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Stability Enhancement Based on Virtual
Impedance for DC Microgrids with Constant
Power Loads

Xiaonan Lu, Member, IEEE, Kai Sun, Member, IEEE, Josep M. Guerrero, Fellow, IEEE, Juan C.
Vasquez, Senior Member, IEEE, Lipei Huang, Jianhui Wang, Senior Member, IEEE

Abstract - In this paper, a converter-based DC microgrid is
studied. By considering the impact of each component in DC
microgrids on system stability, a multi-stage configuration is
employed, which includes the source stage, interface converter
stage between buses and common load stage. In order to study the
overall stability of the above DC microgrid with constant power
loads (CPLs), a comprehensive small-signal model is derived by
analyzing the interface converters in each stage. The instability
issue induced by the CPLs is revealed by using the criteria of
impedance matching. Meanwhile, virtual-impedance-based
stabilizers are proposed in order to enhance the damping of DC
microgrids with CPLs and guarantee the stable operation. Since
droop control is commonly used to reach proper load power
sharing in DC microgrids, its impact is taken into account when
testing the proposed stabilizers. By using the proposed stabilizers,
virtual impedances are employed in the output filters of the
interface converters in the second stage of the multi-stage
configuration. In particular, one of the virtual impedances is
connected in series with the filter capacitor, and the other one is
connected at the output path of the converter. It can be seen that
by using the proposed stabilizers, the unstable poles induced by
the CPLs are forced to move into the stable region. The proposed
method is verified by the MATLAB/Simulink model of multi-
stage DC microgrids with three distributed power generation
units.

Index Terms - constant power load, DC microgrid, stability,
virtual impedance

I. INTRODUCTION

With the increasing penetration of renewable energy into
modern electric grid, the concept of microgrid was proposed
several years ago [1]. During the recent years, microgrids have
been widely studied. Since the conventional electric grid relies
on AC, the research on microgrids are mainly focused on AC
systems [2]-[7]. However, in order to integrate various

This work is supported by the National Natural Science Foundation of
China (51177083), State Key Lab of Power Systems (SKLD14MO01) in
Tsinghua University, China. X. Lu and J. Wang are supported by the U.S.
Department of Energy (DOE) Office of Electricity Delivery and Energy
Reliability.

X. Lu and J. Wang are with Energy Systems Division, Argonne National
Laboratory, Lemont, IL 60439, USA. K. Sun and L. Huang are with the State
Key Lab of Power Systems, Department of Electrical Engineering, Tsinghua
University, Beijing, 100084, China. J. M. Guerrero and J. C. Vasquez are
with the Department of Energy Technology, Aalborg University, 9220,
Denmark.

K. Sun is the corresponding author. Postal address: 3-310, West Main
Building, Tsinghua University, Beijing, China. Telephone number: +86-10-
62796934. Email: sun-kai@mail.tsinghua.edu.cn.

renewable energy sources with DC couplings, the solution of
DC microgrids has become an attracting approach [8]-[10]. In
contrast with AC microgrids, DC microgrids have drawn
growing concerns for the advantages of higher efficiency,
absence of reactive power and harmonics, etc [9]-[10]. Ina DC
microgrid, the renewable energy sources are connected to the
common bus by using the interface converters [11]-[16].
Considering the distributed configuration of the system, power
electronics interface converters are usually connected in
parallel. In order to obtain proper load power sharing among
different sources, droop control as a decentralized method is
commonly employed in the control diagram of the interface
converters [12]-[16]. A typical DC microgrid is depicted in Fig.
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Fig. 1. Typical configuration of DC microgrids.

Stability issues should be noticed to enhance the
performance of a DC microgrid. Especially in the system with
constant power loads (CPLs), the stability issues are required
to be further studied. In a microgrid, the CPL, also known as
active load, enables the power conditioning at the load side.
Different from passive loads, CPLs, e.g. DC motor, energy
storage charged by constant power, etc., consume constant
amount of power regardless what the input voltage is. It should
be noted that the behavior of a converter-dominated load is
determined by the corresponding control. For instance, for a
point-of-load (POL) converter with a resistor connected at its
output terminal, if the load converter is in voltage control
mode to ensure a fixed voltage across the load resistor, the
entirety of the POL converter and its resistor load can be
regarded as a CPL. CPLs can be found in many applications,
e.g. aircrafts [17]-[18], ships [19] and microgrids [20]. The
impact of CPL on the system stability is induced by its



negative impedance in the small signal analysis. The negative
incremental impedance makes the system poorly damped and
can induce instable poles in the frequency domain. Therefore,
the system stability is degraded [21]-[22]. The above issue
induced by CPL has been studied extensively, as shown in the
literature review in Section Il. Considering that DC microgrid
is the research focus of this paper, since multiple interface
converters usually co-exist and they are connected in parallel,
it is necessary to derive a comprehensive system model that
includes different components of a DC microgrid and extend
the research on CPL and its damping method to multiple
converter system. Meanwhile, the commonly used droop
control should be taken into account when discussing the
stabilization of the microgrid with CPLs.

Virtual impedances have obtained increasing awareness in
the control diagram of the interface converters nowadays.
They have generally two functionalities. First, virtual
impedances can be used to match the grid-side impedance in
AC microgrids. The sharing of output active and reactive
power can be thereby efficiently decoupled [23]. Furthermore,
the virtual impedance can be programmed at the certain
frequency to form the expected harmonic impedance, which
enables the function of harmonic sharing and damping [24].
Second, virtual impedances can be employed to realize the
resonance damping in the LCL filters [25]. By using the
additional current sensors and multiple control loops, the
resonance peaks imposed by LCL filters can be attenuated.

Diverse types of configurations can be found in the existing
DC microgrids. The single bus system in [26] is commonly
used in small-scale DC microgrids, which is comprised of
renewable energy sources with stochastic output power, e.g.
photovoltaic (PV), wind turbines, etc., and energy storage as
energy buffer to establish the bus voltage. The PVs and wind
turbines commonly operate in power output mode to absorb
maximum power, and the energy storage operates in voltage
output mode to establish the common bus voltage. For larger-
scale DC microgrids, the above single bus system can be
extended to a multi-bus system [14]. In a DC microgrid with
multiple buses, different local DC buses are collected at point-
of-common-coupling (PCC) through transmission lines.
Meanwhile, the original single bus can be regarded as source
bus with combined renewable energy sources.

In this paper, virtual-impedance-based stabilizers for DC
microgrids with CPLs is proposed. Without loss of generality,
a multi-stage configuration of DC microgrid is employed,
which is comprised of three stages. The first stage is the source
stage where combined sources of PV and battery are utilized to
establish the source bus. Similar to the single bus system, the
PV works in maximum power point tracking (MPPT) mode
and the battery works in voltage output mode to build the bus
voltage. By considering the stochastic output power of PV and
load condition, sizing of the battery can be properly
accomplished to guarantee the stable source bus voltage. The
second stage is the local interface converter stage. The input of
the interface converter is the source bus with stable voltage,
and the output is the local output bus. The virtual-impedance-

based stabilizers are employed in the control diagram of the
interface converters in this stage. Meanwhile, droop control is
also used to achieve proper power sharing among different
converters. Meanwhile, the transmission line connected to
each local output bus is also included in this stage. The third
stage is the load stage which includes the common load bus.
Here, in order to study the impact of CPL and develop the
related damping method, CPLs are connected at the PCC in the
third stage. Among the above three stages, the first and second
stage features distributed configuration, which can be regarded
as distributed power generation units, and the third stage
includes the common bus where different distributed units are
collected. In order to study the overall system stability, a
comprehensive small-signal model of the whole system
comprised of the above three stages is derived. Based on the
derived model, the stability analysis considering the impacts of
CPL and the proposed stabilizers are performed. Based on the
derived systematic model of DC microgrids with multiple
distributed power generation units, virtual-impedance-based
stabilizers are implemented in Stage Il. Virtual impedances at
two positions in the output side of the interface converters are
realized to tackle the instability issues induced by CPLs. Since
the virtual-impedance-based stabilizers are located at two
positions, higher control flexibility can be achieved compared
to conventional approaches based on single virtual impedance.
Impedance criteria is selected as a tool to evaluate the overall
system stability with the virtual-impedance-based stabilizers
[27]. In particular, the above multi-stage DC microgrid is
divided into two sections, i.e. the local source section and
common load section. The local source section is comprised of
Stage | and 11, while the common load section is comprised of
Stage I1l. The output impedance of the local source section,
namely Z;, and the input impedance of the common load
section including CPL, namely Z,, are calculated. By using the
criteria of impedance matching, the overall system stability is
evaluated by the dominant poles of (1+Z/Z)™. When all the
dominant poles locate in the stable region, the system stability
is guaranteed. The proposed virtual-impedance-based
stabilizers are employed to move the instable poles into the
stable region.

The contribution of our paper can be summarized as
follows. A comprehensive system model for DC microgrids is
derived by considering three stages, i.e. source stage, interface
converter stage and load stage. The dynamics involved in each
stage and the impact of droop control are taken into account.
The proposed model is specially developed for DC microgrids
with multiple distributed energy generation units. Meanwhile,
virtual-impedance-based stabilizers are employed in each
distributed power generation unit. In particular, the virtual-
impedance-based stabilizers are located at two positions. One
of them is connected in series with the DC-link capacitor of the
interface converter, while the other one is connected at the
output path of the converter. Both of them are located at the
generation side. The combination of the virtual stabilizers at
two positions allows higher flexibility of the control diagram.

The following paper is organized as follows. Section 1l



briefly investigates the impact of CPL on system stability, and
a literature survey of related damping method is conducted.
Section Il discusses the configuration of multi-stage DC
microgrid and the comprehensive small-signal model for the
whole system is derived. Based on this model, the stability
analysis is performed by using impedance matching criteria
with consideration of the proposed virtual-impedance-based
stabilizers. Section IV shows the simulation results derived
from MATLAB/Simulink model to demonstrate the proposed
approach. Finally, Section V summarizes the paper and draws
the conclusion.

Il. REVIEW OF STABILITY ISSUES INDUCED BY CPLS AND
CORRESPONDING DAMPING METHODS

For the constant power nature of the load, the following
expression is satisfied:
R=v 'il M)
where v, i; and P, are the voltage, current and power of a CPL.
The incremental impedance of the CPL can be calculated as
follows if neglecting the interactions between the load
converter and its upstream converters [28]-[29]:
Nigag. S ) — Rt~ View
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It is seen from (2) that the CPL has negative incremental
impedance, which makes the system less damped and impacts
the system stability. The same phenomenon can be found in
the I-V curve of the load, as shown in Fig. 2. It is seen that for
the CPL, the product of the load voltage and current are
constant. Hence, the I-V curve satisfies the characteristic of
inverse proportional function. As a result, the slope at the
operating point (V,, 1)) is negative, which indicates the negative
incremental impedance.
%
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Fig. 2. Negative incremental impedance of CPL. I

In order to solve the above problem caused by CPL,
different approaches are proposed in the existing literature.
The methods based on the modification of system
configuration, achieved by either changing the hardware or
implementing the required component virtually in the control
diagram, are presented to enhance the system stability margin.
In [28], a passive damping method is proposed, where the
damper is classified into three categories: RC parallel damping,
RL parallel damping and RL series damping. In [30],
additional filters or the energy storage devices with huge rating
are employed to solve the oscillation of DC bus voltage caused
by CPLs. Meanwhile, the effect of load shedding is discussed
to ensure stable operation. In [31], virtual resistance is
employed to adjust the current flowing through the source and

DC link, which is useful for point-to-point system with one
source and one load. Meanwhile, predictive control is involved
to estimate the source voltage and current based on the
measured DC-link voltage and system model, e.g. DC-link
capacitance, source inductance, etc. In [32], virtual
capacitance is implemented in the control system of load
converter to reduce the size and weight of DC-link capacitor.
The proposed method is realized by measuring the DC-link
voltage and involving additional virtual capacitance loop. The
load power reference is slightly adjusted by adding the output
of the additional virtual capacitance loop into the original
power reference. In [33], three technical approaches for
stabilizing MVDC system with CPL are reviewed. The second
approach, namely active damping approach, is realized by
implementing virtual component. In particular, a control signal
is obtained by measuring the load current and a virtual
resistance is employed to generate a virtual voltage drop.
Linear or nonlinear feedback control methods have also
been employed to enhance the stability of DC systems with
CPLs. In [34] and [35], both nonlinear and linear approaches
for stabilizing the system with CPL were proposed. The
nonlinear stabilization is realized by using the stabilization law
that is proportional to vi>, where v is the DC-link voltage,
namely the input voltage of the CPL, and the linear
stabilization is achieved by employing an additional
compensating loop with small signal variable of DC-link
voltage as the input. For these two papers, the configuration
that is comprised of a DC source generated by a three-phase
rectifier and a motor as CPL is employed. Both of the
dynamics involved by the inverter and motor load are
considered when designing the compensating loop. The
proposed methods in these two papers are mainly designed for
the system with single or multiple loads since the proposed
approaches are implemented in the load inverters. These
methods are suitable for the applications with multi-load
configurations, e.g. DC systems on electric aircrafts and ships.
In [33], two approaches based on state feedback are proposed
for the converters in the generation side. For the first approach,
the control signal is synthesized by using the feedback
variables of load voltage and current, while for the second
approach, two control functions are employed in the
linearization-state-feedback-based control diagram. The first
control function is used to compensate the system
nonlinearities. After cancelling the nonlinearities, the original
nonlinear system is changed to a linear system. The second
control function is selected to realize a linear control on the
derived linear system. This second approach is also shown in
[19]. In [36], small-signal analysis is performed to discuss the
stability issues of medium-voltage DC (MVDC) integrated
power system. Based on the derived small-signal model,
adaptive feedback control is employed in generation side
control system. The proportional gains for voltage and current
feedbacks are designed by considering the dynamic
requirements of a common second-order system. In [30],
passivity-based linear control and boundary control are
employed to eliminate the oscillation behavior caused by



CPLs.

Besides the above methods to alleviate the instability issues
in DC systems with CPLs, other effective methods are also
proposed in the existing literature. In [17], sliding-mode
control is used to improve the large signal stability and
dynamic responses. In [37], a fault-tolerant multi-agent
stabilizing system is proposed with the consideration of
constrained optimization, where stabilizing agents are
employed and different fault cases are considered to guarantee
the feasibility of the approach. In [38], a DC power system
with multiple CPLs are comprehensively studied. Both
centralized Takagi-Sugeno method and decentralized agent-
based method are developed to cope with the instability issues
induced by CPLs. In [39], the system architectures and the
impact of CPLs in multiple-converter-based vehicular
electrical systems are discussed, and the pulse adjustment
technology is employed to apply predefined duty cycle. Hence,
a cost-effective approach is implemented to regulate the output
voltage considering CPLs.

It should be noticed that, as aforementioned, the negative
incremental impedance can be derived if neglecting the
interaction between the CPLs and upstream converters [29].
By taking the dynamics and interactions of different interface
converters into account, the analysis of the instability issues
should be extended. In [29], the small-signal behavior of CPLs
is studied. Meanwhile, it is revealed that the well-known
negative impedance characteristic of CPL is an approximation
if neglecting the dynamic interactions between converters.

1. MODELING AND STABILITY ANALYSIS OF DC MICROGRIDS
WITH CPLs

A. Multi-Stage Configuration of DC Microgrids

A typical configuration of DC microgrids is shown in Fig. 3.
Here, different types of renewable energy sources are
considered. Without loss of generality, PVs and batteries are
taken into account here.

The DC microgrid shown in Fig. 3 features multi-stage
configuration. In the first stage, namely the source stage, in
order to abstract the maximum available power, MPPT is
employed for PVs. Meanwhile, the interface converter of
battery is controlled to generate stable output voltage. Hence,
in the source stage, the PV and battery are combined as a
whole system to establish the local source bus with stable DC
voltage. The second stage is comprised of interface converters
which establish the local output bus and the transmission line.
For the converters in this stage, their input side is connected to
the local source bus. The input voltage is generated by the
converters in the first stage. At the same time, their output
sides are the local output buses. In order to build up the
required voltage level at the local output bus and achieve
proper power sharing among different interface converters, the
converters in this stage is commonly controlled as voltage
source with droop function as the outer control loop. Since
stable input voltage of this stage is generated by the first stage,
the interface converters in different stages can be easily
decoupled and controlled. Finally, the third stage is the

common load bus. Different local power units, which are
constructed by the first and second stages, are collected at the
PCC in the third stage. CPLs are connected at the common
load bus in this stage. The proposed damping method is
embedded in the generation side, i.e., in each distributed
power generation unit. In particular, it is implemented in each
interface converter in Stage Il, as shown in the multi-stage
configuration of DC microgrids in Fig. 3.

Different voltage levels can be used in DC microgrids. Here,
a voltage level combination of 96 V, 380 V and 240 V is
selected for the multi-stage DC microgrids as an example.
Specifically, the PV and battery with rated output voltage of
96 V are selected in the first stage, and the output voltage, i.e.
the source bus voltage, is controlled to 380 V. In the
meantime, the output voltage of the second stage is selected as
240V, i.e. the rated voltage of local output bus is 240 V. Since
the voltage drop across the line impedance does not take a
large percentage of the rated voltage, the rated voltage of PCC
is also 240 V approximately. Since the converters in Stage |
and Stage Il are directly connected to form the distributed
power generation units, they share the same local source bus,
i.e. a capacitor is shared in the output side of the converters in
Stage | and the input side of the converters in Stage Il. Due to
the rated voltage of each bus, different types of interface
converters are selected. For PVs in the first stage,
unidirectional boost converters are used as the interface. For
batteries in the first stage, bidirectional converters are selected
to achieve both of the charging and discharging functions. For
the interface converters in the second stage, bidirectional buck
converters are selected. Meanwhile, the proposed virtual-
impedance-based stabilizers are connected at the output
terminal of the buck converters, as shown in Fig. 4.

Considering the common configuration of DC microgrids,
distributed control diagram should be developed. Hence, the
distributed virtual-impedance-based stabilizer is proposed in
this paper to achieve stable operation when CPLs exist in the
system. It should be noticed that various types of
configurations can be used for DC microgrids. Since the
stabilization of DC microgrids with CPLs is the main research
topic in this paper, only the typical and practical multi-stage
configuration is used here.

B. Comprehensive Small-Signal Model of DC Microgrids with
CPLs

In order to study the performance of the proposed virtual-
impedance-based stabilizers, a comprehensive model of DC
microgrids with CPLs should be derived first. As mentioned in
the Section IlI-A, different types of interface converters are
utilized in each stage. The detailed analysis of the overall
system model is discussed as follows. Here, in order to make
the derivation procedure clear, subscription ‘1’ is used for PV
unidirectional boost converter, subscription ‘2’ is used for
battery bidirectional boost converter, and subscription ‘3’ is
used for bidirectional buck converter between local source bus
and local output bus.
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For the unidirectional boost converters used for PVs, the
converter topology is shown in Fig. 5 (a). In order to derive the
detailed model of the converter, state-space averaging is
employed [40]. When the switch turns on or off, the circuit
topology is changed accordingly. If the switch turns on, it
yields:

di, 1
=—Vy
dt L, @)
dv,, 1. 1.
==y
dt C, C,

where i4 is the inductor current, v¢; is the capacitor voltage,
L, and C; are the inductance and capacitance respectively, vg
is the input voltage, i is the output current.

If the switch turns off, it is reached that:

di . 1 . 1
=i T Ve g Vg

a LT ®)
i 1,1,

it G, L1 C, o1

where rc; is the parasitic resistance of the capacitor.
By using state-space averaging, the state-space function is
derived as:

diy | |“fegog) -La-d,)
dt _ L ' L ' '|:i|_1
dvg, 1 Ve
Pe | 1 214 0
il | g @
wa-d)l (1
+ L1 1 'i01+ Ll Vg

where d; is the duty cycle for on-state of the switch.
Meanwhile, by analyzing the output side of the circuit, it
yields that:

i
Vo =1 @-d) 1 M |-yl ®)
VCl
where v,; is the output voltage of the converter.
Based on the results in (4) and (5), the small-signal model is

achieved as:

dd'_ ~ga-n) —é(l—Dl) :
t|_ |: L1:|
>
1
E(rCIIL1+Vcl_rC1|01) . (6)
+ 1 -d,
_Elu
L 1
e
E(l_Dl) 1
+ 1 Iy + L1 '\751
. C °

Volz[r(n(l_ D1) 1]'|:I~Ll:|_rc1||_1'dl_rm'in (7)
VCl
where the variables showing in capital letter represent the
steady-state values of duty cycle, inductor current, capacitor
voltage and output current, the variables with ‘~’ indicate the
small-signal disturbance.

Let
e, 1
--¢(1-D,) -—(@-D)

|y L,

A=l ,
—(@1-D, 0
Cl( 1)
1 I,
_(rc1||_1+vc1_rc1|01) _(1_D1) 1 (8)

B, = L B, = L B, =

11 _i| 1 Pog _i 1 P31 0 '

c, C,

C, =[r,1-D) 1],D; =-11;,D, =T,
Hence, the small-signal model of the state-space function in
(6) and (7) can be simplified as:

diy
I ~ - _ 9
d(\i/; :A1'|:\7:l:|+811’d1+Bz1’|o1+Bal'Vs1 ( )
dt



Vot :(:1'|:I~Llj|+D11'&1+D21'i>1 (10)
VCl

By transferring the linear small-signal model in (9) and (10)

into frequency domain and combining the results, it is derived

that:
\701(5) = [C1(5| - Ai)l Bn + D11] ’ d~1 (S)
+C,(sl —A)™*B,, -V, (s)
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Fig. 5. Topologies of interface converters in different stages.
(a) Unidirectional boost converter. (b) Bidirectional boost converter. (c)
Bidirectional buck converter.

Since the interface converter for PV is used to reach MPPT
and does not need to establish the voltage of source bus, a
basic control diagram shown in Fig. 6 (a) is used. Hence, the
small-signal model of the control diagram in frequency domain
is achieved:

(\7:1 (8) =Y (s)) 'Gpiled = d~1(S) (12)

where Gy represents the unit PWM delay.

It should be noted that the impact of MPPT on PV is
represented by the perturbation in the reference value of the
PV output voltage 7, .

By analyzing the simultaneous equations of (11) and (12), it
yields:

\701(5) = [C1(5| - Ai)l Bn + Dll]'GpilGd '\7:1(5)
+{Cl(SI - A1)1 Bs1 _[Cl(SI - A1)1 Bu + Dn]‘GpilGd}'vsl(s)
_[_C1(S| - Ai)l B21 - D21] ! i~ol(s)
Let

(13)

Gn = [C]_(SI - A.l.)l Bn + D11] ) GpilGd

. : 14
Gz1 = C1 (SI - Ai) lB31 - C1(5| - Ai) ' BlleilGd - DqunGd ( )
Zy ==Cy(sl - Ai)l By =Dy
Therefore, (13) can be simplified as:
\701(5) =[G, '\7:1 (8)+Gy - \751(5)] —Zy- En(s) (15)

It is seen from (15) that in the small-signal model, the output
voltage of the converter can be represented by two parts. The
first part is the controlled voltage source determined by the
reference and measured value of the input voltage of the
converter, i.e. the output voltage of PV panel; the second part
is the output impedance. Hence, the dynamics involved by
MPPT that is represented by ¢" , input voltage and output

s1’

current are all taken into account.
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Fig. 6. Control diagram of different interface converters.

(a) Control diagram of unidirectional boost converter. (b) Control diagram of
bidirectional boost converter. (c) Control diagram of bidirectional buck
converter.

The above discussion is for the modeling of unidirectional
boost converter that is used for PV. For the bidirectional boost
converter used for battery, the analysis is the same as that for
PV converter. The basic topology of bidirectional boost
converter is shown in Fig. 5 (b). In order to avoid repetition,
no detailed procedures are shown below. It can be finally
derived that:

V,(s) =[C, (sl = A)*B, +D,,]-d,(s)
+C,(sl —A)'B,, -,(s)

—[_Cz (sl - Az)l Bzz - Dzz] ’ E)z (s)
where Ay, Bis, By, By, Cy, Dio and Dy follow the similar
expressions compared to A;, Bij, Byi, Bsg, Ci, Dyg and Dy;.
Only the subscriptions should be changed.

The battery converter is used for establishing the source bus,
S0 its basic control diagram is shown in Fig. 6 (b). Based on
this control diagram, the small-signal model is achieved:

—0,,(5)-G,,Gy =4, (5) (17)

Since the battery converter is used to establish the stable
source bus voltage, its reference value is set to the constant

(16)



value of 380 V. Therefore, no dynamics of the reference value
is considered in (17).

By solving the simultaneous equations of (16) and (17), it
yields:

Vo2 (s)= G, -V, (s)- Ly Q(S) (18)
where
G, =[1+G,;,G,C, (sl - A)'B, + G,i2Gq D]
'Cz (SI - Az)l Baz
Z, =[1+G,,G,C, (sl - A)'B, + G,i,Gq D,I"

'[_Cz(SI - Az)1 Bzz - Dzz]

It can be seen from (18) that, similar to the unidirectional
boost converter for PV, the small-signal model of the
bidirectional boost converter can be also represented by the
Thevenin equivalent model with the voltage source of
G,V (s) and output impedance of Z,. The dynamics

involved by both of the source voltage and output current is
considered.

For the buck converters between the local source bus (380
V) and local output bus (240 V), the basic topology is shown
in Fig. 5 (c). By using the similar procedure above, it is
derived that:

U;5(8) = Cy(s1 = A) By - dy (5)
+C3(5| - As)l Bss '\753(5)
_[_Ca(SI - As)l st - Dzs] : Es(s)

(19)

where
e 1
L L
A= 1 ,
— 0
C,
Tes
iVss L i(1— D,)
B, = La 'B23 1 1By = L3 )
0 - 0
G,
C,= [rcs 1], Dy =T

Considering the control diagram in Fig. 6 (c), it is reached:
dy(5) ={[Ves (5) ~ Vs (8) —m 'G|p§ “Pa(8)]-Guis  (20)
“Vo3(8) Gy Zye —i5a(5) Zy 3Gy
where m is the droop coefficient, Gy, is the transfer function of
low-pass filter, pos is the output power.

Droop control is considered in the control diagram.
Meanwhile, the virtual-impedance-based stabilizers are
employed, which are shown as Zy and Zge in (20). Here, Z4
and Zy. are expressed as:

Z,=5L,+R, (21)

Z,, =s-L, +Ry (22)
where Lge, Ry, Lgc and Rge are the virtual inductance and
resistance respectively.

For the output power, it satisfies the expression below:
Poz = Vs *lo (23)
Hence, the small-signal expression of (23) can be shown as:
Pos =Vos - ias il PP (24)

By transferring (24) into frequency domain and substituting
the result into (20), it is obtained:

dy(s) = {0+ MGy 1 3)Gpis + Gy Zg G, U5 (5)

pi3 (25)
_(mGIpr03Gpi3 + Zl;IC)Gd 'i~03(5)
By substituting (25) into (19), it yields:
Vs (8) =Gy3 Vg (8) = Z5 - Es (s) (26)

where
Gy ={1+C,Gy(sl - A3)1 B [(1+ mG,, Ios)Gpis + Gdczdc]}rl

'Cs(SI _%)_1 Bs3
Zoa :{1+ CaGd (SI - Aa)l BlB[(l+ mGIpf IOS)GpiS +Gdczdc]}-1
'[Csc‘d (SI - As)l Bl3(mGIpr036pi3 + Zt‘ic) - Cs (SI - As)l Bz3 - D23]

Therefore, the Thevenin equivalent model of the interface
converters between the local source bus and local output bus is
also derived considering droop control and the proposed
virtual-impedance-based stabilizers. The dynamics of the
converter input voltage and output current are both considered
in the derived small-signal model.

For the POL converter, a buck converter with a resistor as
its load is selected as an example to represent the CPL.
Conventional proportional-integral (PI) controller is used to
regulate the output voltage of this POL converter. As
suggested in [29], the small-signal dynamics can be
represented by the closed-loop input impedance of the POL
converter, as shown in (27), which is a more accurate way
compared to the traditional approximation by using pure
negative resistance.

RC.L 8 +L, 8" +R L+ K, Vi) S+R K Viy (27

RCL DE 8%+ (DE - KpL DEVinL) S—Ki DEVinL
where Z, and R are the closed-loop input impedance and load
resistance of the POL converter, C_ and L, are the capacitance
and inductance of the output filter, V;,_ is the steady-state input
voltage of the POL converter, K, and K;_ are the proportional
and integral terms of the Pl controller, D, is the duty cycle in
steady state.

By summarizing the results in (15), (18), (26) and (27), the
small-signal models of the multi-stage configuration of DC
microgrids is obtained, as shown in Fig. 7. Meanwhile, the
transmission line that is connected to the common load bus
with aggregated CPLs is also taken into account in the derived
model.

Z =

C. Stability Analysis

Based on the comprehensive small-signal model derived in
Section 111-B, stability analysis can be accomplished by using
the criteria of impedance matching.

The small-signal model in Fig. 7 can be divided into two
sections, i.e. the local source section and common load
section. The local source section includes Stage | and Il, while
the common load section includes Stage I1l. In order to get the
stable system, the dominant poles of the following small-signal
expression in (28) should all locate in the stable region.

Z
p=@+2%)"
ZL

where Z; is the small-signal output impedance of the source.

(28)



For each distributed power unit, it can be derived from the
detailed small-signal model in Fig. 7 that:

Gl3 (G11202\75*1 (S) + G21202\731 (S) + G12201\752 (S))
Zol + ZoZ
_ Z012026123 + Zolzo + Zozzo . i;3(3)
Zol + Zoz
Hence, the equivalent output impedance for each local
power stage is derived as:

\703 (S) = (29)

where Zg is the source-side output impedance for distributed
power unit #i.
By taking the transmission lines into account, the source-
side impedance is obtained:
Z,=(Zy+Zy)  1(Z g+ Zy) 111 (2 + Z,) (31)
Meanwhile, the load-side input impedance can be
represented by using the impedance calculated in (27). By
substituting (27) and (31) into (28), the system stability can be
evaluated by testing the positions of the dominant poles of

2
Z, = Zolz°2G13Z A ZOEZD *ZaZ (30)  polynomial p.
+
ol 02
r—-——""""">">"">"">">/“""‘>”/>"="—""—”"=—”/””/”” 1
| Stage | — Source Stage |
r--""""">"">"">”"">”"""”"~">">""”"”"”""”"” 1
: | Lo 2 | :
o o
| ‘ Gl 'V51<> + ‘ |
I ; , I
| | <> Gz Vi | |
b o
I a'.v -
| | G, -V, <> | - _ ___ _ 1
| | ) | Stage Il - Interface Converter Stage [ Stage 111 — Load Stage
L == =" ———— - I ]
| b a I Z, e | | |
________ — I
B 1 I Iy |
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| Distributed Power Generation Unit #1 ]
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L
Fig. 7. Small-signal model of multi-stage configuration for DC microgrids.

As shown in Fig. 8, when the virtual-impedance-based
stabilizers are not activated, instable dominant poles can be
found in z domain. They are -1.04, 0.98 + j 0.34 and 0.96 = j
0.28, respectively. When the virtual stabilizers are activated,
the original instable dominant poles are forced to move into
the unit circle. Hence, the system stability is guaranteed. In
particular, the above instable poles are changed to 0.13, 0.82 +
j 0.34 and 0.88 + j 0.22, respectively. Here, Ry, Lge, Rgc and
Lgc are selected as 0.6 ©, 4 mH, 0.4 Q and 1 mH.

The effectiveness of the proposed stabilizer can be also
tested by changing the value of the virtual impedances, as
shown in Fig. 9. For example, in Fig. 9 (a), when Rg, Rq and
Lgc are fixed to 0.6 Q, 0.4 Q and 1 mH respectively, and Lg,
changes from 500 puH to 6 mH, the trajectory of dominant
poles of the polynomial p is shown in Fig. 9 (a). It can be seen
that dominant pole V keeps at the same position, while the
other two pairs of dominant poles move towards the stable
region. It is seen that by selecting proper virtual impedances,
the instable poles can be moved to the stable region, so the
system stability can be ensured.
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X Unstable Poles
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Fig. 8. Dominant poles of polynomial p w/o virtual-impedance-based
stabilizers.

It should be noticed that the selection of virtual resistance
and inductance is determined by evaluating system stability.
The selected virtual impedance should ensure the stable
operation of the whole system, i.e. all the dominant poles are
located in the unit cycle of z domain.
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Fig. 9. Trajectory of polynomial p with changing parameters of virtual
impedance.
(@) Rec=0.6 Q, Lee =1 mH, Ry = 0.4 Q, Ly changes from 500 uH to 6 mH.
(b) Lec =4 mH, Lge =1 mH, Rgc = 0.4 Q, R¢c changes from 0.02 Q to 1 Q.
() Lgc =4 mH, Rgc = 0.6 Q, Rye = 0.4 Q, Lge changes from 200 pH to 3 mH.
(d) Lgc =4 mH, Ry = 0.6 ©, Ly = 1 mH, Rge changes from 0.02 Q to 1 Q.
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Fig. 10. Dominant poles of polynomial p with parameter deviation.

TABLE |
SYSTEM PARAMETERS
Item Value Unit
Rated PV Output Voltage 96 \
Input Inductor Ly 400 uH
Output Capacitor Cq 400 uF
Parasitic Resistor Ry 0.002 Q
Rated Battery Output Voltage 96 \
Input Inductor L, 400 uH
Output Capacitor C, 400 uF
Parasitic Resistor R, 0.002 Q
Local Source Bus Voltage 380 \%
Common Load Bus Voltage 200 ~ 280 \
Output Inductor L3z 600 uH
Output Capacitor Cs 300 uF
Parasitic Resistor Rs 0.002 Q
Load Power 1~4 kw

Considering the inevitable parameter deviation of different
power stages in real DC microgrids, the parameter sensibility
of the proposed stabilizer is also tested. As shown in Fig. 10, a
+20% error of the inductance and capacitance of the output
filter in the power stage is involved. It is seen that with
parameter deviation, although the location of the dominant
poles changes, they still locate in the stable region since the
stabilizer is activated.

IV. SIMULATION VALIDATION

Simulation tests based on MATLAB/Simulink are
performed to validate the virtual-impedance-based stabilizers.
The configuration shown in Fig. 3 that is comprised of three
distributed power units is studied in the simulation model. The
system parameters are listed in Table I.

Case |: Testing of Distributed Power Unit with Combined
Sources with PV and Battery

Since the main research topic in this study is the elimination
of instability issues induced by CPLs, only basic control
diagram is used for PV and battery. For PV, as aforementioned,
unidirectional boost converter is used. It works at MPPT mode
to track the maximum power from the solar panel. The solar
power, PV output power and their difference are shown in Fig.
11. The controller for MPPT starts tracking the changing solar
power after the initial period. It can be seen that the output
power of PV panel follows the changing trend of the input
solar power. Meanwhile, the output voltage of PV panel is



shown in Fig. 12. It can be seen that the output voltage of PV
panel is changed to track the solar power after the initial
period.

Different from the PV converter, the bidirectional boost
converter for battery is used to establish the local source bus
with a voltage control loop. Hence, the injected power from
the PV converter to the source bus can be regarded as a
disturbance. The source bus voltage is controlled to 380 V as
required with changing injected solar power, as shown in
voltage waveform in Fig. 13.

Meanwhile, by using the bidirectional buck converter, the
local output bus of the distributed power unit is established.
The local output bus is controlled to the rated value of 240 V,
as shown in Fig. 14. Since single distributed power stage is
tested first, no droop control is utilized. Hence, there is no
deviation at the local output bus.

Case |1: Activation and Deactivation of the Stabilizer

After testing the basic function of distributed power stage,
the effectiveness of the proposed virtual-impedance-based
stabilizer is verified.

The performance of the stabilizer is shown in the waveform
of output power. As shown in Fig. 15 (a), before t = 5 s, the
stabilizer is not activated. Hence, severe instability issue can
be found in the output power waveform of unit #1. Att=5s,
the stabilizer is activated, and the output power becomes 1 kW
after a short dynamic process. It should be also noted that CPL
of 3 kW is connected to the common load bus. By using droop

control, the load power is equally shared by three power stages.

As shown in Fig. 15 (b), at t = 40 s, the stabilizer is
deactivated. Due to the influence of CPL, the system becomes
instable.

Case Ill: Changing of Operating Points

The stability analysis is performed based on small-signal
model in Section I11. In order to test the proposed stabilizers, it
is necessary to verify the performance with different operating
points.
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Fig. 15. Activation and deactivation of virtual-impedance-based stabilizer.
(a) Output power of unit #1 with stabilizer activation. (b) Output power of
unit #1 with stabilizer deactivation.

Continuous load step-up change occurs at the common load
bus. In particular, the CPL changes following the sequence of
1.2 kw, 1.8 kW, 2.4 kW, 3 kW and 3.6 kW. By using the
proposed stabilizer and droop control, as shown in Fig. 16 (a),
the output power of unit #1 changes following the sequence of
0.4 kW, 0.6 kW, 0.8 kW, 1 kW and 1.2 kW, which are all one-
third of the related load power. Meanwhile, stable operation is
guaranteed in the whole process by using virtual-impedance-
based stabilizer.

Furthermore, the performance of the system with continuous
voltage reference step-up change is also tested. In particular,
the rated voltage of the local output bus is set to change
following the sequence of 200 V, 220 V, 240 V, 260 V and
280 V. Itis seen in Fig. 16 (b) that with the proposed stabilizer,
stable operation is maintained in the whole process. It should
be noted that the output voltage of the local bus is slightly
lower than its rated value. It is because that droop control is
used in the control.



Similar to the above conditions, the results of load power
and voltage step-down change are shown in Fig. 16 (c) and (d).
In particular, in Fig. 16 (c), the load power decreases
following the sequence of 3.6 kW, 3 kW, 2.4 kW, 1.8 kW and
1.2 kW. Hence, considering equal load power sharing among
three units, the output power of unit #1 follows the sequence of
1.2 kW, 1 kW, 0.8 kW, 0.6 kW and 0.4 kW. In Fig. 16 (d), the
voltage reference changes following the sequence of 280 V,
260V, 240 V, 220 V and 200 V.

Case IV: Plug-and-Play of Distributed Power Generation
Units

In order to further test the dynamic performance of the
system with the proposed stabilizer, plug-and-play of
distributed power generation units is studied.

As shown in Fig. 17 (a) — (c), three distributed power units
are connected to the load bus sequentially. Before t = 20 s,
only power unit #1 is started. Hence, all the CPL of 2 kW is
supplied by unit #1. At t = 20 s, unit #2 is started. Hence, the
load power is shared between these two power stages. The
output power of each unit, i.e. unit #1 and #2, is 1 kW. At t =
40 s, unit #3 is started. Therefore, the load power of 2 kW is
shared among three modules. Each of them delivers 0.67 kW
output power. During the whole process of dynamic
connection, the system stability is ensured by using the
proposed stabilizer.

As shown in Fig. 18 (a) — (c), three distributed power units
are disconnected sequentially. Before t = 20 s, three units work
together to feed the CPL of 2 kW. Each one delivers 0.67 kW
output power. At t = 20 s, unit #2 is disconnected. Hence, each
of unit #1 and #3 delivers 1 kW. At t = 40 s, unit #3 is
disconnected. The load power of 2 kW is only supplied by unit
#1. As same as the results for dynamic connection, during the
whole process of dynamic disconnection, the system stability
is guaranteed by using the proposed stabilizer.

It should be noticed that some over-shoots/under-shoots in
the output power waveforms can be found during connection,
while the over-shoots/under-shoots cannot be observed
obviously in the waveforms for disconnection process. The
reason for this can be summarized below. Since the output
voltage of each distributed power generation unit is controlled,
each unit behaves as a voltage source. This is the nature of the
difference of dynamic process when connecting or
disconnecting each unit. It is known that for a voltage source,
the dynamic performance when disconnecting from a voltage
bus is better than the case when connecting it to a voltage bus.
During connecting process, the existing voltage bus can be
regarded as another voltage source. Since the generation unit
to be connected is also a voltage source, the over-
shoots/under-shoots are much easier to be found due to the
slight voltage difference of these two voltage sources and the
rather low connecting impedance between them. However,
during disconnecting process, since no inrush current is
generated, no obvious over-shoots/under-shoots are stimulated.

Case V: Testing of Parameter Deviation

In order to test the performance of the stabilizer with
parameter deviation, the inductance and capacitance of the
output filter in the interface converters between local source
bus and local output bus is changed. In particular, the
inductance and capacitance for the converter in unit #2 are
changed to have a -20% error, while the inductance and
capacitance for the converter in unit #3 are changed to have a
+20% error. The parameters of the filter for unit #1 keep the
original value.

Meanwhile, in order to further test the parameter deviation
induced by the control diagram, the droop coefficients for unit
#1, #2 and #3 are changed from equal values to those
following the relationship of 1:2:3. Previously, the droop
coefficients for each unit are the same.

The above parameter differences are activated at t = 30 s.
By involving the above differences in the main power circuit
and control diagram, the output power of each power module
is shown in Fig. 19. It is seen that stable operation is also
ensured with different parameters. Meanwhile, by using
proportional droop coefficients, the output power of each
module follows the inverse proportion of droop coefficients,
which is 3:2:1. Although parameter deviations are involved for
the passive components in the output filter, the output power
of each unit also follows the desired value that is inversely
proportional to the droop coefficients.
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Fig. 17. Dynamic connection of each unit with virtual-impedance-based
stabilizer activated.

(a) Output power of unit #1. (b) Output power of unit #2. (c) Output power of
unit #3.
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Fig. 18. Dynamic disconnection of each unit with virtual-impedance-based
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V. CONCLUSION

In this paper, virtual-impedance-based stabilizers are
proposed to enhance the stability of DC microgrids with CPLs.
A comprehensive small-signal model of multi-stage DC
microgrid is derived. Based on this model, the system stability
considering the impact of CPL and the proposed stabilizer is
studied. By using the criteria of impedance matching, it is
demonstrated that the instable poles induced CPLs are forced
to move into the stable region with properly designed
stabilizers. Hence, the system stability can be guaranteed.
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