinking converter

iic,, Input DC current of IC in d—g frame

vic,,  Input DC voltage of IC in d—g frame

i04,  Output DC current of DG unit in d—g frame
my Modulation index of PWM

ioge  Output DC current of DG unit in DC grid

1 Introduction

To exploit the existing infrastructure of AC power systems,
most of microgrids are predominantly AC, and so AC micro-
grids are widely addressed in the literature [1-3]. With the
advancements of power electronic industry, the integration
of renewable energy resources is rapidly growing [4]. As
most of the generated renewable energy is DC, e.g., photo-
voltaic systems, the integration of DC microgrids has been
attracting considerable attention in recent years [5-7]. To
combine the benefits of AC and DC systems, the concept of
hybrid AC-DC microgrids is currently emerging [8—11]. In
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hybrid AC-DC microgrids, bidirectional voltage source con-
verters (VSCs), referred to as interlinking converters (ICs),
interface the DC microgrids with the AC subsystem. Due to
the absence of utility-grid support in the isolated mode of
operation, hybrid microgrids generally need both voltage
support in terms of reactive power, and frequency support in
terms of active power at the AC side, as well as a DC voltage
support at the DC side. In addition, bidirectional power flow
is processed through ICs to increase the overall system effi-
ciency and reliability [11]. However, the lack of mechanical
inertia poses a threat to the dynamic stability of the hybrid
system, and hence a thorough analysis under wide variation
range of operating conditions is necessary.

Due to the bidirectional power flow through ICs, conven-
tional droop characteristics cannot be used; hence, a central-
ized control was proposed for multiple ICs in [12]. However,
concerns have been raised against the reliability of using
centralized control as a fast communication link. Distributed
controllers, on the other side, are more reliable [13, 14].
The authors in [13] proposed a modified decentralized dual-
based droop control for only one bidirectional IC power flow
using current controller loops. To achieve smooth energy
exchange between AC and DC subgrids, energy storage units
have been used at the DC side of ICs in [15, 16].

Dynamic characteristics of synchronous machines have
been emulated and implemented in the control structure of
ICs. The application of the virtual synchronous machine
(VSM) controller introduces a virtual inertia to the hybrid
microgrid, which improves the dynamic performance and
stability [10, 17]. It is reported that the appropriate VSM
control algorithm is based on a second-order model to
enhance the response following fault conditions [18]. Gen-
erally, most of the work in the literature employs VSM con-
trollers in the unidirectional power flow applications, i.e.,
standalone AC microgrids. It is only the work in [19] that
focuses on the integration of DC microgrids to the AC side
using VSM controllers. However, the work is considered in
the grid-connected mode where the system inertia is inher-
ently maximized.

Motivated by the potential features and flexibility of
hybrid AC-DC microgrids, this paper presents more insights
and investigations on the parallel-operation of ICs. The
considered challenges are; (1) circulating currents between
parallel-connected ICs, (2) nonlinearity of ICs as seen by the
AC subgrid, and (3) the synchronization of ICs following
fault conditions or scheduled maintenance.

(1) With respect to circulating currents, they appear in
parallel-operated converters because of several rea-
sons such as the switching frequency, dead-time, and
drifting hardware components [20]. According to [20],
circulating currents between ICs consist of two types;
which are zero-sequence and cross-currents. The cross-
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circulating currents flow from the AC side to the DC
capacitor. In contrast, the zero-sequence circulating
currents flow from the AC to DC side. In addition,
exchanging active power from the AC into the DC
subsystem raises circulating current issues due to the
nonlinear behavior of IC. In spite of these challenges,
the trend in hybrid microgrids is to implement parallel-
connected ICs to increase the system reliability, utilize
converters with lower power ratings, and hence ease the
modular maintenance and reduce costs [21, 22].

(2) Nonlinear loads infrequently draw current or change
their impedance during the cycle of the AC voltage. As
ICs are usually VSCs, they are equipped with antipar-
allel diode rectifiers (Fig. 1). Subsequently, diode
rectifiers draw discontinuous and non-sinusoidal AC
currents with a high content of the total harmonic dis-
tortion (THD). In this case, the AC current waveforms
have double pulses per half cycle and so ICs become
harmonic voltage sources [23, 24]. As a result, the
AC voltage at the point of common coupling (PCC)
becomes more distorted [25]. This nonlinear behavior
is also linked to circulating currents between ICs.

In the literature, the integration of nonlinear recti-
fiers to AC microgrids has been investigated, and sev-
eral solutions are reported [26-29]. However, there are
not enough studies on nonlinear ICs in hybrid AC-DC
microgrids under rectification and inversion operation.
This is a more challenging condition due to the addi-
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Fig.1 Hybrid AC-DC system with parallel interlinking converters



Arabian Journal for Science and Engineering (2021) 46:983-1000

985

tional functionalities that are needed from ICs to allow
bidirectional power flow and frequency support.

(3) Microgrid synchronization is a bit different in com-
parison with synchronizing a traditional synchronous
machine with classical electrical systems. This is due
to the fact that many distributed generation (DG) units
form the microgrid voltage and frequency based on
decentralized droop control [30, 31]. The synchroni-
zation of AC microgrids using the phase-locked loop
(PLL) has been achieved in [30]. However, this method
has significant adverse effects on the overall system sta-
bility [32]. The inclusion of a resynchronization algo-
rithm as a part of IC controllers is necessary in hybrid
microgrids. None of the reports in the literature have
discussed this issue.

The contribution of this paper is to address and mitigate
the preceding challenges in hybrid microgrids. The primary
contribution of this research is to solve the operation issues,
including: (1) nonlinear load behavior of the IC, (2) re-syn-
chronization issue of the IC after disturbance, and (3) circulat-
ing current issue between parallel ICs. The solution for these
issues is based on the implementation of VSM with dual-droop
(DD) to achieve a bidirectional power flow capability. Apply-
ing the concept of the VSM with power reference modifica-
tion, based on considering the AC and DC electrical quanti-
ties variation for the ICs, solves these issues. The proposed
VSM-DD controller enables multiple parallel ICs to behave
as a synchronous machine (SM) for supporting both subgrids,
with consideration of the variations of the DC voltage and the
AC frequency during the isolated operation of a hybrid AC/
DC microgrid. This paper presents a comprehensive stability
analysis of the hybrid microgrid with the proposed VSM-DD
controller. A comparative study with existing solutions in the
literature is also presented. Further, the application of the pro-
posed VSM-DD controller prevents the issue of circulating
current that occurs in the parallel ICs during the rectification
operation mode.

The remainder of the paper is organized as follows: Sect. 2
describes the architecture of hybrid AC-DC microgrids;
Sect. 3 introduces the control of interlinking converters; Sect. 4
describes autonomous operation of hybrid AC-DC micro-
grids. The state-space model of hybrid AC-DC microgrid is
presented in Sect. 5. The system small-signal stability analysis
is evaluated in Sect. 6. The simulation results and analysis are
presented in Sect. 7, and the final section offers conclusions.

2 Architecture of Hybrid AC-DC Microgrids

As shown in Fig. 1, an adapted version of a medium-volt-
age hybrid AC-DC microgrid based on IEEE Standard 399
is considered in this paper [28]. The system is divided into

three different components which are named as the AC and
DC subgrid, and the ICs. The hybrid system consists of
two dispatchable distributed generation (DG) units at the
AC and DC sides.

The controller loop structure of the AC subgrid con-
verters and the ICs are implemented based on a cascaded
synchronous reference frame (SRF). On the other hand,
the control loop structure for the DC subgrid converters is
based on cascaded voltage and current control [28].

According to the secondary distribution system configu-
ration, a spot network configuration provides the highest
reliability compare to other configurations such as radial
or secondary-bank systems. The spot network configura-
tion consists of more than one transformer connected in
parallel, which increases the system reliability [24]. It is
noted that a similar configuration is proposed for ICs in
Fig. 1.

Figure 2 shows a more detailed representation for the
parallel-operated ICs. The values of circulating currents
between ICs can be represented by the cross- and zero-
sequence currents using (1) and (2), respectively [20].

. 1 / 1
I((::iross = E(R \_/:) L - R - > (1)
p+sly Ry +sLy
ZeT( 1
15 = 3 [([al +1, + Icl) - ([aZ +1, + Icz)] 2)

where vo', vo” are the output voltages of each converter; Ry,
R, Ly, and Ly are the AC filter components of the convert-
ers; 1,, I, and I, are phase currents for each converter; and s
is the Laplace operator.

3 Control of Interlinking Converters

In this section, a brief description of existing controllers
of ICs in hybrid systems is presented. The proposed VSM-
DD controller is then investigated.

»ZEIo sequence = PCCI
Rf" Lf'  wo" io" Ro"  Lo"

"

vcy
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Fig.3 Current control of ICs in hybrid systems

3.1 Current Control of ICs

Figure 3 shows the traditional current control loops for
ICs [33-35]. The d-component of the current reference
is defined from the active power reference (P,;), whereas
the g-component is set to zero. Therefore, the IC in Fig. 3
is not responsible for the PCC voltage control or reactive
power compensation [33, 36]. The advantage of including
a voltage controller loop includes the provision of the IC
to support the regulation of the AC voltage. It is shown
in this paper that the tight regulation of PCC voltage con-
tributes to the minimization of circulating currents. In
other words, the control structure of ICs in Fig. 3 is not
recommended.

3.2 VSM Control of ICs

Many VSM controllers are developed to enable the VSC to
mimic the behavior of synchronous machines. As shown
in Fig. 4, a VSM controller with a second-order dynamics
is adopted in this paper due to the improved performance
following fault conditions [18]. In order to implement the
second-order VSM controller, it is necessary to replace the
power controller loop with the swing equation to generate
the orientation angle 0.

The general form of the swing equation is based on
Newton’s second law of motion as given in (3) [37]. Equa-
tion (3) can be multiplied by the rotor synchronous speed
(wgyy) to get the representation in term of active power
(4) [38].

d*s ds

E'FDdE =Ty — Tele (3)
d’s ds

DVSM 2 + Ovsm g, = Py, =P 4)

The derivative term of the rotor angle, % =Aw =

Wysy — @, is the rotor speed deviation in electrical
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Fig.4 VSM control of ICs in hybrid microgrids

radians per second [1]. Thus, it is more convenient to
replace the second-order differential equation term in (4)
by two first-order equations, as follows:

dAw
JwVSMT = Pmech - Pele - (wvsm_wcon)Dd (5)
dé
— =Aw
a (6)
where J, P, Peie denote the virtual inertia, the mechani-

cal input power, and the reference power command; D, is
the damping coefficient; w,, represents the synchronous
speed that is generated by the swing equation whereas @,
is the estimated angular frequency of ICs. In fact, there are
several methods to estimate the converter frequency such as
frequency measurement based on zero crossings, and fre-
quency measurement based on phasor rate of rotation [39].
In this paper, a PLL is used as a frequency meter to deter-
mine. However, the self-synchronization controller does not
depend on the PLL.

4 Autonomous Operation of Hybrid AC-DC
Microgrids

The autonomous operation of AC and DC microgrids
depends on autonomous droop controllers. In the AC side,
the generated active and reactive power are correlated to
the frequency and the PCC voltage, respectively [1]. In the
DC side, the load power is correlated to the DC bus voltage.
To allow accurate bidirectional power flow through ICs, a
continuous monitoring of the DC voltage and system fre-
quency is required. This is clearly can be seen from where
the combined droop curves for active and DC power are
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depicted in Fig. 5. More details are presented in the follow-
ing subsections.

4.1 Interlinking Converters

The mathematical representation of the dual-droop charac-
teristics in Fig. 5 is as given in (7)—(9).

pref — { 0 ifo<opp&Ve <Vg' 7
ic — ac _ pdc :
Pl — Pi¢ otherwise
pde | _yde .
min : min
P?é — m;k lf VdC < VdC (8)
0 otherwise
. O]
min~? .
. e if o < wpyip
P = » . (€))
0 otherwise

where P?ecf is the reference power command of ICs; P‘Ijé and
P are the calculated DC and AC power; VI'™ and o,
are the minimum DC bus voltage and system frequency,
respectively; whereas mﬁc and mff are the equivalent droop
coefficients for the DC and AC subgrids, respectively.

In the case of conventional droop control for ICs, the cur-
rent reference is determined by dividing the power reference
in (7) by the voltage magnitude [40]. However, in the applied
VSM control strategy, the power reference is fed directly to
the swing equation model (Eq. (5)), and the desired amount
of power is then established based on the phase angle 6, as
indicated in Fig. 4.

4.2 ACSubgrid

The DG units in the AC subgrid consist of three-phase VSCs
energized from renewable energy DC sources [33]. Each DG
unit feeds the load based on the predefined droop gains. As a
result, in order to have equal power sharing for all DG units
when the system parameters are symmetrical, the droop gains

DC-Side Droop Vde | o AC-Side Droop
A
Vimax Omax
Av-]_ Aw
Vinir Omin

Extra Power supply |,_|
from AC to DC via IC | [

Extra Power supply
from DC to AC via IC
_ . ac
=~ N de a max > Pmax

ac
Pr Ppg Ppcs Pi)GS %Gs Pac

Fig.5 Combined AC-DC droop characteristics for ICs in hybrid
microgrids

should also be identical [41]. The sum of the total injected
active power by all DG units must be equal to the common
AC load, as can be seen in (10).

Pacio = D, Pacli) - mac(i) (10)

i=1

where P, o, denotes the total AC load; P, (i) represents
the injected power from each DG unit whereas m (i) rep-
resents the droop gain of the DG unit. The variable (n) rep-
resents the number of DG units in the AC microgrid.

4.3 DCSubgrid

Each DG unit within the DC subgrid consists of a half-bridge
DC-DC converter energized by a DC source. The DC bus
voltage is controlled by the DG units based on droop control.
The sum of the total power injected by each DG unit must be
equal to the common DC load, as can be seen in (11).

Pocioaa = D, Poc(i) - mpc(i) (11

i=1

where P (i) represents the injected power from the DG, and
mpc (i) represents the droop gain of the DG unit.

5 State-Space Model of Hybrid AC-DC
Microgrid

In this section, the derivation of the state-space modeling is
presented to evaluate the overall dynamic performance. For
simplicity, the switches S1 and S2 in Fig. 1 are open. The
general representation of VSCs in the AC subgrid is shown
in Fig. 6 whereas the converter topology in the DC subgrid
is shown in Fig. 7. The readers are referred to [1, 39, 42] for
further details.

5.1 Small-Signal Model of VSCs in the AC Subgrid
5.1.1 Power Circuit Model
Applying Kirchhoff’s current and voltage laws on the power

circuit in Fig. 6, the dynamic equations of the voltages and
current flowing through the VSC are listed in (12)—(14).

dicvy,  Vevy, Vo, Rp-icvy, )
T P A (12
dvo, icvy, oy,
7 =ia)'V0qd+—C —T (13)
£ f

@ Springer
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voq iogq

Fig.6 General Control Structure of VSCs interfacing a DG Unit in
the ac subgrid

diog, Vo4, Vg4 R, -ioy, )
@ L L L T (14

0 0 o

where w is the angular speed of the rotation of the d—q
frame; R;, L; and C; are the AC filter components whereas
the coupling components for the AC microgrid are repre-
sented by R, and L,. The state-space representation in the
linearized small-signal sense is shown in (15) [1].

Avev, ]

[Axp] = A [Ax,] +Brep, [ Aver,

A (15)
V8
+ BLCLZ [ Avg:] + [EBLCL?) [ Aa)]
where
[Axp] = [Aicvd Aicv, Aio, Aio, Avo, Avoq]T
5. _|WL 0 0000 !
L= 0 1/L; 0000
g _[00-1/L, 0 001"
LCL2 — 00 0 _I/LO 00
. . . . T
By s = [icv, —icv, io, —io, vo, —vo, |
[ -R;/L; 0 0 -1/L; 0
-0 =R/l 0 0 0 —1/L
A = 0 0 _Ro/Lo @ -1 /L() 0
LCL — 0 O —w —RO/LG 0 _1/Lo
o 1/¢¢ 0 -1/¢; -0 0 |

5.1.2 Current Controller

The current control loops are shown in (16), (17) whereas the
linearized small-signal state-space model is derived in (18),
(19).

Springer

Vin Rf" Lf il Vo’ io' Ro’ Lo’ Vdc’

Fig.7 Half-bridge DC-DC Converter in the dc subgrid
dicvd Kic ref .
L— == <KpC +— ) % (i5" —icv,) (16)
dicv, K.
q9 _ ic .ref .
b= = (KP° * T> x (15"~ v, a7

N A A
.yd] = [0] [ Ay"] + B, [A:;v}d] +B,,[Ax,] (18)
q

Av.cv A Avey
j d] =C [ A;d] + D [Avcvd] + D [Axp] (19)
q

.. _[Ke 0 0000
» P2 T 0 —K,0000

[10 K. 0
C.= ;o Dy | P ;
] 1[ 0 KPC]

D _ [ ~Kpe 0L 0010
27| oLy —K,, 0001

and Ay, and Ay, are the state variables for the integral gains.
5.1.3 Power Controller

The linearized differential equations of the power measure-
ment are modeled as following:

AP = (%) (a)f((Avod . iod) + (Avoq . ioq)

+(voghio,) + (vo, - Aio,) — AP)) (20)

A0 = (2) (ol (avo, - io,) - (Avo, -io,)

+(vosAio,) — (vo, - Aio,) — AQ)) 2
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The linearized state-space model is then derived in (22)
whereas the output equation is obtained in (23).

_AP AP
AQ [=A,[ AQ [+B, [Ax)] 22)
| a0 A8
AP

Avo
Avo. | =Cd| AQ (23)
| q AD
where

-w; 0 0

—m, 0 0

g g - - lOd

Bdl—z 00 -w-vo, w-vo,; w-io
0 0 0 0

:

P

3[00 ®-VO; VO, w-i0; ®:I0,
0 -

Cd: 0

0

S O
S o O

5.1.4 Voltage Controller

Similar to the current controller, the auxiliary state variables
of the voltage controller loops are denoted as Agp, and Ag,,
and the linearized state-space model is given in (24). Gener-
ally, the feedforward gain in the voltage controller loops is
taken around 0.8 in order to expand the operation bandwidth
[43].

Agq ] _ (07| 294 ] +B,, [A"O" ] +B,,[Ax)] (24)

] A(pq Avoq

_AI:O [ A Avey
J]:CV A:d]+Dvl[Avcd]+le2[Ax] (25)
L q q

K, 0] -1 0 _[ro
B“_[o Kiv]’ B, = [0 —1] CV_[OI]

Ky 0] o _[00HO -K, —oC
Ky|” 7 (000 H ol —K,

5.1.5 Final State-Space Model of VSCs in AC Subgrid

Using the previous sub-models, and with mathematical
manipulations, the final state-space model of the VSC in
the AC subgrid is given in (26).

[Axmv] = Ainv [Axinv] + U')binv [Angq] (26)
where
Axy,, = [Aicvd Aicv, Aio, Aio, Avo, Avo, Ay,

Ay,

T
, Ao, Ap, A0 AP AQ]

[( BLCLZ*RI) O]T

The matrix (A, ) is detailed in “Appendix” (43)

Avgy, = [Avg, Avgq ;

5.2 Small-Signal Model of VSCs in the DC Subgrid

The general representation of the DC-DC converter inter-
facing in the DC subgrid is shown in Fig. 7. In fact, it is
similar to the AC subgrid from the LC filter’s point of
view, but the main difference is the converter circuit struc-
ture, which is a half-bridge DC-DC converter.

5.2.1 Power Circuit Model

The dynamic equations of the voltages and currents
through the DC-DC converters are written as following:

dil .
Lf'a = Vin - Vo’ - Rf' il (27)
dio .
LOIE =Vy — V(/lc - RO’ - 10 (28)
Cy d(; =il —io (29)

where the DC filter components are represented by Ry, Ly
and Cy whereas the coupling components are represented
by R, and L.

The system controllers are a similar to the VSC in the
AC subgrid and consist of current, voltage, and power con-
trollers. However, there is no need to use the d—¢ orienta-
tion due to the fact that the control quantities are already
DC. The state-space representation form of the power cir-
cuit that includes three states is derived in (30).

@ Springer
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Ail Ail
Avl'O = Apdc Aio + decl [Avin] + decZ [Avdc] (30)
Avo Avo

where
t/ !
Ry 1
— 0 —= —
Apdc Ly Ly |
11
| ¢y Cy
-1 0
Ly 1
decl = 0 decl = L_o’
0 0

5.2.2 Current, Voltage, and Power Controllers

The current and voltage controller consist of one state variable
in each due to the use of the PI controller;

- o . Kicdc
Vin = (’l - ’1) <Kpcdc + B > (€2))

Kiv c
i = (V' = Vo) <vadc + = > + FI, (32)

Measuring the DC power requires an LPF to suppress the
switching harmonics; thus, using the LPF introduces a state
variable for the power controller. Equation (33) shows the lin-
earized DC power.

APy, = (w;((AV) % io") + (V!  Aid') — APy.)) (33)
5.2.3 Final State-Space Model of DC-DC Converters in DC
Subgrid

Following mathematical manipulations, the final state-space
model of the DC-DC converter is derived in (34).

[Axinvdc] = Ainvdc [Axinvdc] + Binvdc [Avdc] (34‘)

where Ax,,, = [ Ail Aio Avo APy, Agvy, Ayig |

Kipcac*Kpyac

Lf/

Ly
= 0

invg, —

0
-K,

ivde

*Kp

| _Kicdc vde |

Springer

The matrix (A is presented in “Appendix” (44)

invdc)
5.3 Small-Signal Model of the Interlinking
Converter

The model of ICs is similar to the VSC in the AC subgrid
except for the power controller. The circuit diagram of ICs is
depicted in Fig. 8. The power control of ICs is based on the
swing equation, as shown earlier in Fig. 4. The swing equation
consists of two state variables, which are shown in (35), (36).

d_a)zpref_[i_Kd*wVSM_i_Kd*w; (35)
dr 2J 2] 2J 2]

dé

- ©vsm (36)

where P, and P are denoted for reference power com-
mand and instantaneous power of IC, respectively, while K
is denoted for virtual damping coefficient.

5.3.1 Power Circuit Model
Similar to the VSC in the AC subgrid, the power circuit model

of ICs is given in (37)—(39) whereas the state-space representa-
tion is given in (40).

diicg, V4o myVae Ry-iicy, .
=— - - Tw-lic,, (37)
dvic,, licg, oy,
=tV +—-—
dr @ VT e TG, (38)
dv C . . .
Cdcd_;l = 1.5 my iic, — 1.5 m iic, — iog, 39)

The state-space representation form of the power circuit
that consists of five states; which is derived in (40).

i Am
[AprC] = Apic [AprC] + Bpicy [ Amd]
q

+ Bpico [ Aiod] + Bpics [ Ao | + Bpica [ Adog |
q
(40

10 vo

(;D i

Fig.8 Systematic of IC in the hybrid microgrid system
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where
y . . . T
[Axplc] = [Aucd Aiic, Avic, Avic, Avdc]
B. . — Vae/Ly 0 00 —1.5i0,/Cy T
PCLT |0 Wy /Le 0 0 —1.5i0,/Cy,
—R¢/L; w “1/L; 0 my/L;
@ —Ry/Lg 0 —1/L;m,/L;
Apic = 1/C; 0 0 1) 0
0 l/Cf - 0 0
=1.5m,/Cye —1.5m,/Cy. O 0 0
T

B [00-1/C;c 0 0

P27 o0 0 -1/C 0

Beres = | dic, —iicy V, =V, 0]"
=[00001/Cs]"

PIC

5.3.2 Current and Voltage Controller

The state-space models of the current and voltage controllers
are similar to the VSCs within the AC subgrid, and so the
models are not repeated here.

5.3.3 Final State-Space Model of ICs

The final model of the IC including the power circuit and con-
trollers is derived in (41).

Aio,
[Axmvlc] = AinvIC [Axinvlc] + Binvlc AA.Z.Oq (41)
104

The matrix (Amvl ) is presented in “Appendix” (45), while
(Axmv) and (Bmvl ) are written as follow:

Ax,, = [ Aicv, Aiev, Aoy Aio, Avo, Avo,
T
Ay, Ay, A, Ap, Aw AS ]
(Bp1DilDv1Cvr)
+(Bp1DilDv3)
+Bp2
Binvm = (BilDv1Cvr)
+(BilDv3)
Bvl % Cvr
Bs2

5.4 Complete Small-Signal State-Space Model
of the Hybrid AC-DC Microgrid

The complete state-space model of the entire hybrid AC/
DC system is written in Eq. (42), and it is detailed in

“Appendix” (46) [42]. Therefore, the evaluation of the
eigenvalue concept can be done based on Eq. (42) to ana-
lyze the stability of a hybrid AC/DC microgrid. The eigen-
values expose the frequency components of the overall
system’s states.

[AxHybrid] = Ahybrid [Axﬂybrid] (42)

6 Small-Signal Stability Analysis

In this section, the performance of ICs with the proposed
VSM-DD controller is compared to the reported dual-
droop current controllers in the literature [9, 15, 33].

The overall eigenvalues of the entire hybrid AC/DC
microgrid were evaluated, as shown in Fig. 9, based on
the initial operation values that were determined from the
time-domain simulation in PSCAD/EMTDC. Figure 9a
presents the evolution of the hybrid microgrid eigenval-
ues using a VSM controller for the IC, while Fig. 9b pre-
sents the eigenvalues of the hybrid microgrid using just a
current controller for the IC, as reported in the literature.
Based on the stability analysis, it is therefore to be noted
that the existence of the voltage controller loop in the IC
moves the high frequency modes of the eigenvalues close
to the origin which are associated to the converter AC fil-
ter and lines current, as shown in Fig. 9. The rational for
this difference is that the voltage controller loop should
have less bandwidth compared to the current controller
loop in order to achieve a better attenuation of high fre-
quency distortion.

It is clear that the hybrid AC/DC microgrid’s stability
is most sensitive to the AC droop coefficient when the IC
is in inversion operation mode as shown in Fig. 10. Both
hybrid AC/DC microgrid systems are more sensitive to the
active power dynamics as shown in Fig. 10 for varying AC
power gain of ICs and in Fig. 11 for varying DC power
gain. Clearly, varying the AC droop coefficients for both
systems with identical ranges causes the hybrid microgrid
based on current controller for the ICs to be unstable. The
reason for the instability issue is the absence of distur-
bance rejection that can be provided via voltage control-
ler as shown in Figs. 3 and 4, respectively. The system
where its ICs based on only current controller has wider
bandwidth due to the absence of voltage controller loop as
depicted in Figs. 10b and 11b, respectively. Nevertheless,
including the voltage controller loop provides a valuable
disturbance rejection function and prevents AC voltage
degradation. However, it is shown in the time-domain
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Fig.9 Eigenvalue spectrum for the hybrid AC/DC microgrid a based on VSM; b based on only current controller
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Fig. 11 Trace of the eigenvalues as a function of the DC power droop coefficient: a based on VSM-DD; b based on only current controller

simulations that the proposed controller provides enhanced  droop coefficients for VSM-DD controllers are redesigned
disturbance rejection. It is therefore recommended that the ~ to provide a better stability margin.
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Figure 11 shows the effect of the DC droop coefficients on
the system stability. The stability margin of the hybrid AC/
DC microgrid is less sensitive to the DC droop coefficient
compared to the AC droop coefficient. When the IC is in
inversion operation mode based on the VSM control con-
cept, as shown in Fig. 11a, varying the DC droop coefficient
moves the complex dominant eigenvalues to the origin point.
On the other hand, the dominant eigenvalue of the system
based on just the current controller loop is in real form with
the same condition, as shown in Fig. 11b.

Figure 12 shows the performance of the proposed VSM-
DD controller as the virtual inertia and damping coefficient
are varied. The impact of varying the virtual inertia on the
system eigenvalues is less than the effect of varying the vir-
tual damping gain as shown in Fig. 12a and b, respectively.
Clearly, an added degree of freedom is created which can
be utilized to tune the system dynamics and maintain the
overall stability.

7 Scheme Evaluation Results

A nonlinear time-domain model for the hybrid microgrid
system in Fig. 1 has been simulated in PSCAD/EMTDC
software to verify the analytical results and show the effec-
tiveness of the proposed VSM-DD controller. The work pre-
sented in this paper covers the examination and comparison
of two hybrid AC/DC systems: one based on the proposed
VSM-DD controller for the IC, and the other on dual-droop
with only current control as reported in the literature [9, 19,
25]. The cases that were simulated in order to evaluate the
effectiveness of the modified VSM-DD control strategy are
explained below. The investigation presented here was con-
centrated on four important cases including the small-signal
analysis and assessment.

Four simulation scenarios are considered in this section;
(1) investigation of circulating currents between ICs, (2) IC

200 . :
+ |IC in Rectification Mode(VSM)
150 * |C in Inversion Mode (VSM)
L + !
00 f\ _‘

! L3
> 50 l 4 4‘5 N el
s <y .y >
g < x + >
= 50+ v -+

A\ 7 al
-100 - t
>
-150

0 L 1 1 I L 1 1 L
-700 -600 -500 -400 -300 -200 -100 O
(a) Real

performance as AC DG unit, (3) IC performance as nonlin-
ear load as seen by the AC subgrid, 4) synchronization of
ICs following faults or scheduled maintenance.

7.1 Circulation Currents Between ICs

The main issue examined in this case is the circulating cur-
rent between the parallel ICs, which has been the subject of
numerous published studies, whose goal was to minimize
and mitigate this current [44—47]. This case comprises the
evaluation of two identical hybrid AC/DC systems consist-
ing of parallel ICs. The IC controller of one of the hybrid
systems was based on using just the inner current loop, as
proposed in [9, 19, 25]. The ICs of the second hybrid system
are relied on the proposed VSM-DD control concept intro-
duced in this paper.

In this case study, the operating conditions that were
explained in case 1 were applied at =2 s. Figure 13 shows
the existence of the circulating current during power
exchange from the AC to the DC subgrid. As mentioned
earlier, the components of the circulating current are namely
cross- and zero-sequence circulating currents. The cross-cir-
culating current is defined as the current circulated between
the AC side and the DC capacitor. On the other hand, the
zero-sequence circulating current is the current flow from
the AC PCC voltage to DC side PCC. Based on the outcome
results, the cross-circulating current is higher in comparison
with the zero-sequence circulating current. Figure 13a shows
that the total cross-circulating current based on the use of
a current controller is about 0.125 A, but it is equal to zero
when VSM-DD controller is applied. The zero-sequence
circulating current is depicted in Fig. 13b for both systems
with different IC controller. Using just current controller for
the IC produces almost 0.12 A, compared to the VSM that
equals to zero. It can be seen that with the current controller
loop, the total power transfer fluctuates due to the sensitiv-
ity of the droop controller and the absence of the voltage

300 - o
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Fig. 12 Trace of hybrid microgrid based on VSM-DD controller: a as a function of virtual damping; b as a function of virtual inertia
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Fig. 13 The ICs circulating current types, a cross-circulating current type between parallel ICs, b zero-sequence circulating current type between

parallel ICs

controller, while the VSM-DD control concept suppresses
this effect.

It is thus clear that using only traditional inner current
control of parallel ICs introduces more operational difficul-
ties, such as voltage and current harmonics, as well as unbal-
anced AC voltage at the PCC due to the lack of inertia. The
introduced IC controller based on a VSM-DD control con-
cept smooths out fluctuations and improves overall system
performance. The benefits associated with the ability of a
VSM-DD control algorithm to emulate the properties of tra-
ditional SMs in a hybrid AC/DC system mean that this algo-
rithm offers greater efficiency, rather than just using current
controller loop. As is evident from Fig. 13, compared to the
traditional current control methods reported in the literature,
the introduced concept for controlling ICs uses virtual iner-
tia and damping to prevent the development of a circulating
current between the parallel ICs. Therefore, circulating cur-
rents are yielded during the rectification mode of ICs with
the current controllers only, whereas almost no circulating
currents exist with the proposed VSM-DD controller.

7.2 Performance of ICs as AC DG Unit

The rational for this case is that the performance of the ICs
when suppling the overloaded AC subgrid is similar to the
conventional DGs in AC subgrid. Indeed, the issue of non-
linear load behavior does not occur in this case of operation.
The results of this case are illustrated in Fig. 14. As can be
seen in Fig. 14a, the AC subgrid becomes overloaded at
t=4 s where the AC load is increased from 1 to 2.22 MW.
Figure 14b shows that the ICs for both systems compensated
the shortage 0.225 MW in the active power from the DC
subgrid; which includes lines losses. The behavior of ICs
based on the proposed VSM-DD control has a well damped
response compared to ICs based on conventional current
controller. Figure 14c and d illustrate that the AC subgrid

@ Springer

based on the proposed VSM-DD has less voltage dip com-
pared to the system in which the ICs controller is based on
conventional current controller due to the inertia existence.
In fact, it can be clearly observed that the proposed control-
ler for ICs improves the power quality of the entire hybrid
AC-DC microgrid.

7.3 Performance of ICs as Nonlinear Loads

In this case, the focus is on the issue of the IC behavior
as nonlinear load. In Fig. 15, both subgrids operate under
low-load conditions: the AC subgrid load is equal to 1 MW
while the load in the DC subgrid is equal to 1.5 MW. At
t=3 s, the DC load increases from 1.5 to 2.3 MW, which
represents an overloaded condition for the DC DG units. In
response, the IC compensates for the shortage of power from
the dispatchable DG unit in the AC subgrid to maintain the
DC subgrid in a healthier operating condition, as shown in
Fig. 15a, which indicates the power exchange from the AC
to the DC subgrid via the IC.

In the case of using just current control technique, the
AC voltage in the AC subgrid is degraded due to the power
exchange from AC to DC subgrid, as illustrated in Fig. 15b.
The AC voltage fluctuations issue leads to violations of the
standard requirements. The AC subgrid voltage becomes
unbalanced during this situation as presented in Fig. 15c.
Applying the proposed VSM-DD controller on IC utilizes
this effect to support the AC voltage and helps to enhance the
performance of the hybrid microgrid, as shown in Fig. 15b.
Also, the applied IC controller based on the proposed VSM-
DD controller smooths out these fluctuations by introducing
inertia into the IC controller loop. In the systems reported in
the literature, the DC subgrid affects the AC subgrid power
quality, and causes fluctuations in the PCC voltage due to
the lack of inertia. The introduced VSM-DD control for IC
offers a remedy for this problem, which occurs during the
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Fig. 14 Performance of ICs as a DG unit seen by the ac subgrid. a The active power during AC subgrid overloading conditions; b active power
injected to the AC subgrid from the DC subgrid through ICs; ¢ AC voltage at the PCC

exchange of power from the AC to the DC subgrid, as shown
in Fig. 15d. In addition, integrating the VSM-DD controller
into the IC also improves power quality in the entire hybrid
AC/DC system.

Figure 15 shows the effect of the exchange of power from
the AC subgrid to the DC subgrid through parallel ICs. At
t=3s, the DC subgrid imports about 0.55 MW, including
power losses attributable to converters and line resistance
as shown in Fig. 15a. Using multiple ICs based on a con-
ventional current controller clearly produces more voltage
fluctuations, along with their associated power quality issues
as illustrated in Fig. 15c¢. In contrast, the virtual inertia, and
damping that accompanies the use of the proposed VSM-DD
IC controller, eliminates these difficulties, as shown with
blue curve in Fig. 15a, b, and d.

The proposed VSM-DD controlled contributes to the
damping of the PCC voltage whereas the pure current con-
troller lacks any AC voltage regulation. More importantly,
the introduced virtual inertia contributes to the system
damping.

7.4 Synchronization of ICs Following Outage

This case highlights the benefits of the proposed VSM-DD
on IC controller over current control methods that employ
just inner loop. Multiple ICs offer advantages similar to
those provided by parallel transformers in a distribution sys-
tem, including: increased availability of the electrical system
during maintenance activities, increased power system reli-
ability in the case of fault-initiated tripping, and easier load
transportation.

At t=6 s as shown in Fig. 16, one of the ICs is discon-
nected because of a short circuit situation in both hybrid
AC/DC systems. Overall system performance is still reli-
able, with respect to supplying the required load, and using a
conventional current controller for just one IC decreased the
AC voltage fluctuations. Nevertheless, for one or for multi-
ple ICs, the proposed modified VSM-DD controller is unaf-
fected by this issue, as shown in Fig. 16b. At =9 s, the IC
is reconnected to the system when it is assumed that the fault
has been cleared. In this case, the IC based on a conven-
tional current controller loses its synchronization and causes
unstable operation for the entire hybrid AC/DC system, as
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Fig. 15 Performance of ICs as nonlinear loads as seen by the AC
subgrid. a IC power exchange during DC subgrid overloading con-
ditions; b AC voltage during the exchange of power from the AC to

illustrated in Fig. 16c. However, the proposed VSM-DD con-
troller has a unique self-synchronization feature, such that
reconnecting the IC based on the VSM controller results in a
stable operation even in abnormal conditions. Fig. 16b indi-
cates that the virtual inertia and damping creates a smooth
transient response to the reconnection of the parallel ICs. It
is apparent that the concept of parallel ICs increases overall
system reliability and availability.

Figure 16 reflects a major advantage of the proposed
VSM-DD controller over the conventional current control;
seamless synchronization and black startup performance.
This case indicates that the virtual inertia and damp-
ing creates a smooth transient response to the reconnec-
tion of the parallel ICs. On the contrary, the conventional
current controller loses its synchronization and causes
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unstable operation for the entire hybrid system as illustrated
in Fig. 16¢.

8 Conclusions

This paper has revealed the operational issues associated
with parallel ICs, as well as a novel control strategy appli-
cation for multiple ICs in a hybrid AC-DC system. The
usage of VSM control also provides self-synchronization
feature when an IC is reconnected following a short circuit
or required scheduled maintenance. The work reported in
this paper has involved the examination and comparison of
two hybrid AC-DC microgrids with different controllers for
ICs, VSM-DD and the conventional current controller. The
impact of the VSM-DD controller on the stability of the
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hybrid system has been validated using time-domain simula-
tion under PSCAD/EMTDC environment. The results dem-
onstrate that the VSM-DD controller is more efficient than
the current control methods described in the literature. Fur-
ther, when the IC is reconnected following abnormal operat-
ing conditions or scheduled maintenance, the performance
offered by the VSM-DD controller is superior. It should be
noted that a remapping of the droop coefficients within both
subgrids is recommended before implementing the proposed
controller in order to maintain a similar stability margin to
the conventional controllers.

Arcr + (BLCLI * Dy sz)

( ) (¢

By * Dy * D,y Cd)

The future work will be focused on the effect of short cir-
cuit issue in isolated hybrid AC/DC microgrid performance.
The rational is that the system controllers are based on droop
control concept which will be very sensitive to the variation
of system’s voltages and frequency.
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Appendix 1

e AC/DC Inverter state matrix:

) (BLCLI w Dy % Cv) (BLCLI * Ci)

+(B,, * Dy) + Brep, * R, —(m = By3)
Ay = (B,) (A,) 0 0 (43)
(B,) (B, * Cy) 0 0
((By = Dyy) +By) (B * D,y * Cy) (B; = C,) 0
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DC/DC Inverter state matrix:

[ _ Kpese Ry Hae*Kpcqe _ 1 _ Kpeac#Kpvac#Me Kpeae 1
Ly Ly Ly Ly Ly Ly Ly
0 — Boue L 0 0 0
) Lf/ Ly
invg, = C_y _C_fr 0 0 0 0 (44)
0 Vogy. * w4, 104, * @4, -0y, 0 O
0 0 0 —Kiyge * My, 0 0
| _Kicdc F o+ Kicdc 0 _Kicdc * vadc * My, Kicdc 0 )
e [C converter state matrix:
Ap+ . . Bp1DilDv1Dvr2
< [Bp1Di2 BpiDilDv2 0] ) BPICT BPIDICY < +Bp2 )
inve = (Bi2 BilDv2 0) 0 BilCv BilDv1Dvr2 (45)
(0Bv20) 0 0 Bv1Dvr2
(0Bs20) 0 0 As
e Complete state matrix of the overall hybrid microgrid:
Ainv [Binv 0
(B * Do x D * C ) >
plIC ilc v1IC vrlC [Bi * Dv % Cvr
AHybria = < +(Byue * Dige * Digie) + By ) | Ay, < ( IE([:EB *HED ) ) Bswiic > (46)
B ic v3IC
pAIC
0

invy,

invy,

Appendix 2: System Parameters

ey

2

3)

AC subgrid VSI: 1 MVA, V, =690 V,
V4e=2500 V, R;=0.01 Q, L;=1 mH, C;=50 pF,
Ge(s) =105+ 175/s, Gv(s) = 0.1 + 50/s

DC/DC subgrid inverter: 1 MVA, V,;,=3500 V,
R;=0.05 Q, L;=1 mH, C;=4700 uyF,
Ge(s) =2.54+250/s,Gv(s) =4+ 19.5/s

IC 0.5 MVA, V,.=690 V, V,;,=3500 V, R;=0.05
Q, Ly=1 mH, C;=4700 pF, Ge(s) =2.1+21/s,
Gv(s) = 0.1 +0.02/s, J=21. 05 kg m?, K;=190 kW/s
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