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Coordinated Control of Networked AC/DC
Microgrids with Adaptive Virtual Inertia and
Governor-Gain for Stability Enhancement

Yi Zhang, Qiuye Sun, Senior Member, IEEE, Jianguo Zhou, Member, IEEE, Linjuan Li, Panfeng Wang and
Josep M. Guerrero, Fellow, IEEE

Abstract—This paper proposes an adaptive coordinated control
strategy for the networked AC/DC microgrids (MGs) to enhance
the frequency and dc voltage stability of the system while
keeping proper power sharing. First, a control strategy based
on the synchronverter and virtual dc machine (VDCM) for the
converters connecting the AC and DC MGs is proposed, which
is consisted of an adaptive virtual governor and an adaptive
virtual inertia regulator besides the power sharing controller.
Following, in order to enhance the system stability performance,
the parameter design approach of the adaptive virtual inertia
and virtual governor-gain is proposed accordingly, in which the
adaptive virtual inertia and virtual governor-gain are compre-
hensively determined by the frequency and/or dc voltage, virtual
rotor speed, and rate of change of the frequency (ROCOF)
and/or dc voltage (ROCOV). After that, the small-signal stability
analysis of the networked AC/DC MGs with the proposed control
strategy is investigated to guide the design and selection of
control parameters. Finally, simulation and experimental results
demonstrate that the proposed method improves the frequency/dc
voltage nadir and dynamic performance of the system.

Index Terms—frequency and dc voltage stability, power shar-
ing, virtual inertia, virtual governor-gain, AC/DC microgrids.

I. INTRODUCTION

microgrid, typically divided into three categories, i.e.,

AC microgrids (MGs), DC MGs and hybrid AC/DC MGs
can be viewed as a small power system that facilitates the
integration and application of large scale renewable energy
resources (RES) [1]. Recently, hybrid AC/DC MGs gain much
attention due to the combined advantages of both AC and DC
MGs. The primary control objectives of the MGs including
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hybrid AC/DC MGs mainly contain power sharing [2], [3],
voltage/frequency regulation and stability maintaining [4].

Among these objectives, power sharing among distributed
generators (DGs) or MGs is one of the key issues. Droop
control [4] has been widely accepted and applied in DGs
within a MG. Further, this topic in hybrid AC/DC MGs has
been extensively discussed [5]-[8]. For example, in [7], a
bidirectional droop control scheme was proposed to control
the interlinking converters (ICs) to achieve proportional power
sharing between AC and DC subgrids. The above works main-
ly discuss power sharing of a hybrid AC/DC MG consisting of
one AC and one DC subgrid. Power sharing among multiple
MGs within a cluster is also important and necessary for
operation reliability and flexibility. Recently, some results on
this topic have been reported in [3], [9]-[11]. However, these
works only consider DC MG [9] or AC MG [11] clusters
without ICs’ connection or hybrid MGs [3], [10] connected
by bidirectional DC-AC ICs in parallel. In the future, a large
number of different types of MGs can be developed in the
distributions system. They can be interconnected by DC-AC
and DC-DC ICs which can be formed as a complicated multi-
terminal direct current (MTDC) system. Therefore, we mainly
concentrate on power sharing among the networked AC/DC
MGs connected by MTDC system where DC-AC and DC-DC
ICs are used, which has not been well discussed.

Stability issue is another equally important problem for the
MG. High penetration of power converters drastically reduces
the inertia of MGs, seriously threatening system stability.
Inertia [12] and turbine-governor response speed [13] are
two key factors to determine the system stability. Currently,
inertia emulation, e.g., virtual synchronous generator (VSG)
technology [14], is a promising solution to address this issue.
Existing research can be divided into two categories: fixed
inertia and adaptive inertia. Regarding the first category,
methods currently mainly concentrate on VSG itself and
applications within MGs [14]-[16]. For instance, a virtual
inertia control strategy for DC MGs through bidirectional grid-
connected converters was proposed to provide inertia for the
dc bus voltage [15], but this approach cannot provide inertia
when the MGs are off-grid. For hybrid AC/DC system, several
research works have been reported in literature [17]-[19]. Qi et
al. [17] and E. Rakhshani et al. [18] proposed control strategies
based on VSGs and derivative control technique, respectively,
to enhance the stability performance during loading changes.
In [19], a ratio-based selective inertial and primary frequency
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support was developed through MTDC grids with offshore
wind farms. These works, however, mainly focus on fixed
inertia that cannot be adjusted adaptively according to the
system disturbance. This may not result in good performance.
It can be reasonable that a relatively large inertia should be
provided for the system under a large disturbance to guarantee
system stability while a relatively small inertia is required
under a small disturbance for fast response speed.

Therefore, the second category, adaptive virtual inertia
control, is reported in literature [20]-[30]. A representative
research work is [21] where two independent values of virtual
inertia were selected based on judging the states of the relative
angular velocity difference and its change rate. However, only
two values of inertia can be selected and the influence of
frequency derivative term is also neglected. In [20], a self-
tuning algorithm was proposed to support dynamic frequency
control by continuously searching for the optimal inertia con-
stant and damping constant during frequency transients. But
the nonlinear nature of adaptive inertia control is easy to affect
the stability of power systems. Following, similar/improved
adaptive inertia control schemes were developed, such as that
based on bang-bang control [23], dual-adaptive inertia control
to improve the overall performance of power and frequency
[24] and that in [25] where the nominal constant inertia need
to be set large enough to avoid negative inertia. In [26], an
inertial response strategy was proposed for the IC based on
adaptive droop control approach. The IC can provide inertial
power for the DC grid by adaptively swinging the droop curve
according to the variation of the dc bus voltage. The inertial
response performance in this approach, however, comes from
droop regulation in essence but not the inertia itself, which is
more similar to governor-gain regulation. Some similar works
can be found in the published literature [27] and [28] for
the wind turbine generator (WTG) system and WTG/energy
storage (ES) system, respectively, to provide short-term fre-
quency support. From the point of view of optimal control,
U. Markovic et al. [29] designed optimal state feedback gain
to adaptively adjust the virtual inertia and damping constants
using linear quadratic regulator (LQR)-based optimization
technique. Recently, some intelligent control algorithms were
also developed. For instance, A. S. Mir et al. [30] developed a
self-tuning neural predictive control scheme to adaptively ob-
tain optimal emulated inertia and damping for an ultrabattery
energy storage system. However, we can find that the works
reviewed above also primarily concentrate on VSG itself and
applications in MGs. Applications of adaptive virtual inertia
in ICs in networked AC/DC MGs have not been reported.
Therefore, we do this research to make up this gap.

Motivated by the above inspirations, this paper focuses on p-
resenting the architecture and control scheme of the networked
AC/DC MGs in order to realize the optimal utilization of RES
and enhance the stability of the system while keeping proper
power sharing. In comparison with the previous research
articles, the main contributions of this paper are summarized
as follows:

1) The MTDC-based networked AC/DC MGs architecture
increases the flexible interaction among multiple AC and DC
MGs so that the ability to reliability of system and utilization
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Fig. 1. A possible layout of the networked AC/DC MGs connected by low
voltage MTDC.

of RES is greatly enhanced.

2) The adaptive coordinated control scheme for the net-
worked AC/DC MGs connected by MTDC is proposed to
simultaneously achieve proper power sharing among MGs
and enhance the frequency and dc voltage stability, which
is different from [20]-[30] where the adaptive schemes are
mainly designed for DGs within MGs and [17]-[19] where
the virtual inertia and damping are fixed for ICs in the hybrid
AC/DC systems.

3) Unlike [23] and [25], the proposed adaptive scheme has
continuous regulation ability and can quickly provide large
inertia and gain when disturbance occurs. Both the time-
domain simulation and the frequency-domain modal analysis
are applied to show the influences of the virtual inertia and
virtual governor-gain on system stability.

The remainder of this paper is organized as follows. The
structure of the networked AC/DC MG is briefly introduced
in section II. Section IIT presents the proposed power sharing
among the networked MGs. Detailed IC controller design with
adaptive virtual inertia and virtual governor-gain is given in
section IV, and the corresponding parameter design of the
virtual inertia and virtual governor-gain is presented. Section
V investigates the small-signal analysis of the networked
AC/DC MGs with the proposed control strategy. Simulation
and experimental results are presented in Section VI and
Section VII. Conclusions are drawn in Section VIIIL.

II. SYSTEM STRUCTURE

A possible layout of the networked AC/DC MGs connected
by low voltage MTDC is shown in Fig. 1, in which two AC
MG clusters and two DC MG clusters are considered. Each AC
or DC MG cluster can be composed of several MGs located
in a close vicinity. Each MG has its own sources, storages and
loads. For instance, in remote suburbs or countryside, there are
many villages. If each of these villages is developed into a MG,
then several of them equipped with the same type of MG in
a close vicinity can be interconnected to form a MG cluster.
And these MG clusters can also be tied together via power
converters for enhancing system reliability and utilization of
RES. The formed networked AC/DC MGs can run in grid-
connected and interconnected (the formed networked MGs
are disconnected from the utility grid) modes, each MG can
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Fig. 2. The nadir of arrested frequency is mainly determined by the system
inertia and the governor response speed besides the amount of load change
[13].

also run in islanded mode. In this paper, we only consider the
interconnected mode.

Note that there may be an imbalance between the power
generation and load of each MG, that is, some MGs may
generate a lot of power, but their load is very small, and
some MGs have the opposite situation. On the other hand,
the networked AC/DC MGs are full of RES with a large
number of power electronic interfaces, which results in low
inertia and poor system stability. Therefore, in order to ensure
reliable operation and stability of the system, a power man-
agement approach that can provide adaptive virtual inertia and
virtual governor-gain support to enhance the stability of the
networked AC/DC MGs while keeping power sharing among
these MGs will be proposed in this paper. More details will
be discussed in the following sections.

III. POWER SHARING AMONG THE NETWORKED MGS

For an AC MG with at least two paralleled DGs [5], droop
control scheme has been widely used. The total active power
and reactive power demand, in principle, can be shared by DGs
in the AC MG according to their respective rated power ratios.
Based on the linearity of the droop equation, the aggregated
equivalent droop control equation for each AC MG can be
written as [2]

ok

fac,m — Jaec,m T mac,mPac,m (1)
_ *

Vac,m - Vac,m - nac,,mQac,m

where Py, and Q.. are the total actual output active power
and the reactive power of all the DGs within the mth AC MG,
respectively; fg. ., and V. . are the rated operating angular
frequency and the voltage amplitude, respectively; foc ,» and
Vae,m represent the output reference angular frequency and the
voltage reference amplitude, respectively; mge,m and ngem
are the combined droop coefficients.

Similar to the AC MG, the aggregated equivalent droop
control equation for each DC MG can be written as [7]

Vdc,n = Vd*c,n - kdc,npdc,n (2)

where Py, is the total actual output active power of all the
DGs within the nth DC MG; V,, ,, and Vg, are the rated
operating voltage and the output voltage reference amplitude,
respectively; kg is the droop coefficient.

Applying the principle of droop control of DGs to the
networked MGs to achieve power sharing among these MGs
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The effect of the system inertia and the governor response speed on

means maintaining the per-unit value of the AC MG frequency
equal to the per-unit value of the DC MG voltage [5], [7], i.e.,

3

where fy, pu and Ve n pu represent the per-unit values of the
frequency and the dc voltage of the mth AC MG and thenth DC
MG, respectively. The per-unit values x,,, can be calculated by
using Ty, %m, where z is the ac frequency and
the dc voltage, Tmax and T, are the maximum and minimum
values. More details can be found in [5], [7]. Therefore, the
control equation of power sharing for the networked AC/DC
MGs proposed in this paper can be given as

kg
- i*‘/com u
£ (6 = Vi)

where ¢; represents fy, pu O Vaen pu; Pirans, i the trans-
ferred active power by the DC-AC or DC-DC IC; kp; and
kr,; are proportional and integral coefficient, Veom pu = Vi pu-
Then, when the system reaches the steady state, there is
Si — chom,pu’ that is fl,pu = f2,pu = Vdc,Lpu = Vdc,2,pu» the
power sharing in the the networked AC/DC MGs is realized.

fm,pu = Vdc,n,pu

Ptrans,i = <kP,i + “

IV. ADAPTIVE CONTROL STRATEGY OF THE NETWORKED
AC/DC MGs

As mentioned above, a large number of low-inertia power
electronic converters used can deteriorate of the networked
AC/DC MGs. In this section, therefore, we further enhance
the system stability with the proposed adaptive virtual inertia
and virtual governor-gain approach based on the models of the
synchronverter [14] and VDCM [15].

In principle, the stability of the system can be reflected by
the arresting time of the primary frequency and dc voltage
mainly determined by the effective inertia canstant of the
system and the increase rate of generation besides the amount
of load change. As can be seen from Fig. 2, the larger inertia
and faster governor response, the better frequency performance
can be achieved [13] .

Therefore, this paper proposes a method to simultaneously
adaptively adjust the virtual inertia and the virtual governor-
gain to improve the system stability. Further, using Fig. 3,
we will illustrate this idea that how the relationship between
the system inertia and the increase rate of generation affect
the frequency and dc voltage of the networked AC/DC MGs
through the analogy of water following into and out of a
container. If the power generation and load in the networked
AC/DC MGs are exactly balanced (water inflow and outflow

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on July 27,2020 at 06:28:06 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.3011223, IEEE

Transactions on Energy Conversion

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. XX, NO. XX, XXX 20XX

AKp, 'AK Adaptive Virtual
- M Tubine-Governor Gain
> lc A M Regulation
Ve / [T5 1, G —“Re— o’
T T L+Ts 441 e Lo C [
va u,0 AK_. 2 Tm.l _;](-c_’ wl 91
o2 AC Jis| o
m,pu Tel 1!
- GL(s) 1w, '

Te%c =M L1iv‘1 <iL,1’Sin€1>

V,

dc,n,pulo

~ GLrr(S) <_Vcom = Vl

.."/ €= 01M 14l 1 15IN6;
0t 1)Qqui1 =G M 4l 1 (i ;,C08G, e

_f de,i

@)

Vcom Idc'l
e : : dci
dc,i dc,n, pu
Ts _ L n.p
T1+Ts M falts Voul,ref 1 fr3 == R DC MG
f  Adaptive Virtual Inertia -~ v
m, pu Regulation QSell out 1

(b)

Fig. 4. Proposed frequency and dc voltage support scheme associated with the adaptive virtual and virtual governor-gain. (a) Control block diagram of the

DC-AC IC. (b) Control block diagram of the DC-DC IC.

are equal), the frequency (dc voltage) will stabilize at 50
Hz (120 V) as shown in Fig. 3(a). If the load in the AC
MG increases dramatically (outflow begins to exceed inflow),
frequency will fall fast below 50 Hz (large rate of change
of frequency (large ROCOF)) due to its low system inertia, as
seen in Fig. 3(b). To address this issue, we take measures from
two aspects. On the one hand, the system inertia is adaptively
increased by controlling the DC- AC IC connected to the AC
MG in the MTDC, which will allow the frequency to fall
slowly (small ROCOF) shown in Fig. 3(c). On the other hand,
besides increasing the system inertia, we further appropriately
increase the rate of generation by adaptively adjusting water
tank valves (virtual governor-gain), i.e., injecting more water
from the other box (MG) into the water box more quickly
(see Fig. 3(d)). With this measure, the frequency will fall
more slowly (smaller ROCOF) than the system that only
increases inertia, which means that better frequency stability
performance can be achieved (see Fig. 3(d)).

A. IC Controllers with Adaptive Virtual Inertia and Virtual
Governor-Gain

The overall control block diagram of the IC is shown in
Fig. 4, where Fig. 4(a) shows the DC-AC IC control strategy
while Fig. 4(b) shows the DC-DC IC control strategy. The
control strategy is based on the synchronverter and VDCM.
Besides the power sharing controller, the proposed control
method also includes two parts: 1) adaptive virtual inertia regu-
lation scheme and 2) adaptive virtual governor-gain regulation
scheme, which are shown in Fig. 4(a) but not shown in Fig.
4(b) for DC-DC IC due to the similar control structure.

1) DC-AC IC controller: From Fig. 4(a), the DC-AC IC
controller can be mathematically written as

dw;
JAO LA _ pAC _AC _ DIC (1 — )
(dMy ity

Kz dt = FZ (Vout,ref,i - Vout,i) =+ Qset,i — Qout,i

®)

where JAC and DAC are the adaptive virtual inertia and
the frequency damping coefficient, respectively; w; is the

rotating speed of the virtual rotor and wy is its reference value.
TAC and TAC are the virtual mechanical and electromagnetic
torque, respectively. M #: and iy ; are the maximum mutual
inductance and the field excitation current, respectively; K;
and F; are the integral gain and the voltage droop coeffi-
cient, respectively; Vs rer,s and Vi, ; are reference voltage
and output voltage, respectively; Qser; and oy are the

reactive power set point and output, respectively. T;}ic and
internal voltage e; are given by Te“}ic = M;ysiyr; <z L.is sAi;10i>,

The virtual mechanical torque T;;‘LS

is given by

Virtual Governor

(6)

T£C _ Ptrans,i + AKpl (fm,pu,O - fm,pu)
s wo
where P;,qn5,i 15 the active power transferred by IC for power
sharing among MGs, which can be obtained from equation (4);
AKpi (fm,pu,0 — fm,pu) is the virtual governor part and AK,;
is the adaptive virtual governor-gain.
2) DC-DC IC controller: Similar to the DC-AC IC con-
troller, the DC-DC IC controller based on the VDCM is as

dV;"e i
Jchif’ = Te?zc — DZDC (Vref,i - %,’L)

dt
Virtual Governor (7)
_ Ptrans,z’ + AKpi (Vdc,n,pu,o - Vdc,n,pu)
Vo,i
where JPC and DP¢ are the adaptive virtual inertia and

the voltage droop coefficient, respectively; Pjrqns,; is the
active power transferred by IC for power sharing among MGs,
which is aslo obtained from equation (4); V,..¢,; is the output
reference value of the VDCM and V; ; is its set point; Te%C
is the virtual electrical torque given by [31]

-1
D . . SLd i We
Te ic = ch,i‘/ref,i <Vdc,i_2dc,i (rdc,i + M)) (8)
’ S+ we
where 4;,; and i4.; are the VDCM input current and the
filter inductor current, respectively; d ; is the duty cycle of
the switch in the VDCM; 14 i, Lqc,; and w, are the resistance,
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inductance and cut-off frequency of the filter, respectively;
Vie,i is the dc bus voltage of the DC MG.

With this control method, the frequency and dc voltage
stability will be improved while keeping power sharing for the
AC/DC MGs. In the following, we will focus on the parameter
design of the virtual inertia and virtual governor-gain.

B. Design of Adaptive Virtual Inertia and Virtual Governor-
Gain

1) Design of Adaptive Virtual Inertia

As we know, the rate of change of the frequency (ROCOF)
and/or dc voltage (ROCOV) reflects both the disturbance scale
caused by the amount of load and/or source change and the
system inertia level. The larger disturbance will result in higher
ROCOF and/or ROCOV, which means the frequency and/or dc
voltage drop rapidly at the beginning stage. Therefore, during
the “arresting period”, the choice of inertia should be that the
greater disturbance to the system, the greater inertia should
be provided to suppress the rapid decline of ROCOF and/or
ROCOV. Conversely, the smaller disturbance to the system, the
less inertia should be provided. On the other hand, during the
“rebound period”, the frequency and/or dc voltage is expected
to be quickly restored to the steady state value. Therefore, the
inertia at this time should be small enough.

In view of the above analysis, the J; can be given as

J = J10+ (Ji,max - JzO) tanh (k;/ des ) k/ d<l > 0
L J7,0+ (JiO — Ji7mm) tanh (k’l Ci;;) kl Lf;tl < O

where k' = k;sgn (s; — i0), ki represents kq.; (DC-AC IC)
or kqc,; (DC-DC IC); kqc; and kqc,; are adjustable constants;
Jio is the value of J; at the steady state; J; max and J; min
represent the minimum and maximum values of .J;, respec-
tively.

From (9), we can find that the ROCOF and/or ROCOV are
maximum when the system is disturbed, i.e., & (ifti is located
at the far right of the horizontal axis where a large inertia

coefficient corresponds to it, proving that it meets our analysis

)

above. As the ROCOF and/or ROCOV decrease, the inertia
coefficient also slowly decreases to .J;p until the ROCOF
and/or ROCOV are equal to zero. When &’ df} is less than O,
the inertia coefficient continues to decrease, which ensures that
the system has a good dynamic response during the “rebound
period”.

2) Design of Adaptive Virtual Governor-Gain

As mentioned earlier, in addition to the inertia, the response
speed of the virtual governor also affects the stability of
the system frequency and/or dc voltage under disturbances.
Therefore, in this subsection, we need to design a method to
adaptively adjust the response speed of the virtual governor for
these converters in the MTDC to further improve the system
stability.

Each converter can operate in two different modes under
disturbances, one is the generator mode (GM) and the other is
the motor mode (MM). For example, when the load in one of
the networked AC/DC MGs suddenly changes, if the converter
connected to it injects power into the disturbed MG, it operates
in the GM and vice versa. Thus, for the GM, the design of
virtual governor-gain should be based on the ROCOF and/or
ROCOV and the virtual rotor speed. Large ROCOF and/or
ROCOV require fast response speed of the virtual governor
while high virtual rotor speed can provide large kinetic energy
for the virtual generator to absorb, resulting in fast support of
primary frequency and dc voltage. For the MM, the design
of virtual governor-gain should be based on the virtual rotor
speed and the frequency and/or dc voltage. Large virtual
rotor speed reflects large virtual kinetic energy, therefore the
converter operating in the MM does not deed to provide more
power. On the other hand, large frequency and/or dc voltage
reflect that much more power can be provided by undisturbed
MGs. Therefore, the virtual governor-gain in the GM should
be designed to be larger when the virtual rotor speed and the
ROCOF and/or ROCOV are relatively large and vice versa,
and in the MM, the virtual governor-gain should be designed
to be larger when the virtual rotor speed is relatively small and
frequency and/or dc voltage are relatively large and vice versa.
Therefore, according to the above ideas, the virtual governor-
gain AK,;, divided into AKSM and AK If‘:f M s designed as
follows.

G (G Veom) , GM

dg; _
AKpi =F (dtagzyvcom) - { M(Ci,‘/com)yMM (10)
For the GM, the virtual governor-gain A K EM can be given
as
AKSM = G (dgl Com)
pi dt’

n; (tanh (m;k'% ds; ) V+ /dgi
( r;tanh (d;V) + AKgAg K >0
"] ritanh(d;V) + AKSH KL <0

Oa chom < chom,min

(1)

where G (%2 dt . Veom) is the gain function, which describes the
influence of 9% and Vepm on AKEM; V= Vo — Veom,min,
Veom,min and memam represent the minimum and maximum
values of V,,,,, respectively; AKgf‘g is the value of AKSM at
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the steady state; 7);, m;, r; and d; are all adjustable constants.

On the other hand, for the MM, the virtual governor-gain
AK%M can be given as

AKIJ)\f]\/I =M (§ia V::om)
—ﬁi tanh (ZZV/)
+a; tanh (g;<”)
+AKM

0,6 < Si,min

» Si,min S Si S Si,max (12)

where M (¢;, Voo ) is the gain function, which describes
the influence of ¢; and V.,,, on AKi‘fM; V' = Viem —
(‘/com,min + ‘/com,max)/Q; §/ = & — Si,mins Si,min and Si,max
represent the minimum and maximum values of ¢;, respective-
ly; AK% 6\4 is the value of of AK M M at the steady state; 3;,
l;, a; and g; are all adjustable constants.

Moreover, a visualization of the gain function designed by
the equations (11) and (12) is given in Fig. 5, where the
coordinate values of %, Sis Veorns AKgM and AK i{M are

selected as the respective per-unit values.

Remark 1: After the proposed adaptive control strategy is in
place, the observation is made. Note that the steady state values
of J; and AK,,; (si0 — ;) in (5) and (7) are J;o and zero. As
a direct result, J; and DAC (DZ-D C) remain as the original
inertia coefficient and frequency (voltage) droop coefficient,
respectively. That is, the desired dynamic performance can
be guaranteed and the steady state frequency (voltage) droop
characteristic is preserved.

V. SYSTEM STABILITY ANALYSIS AND
PARAMETERS SELECTION

The proposed adaptive virtual inertia and virtual governor-
gain control strategy can improve the frequency and dc voltage
stability of the networked AC/DC MGs by suppressing fre-
quency and dc voltage mutation rate. In order to investigate
the influences of inertia and governor-gain on system stability,
the small-signal model of the networked AC/DC MGs con-
nected by MTDC is established and its eigenvalue analysis
is provided, which guides the design and selection of control
parameters.

A. Small-Signal Modelling of the Networked AC/DC MGs

The small-signal models of the AC MG and the DC MG
can be obtained by using similar method proposed in [32] and
will not be described in detail here. The equations (5) to (8)
describe the dynamic model of the DC-AC IC and the DC-
DC IC. By using small signal approximation, (5) to (8) is
linearized as

AXic = A'ic_acAXac + A'tc-pcAXpc
+ Al1cAXic + BicAL%99 4 CicAdy,

out

(13)

where
[Aw, A, AV ep, Alde, AVeom, AN, AV, Alout, AB] ",
AXAc = [AS, AWiny, AViny, AIZE  ATE T

line>
AXpe = [AVae, ATE |7 Ady = [Ady, -+ Ady 4],

line T
AIic,dq _ Ali(z,d AIic,q Alic,d Alic,q
out — out,1? out,1 """ out,1? out,I|

AY=AMgsi¢, An = [AVeom, AR = [ AVgc. Matrices
A'ic—ac, A'tc-pc, A'tc, Bic and Cic are given in
Appendix. AL49 and Ady, represent the small-signal model

for the controlled outflow DC-AC IC current and the duty
cycle of the switch in the DC-DC IC, respectively.

As described earlier, the small-signal models of real power
and reactive power introduced by each DC-AC IC are deter-
mined by

APoc. — kgicA kﬁcAé ACA
P = Wm,pu + T m,pu + kpl' ‘/com,pu

1C,1 2 AC 2
- kl(l) An( ) (0)
311’710 P 3wo P} ! 3woip!” ic,d
AQout [ 2V-ac7?((‘07) sz + 2VLL+(70)A¢1 + T%Alout,i
ic,i ic,i
(14)

The real power and reactive power flow from each DC-AC
IC to AC MG are given as

ac __ yrac ric,d . __ ysac 7icq
P; - ‘/z'c,ilout,ﬂ Qout,z - ‘/ic,iloutﬂ'

ic,t

15)

where V29 is the voltage magnitude of each DC-AC IC’s
AC terminal. Hence, the small-signal model for I'$:$9 can
be written as

Aly? = Cout-acAXac + Cout-108Xic  (16)

where matrices Cout—ac and Cout—1c are given in Ap-
pendix.

According to the model of the DC-DC IC shown in Fig.
4, the average voltage €’; = dj,;V; over a switching period is
determined by the output reference value V. r; = dp i€, the

small-signal model can be expressed as
Adp = Cq,,-1cAX1C 17)

where
Cdb—IC = [07 07 Cdbvrefv 07 07 07 Cde7 07 0] 3

Cd V. = diag L cee L

b Vref (0)1,(0) (0)y,(0) ’
N 2db,1vl 2dy 7 Vr

_d(U;

Ca,v = diag { [zvﬂ" -
1

=R
s

By merging (13), (16) and (17), we have the following
small-signal state-space equation of the IC section

AXic=Arc_acAXac+Arc pcAXpot+AicAXic
(18)

where

Arc_ac = A'tc—ac +BicCout—ac, Atc-pc = A'tc—pc,
/
Arc = A'ic +BicCout—1c + C1cCaqg, -1c-

According to [32], the complete small-signal state-space
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model of the AC MG and DC MG is obtained as

AX ac=A’AcAX ac+BacAILRS
AXpc=A'pcAXpc+BpcAlde

out

19)

where matrices A’ac, Bac, A’ Dg and Bpc are consis-
tent with [32]. AES = (Dgs, ) Cif AL, AL, =

c T ic : ic ic
(Dgusfic) Cie.AXiyc. Cry = diag { [ TL1 CTI,I} }
ic | cost —sinb; _
TLT | §ing  cos, ,Ciy. =10,0,0,1,0,0,0,0,0].

By merging (16) and (19), we have the following small-
signal state-space model of the AC MG and DC MG

A):(ACZAACAXAC +Aac-pcAXpct+Aac-1cAXic
AXpc=Apc-acAXac+ApcAXpc+Apc-1cAXic
(20)

where
Aac =A'ac +Bac(

T .

Aac-1c = Bac(D,_i.) CECout—1¢, Apc—-ac =0,
T

Apc = A'pc. Apc-1c = Bpe(Dgs, ;) C

bus—ic
Finally, the small-signal state-space model of the networked
AC/DC MGs is derived by integrating (18) and (20)

AX = A - AX

DaC

T .
bus—ic) %ICOUt—AC% AAC—DC =

2L

where

AX=[ AXac AXpc AXic |,

Aac Aac-pc Aac-1c
A=| Apc-ac Apc Apc-1c
Aic—ac  Aic-pc Arc

B. Small-Signal Stability Analysis and Parameters Selection

Further, we take the networked AC/DC MGs composed
of an AC MG and a DC MG as an example to explore
the effects of inertia and governor-gain perturbation on the
system stability. The parameters and initial conditions of the
networked AC/DC MGs are given in Table I in Appendix and
the remaining is consistent with [32].

According to the model expressed by (21), the trajectories
of the eigenvalues with the virtual inertia coefficients J4¢
from le-2 to 15 in step of le-2 and JP¢ from le-2 to 30 in
step of Se-2 , and the governor-gain coefficients AK gM and
AK;)\Z/.IM from le3 to 5e3 in step of le2 are shown in Fig.
6. It can be seen that, the eigenvalues in Fig. 6(a) are very
close to the right plane when there is a small virtual inertia
JAC and the stable state is easily destroyed when the system
experiences a disturbance. With the gradual increase of JAC,
the eigenvalues are moving toward the left plane and away
from the imaginary axis, which enhances system damping to
some extent. However, as JAC continues to increase, the real
parts of the eigenvalues approach to zero, and become positive
for JAC > 14.9, which results in system instability. For the
root locus with changing the virtual inertia JPC, the same
effect as changing J4¢ can be seen. With the gradual increase
of JPC, the eigenvalues in Fig. 6(b) are moving away from
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the imaginary axis and toward the left plane, which enhances
system damping and improves system stability. However, with
the further increase of JPC, the eigenvalues start to move
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(a) System frequency. (b) ROCOF. (c) Inertia coefficient of DC-AC IC. (d) Governor-gain coefficient of DC-AC IC. (e) DC voltage. (f) ROCOV. (g) Inertia

coefficient of DC-DC IC. (h) Governor-gain coefficient of DC-DC IC.

toward the imaginary axis and to the right plane, which is
not conducive to the stability of the system. Therefore, the
root locus means that the control parameters J4C and the
JPC should be selected depends on the requirements to system
stability, and the physical meaning of this conclusion is also
very clear. That is, a small virtual inertia can improve the
response speed of the system, but at the cost of loss stability
margin; on the other hand, the phase margin of the system has
an inverse relationship with the virtual inertia.

Then, the effects of the virtual governor-gain coefficients
AKEM of DC-AC IC and the AK;}{M of DC-DC IC are
studied, respectively. As can be observed, the eigenvalues
in Fig. 6(c) are moving away from the imaginary axis with

the gradual increase of the AKg.M , which enhances system
damping. However, with the further increase, the eigenvalues
start to move to the right plane for AKSM > 4890, which
destroys the stability of the system. In addition, the similar
effects of the AK é\f M and the AKgM can be seen. With the
gradual increase of AK)IM, the eigenvalues in Fig. 6(d) are
moving toward the left plane and away from the imaginary
axis, which improves the stability of the system. However, as
AKgM further increases, the real parts of eigenvalues start
to approach to the right plane for AK)M > 4760, which
destabilizes the system. Therefore, the control parameters
AKgM and the AKII)‘Z{[ M should be selected depends on the
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Comparison of AC-side and DC-side output power response among the proposed control strategy, method in [23] and method in [25] under load

changes. (a) AC MG output active power. (b) DC MG output active power. (c) Transferred active power.

requirements to the absorbed power avoiding from exceeding
the allowed value, which is consistent with our analysis above.

The stability analysis conducted above provides theoretical
guidance for the optimal design of inertia and governor-gain
of the actual prototype. In addition, the control parameters that
satisfy the stability of the system can also be selected based
on linear matrix inequality (LMI). Specifically, for the linear
system expressed by (21), the determination of Lyapunov
stability can be naturally expressed as the problem of solving
Lyapunov inequality, that is,

AP +PA <0 (22)

where P is a symmetric matrix. By ensuring the existence
of positive definite feasible solution P for the Lyapunov
inequality (22), the selected control parameters satisfy the
stability of the system. MATLAB provides the LMI toolbox,
which can be solved directly. Interested readers can refer to
[33], which will not be detailed here.

VI

Simulations based on MATLAB/Simulink are performed
to evaluate the proposed strategy and the test structure of
networked AC/DC MGs consists of an AC MG connected to a
DC-AC IC and a DC MG connected to a DC-DC IC. System
parameters of the tested MGs are given in Table I in Appendix.
The allowable variation of frequency and dc voltage are 49.5

SIMULATION RESULTS

Hz < f <50.5 Hz and 390V < V. < 410V, respectively. The
loads, connected to the two subsystems, are switched between
“light” and “heavy” condition to verify the effectiveness of the
control strategy proposed in this paper. At first, the AC/DC
MGs operates in the steady state under light load. At t=4s, the
load in the AC-side is switched from light to heavy. At t=9s,
when the MG reaches the steady state, the load in the AC-side
is restored to the initial configuration.

A. Performance of the Proposed Control Strategy

This paper is dedicated to improving the dynamic stability
of frequency and dc voltage when AC-side and/or DC-side
load change. With the same scenario adopted, six IC control
strategies are compared and verified. For the strategy I, the vir-
tual inertia is set as a small constant (Jy= 0.5) which implies
the conventional droop control. For the strategy II, the virtual
inertia is set as a large constant (Jop= 8) which represents the
conventional VSG control. For the strategy III and the strategy
IV proposed in this paper, the parameter is listed in Appendix.
For the strategy V proposed in [25], the main parameters
are set as Jo= 2, ko= 0.82(0.07), kq.= 0.011 (0.008)). For
the strategy VI proposed in [23], the main parameters are

set as Jo= 2, JAC = 5.5(7.2), JAC= 0.5, JDC = 5.2(3.65),
JPC = 0.5.

Fig. 7 depicts the waves of frequency/DC voltage, RO-
COF/ROCOV, inertia and governor-gain with adopting the
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strategy III and the strategy IV proposed in this paper and
the conventional droop control and the VSG control. As
observed, the control effects of these four different strategies
are obviously different. The rebound speed is extremely fast
with small constant inertia (see Fig. 7(a) and (e)), whereas
the nadir of arrested frequency/DC voltage even exceeds the
normal operating range and ROCOF/ROCOV is very large.
With large constant inertia, the nadir of arrested frequency/DC
voltage and ROCOF/ROCOV are higher and lower than the
small inertia constant, whereas the rebound speed is extremely
slow and the oscillation exists. When applying the proposed
adaptive virtual inertial control, although the nadir of arrested
frequency/DC voltage and ROCOF/ROCOV are slightly lower

and larger than the large constant inertia, the oscillation and
the dynamic performance of the system are eliminated and
improved. Comparing with these four control strategies, the
overall performance of applying the proposed adaptive virtual
inertial and virtual governor-gain control is the best. That is,
the nadir of frequency/DC voltage and ROCOF/ROCOV are
the highest and the smallest, and the rebound speed is similar
to the small constant inertia. This can also be explained by
the curves of the inertia and the governor-gain as shown in
Fig. 7(c) and (g) and Fig. 7(d) and (h). A relatively large
inertia and governor-gain are provided at the beginning of
the disturbance, and a relatively small inertia and governor-
gain are provided during the “rebound period”. Following, we
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Fig. 13.

The tested networked AC/DC MGs

further compare the proposed method (Strategy III and IV)
with existing adaptive methods recently published in [23] and
[25]. The results are shown in Fig. 8. It is noted that the control
effects vary greatly in the the nadir of frequency/DC voltage,
ROCOF/ROCOV and the rebound speed. Among them, the
disturbed frequency/DC voltage with the method in [25] can be
restored to the steady state value as soon as possible, whereas
the nadir values and ROCOF/ROCOV are lower and larger
than the other three control strategies, respectively; the nadir of
frequency/DC voltage and ROCOF/ROCOV with the method
in [23] are similar to that of the adaptive virtual inertial control
proposed in this paper, whereas the rebound speed with the
latter is faster; the control effect of the strategy IV is the best.
Not only the nadir values and ROCOF/ROCOV are the highest
and the smallest, but also the rebound speed is similar to the
other three control strategies. The above description can be
well explained by the curves of the inertia and the governor-
gain shown in Fig. 8(c), (d), (g) and (h). For the method
in [25], the oversize value of compensation coefficient k.
cannot be acquired on account of the limitation of the range
of inertia, which hinders the adjustment of inertia in other
cases. For the method in [23], the virtual inertia is adjusted to
the maximum at the beginning of the disturbance, maintained
until the rebound period and then switched to the minimum
until the steady state interval, so that the risk of the system
being disturbed is increased. For the proposed strategy in this
paper, the virtual inertia and the governor-gain are adjusted
to the maximum at the beginning of the disturbance and then
decreased gradually and finally returned to the stable value, so
that the nadir values, ROCOF/ROCOV and the rebound speed
are improved very well.

B. Proper Power Sharing

In addition to the stability of dynamic frequency and dc
voltage, proper power sharing is also a basic control task for
ICs. For the convenience of result analysis, the rated power of
DC MG and AC MG is set to be the same as the 20 kW.
Therefore, as long as the two MGs have the same steady
state output power under different load conditions, it can prove
that the proper power sharing among the networked AC/DC
MGs is realized. From Fig. 9 and Fig. 10, the output power
of the DC MG is about 8kw from t=0s to t=4s, which is
equal to the output value of the AC MG; from t=4s to t=9s,
the output power of the DC MG is about 14kw, and so is
the AC MG; finally, the output power of the two MGs is
still roughly equal. Therefore, proper power sharing among
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Fig. 14. Comparison of experimental results of frequency and dc voltage

response among strategy I (small inertia), strategy III and strategy I'V proposed
in this paper. (a) System frequency (scales: 0.2Hz/div, 2s/div). (b) DC voltage
(scales: 5V/div, 2s/div)).
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Fig. 15. Comparison of experimental results of frequency and dc voltage

response among strategy II (large inertia), strategy III and strategy IV proposed
in this paper. (a) System frequency (scales: 0.2Hz/div, 2s/div). (b) DC voltage
(scales: 5V/div, 2s/div)).

the test AC/DC MGs can be achieved. As for the dynamic
response of the power, it can be seen from Fig. 9 that there
exists oscillation in the output power of AC MG with the
application of large constant inertial control. However, when
applying the proposed adaptive virtual inertial control, not only
can power oscillation be eliminated, but also the output power
of AC MG can be smoothed. In addition, as depicted in Fig.
9(a) and Fig. 9(b), the smoothest output power of AC MG and
DC MG can be obtained by applying the proposed adaptive
virtual inertial and virtual governor-gain control, which means
that it has excellent power oscillation damping function. On
the other hand, as shown in Fig. 9(c), the IC transferred active
power by the proposed control strategy works best, that is, not
only is there no power oscillation, but also a large power can
be quickly supplied to suppress ROCOF and/or ROCOV at the
moment of disturbance.

Comparison of the proposed method (strategy III and IV)
with the existing adaptive methods in [23] and [25] is also
considered. The corresponding results are shown in Fig. 10.
As observed, excellent power oscillation damping is achieved
using these methods. Meanwhile, the dynamic response of the
output power is different. Specifically, with the method in [25],
the output power of MGs is faster than others when the load
changes, whereas the IC transferred active power is slowly
supplied; the response of output power with the method in [23]
is similar to that of adaptive virtual inertial control proposed
in this paper. With the proposed method, the smoothest output
power of AC MG and DC MG , and the fastest IC transferred
active power can be obtained at the same time.

C. Performance under Connection and Disconnection Switch-
ing

In order to further illustrate the performance of the proposed
control strategy, this section simulates the connection and
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Fig. 16. Comparison of experimental results of AC-side and DC-side output power response among strategy I (small inertia control), strategy III and strategy
IV proposed in this paper. (c) AC MG output active power (scales: 1kW/div, 2s/div). (d) DC MG output active power (scales: 1kW/div, 2s/div). (e) Transferred

active power (scales: 1kW/div, 2s/div).
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Fig. 17. Comparison of experimental results of AC-side and DC-side output power response among strategy II (large inertia control), strategy III and strategy
IV proposed in this paper. (¢) AC MG output active power (scales: 1kW/div, 2s/div). (d) DC MG output active power (scales: 1kW/div, 2s/div). (e) Transferred

active power (scales: 1kW/div, 2s/div).

disconnection switching between the AC MG connected to
the DC-AC IC and the DC MG connected to the DC-DC IC.

As shown in Fig. 11, the overshoot of frequency and dc volt-
age is extremely large with small constant inertia (exceeding
the normal operating range of frequency and dc voltage). For
large constant inertia control, although the overshoot becomes
smaller, the oscillation degrades the dynamic performance of
the system. As for the simulation results of applying proposed
adaptive virtual inertial control, not only can frequency and dc
voltage change steadily in the process of transient regulation
(from t=1s to t=4.5s), but also ROCOF and ROCOV are lower
than those using large constant inertial control. And when
applying adaptive virtual inertial and virtual governor-gain
control, not only the overshoot of frequency and dc voltage is
the smallest, but also the nadirs of arrested frequency and dc
voltage are the highest. On the other hand, when the switching
is disconnected (t=4.5s), the dynamic response of frequency
and dc voltage with these four IC control strategies is similar
to each other, which is due to the fact that the inertia of both
the tested AC MG and DC MG is fixed.

Fig. 12 further demonstrates the performance advantages
over existing adaptive methods. Among them, the overshoot of
frequency and dc voltage with the method in [25] is larger than
the other three control strategies (see Fig. 12(a) and Fig. 12(e)).
The control performance with the method in [23] is similar to
that of the adaptive virtual inertial control and the best control
performance can be obtained with proposed adaptive virtual
inertial and virtual governor-gain control method. Therefore,
the results show the advantage of the proposed control strategy.

VII. EXPERIMENTAL RESULTS

A scaled-down networked AC/DC MGs shown in Fig. 13
is built to verify the proposed method, where a DC-AC IC
and a DC-DC IC are adopted to interconnect the AC and
DC MGs. The ICs are controlled by digital signal processors
(TMS320F28335) and the switching frequency is 19.2kHz.
The AC MG consists of 10 kW PV arrays, while the DC MG
consists of 5 kW PV arrays and 5 kW wind turbines (WTs).
The loads that switch between “light” and “heavy” condition
are considered for the MGs. At t=4s, the load in the AC MG
is switched from light load to heavy load. At t=12s, the load
in the AC MG is restored to the initial value. The system
parameters are listed in Table II in Appendix.

To verify the effectiveness, strategy I and strategy II (small
and large inertia) used in the simulation are also applied
here to compare with the proposed strategy by changing the
load. The results are shown in Fig. 14 and Fig. 15. As
observed, the rebound speed is the fastest with the small
inertia, whereas the nadirs of arrested frequency and dc voltage
almost exceed the normal frequency and dc voltage operating
range (49.5Hz~50.5Hz, 390V~410V). With the large inertia,
the nadirs of arrested frequency and dc voltage are higher
than the small inertial control, whereas the rebound speed
is the slowest and the oscillation exists. When applying the
proposed adaptive virtual inertial control, although the nadirs
of arrested frequency and dc voltage are slightly lower than the
large constant inertia control, the oscillation and the rebound
speed of the system are eliminated and improved. While for
the proposed adaptive virtual inertial and virtual governor-
gain control, not only the nadirs of arrested frequency and dc
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voltage are the highest, but also the rebound speed is similar
to the small constant inertia control.

Furthermore, Fig. 16 and Fig. 17 present the experimental
results of AC-side and DC-side output power response under
load changes. On the one hand, it can be found that the
two MGs can share the load as expected with these four
control strategies. That is, the output power (about 4 kW)
of the AC MG is approximately equal to that of the DC
MG from t=0s to t=4s; from t=4s to t=12s, the output power
of the AC MG and the DC MG is about 7kw; finally, the
equal output power of the two MGs is still maintained. On
the other hand, it can be observed that the application of
the large constant inertia control leads to the output power
oscillation. With the proposed adaptive virtual inertial control,
the output power oscillation disappears and is replaced by the
gentle output power. And when applying the proposed adaptive
virtual inertial and virtual governor-gain control, the smoothest
output power of AC MG and DC MG can be observed. In
addition, as depicted in Fig. 16(c) and Fig. 17(c), a large
active power transferred by IC is quickly supplied when the
load changes abruptly, which further proves the effectiveness
of the proposed control method.

VIII. CONCLUSION

This paper proposes a power management approach that can
simultaneously enhance the frequency and dc voltage stability
of the networked AC/DC MGs while keeping proper power
sharing. To realize the objective, the control strategy based on
synchronverter and VDCM with the power sharing controller,
adaptive virtual inertia regulator and virtual governor has
been developed in this paper. Also, the clear mathematical
expressions of adaptive virtual inertia and virtual governor-
gain determined by the frequency and/or dc voltage, virtual
rotor speed, and ROCOF and/or ROCOV are constructed. In
addition, the small-signal stability analysis of the networked
AC/DC MGs with the proposed control strategy is proposed to
guide the design and selection of control parameters. Finally.
Simulation and experimental results have been given to verify
the performance of proposed control strategy.

Currently, although adaptive virtual inertia and virtual
governor-gain control strategy is proposed, the optimal values
of these parameters are not discussed and cannot be guaranteed
by this approach. Therefore, the optimal adaptive virtual inertia
and virtual governor-gain control will be explored in our
future work. Another future direction is concerned with the
participation in the ancillary service market, which means
that how each MG or the networked AC and DC MGs can
provide virtual inertia service for the system via ancillary
service market.

APPENDIX

The matrices of equation (13).
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TABLE I
EXPERIMENTAL SYSTEM PARAMETERS

Items | Parameters & Values
P, max= 10kW(PV — arrays)
ACMG b o = 6KW(Light), Pac joed— 12kW (Heavy)
Pac.maz = 10kW(PV : 5kW, WT : 5kW)
bEMG Pdc,load: 2kW
L =4mH, L; = 1.8mH, C; = 25uF, K = 6.5
DC-AC| Cy, = 2mF, DAY = 18, F= 305,kA“= 3.5
IC kfC= 187
Lge= 1.8mH, rg.= 0.5Q, DPC=68, k%= 5.8
DC-AC| k%= 216, CP“= 3.2mF,kB“=6.5
IC kPC=224.5
J JO: 27 Jmax: 67 Jrnin: 0.1
AK, | AKS§"=1500, AK )" = 2400
kae= 1.6, kge= 0.009, r=3= 1800, n= 26
Load | a= 1300,1= 0.086, m= 0.8, ¢= 0.088
Change | d= 0.018
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