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Abstract—Droop control has been widely applied in dc
microgrids (MGs) due to its inherent modularity and ease of
implementation. Among the different droop control methods that
can be adopted in dc MGs, two options have been considered in this
paper: I-V and V-I droop. I-V droop controls the dc current de-
pending on the dc voltage while V-I droop regulates the dc voltage
based on the output current. The paper proposes a comparative
study of V-I/I-V droop control approaches in dc MGs focusing
on steady-state power-sharing performance and stability. The
paper presents the control scheme for current-mode (I-V droop)
and voltage-mode (V-I droop) systems, derives the corresponding
output impedance of the source subsystem, including converters
dynamics, and analyzes the stability of the power system when
supplying constant power loads. The paper first investigates the im-
pact on stability of the key parameters including droop gains, local
control loop dynamics, and number of sources and then performs
a comparison between current-mode and voltage-mode systems in
terms of stability. In addition, a generalized analytical impedance
model of a multisource, multiload power system is presented to in-
vestigate stability in a more realistic scenario. For this purpose, the
paper proposes the concept of ““global droop gain’ as an important
factor to determine the stability behaviour of a parallel sources
based dc system. The theoretical analysis has been validated with
experimental results from a laboratory-scale dc MG.

Index Terms—Constant power load, dc power system, droop
control, impedance, multiple source, stability.

I. INTRODUCTION

N the past decade, increased awareness of limited energy
I resources has driven a considerable effort toward the inte-
gration of renewable distributed generators (DGs) such as wind
turbines and photovoltaic and energy storage devices into the
ac distribution system. At the same time, dc microgrids (MGs)
have been successfully used in automotive, high-speed rail, and
aerospace applications [1], [2], due to the rapid growth of power
electronics technology. The extension of dc systems to power
distribution, including residential networks, has been often en-
visioned [3], [4]. Many renewable sources of electrical energy
are inherently dc (photovoltaic, fuel cells, and energy storage)
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and also most of the loads are dc based. A dc architecture would
therefore reduce the number of power conversion stages, lead-
ing to a simpler structure with lower cost, higher efficiency, and
absence of reactive power compensation [5]-[9].

Typical loads in a dc MG include voltage-controlled dc—dc
converters and speed-controlled motor drives, which behave like
constant power loads (CPLs) [10]. The negative incremental
impedance shown by CPLs can undermine the stability of the
dc MG [11]-[13], and their impact must be carefully considered
during the design stage.

A dc MG architecture can also incorporate the parallel
operation of multiple, dissimilar electrical energy sources.
The expected benefits of using parallel energy sources include
reduction of the total weight of the main generators, convenient
integration of energy storage devices, and improvements in
power system redundancy. Existing control methods that
guarantee power sharing can be divided into two categories:
active load sharing and passive load sharing [15], [16]. For
active load sharing schemes, three approaches are popular:
master—slave (MS) control [17], [18], centralized control [19],
and average current control [20]. The common drawback of
these approaches is the need for a communication infrastructure
linking the parallel modules. System reliability strictly depends
on the reliability of the communication system. In addition,
in the MS and centralized approaches, a failure in the master
or central controller will lead to system failure. On the other
hand, most of the recent research is focused on passive load
sharing (decentralized control method), for example, droop
control [21], [22]. In decentralized control methods, parallel
modules operate independently using local measurements.
Since no critical communication link is needed, system cost is
reduced and reliability is improved. The basic concept of droop
control is implemented by adding a “virtual resistance” into the
existing local voltage controllers, enabling parallel operation.
Due to its modularity and reliability, droop control has been
successfully applied in dc systems [23]-[26].

Existing droop control methods for voltage-source convert-
ers (VSCs) based dc MGs implement the basic concept of
droop in different ways and can be grouped in two families:
current-/power-mode droop, including current—voltage (I-V)
and power—voltage (P-V) strategies, and voltage-mode droop,
including V-I and VP strategies [27]. The -V and P-V droop
methods are shown in Fig. 1(a) and (b) [28]-[31]. In the
implementation of these control methods, the dc voltage is
measured and the injected current/power is controlled according
to the droop curve. Alternatively, in the V-I and V-P methods
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Fig. 1.

shown in Fig. 1(c) and (d), current or power is measured and
the dc voltage is regulated accordingly [32], [33].

In [35], I-V and P-V demonstrated similar performance,
and for this reason, only /-V droop is considered in this paper
as a representative of the current-/power-mode strategies.
For current-mode droop control, the effect of the passive
components (dc-link capacitor and feeder impedance) and the
power of CPLs on the stability margin have been investigated
in [36] and [37]. It is known that the stability margin increases
with an increase of dc-link capacitance, decrease in feeder
inductance, and decrease in load power. Nevertheless, the effect
of local control bandwidth and droop gains on stability has not
been fully investigated.

Similarly, only V-I droop is investigated within the voltage-
mode methods [33], [34]. A hierarchical control scheme us-
ing V-I droop characteristics for a parallel ac—dc converter-
interfaced hybrid MG is presented in [33]. Within [33], the effect
of the delay between secondary control (voltage restoration) and
primary control (local dc voltage) on system stability is investi-
gated. However, the effect of local control bandwidth and droop
gains on stability is not fully assessed. Stability of a low-voltage
dc system is studied, including the cable effects in [34]. In that
paper, the sufficient condition for stable operation is discussed
but the impact of different droop methods is not considered.

In VSC-based dc MGs, systems using different droop
approaches (current/power mode or voltage mode) may show
different stability boundaries. However, until now, there are
no reports dealing with the performance comparison of the
current-mode versus voltage-mode droop-controlled systems in
terms of stability. To fill this gap, this paper presents a compar-
ison of steady-state power-sharing performance and stability of
these two droop strategies applied to a multisource dc MG. The
main contributions of the paper can be summarized as follows:

1) The effect of droop gain and local control bandwidth
on system stability is investigated with a comparative
approach. Moreover, state-space models and impedance
models of both droop control strategies are presented
and a stability analysis comparison is conducted. It will
be shown in this paper that the current-mode droop-
controlled system faces instability challenges under small
droop gain whist the voltage-mode system can operate
over a wider range of droop gain.

2) Global droop gain, an important factor to facilitate the
analysis of main bus V-I characteristic, is proposed in the
paper and its impact on system stability is investigated in
a generalized multiple source multiple load dc MG.

The paper is organized as follows. In Section II, different

droop control schemes are shown and the corresponding control
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Droop characteristic employed in VSCs. (a) I-V droop. (b) P-V droop. (¢) V-I droop. (d) V=P droop.
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Vector control strategy for the VSC.

block diagrams are developed. Section III discusses the source
impedances during single-source operation for each droop
control approach and compares the corresponding stability
boundary in terms of droop gain and local control bandwidth.
In Section IV, the impedance model of the generalized system
consisting of multiple sources and loads is derived and the
comparative stability analysis is conducted by means of
Nyquist contours for parallel operation. Section V shows the
experimental results to validate the theoretical analysis. Finally,
the main conclusions are summarized in Section VI.

II. CURRENT-MODE (I-V) AND VOLTAGE-MODE (V-I) DROOP
CONTROL STRATEGIES

Fig. 2 shows the equivalent circuit of a single bus dc MG with
multiple sources and loads. The main dc bus is fed by two-level,
three-phase active rectifiers AR; — AR,, powered by sources
G — G, (local generators or ac grid). C; — C,, correspond to
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the local converter output capacitors (local buses), and C} is a G-AR,; G,-AR,
common capacitor bank installed on the main 270 V dc bus. LIA M L, Z g IJ,L I, "
This architecture is based on a potential dc power system in Vi Vi
future more electric aircraft [38], which can be considered asa |, Gs-4R; | et y, GrAR; ) Dot
challenging case of dc MGs in islanding mode. Typical loads in v, IJ,L s3] —V, |y, | IJ,Aﬁ  Is3 v,
the system consist of tightly controlled dc/dc converters, motor i — g
drives, and resistive loads. The basic vector control scheme for Vi v
the VSC is shown in Fig. 3. (a) (b)

Depending on the dc control strategy, the converter can be
operated either in the current mode or voltage mode [27]. The
current-mode droop control scheme is shown in Fig. 4(b), with
the current reference derived from the I-V droop character-
istic in Fig. 4(a), based on the dc voltage measurement as
shown
. Vo — Vae
lie= =5
where V, is the nominal bus voltage (270 V), k is the droop gain,
Vi is the dc voltage measurement, and Iq.* is the generated dc
current reference.

The control scheme for voltage-mode droop-controlled VSC
is shown in Fig. 5(b). As expressed in (2), the dc voltage ref-
erence is generated according to the branch output dc current
using the V-I droop characteristic shown in Fig. 5(a)

(D

Vi, =V, — klq. )

A. Power-Sharing Performance

For current-mode systems, I4.* can be generated by measur-
ing either the local output voltage V; (local voltage feedback,

Fig. 6.  Current-mode approaches. (a) LVE. (b) GVE.

LVF) or the main bus voltage V}, (global voltage feedback, GVF).
The two approaches are shown in Fig. 6.

Current sharing in steady state among the parallel branches
for LVF and GVF can be derived in (3) [27]

1 1 1
L:I:---:1,= : Dl
b2 ki+ R ko+ Ry k. + R,
(Current mode-LVF)
P B B
1219 .n—kl.k2. kn

(Current mode-GVF)

3)
where k1, ks, k,, are the droop coefficients for parallel modules
and Ry, Ry, R,, are the cable resistances. Equation (3) shows
how in current-mode droop with GVF the current sharing only
depends on the droop gains, while in LVF the sharing is affected
by cable resistances. However, GVF can only be implemented if
ameasurement of the common bus voltage V;, is dispatched to all
the parallel modules, requiring a communication channel. The
voltage-mode droop can only be implemented by measuring the
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TABLE I
PROPERTIES OF VOLTAGE-MODE AND CURRENT-MODE
DROOP CONTROL METHODS

Droop Control Method Accurate Power Properties

Sharing
Voltage mode No Only dependent on local measurement
Current mode (LVF) No Only dependent on local measurement
Current mode (GVF) Yes Dependent on global voltage measurement

and communication channel

r i
! | Vi droop control loop |} [7,. control loop
I

i

|

Fig. 7.  Control block diagram for the current-mode droop-controlled system.

local current injected by each parallel module. Current sharing
in steady state can be derived as

—_— 1 . 1 . . 1
ki 4+ R Cke+ Ry k,+R,

L L0 @)
Equation (4) shows how the voltage-mode droop is affected
by cable resistance. A comparison of the steady-state power-
sharing performance of the three methods is reported in Table I.
The GVF approach can provide accurate current sharing among
parallel modules while the accuracy of the LVF approach is
compromised by the cable resistance that changes with environ-
mental conditions. The GVF approach can attenuate the effect
of cable impedance and improve the power-sharing accuracy
compared to LVF, as discussed in [27], which neglects the mea-
surement error found in practical systems.

B. Control Schemes and Small Signal Modeling

1) Current-Mode Droop Control Scheme: Fig. 7 shows the
equivalent control block diagram for the current-mode droop
control scheme. The output of the voltage droop controller is
the dc current reference (iq."*) and the dc current is regulated
by a PI controller (7, . Since the inner current loop is much
faster than the outer loop, it can be simplified by a first-order
lag Ge ()

1
Ts+1°

Geels) = &)

Using the amplitude invariant transformation, the active
power can be expressed in the dg frame as

3,
P = i(vdzd +i40) (6)

where vg and v, are the converter terminal voltages in the dq
frame and 74 and 7, are the ac currents.
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Linearized control block diagram of the current-mode droop-controlled

Using the classical vector control in the dg frame, the d-axis
and g-axis stator voltages yield

{vd = (Rs + Lss)iq — weLgiy + €4

vy = (Rs + Ly8)iq +weLsiq + ¢ )

where ey, is the point of common coupling (PCC) bus voltage,
R is the stator resistance, w, is the grid frequency in rad/s, and
Lg is the ac side inductance. In this paper, the g-axis is used to
regulate the active power. Thus, e, is controlled to be zero and
e, is the magnitude of the phase voltage vector.

According to (7), the linearized g-axis voltage v, can be
expressed as

Avy = (Rs + Lgs)Aig + we LAy (8)

Assuming the reactive power component equals zero (iy =
0), (6) can be linearized about an operating point (indicated with
the subscript “0”)

AP = g(Avqiqo + Aigvgo). 9

By substituting (8) into (9), the active power perturbation can
be written as
3

AP = S[((Bs + Lys)igo + vgo) Aig + we Liigo Aid]

3 ) .
~ i(Lsiqos + Ryigo + vgo)Aly. (10)

Fig. 8 shows the linearized control block diagram for the
current-mode droop-controlled system. The control-to-output
(Aigc to Aiy") Gp ¢ can be expressed as

Aidc B 1.5(iq0LSS + Rsiqo + qu)
N ‘/(1(:0(75 + 1)

(1)

The I,. control dynamics can be mathematically expressed
as (12) at the bottom of the next page. where k,,. and k;,_ are
the PI control parameters for the 1. controller Grq.(s).

Due to the term (Lgi,,5 + Rsiqo + vy0) in the control-to-
output transfer function (4, is negative and v,,, is positive at the
operating point), a positive right half plane (RHP) zero exists in
the Iy, control loop (Gp,_c ), which can be expressed as

Vqo + Rs iqo
z= Lo (13)

This RHP zero will pose some challenges to system stability,

as will be discussed in Section III.
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Considering the dc-bus voltage dynamics, the relationship
between dc current and voltage perturbation can be written as

dAvg. AP P,

cf2%e NGy — Aige = Aiy —
dt Vdco wa
- ——AP + Avdc + Ad,. (14)
Udco vd(o
In the Laplace domain, (14) can be rewritten as
1 1
Avdc = Aio - Aidc. (15)

(C’s — L ) (Cs S )
Vico Vdco

The overall closed-loop transfer function of the V. droop
control yields

A’Ud(

Av,

B Gpycum (16)

GDy oM —&—k(Cs—“ )

Substituting (12) into (16), the closed-loop transfer function
of Vg, loop for the current-mode droop-controlled system is
expressed as follows:

It can be inferred from (17) shown at the bottom of the page,
that the droop gain will not only affect the steady-state voltage
deviation but also influence the voltage loop bandwidth.

2) Voltage-Mode Droop Control Scheme: Fig. 9 shows the
control block diagram for the voltage-mode droop-controlled
system. Linearizing the system around the equilibrium point, as
shown in Fig. 10, the control-to-output (Avq. to Aé,*) transfer
function G _y (s) yields

Avge  1.5(igoLss + Ryigo + vq,,)
Al; ‘/Zlco(TS + )(CS - Vz )

dco
It can be observed that a faster bandwidth within the Vj.
control will challenge stability due to the RHP zero in (18).
In comparison with the current-mode droop control diagram, a
small droop gain k applied to the voltage-mode droop does not

Gpy(s)= (18)

2399

V. control loop

Fig. 10.  Linearized control block diagram for the voltage-mode system.

impose limitations to stability, as k appears as a feedforward
term in the block diagram.

Hence, the voltage control dynamics can be expressed as (19)
shown at bottom of the next page. where k,, —and k;, —are
the proportional gain and integral gain of the Vie controller
Gvae, respectively. If the load disturbance is neglected, it is
inferred that the voltage dynamics are mainly determined by the
controller bandwidth rather than the droop gain.

III. STABILITY ANALYSIS OF SINGLE-SOURCE OPERATION

Before considering the parallel configuration, the impedance
and stability properties of the two droop techniques will be
investigated within a single source scenario. The system can
be represented in a cascaded way: source converter subsystem
and load converter subsystem. Assuming that the source con-
verter and load converter are individually stable, when the out-
put impedance of the source converter Zg is less than the input
impedance of the load converter Z;, over the entire frequency
range, the stability of the cascaded system can be guaranteed
based on the Middlebrook’s criterion [39]. However, it has been
shown that the previously proposed understanding of the minor
loop gain (impedance ratio Zg / Z},) is sometimes incorrect [40],
[41]. If the source converter is controlled as a voltage source, the
impedance ratio should be Zg/Z,, but if the source converter
is controlled as a current source, the impedance ratio should be
Zs/Zr,. In general, the impedance on the numerator has to be
the internal impedance of the subsystem containing the voltage
source or sink, and the impedance on the denominator has to
be the internal impedance of the subsystem containing the cur-
rent source or sink [42], [43]. In addition, the voltage-source
or current-source should also be an independent source and
should not be related to other variables (controlled source). For
the current-mode droop-controlled system as shown in Fig. 4,
the dc current reference is still dependent on the voltage and the

z'dc (S)

(kpdc 5+ ki(lc )(LSquS + Rsiqo + vqo)

G [ = =
Dy CM " (s)

(2/3)vacos(ts + 1) + (k[)dus + kidu)(Lsiqos + Ryigo + Uqa)

(12)

Avdc _

(kadLS + klIdL )(L ‘iqos + Rsiqo + qu)

Av,

~ (kpaes + kiy, ) (Lyigos + Ryigo + vg0) + k(Cs + P, /VE )2/3Vaco (s(rs + 1) + (K, s+ ki,

. V(Lsigos + Rsigo + qu))
' (17)
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— * i SYSTEM PARAMETERS
Ry L ¥
/| Ren lere Categor Parameter Symbol Value
1oy vm Zs ” 1 y y
G =— <[i] ‘\"\ :> [] GD Cable Cable resistance R; 3 mf)
\vll\l Cable inductance L; 5puH
WGy e H Droop characteristic Nominal voltage Vo 270V
B i Droop gain ki 1
i Capacitor Local capacitance C 1.2 mF
Bus capacitance Cy, 0.8 mF
Fig. 12.  Equivalent impedance circuit for the voltage-mode droop approach.
Bode Diagram
IR R LR
. . . [ R [ It [ R 7ZSLVF
control target is to regulate the dc terminal voltage in propor- 20- - rn i CUTIEmT T Zs
tion to the load (see Fig. 7). Hence, the minor loop gain for the 10! - : - | LU ST
current-mode approach should still be Zg /Z;, when using the ~ | | LI
. ) 0 | TITIT T T T R
impedance-based approach [44], [45]. <) ! R i
2 -10 I I HHE — 14 H
a | RN
B oo L e P N 1l
A. Impedance Analysis 5 | | N\
X . . g =30 I I + FNH
The equivalent circuits for the current-mode and voltage- | | | Lo
mode droop-controlled systems, including the droop equations A0 = T T e T T e T\
. . . [ [ [ [ [T
and the local control dynamics, are shown in Figs. 11 and 12, SO - FHHM = AT H e~ EH o T~
. I . . [ (R [ ERE [ R [ R
respectively. The parasitic capacitance of the cable is much R R R TR A R T RS
. . . -1 0 1 4
smaller than bus capacitor (C) and local capacitor (C;), and it 10 10 10 10° 10 10
can be included in the converter dc side capacitances. Thus, the Frequency ()
cabling is represented by series R—-L branches (R, L1). As dis- Fig. 13.  Source impedance for the current-mode droop control under LVF and

cussed in [46] and [47], a linearized CPL can be approximately
expressed by a negative impedance (—Rcpr,) in parallel with a
current source (Icpt,).

‘/172
Pcpr’

Pcpr

Z;, = —Repr, = — Icpr, =2 (20)

b
where Pcpy, is the absorbing power of the CPL and Zj, is the
input impedance of the CPL.

According to the equivalent linearized circuits shown in Figs.
11 and 12, the source impedances for different droop approaches
can be derived as (21) shown at the bottom of the next page,
Gpy.cm and Gpy vy are the de current and dc voltage control
dynamics for the current-mode (see (12)) and voltage-mode
[see (19)], droop-controlled systems, respectively.

GVF approach adopting the same control parameters.

Using the parameter values listed in Table II, the Bode
diagrams of the LVF and GVF source impedances, as shown in
Fig. 13, indicate that the stability characteristics for LVF and
GVF are quite similar. In comparison to the GVF approach,
LVF is not an accurate solution for power-sharing performance.
However, its control scheme can be implemented using only
local measurements. For the GVF approach, the main bus
voltage needs to be measured, i.e., an extra voltage sensor and
additional communication links between the common bus and
the individual parallel modules would be required within a large
dc MG. This would compromise the modular, decentralized

Avge Gy, Gpy

1.5(igoLss + Rsiqo + Uqa)(kpvd(: s+ kiy )

Gpyvm = = =
Y Avo 1 + GVchPfV S(TS + 1) (Vicocs

- (19)
Vico

) + 1.5(igo Liss + Ryigo + vgo) (kpy, s + ki,

de
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Fig. 14. Bode diagram for the current-mode droop-controlled system with

different /4. control bandwidth.

feature of droop control. Hence, the LVF method is selected
as a representative of the current-mode droop control approach
within this paper. A comparative stability analysis using the
current-mode and voltage-mode approach will be presented in
the following subsection.

B. Effect of Local Control Bandwidth

In the current-mode droop-controlled system, there are three
control loops, i.e., voltage droop control, 1. control loop, and
the inner current loop. If the second loop, the 4. control loop,
is simplified to be a first-order system with bandwidth wy,_, the
voltage loop can be rewritten as (22) shown at the bottom of the
page.

It can be inferred from (22) that decreasing the droop gain,
k; increases the voltage-loop bandwidth for the current-mode
droop-controlled system. Using the Routh—Herwitz stability cri-
terion, in order to ensure stability the simplified dc current-loop
bandwidth w;4. should satisfy

P,
Cl Vd200 .

(23)

wlxlc >

Fig. 14 shows the source impedance of the current-mode
system with different Idc control bandwidth. A tightly regulated

2401

3 kW buck converter can be utilized as an example of a CPL [50],
the input impedance of the buck converter (load impedance ZL.)
is also shown to see the interaction between the source and load
subsystem. Slow [j.control dynamics (5 Hz bandwidth) will
challenge the stability since the magnitude of source impedance
hits the load impedance at around 3 Hz while the phase dis-
crepancy between source and load impedance exceeds 180°.
Increasing the Ij. control bandwidth can attenuate the peak
magnitude of the source impedance and consequently enlarge
the stability margin. However, it should be noted that the RHP
zero shown in (12) could impose severe stability limitations,
including high gain instability and restricted closed-loop band-
width [51]. It can be seen that the RHP zero migrates closer to
the origin and results in strict limitations on the feasible band-
width of the dc current loop. According to [51], the feasible
bandwidth should be limited to approximately

2 _ (ot Raigy)

24
T2 2Lgiq0 @4

wr,

Normally, the dc current loop bandwidth cannot exceed the
upper limit due to the cascaded control structure.

The voltage-mode droop-controlled system consists of two
loops: the V. control loop and the inner current loop, as shown
in Fig. 9. Droop control is implemented as a feedforward link. It
can be seen in Fig. 15 that with a 5 Hz V. control bandwidth the
source impedance magnitude hits the load impedance and the
phase discrepancy is larger than 180°, indicating that the system
is unstable. With a higher control bandwidth (10 or 20 Hz), the
magnitude of the source impedance is always lower than the
load impedance. Therefore, it shows that the system stability is
guaranteed when the V. control bandwidth is increased to 10
or 20 Hz. Alternatively, as can be seen from (18), the RHP zero
in the plant implies that the stability margin will reduce with
increased gain in the Vg, controller.

C. Effect of Droop Coefficient

1) Equilibrium Point-Upper Limit: 1t is known that a larger
droop coefficient will cause more voltage deviation [52], and
therefore, the system needs to be designed carefully in order
to ensure the equilibrium point is achievable according to the
load power. As shown in Fig. 16, the V-I characteristic can be

ki(L1Cis* + RiCis+ 1)+ Gpyom(Lis+ Ry)

Zsave(s) = k1 s(Ly C1Cys? + Ry C1Cys + C1 + Cy) + Gpy.oas (L1 Cys® + RiCys + 1)
7. cvr (S) _ kq (L10182 + R1Cys + 1) @1
8- kls(LlclchZ + R1CyCys + Oy +Cb)+GDy,C]W
Zovar (S) _ (Lls + Rl) + k1 GDyyM
sV (L1Cys? + R Cys + 1) + Cok15Gpy v i
Avg, Wi,
Av, 22)

k1C1Vaco <82 + (wfdc -

Po + Wldv
s .
V2 Ch

1 P,
kl Vdcn ‘/dQCO

dco
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Fig. 15. Bode diagram for the voltage-mode droop-controlled system with
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Fig. 16. Interaction between the droop-controlled source system and CPL.
(a) Voltage mode. (b) Current mode.

expressed as

Vo =Vy — (ki + Ri)I,. (25)
For the load side, a CPL creates a hyperbolic line which can be
expressed as

Pepr, = Vi1, (26)

where Pcpr, is the power of the CPL and I, is the load cur-
rent. The cascaded system can operate normally only if the two
curves have an intersection point (equilibrium point). The stable
equilibrium point can be derived as follows:

1
V, = 3 (VO + V2 — 4(k; +Ri)PCPL) )

1
I, = 5 (Vo= VW2 =4k + R)PerL) . @D)

Fig. 16(a) shows that a larger droop constant will cause big-
ger bus voltage deviation and can even result in there being
no intersection point between the source curve and CPL curve
(for example the k3 curve). As a consequence, no steady-state
solution can be found, leading to instability. Using (27), the
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maximum droop gain can be derived as

VZ

k; < — R;.
4PcpL

(28)

2) Source and Load Impedance Interaction-Upper Limit:
The droop coefficient will also influence the source and load
impedance and consequently affect the system stability. For the
current-mode droop approach, the Bode diagram of the impact
of droop coefficient variation on the source and load impedance
using current-mode droop control is shown in Fig. 17. With an
increase in the droop coefficient, it can be seen that the source
impedance magnitude increases (especially at low frequencies).
The dc-bus voltage will reduce and as a result, the magnitude
of the load impedance will decrease according to (20) [see
Fig. 17(b)]. Overall, the system stability margin shrinks with
increased droop gain.

The Bode plot of the source/load impedance in the voltage-
mode droop-controlled system is shown in Fig. 18. Simi-
larly to the current-mode droop-controlled system, the source
impedance magnitude in the low-frequency range also increases
with an increase in the droop gain while the load impedance
magnitude decreases. Therefore, the stability of the voltage-
mode droop-controlled system is also degraded with an in-
creased value of the droop coefficient. However, it is worth
noting that in contrast with the current-mode approach, the fre-
quency peak within the voltage-mode approach is quite similar
under different droop gains and the peak can be attenuated by
increasing the voltage loop bandwidth (see Fig. 15).

In summary, the upper boundary of the droop gain is lim-
ited by two factors: available equilibrium point and source/load
impedance interaction. In other words, the upper threshold value
of the droop gain has to be set in order to ensure the steady-
state operating point is achievable, according to the specific sys-
tem loads, and in order to avoid interaction of the source/load
impedance.

3) Nonminimum Phase Property-Lower Limit: For the
current-mode droop approach, decreasing the droop gain k
reduces the steady-state dc voltage error and increases the
voltage-loop bandwidth. However, this also reduces the damp-
ing and robustness of the system, leading to a lower boundary for
the droop gain. This effect can be explained from the standpoint
of control design. Droop control is effectively a proportional
controller. As shown in Fig. 8, the inverse of the droop gain can
be regarded as the proportional gain of the dc voltage controller.
Following the discussion in Section II-B, due to the presence
of the RHP zero in Gp,_c s, a high proportional gain (inverse
of droop gain 1/k) will push the nonminimum phase system to
instability. This instability is because some of the system eigen-
values will be in the RHP if the inverse of droop gain (1/k)
increases over a threshold value. Fig. 19 shows the root contour
with respect to the proportional gain (1/k), demonstrating that
the system is unstable when the inverse of droop gain 1/k is
higher than 40 (k is lower than 1/40).

A distinct characteristic of the voltage-mode droop approach
is that the droop gain lies in a feedforward term, as discussed in
Section II-B. Hence, a small droop gain k does not deteriorate the
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system stability. This is a significant advantage of voltage-mode
droop over current-mode droop.

D. Comparison of Stability Boundary

A comparison of the control properties of current-mode and
voltage-mode droop control is listed in Table III. Comparing
the control schemes in Figs. 7 and 9, three control loops exist in
current-mode system while only two cascaded loops exist in the
voltage-mode system. The local control bandwidth (/4. control
bandwidth for current-mode system/V, bandwidth for voltage-
mode system) are limited by the nonminimum phase property
(upper boundary) and source/load impedance interaction (lower
boundary).

The limitations on stability imposed by the droop gain are
summarized in Table IV. For current-mode droop control, the
RHP zeroin Gp,_c v imposes a tighter lower limit for the droop
gain and restricts the system stability. In contrast, voltage-mode
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TABLE III

COMPARISON OF THE CONTROL PROPERTIES UNDER CURRENT-/VOLTAGE-MODE DROOP CONTROL

Control bandwidth/Droop mode

Upper Limit

Lower Limit

Control Loops

Current mode
Voltage mode

Nonminimum phase property (24)

Nonminimum phase property

Source/load impedance interaction (23)

Source/load impedance interaction

DC voltage control + dc current control + Inner current control
DC voltage control + Inner current control

COMPARISON OF UPPER AND LOWER LIMITS FOR THE DROOP GAIN UNDER CURRENT-/VOLTAGE-MODE DROOP CONTROL

TABLE IV

Droop gain/ Upper Limit Lower Limit Control block diagram Influence on DC
Droop mode voltage dynamics
Current mode Equilibrium point + Source/load impedance interaction Nonminimum phase property Proportional controller in Yes
forward channel
Voltage mode Equilibrium point 4+ Source/load impedance interaction Not less than 0 Feedforward term No
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Fig. 20.
(b) voltage-mode droop-controlled system.

droop control can operate with a wider range of droop gain,
even with zero droop gain, i.e., constant voltage control. How-
ever, for both droop approaches a larger droop gain will reduce
the stability margin, introduce more voltage deviation and even
cause nonoperability of the system due to the absence of a
steady-state operating point. Furthermore, in the current-mode
droop-controlled system, the droop gain will influence the dc
voltage control dynamics, however, in the voltage-mode droop-
controlled system the dc voltage dynamics are not affected by
the droop gain (see Section II-B).

The state-space models of VSCs under current-mode and
voltage-mode droop control are developed as follows:

° .. T
AIC = A()AI(: (xc = [Udc7Zd7Z[pXid>Xiq>XIdCi:| )

Azy = AyAxy  (y = [vdmizlaiq7Xid7Xiq7X‘41c;]T)
(29)
where x. and A, are the state and matrix of current-mode droop-
controlled system; x, and A, are the state and matrix of the
voltage-mode droop-controlled system. X;4, Xiq, Xraci,» Xvdci
are the states associated with the PI controllers for the dg-axes

Eigenvalue contours with respect to droop gain variation from 0.2 to 0 at each step of —0.02 in (a) current-mode droop-controlled system and

current controllers, dc current, and dc voltage, respectively. The
explicit form of the state matrices can be found in the Appendix.

Based on these models, a comparison of eigenvalue contours
of the current/voltage-mode droop-controlled systems is shown
in Fig. 20. It can be seen in Fig. 20(a) that some eigenval-
ues move toward the right half plane (RHP) with decreasing
droop gain. In this case the current-mode system is unstable if
the droop gain is smaller than 0.03. In contrast, it is shown in
Fig. 20(b) that the voltage-mode droop-controlled system is sta-
ble even with zero droop gain.

The current-mode droop-controlled system will evolve to
constant current control if the droop gain k approaches infinity.
Alternatively, under the zero droop gain, the voltage-mode droop
control effectively becomes constant voltage control. Thus, the
developed state-space model can be also applied to the constant
current-/voltage-controlled system.

Depending on the practical application, the required droop
method can be chosen appropriately. If constant nominal
voltage control is not required, and the main control objective of
the VSCs is to inject/absorb current/power, then current-mode
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droop control is preferred. In this case, the dc voltage will reduce
according to the load and the reduction rate will be related to the
droop slope. Nevertheless, the nominal voltage (270 V in this
study) cannot be obtained when the system is loaded since the
current-mode droop control approach is not feasible under zero
droop gain. In contrast, if dc voltage needs to be tightly regu-
lated, and the nominal voltage is required in full load conditions,
then voltage-mode droop control is recommended.

IV. GENERALIZED MULTISOURCE MULTILOAD SYSTEM

In practical applications, a dc MG is composed of multi-
ple sources and multiple loads; an example of this is shown in
Fig. 2. This section will extend the impedance analysis presented
in Section III to the general case of multiple sources feeding a
common bus with multiple loads. Stability assessment of paral-
lel source operation, including the impact of the power-sharing
ratio and the number of parallel modules, has been performed.

A. DC-Bus V-I Characteristic

Similar to the individual droop line in each parallel module,
the V-I characteristic at the dc bus can be expressed as a function
of a global equivalent droop gain

Vo= Vo —Li(ki + Ry) =V, = (ks + Ry) =
= ‘/o - In (kn, + Rn) (30)
where Iy, I, ... 1,; k1, ko, ...k, are the branch currents and

droop gains for the parallel modules. V,, represents the nominal
voltage (270 V in this study) and V}, is the bus voltage. Thus,
the total load current can be expressed as

In=hL+DL+.+Ii =V, = V)Y (31)
~ ki + R
which can be reformatted as follows:
1
Vo=Vo—Ipi——— (32)
1
=1 ki + R

The global droop gain k;, which defines the slope of dc-bus V-I
characteristic, can be expressed as

1 1
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Fig. 21.
gain.

Relationship between the global droop gain and individual droop

where R; is the ith branch cable resistance and the droop coeffi-
cient is assumed to be much larger than the cable resistance
(ki >> R;). As shown in Fig. 21, the relationship between
global droop gain k; and individual droop gain k; shows that
the global droop curve is stiffer than the individual droop char-
acteristic. This indicates that, under the same load condition,
the bus voltage deviation is smaller if more sources with iden-
tical droop gain are connected. It can be seen from (32) that
the dc-bus voltage V, is determined by the global droop gain
k; and total load current I;;. Even if the individual values of
droop gains are different, the bus voltage will be identical as
long as the individual droop gains yield the same global droop
coefficient k; in (33). As a result, individual droop gains can be
selected based on their desired ratio as

k N
Rt

where n; represents the current sharing percentage of ith
module.

(34)

B. Source/Load Impedance

Extending the derivation of Section III to a multiple source
system, the overall source impedance can be derived as (35)
shown at the bottom of the page.

In dc MGs, there can be a lot of power electronic interfaced
loads with CPL behavior, as shown in Fig. 22(a). From the view-
point of impedance analysis, the parallel CPLs can be modelled
as shown in Fig. 22(b) in a small signal manner and the total

ky = ——— ky = 33) . ; . .
! o ! L (33) input load admittance of the cumulative CPL can then be equiv-
= kit R =k alently represented, as shown in Fig. 22(c). Therefore, the input
1 1
Zst IVF = I - s Zst GVF = G — (Current mode)
v (Cis N Dg;g,C]\Jz) Ty, (Yi,b B Dg;c,CMz) .
: + Cs - d +Chs+ Y Yy
= (Yib N GD;:CM?’, . Cis) i=1 (Yip + Cis) ; Z
i
1
ZavMm = T (Voltage mode).
Z: 1 + Cys
=1 (f + kiGDyi,VMi)

(35)
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Fig.22.  Multiple CPL modeling. (a) Topology of single bus feeding multiple CPLs. (b) Small-signal model of parallel CPLs. (c) Impedance model of cumulative
CPL.

impedance of CPL (Z¢pr,) can be expressed as

n
Zepre = 1/Yopr = 1/ZYCPL1'
i=1

Pepri - Pepre Peprm
- 1/]= ...y LCPLm
(R T )
V2
= T m : (36)
> Pepui
i=1

where Pcpr; is the power of ith CPL. Hence, similar to the
model of a single CPL in (20), total overall cumulative CPLs
can still be represented as a negative impedance (—Rcpr;) in
parallel with a current source (/cpr,t)

Z Pepr;

Icpry =250 ——
CPLt v,

VQ
*RCPLt — ,mib
> Pepr

i=1

(37

C. Sensitivity Analysis

The Nyquist stability criterion has been widely accepted for
stability analysis [14]. Fig. 23 shows the Nyquist plots of the
minor loop gain for the current-mode droop-controlled system
under a 6 kW CPL. Since each individual droop gain is set to 1,
the global droop gain k; decreases with an increasing number
of parallel sources. As a consequence, the voltage across the
main bus increases and the magnitude of the load impedance
is reduced (helpful for improving stability). It can also be seen
from Fig. 23(a) that the Nyquist diagram of the single source
system encircles the critical point (—1, jO) and the Nyquist
contour dramatically moves further toward the RHP with an
increasing number of parallel sources, which indicates that a
higher stability margin is achieved by increasing the number of
parallel modules.

Nyquist Diagram Nyquist Diagram

06 [=1 (Blue
o4t

Imaginary Axis
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Fig. 23.  Nyquist contours for the current-mode droop-controlled systems (a)
ki=1.(0)k =1.
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Fig. 24.  Nyquist contours for the voltage-mode droop-controlled system with
individual droop gain k; = 1. (a) Overview. (b) Zoomed part around (—1, jO).

Fig. 23(b) shows the Nyquist plots of the minor loop gain
for various current-mode droop-controlled systems with iden-
tical global droop gain. It can be observed that the Nyquist
contour moves toward right with increasing the number of par-
allel sources, which reveals that system stability could be still
improved.

For a 6 kW CPL, the Nyquist diagrams of the minor loop
gain for a voltage-mode droop-controlled system are shown in
Fig. 24. An overview of the Nyquist contours is shown in Fig.
24(a) and it can be clearly seen from the zoomed version in
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Fig.25. Nyquist contours for the voltage-mode droop-controlled system with
global droop gain k; = 1. (a) Overview. (b) Zoomed part around (—1, jO).
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Fig. 26.  Schematic of experimental system.

Fig. 24(b) that the Nyquist contour of the single source system
encircles the (—1, jO), while the systems with more parallel
sources do not encircle the critical point. This indicates that the
stability is improved by increasing the number of modules with
the same individual droop gain. In addition, Fig. 25(b) shows
that under parallel operation, with the same global droop gain,
the system shows a larger stability margin.

To summarize, the global droop gain is an important factor
when evaluating the stability of a multiple source system which
feeds a single bus. With an increased number of parallel mod-
ules, the global droop gain reduces, and as a consequence, the
stability margin is improved for both current-mode and voltage-
mode droop controllers. For both modes, paralleling sources
while maintaining identical global droop gain shows a higher
stability margin than the single source system.

V. EXPERIMENTAL VERIFICATION

The schematic of the experimental system is shown in Fig. 26.
A test rig was used to validate the analytical findings based on
three active front-end converters (SEMIKRON’s IGBTS Power
Stack-SEMIKUBE: SKM400GB 12E4) with a programmable ac
source (CHROMA QuadTech 31120) providing the ac inputs.
The system was isolated by three step-down transformers to
avoid circulating currents between parallel modules. Control
algorithms and signal conditioning are implemented in custom
DSP/FPGA boards. The load is represented by a buck converter
which is tightly controlled as a CPL, as illustrated in Fig. 27.
The experimental setup is shown in Fig. 28, and the parameters
of the experimental system are listed in Table V.
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Fig. 27.  Control scheme for the dc/dc converter as a CPL.
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Fig. 28. Experimental setup.
TABLE V
EXPERIMENTAL SYSTEM PARAMETERS
Category Parameter Value

415 V line-to-line RMS
415 V/160 V, Y/y

Three-phase grid
TransformerTF 1, 2, 3

Grid source voltage
Transformation ratio

Rated capacity 20 kVA
AC Sidelnductor AC side inductance L . 1.2 mH
Parasitic resistance 1Q
DC/DC Converter Load Rp ¢ 9.20Q
Inductance Lp ¢ 1.3 mH
VSC(Conv 1, 2, 3) Switching frequency 10 kHz
Local capacitance C; 1.2 mF
DC Link DC link capacitance C', 0.8 mF
Nominal bus voltage V,, 270V
Cable Cable resistance R; 0.029Q
Cable inductance L; 2 pH

A. Current-Mode Droop Control-Single Source

In this section, current-mode droop control is employed
and the effect of both the local dc current control bandwidth
and the droop gain are validated experimentally. First, the
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current-mode droop control (see Fig. 4) is tested with a sin-
gle converter feeding the CPL and the droop gain k; is set to
2. The bus voltage and current behavior while increasing the
power of the CPL are shown in Fig. 29. Fig. 29(a) shows the
system response to increasing the power of the CPL with a 5
Hz local I, control bandwidth. This demonstrates the system
is stable until a 3 Hz oscillation appears at 3 kW, confirming the
analysis in Fig. 14. This experimentally verifies that high power
CPLs deteriorate the system stability and demonstrates the im-
pact of the low frequency resonance peak under low bandwidth
control. Fig. 29(b) shows that the system can be stabilized by
increasing the control bandwidth (in this case to 50 Hz) while
also improving the dynamic response.

Fig. 30 shows the effect of the 4. control bandwidth on
stability when the system has a 3 kW CPL. It can be seen that
increasing the /. control bandwidth results in attenuation of the
low-frequency oscillation in bus voltage. These results match
the analytically predicted effect of the control bandwidth on
stability, which is discussed in Section III-B. Fig. 31 shows the
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Fig. 32.  Bus voltage dynamics in the current-mode droop-controlled system

when subjecting to a load power step from 2 to 3 kW. (a) k = 2; (b) k = 1.

impact of reduced droop gain. Due to the nonminimum phase
property of the system, oscillation and eventual instability can
be observed when k1 becomes equal to 0.03. The result matches
the stability prediction regarding the effect of droop gain in
Section III-C and D, as previously discussed, it is the RHP zero
which poses a challenge to system stability under small droop
gain.



GAO et al.: COMPARATIVE STABILITY ANALYSIS OF DROOP CONTROL APPROACHES IN VOLTAGE-SOURCE-CONVERTER-BASED DC MGS

[
(=3
(=}

[SS SN o5
o W
oS O

n

Voltage (V)

O =

‘—l«

T

n

Current (A)
=

(@)

Fig. 33.

Fig. 32 shows the impact of current-mode droop control on
the bus voltage control dynamics when the system is subjected
to a load power step from 2 kW to 3 kW. In terms of the transient
response, it can be seen in Fig. 32(a) that the transient time is
0.32 s for a droop gain k equal to 2, while the bus voltage
reaches steady state much faster (0.2 s) if the droop gain is set
to 1. This experimentally verifies that that the droop gain will
affect the voltage loop bandwidth when utilizing the current-
mode approach and confirms the discussion in Section III-B
and C.

B. Voltage-Mode Droop Control-Single Source

The voltage-mode droop control strategy (shown in Fig. 5)
has also been tested with a single converter to observe the effect
of the V. control bandwidth, and the droop gain, on the system
stability. Due to the RHP zero, the V. control bandwidth needs
to be limited for stable operation. Fig. 33 shows the experimental
results with different V3. control bandwidths. It can be seen
that with a 10 Hz control bandwidth the system is stable over
a CPL power ranging from 0 to 3 kW while with a 100 Hz
control bandwidth the system shows significant oscillation when
the load is around 3 kW. This result supports the instability
discussion in Section III-B.

Since the droop gain belongs to a feedforward path within
the voltage-mode droop control scheme, the system stability
will not be degraded by small droop gains. It can be seen from
Fig. 34 that under voltage-mode droop control the system shows
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Experimental results for parallel operation using the current-mode approach under 50 Hz control bandwidth. (a) Single-source operation: Conv 1

operates at k1 = 1, and Conv 2 and Conv 3 are disconnected. (b) Two-source operation: Conv 1 and Conv 2 operate at k; = ko = 2(k; = 1). (¢) Three-source

operation: Conv 1, Conv 2, and Conv 3 operate at ky = ko = k3 = 3(k; = 1).

stability improvement under small droop gains in comparison
with current-mode droop control (see Fig. 31). Again, this result
is in accordance with the theoretical discussions in Section III-C
and D.

As a counterpart of Fig. 32, Fig. 35 shows the impact of
voltage-mode droop control on the bus voltage dynamics when
the system is subjected to a load power step from 2 to 3 kW.
The steady-state bus voltage is identical in both Figs. 32 and
35; 251 V under 2 kW load and 260 V under 3 kW load.
However, unlike the current-mode approach, for the voltage-
mode droop-controlled system the transient time is very similar
under different droop gains, supporting the analysis of dc volt-
age control dynamics presented in Section II-B.

C. Parallel Operation

Parallel operation of multiple sources with identical global
droop gain has also been tested to validate the expected stability
improvements. The experimental results are shown in Fig. 36. It
can be seen in Fig. 36(a) that under single-source operation the
system becomes unstable under a CPL of 6 kW. However, with
the same global droop gain, stable operations of a twin source

system and three source system are achieved, as shown in Fig.
36(b) and (c). The experimental results verify the discussion
of system stability under parallel operation in Section IV-C
[see Fig. 23(b)] and confirm that using the current-mode droop
control approach, parallel operation with identical global droop
gain can improve the system stability.

The effect of parallel operation with the same individual droop
gain (k; = 1) has been also tested and the results are shown in
Fig. 37. As discussed in Section IV-C, the global droop gain
reduces as the numbers of parallel modules with the same indi-
vidual droop constant increases. The overall source impedance
reduces and consequently, stability is improved by parallel op-
eration. In Fig. 37, at t = 0 s, the load is set at 3 kW and only
Conv 1 is operating. The instability point is predicted at 6 kW
CPL [see Fig. 36(a)]. Att =1.1 s, Conv 2 is connected and
begins to operate in parallel with Conv 1. As a result, the global
droop gain reduces and the bus voltage increases. It can be seen
that the twin source system is stable until the CPL reaches
7 kW. Again, this demonstrates that compared with single-
source operation, parallel operation with the same individual
droop gains significantly improves the system stability [consis-
tent with Fig. 23(a)].
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VI. CONCLUSION

In this paper, current-mode (using the -V characteristic)
and voltage-mode (using the V-I characteristic) droop control
schemes in VSC-based dc MGs were compared in terms of
power sharing and stability. The equivalent source and load
impedance have been derived and stability assessment of a gen-
eralized multisource multiload dc MG system has been carried
out to explore the impact of parallel operation. The theoretical
analysis was supported by experimental results from a 7 kW lab
prototype. The main findings of the paper can be highlighted as
follows:

1) Current-mode droop control uses a dc current controller
to regulate the injected current from each terminal based
on the voltage measurements. Among the current-mode
droop control schemes, GVF shows better power-sharing
performance but additional sensors or communication
lines are needed which compromises the modularity and
reliability of droop control. LVF and GVF methods dis-
play similar stability performance when taking the con-
verter dynamics into account.

2) When utilizing current-mode droop control, increased
dc current control bandwidth is helpful for stability en-
hancement of the system since it avoids the source/load
impedance interactions. However, the upper boundary of
dc current control bandwidth is limited by the RHP zero.
For the current-mode droop-controlled system, the dc
voltage dynamics are affected by the dc current control
bandwidth and the droop gain. It has been demonstrated
that increasing the droop gain will reduce the voltage loop
bandwidth.

3) In contrast to the current-mode approach, voltage-mode
droop control regulates the terminal voltage based on cur-
rent measurements. The RHP zero causes high gain insta-
bility within the Vj. controller, i.e., the system will eas-
ily go unstable when the V. controller has a high gain.
When utilizing voltage-mode droop control, the voltage
loop bandwidth is mainly determined by the voltage con-
troller rather than the droop gain.
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4) Assuming the existence of a steady-state operating point,
and the absence of source/load impedance interactions, an
upper boundary for the droop gain can be defined in both
techniques. Under current-mode droop control, a lower
boundary is imposed due to the RHP zero, while voltage-
mode droop control is feasible for wider droop gain set-
tings even under zero droop gain (constant dc voltage
control).

5) Global droop gain, a crucial factor to show the main bus
V-I characteristic, was proposed in this paper to compare
and analyze the stability of multisource multiload system.
It has been shown both analytically and experimentally
that parallel operation improves the system stability for
both droop strategies.

APPENDIX

The state matrix of the current-mode droop-controlled system
A, discussed in Section III-D is shown as follows:

Acn A Aas Aca Acs A

0 Agoo 0 0 Acas 0

Azt Az Asz Ass Aczs Acss (A1)
An41 Ac42 Ac43 Ac44 An45 Ac46

0 — K4 0 0 0 0

At Acer Aces Acoa Aces  Aces

The matrix elements are shown below

3(_1/k7 * VdcoIququKIdcp + Idovdo + anvqn)

Acll =
Cdeco (3Iq0KquKIdcp + 2Vdco)
Ay = 3(IdOKIdp — Vo *weLquo)
‘ Cb (3Iq0KquKIdcp + 2Vdco)
Az = 3(goK1qp — Vgo + weLqlao)
‘ Ch (3If10KquKIdop + 2Vdco)
A 31q0 K1qp
cld =
Cb (3Iq0KquKIdcp + 2Vdco)
—314,
Acrs =
Cb (3Iqok1quIde + 2Vdco)
—31,,
Ach =
Cb (3Iq0KquKIdcp + 2Vdc0)
Kiqp + R,
A(:22 = _I)Li[g
Azl = 2KI(1PKMCPV(12co + 3kKquKIdcp(Id0Vdo + [quqa)
‘ qu Vdco (3Iq0KquKIdcp + 2Vdco)

A 39 = 3K1quId(:p(IdoKIdp - Vdo) + QUJeLdVdCO _ weLyg
‘ Lq (3Iq0KquKIdcp + 2Vdco) Lq
Auzy = —2K1qp Vaco — 3Kiqp Kidep Voo + 31a0 Kiqp K1depwe

33 =

Lq (3IququKIdcp + 2Vdco)
Ry

Ly
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Apgy = — 2Klqpvdco
‘ Lq (3Iq0KquKIdcp + 2Vdco)
A 35 = — 3Id0KI(1pKIdcp
- Lq (3IqOKquKVdcp + 2Vdco)
A 36 = 2Vdco
‘ Lq (3I(IOKquKVde + 2Vdco)
K.
Acar = *%
z)’Kvldci(l/k * VdcojquiquIdcp - Ido‘/;lo - Iquqo)
Vico (3140 Kiqp K1dep + 2Vico)
Augn = 3K14ci(— Lo K1dp + Vo + Igowe Lg)
‘ (SLI()KquKIdcp + 2Vdco)
A 13 = 3KIdci(_Iq0Kqu + qu - IdoWeLq)
‘ (SIqOKquKIde + 2Vdco)
A = 73[(10K1quIdci
‘ 3[q0KquKIdcp + 2Vieo
Auss = 31q0 K1dci
o 3[q0KquKIdcp + 2Vico
A 16 = 3[(]()Kvldci
‘ 3[(]0K1quIdcp + 2Vdco
Ki4i Kdep K1qi
AcGl = f

4 3K1quIdcp(_1/k * Vdco[ququKIdcp + (Idovdo + Iquqo))

Vico (3140 Kigp K1dep + 2Vico)
3K1qiK1dep (Iao K1ap — Vo — Igowe Lg)
(3140 K1qp K1dep + 2Vidco)
3K14iK1dep (Lo Kiqp — Vgo + Laowe L)
(3140 K1qp K1dep + 2Vidco)

Acga =

A063 = _KIqi +

310 K1qi K1gp K
A<:64 _ *Klqi+ go A lqifiIgp Aldep
3IanquKIdcp + 2‘/(1(:0

=310 K1qi K1dep

Aces = T K
3 qo quKIdcp + 2Vico

_3IquIquIdcp

A(:Gﬁ =

31(10K1quId(:p + 2Vdco ’

Kiqp, K1ai are the proportional and integral gain of the
d-axis current controller; Kiqp, K1q; are the proportional
and integral gain of the g-axis current controller; and
Kigcp s Kiqei are the proportional and integral gain of dc current
controller.

The state matrix of the voltage-mode droop-controlled system
A, discussed in Section ITI-D is shown as follows:

Aull Avl? A’Ul?) Av14 AU15 AUlG
0 Ayoo 0 0 Ays 0
Avst Avsa Apss Ausa Auss Ause
Avsr Avses Apas Avas Avas Avss
0 — Ky 0 0 0 0
AUGI Aiﬂﬁ? A’U63 AU64 AUGS AUGG

(A2)
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The matrix elements are shown as follows:

Ay =

Ale

Av13

Ay

Av15

Ale

Ay

A’U25

Ap31

Ay3z2

Av33

A1734

Ayss

Ay3e

Aps1

Aps2

A3

Apag

Apys

Ay

Avﬁl

3(—Vacolyo Kiap Kvdep + LioVio + 140 Vo)
CyVico 3190k Kiqp Kvdcp + 2Vico)
3(UaoKrap — Viao — weLalyo)
Cy (3L40kKiqp Kvdcp + 2Vico)
3(go K1gp — Vgo + weLqlao)
Cy (3I0kKiqp Kvdcp + 2Vdco)
3140 Kigp
Cy (3140 kKiqp Kvdcp + 2Vdeo)
—3140
Cy (3140kKiqp Kvdep + 2Vico)
—31,,
Cy (3140kKiqp Kvdep + 2Vico)
_ Kuap + Ry
Ly

1
Lgq
2K*quKdecp VdQCO + 3kK1qu\/de (Idovdo + Iquqn)
Lquco (3IqokKquKVdcp + 2Vdco)
3k K1qp Kvacp (Lao K1dp — Vio) + 2we LgVaco
Lq (3IqokKquKVd(:p + 2‘/(100)

we Lg
Ly

2K1qp Vdco

Ly (3Iq0kKquKVdcp + 2Vdco)
2[(qu Vdco

L‘I (SIqokKIQPKVde + 2Vdco)

3IdokK’quKdecp

Lq (?’lekKquKVdcp + 2Vdco)

2Vico
Ly (3[q()kKIQPKVde + 2Vdco)

—Kvdci
3kKvdci(Vacolgo Kiqp Kvdep — Ldo Vo — Ig0Vyo)
Vico (31g0kKiqp Kvdep + 2Vico)
3kKvaci(—IaoK1ap + Vio + Ijowe La)
(3140kKiqp Kvdcp + 2Vico)
3kEvaci(—Iq0Kiqp + Vgo — Laowe Lg)
(3140kKiqp Kvdcp + 2Vico)
=310k Kiqp Kvaci
310k Kigp Kvaep + 2Vico
3ok Kvaci
310k Kigp Kvaep + 2Vico
310k Kvqci
310k Kigp Kvaep + 2Vico
KigiKvaep

+3kKIquVdcp(_VdCOIqOKquKVdcp + (Idono + Iquqo))

Vdco (?’IqokKquKVdcp + 2‘/:100)
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3kKIquVdcp (IdoKIdp — Vo — Iqowch)

Ave2 =
’ (3IqokKquKVdcp + 2Vdco)
4 3kK1qi Kvacp Tgo Kiqp — Vgo + Ldowe Lyq)
v63 = —Kiqi +
(3140kKiqpKvdcp + 2Vico)
3150k K1qi K1gp K
Az;64 = _Klqi + 1o lai P lqp 77 Vdep
3IqokKquKVdcp + 2Vico
A 73[dok7KIquVdcp
v65 =
3IqokKquKVdcp + 2Vieo
A =310k K1qi Kvdep
v66 =

3IqokKquKVdcp + 2Vico .

where Ky q.p and Kvyq; are the proportional and integral gain
of dc current controller.
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