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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 methodsthat can be adopted in DC M Gs, two options have been considered in this
paper; 1-V and V-I droop. -V droop controlsthe DC current depending on the DC voltage whilst V-l droop regulates the DC voltage
based on the output current. The paper proposes a comparative study of V-1/I-V droop control approachesin DC M Gs 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 sour ce subsystem including converters dynamics
and analyzesthe stability of the power system when supplying constant power loads. The paper investigatesfirst the impact 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
multi-source, multi-load power system is presented to investigate stability in a more realistic scenario. For this purpose, the paper
proposes the concept of “global droop gain” asan important factor to deter mine the stability behaviour of a parallel sources based DC
system. Thetheoretical analysishas been validated with experimental resultsfrom alaboratory-scale DC MG.

Index Terms— Impedance, droop control, DC power system, multiple source, constant power load, stability.

|. INTRODUCTION

In the past decade, increased awareness of limited energy resources has driven a considerabl e effort towards the integration of
renewabl e distributed generators (DG) such as wind turbines, 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 envisioned [3], [4]. Many renewable sources of electrica energy are
inherently DC (photovoltaic, fuel-cells, energy storage) and also most the loads are DC based. A DC architecture would therefore
reduce the number of power conversion stages, leading to a simpler structure with lower cost, higher efficiency and absence of

reactive power compensation [5]-[9].
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Typical loadsin 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 master-slave and centralised
approaches, afailure 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 converters (V SCs)-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-1 and V-P strategies [27]. The |-V and P-V droop methods are
shown in Fig. 1(@) 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-1 and V-P methods shown in Fig. 1(c)

and (d) current or power is measured and the DC voltage is regulated accordingly [32], [33].
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Fig. 1. Droop characteristic employed in VVSCs. (a) 1-V droop. (b) P-V droop. (c) V-I droop. (d) V-P droop.

In [35], I-V and P-V demonstrated similar performance and for this reason only I-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, feeder impedance) and the power of CPLs on the stability margin have been investigated in [36], [37]. It is known
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that the stability margin increases with an increase of DC link capacitance, decrease of feeder inductance and decrease of load
power. Nevertheless, the effect of local control bandwidth and droop gains on stahility has not been fully investigated.

Similarly, only V-I droop is investigated within the voltage mode methods [33], [34]. A hierarchical control scheme using 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 investigated.
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 effectsin [34]. In that paper the sufficient condition for stable operation is discussed but the
impact of different droop methodsis 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 vs.
voltage-mode droop-controlled systems in terms of stability. To fill this gap, this paper presents a comparison of steady state
power sharing performance and stability of these two droop strategies applied to a multi-source 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 awider 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
itsimpact on system stability isinvestigated in a generalized multiple source multiple load DC MG.

The paper is organized as follows. In Section |1, different droop control schemes are shown and the corresponding control
block diagrams are devel oped. Section |11 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 1V,
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 andysis. Finally, the main conclusions are summarized in Section VI.

I1. CURRENT MODE (I-V) AND VOLTAGE MODE (V-1) DROOP CONTROL STRATEGIES

Fig. 2 shows the equivalent circuit of asingle bus DC MG with multiple sources and loads. The main DC busis fed by two-
level, three phase active rectifiers AR-AR, powered by sources G;-G,, (local generators or AC grid). C;-C,, correspond to the
local converter output capacitors (local buses) and C, is a common capacitor bank installed on the main 270V DC bus. This

architecture is based on a potential DC power system in future more electric aircraft [38] which can be considered as a
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challenging case of DC MGs in islanding mode. Typical loads in the system consist of tightly controlled DC/DC converters,

motor drives and resistive loads. The basic vector control scheme for the VSC is shown in Fig. 3.
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Fig. 2. Power system architecture under study. Fig. 3. Vector control strategy for the VSC.

Depending on the DC control strategy, the converter can be operated either in current-mode or in voltage-mode [27]. The
current-mode droop control scheme is shown in Fig. 4(b) with the current reference derived from the |-V droop characteristic in
Fig. 4(a), based on the DC voltage measurement as shown below,
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where V, is the nominal bus voltage (270V); k is the droop gain; V. is the DC voltage measurement; l¢. 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

referenceis generated according to the branch output DC current using the V-I droop characteristic shown in Fig. 5(a).
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Fig. 4. 1-V droop and its corresponding current-mode control scheme. (@) |-V droop characteristic. (b) Current-mode control scheme.
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Fig. 5. V-I droop and its corresponding voltage-mode control scheme. (a) V-I droop characteristic. (b) Voltage-mode control scheme.

A. Power Sharing Performance

For current-mode systems, l¢. can be generated by measuring either the local output voltage V; (local voltage feedback, LV F)

or the main bus voltage V, (globa voltage feedback, GVF). The two approaches are shown in Fig. 6.
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Fig. 6. Current-mode approaches. () LVF. (b) GVF.

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

I 1 1 .1
el = ; (Current mode-LVF)
k+R K+R k. +R, A3)
11

[l =—1—1-
kK

where ky, k,, k, are the droop coefficients for parallel modules and Ry, Ry, R, are the cable resistances. Equation (3) shows how in

. % (Current mode-GVF)

current-mode droop with GVF the current sharing only depends on the droop gains, whilein LVF the sharing is affected by cable
resistances. However, GVF can only be implemented if a measurement of the common bus voltage V, is dispatched to al the
paralel modules, requiring a communication channel. The voltage-mode droop can only be implemented by measuring the local
current injected by each parallel module. Current sharing in steady state can be derived as.

[P PRSPPI t .t 1 4
k+R k+R, k. +R,

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
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modules whilst the accuracy of the LVF approach is compromised by the cable resistance which changes with environmenta
conditions. The GVF approach can attenuate the effect of cable impedance and improve the power sharing accuracy compared to
LVF as detailed discussed in [27], which neglects the measurement error found in practical systems.

TABLE |
PROPERTIES OF VOLTAGE MODE AND CURRENT MODE DROOP CONTROL METHODS

Droop control method Accurate power sharing Properties
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

B. Control Schemes and Small Sgnal Modelling

(1) Current-mode Droop Control Scheme
Fig. 7 shows the equivaent control block diagram for the current-mode droop control scheme. The output of the voltage droop
controller is the DC current reference (idc*) and the DC current is regulated by a Pl controller G4.. Since the inner current loop is

much faster than the outer loop, it can be simplified by afirst-order lag Ge(S).
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Fig. 7. Control block diagram for the current-mode droop-controlled system.

Using the amplitude invariant transformation, the active power can be expressed in the dq frame as.
3, . .
P=§(vd|d +igVy) (6

where vy and v, are the converter terminal voltagesin the dg frame and ig and iq are the AC currents.

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

{vd = (R +L)iy —o.Lj, +&

v, =(R+L9)i, +oLi, +e,

()

e
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where ey, is the point of common coupling (PCC) bus voltage; Rs is the stator resistance; w, is the grid frequency in rad/s; Lsis
the AC side inductance. In this paper, the g-axis is used to regulate the active power. Thus, g, is controlled to be zero and g isthe

magnitude of the phase voltage vector.

According to (7), the linearized g-axis voltage, v,, can be expressed as:
aV, =(R+L9)al, +ap LAl (8)

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

with the subscript “0”):
b3 i
A —E(AVqlqo +al V) €)

q-qo

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

aP= g[((& + Lss)iqo +qu)Aiq +weLsiquid] ~ g(LSquS+ Rsiqo +Vq0)Aiq (10)

Fig. 8 shows the linearized control block diagram for the current-mode droop-controlled system. The control-to-output (Aig to

Aiq ) Gp ¢ can be expressed as:
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Fig. 8. Linearized control block diagram of the current-mode droop-controlled system.
The I 4 control dynamics can be mathematically expressed asin (12),
_ Aidc(S) _ (kpdcs+ kidc)(LsiqoS+ ngo + qu) (12)

Dy_CM = .= -
AIdC(S) %Vdcos(fs+ 1) + (kpdcs+ kidc)(Lsiqos+ Rsl qo + qu)

where Koo and kigc are the Pl control parameters for the 14 controller Giqc(s).
Due to the term (LsiqoStReigotVeo) iN the control-to-output transfer function (iq is negative and vy, iS positive at the operating
point), apositive right half plane (RHP) zero existsin the |4 control loop (Gpy, cm) Which can be expressed as:

_ qu + |1'(}0
leqo

z= (13)



This RHP zero will pose some challenges to system stability, as will be discussed in Section I11.

Considering the DC bus voltage dynamics, the rel ationship between DC current and voltage perturbation can be written as:

C% =al, —aly, =al, — (i - %wdc) = —LAP + %Avdc +al, (14)
dt dco dco dco dco
In the Laplace domain, (14) can be rewritten as.
AVy, = 1 P Aio - 1 P Aidc (15)
(Cs——>) (Cs——>)
dco dco

The overall closed loop transfer function of the V. droop control yields (16):

AV _ Gp, _om (16)
Vo Gy g +K(Cs——

2
dco

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

AVye — (kpldcs+ kildc)(LsiqoS+ Rsiqo +qu) (17)

. P .2
AVo (K pgeSt Kee) (Lo —2) 2V,

S+ Riig, +Vy,) +K(Cs+ (S(r5+1) + (KpgeS + Kige)(LelgoS+ Riigo +Vyo))

pdc co

dco
It can be inferred from (17) 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 (Avy to Aiq*) transfer function G, \(s) yields:

AVy _ 1.5(iqo Lss+ Rsiqo +vq0) (18)

Gva (s)= N 5
Vi (rs+1)(Cs—

o
2
dco

It can be observed that a faster bandwidth within the Vg 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

impose limitations to stability, as k appears as a feedforward term in the block diagram.
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Fig. 9. Control block diagram for the voltage-mode droop-controlled system. Fig. 10. Linearized control block diagram for the voltage-mode system.

Hence, the voltage control dynamics can be expressed as.

s oV _ G\/chPj _ 1.5(iq0 Lss+ Rsiqo +qu)(kach+ Kive) (19)
P . .
© ) +1.5(i g LS+ Riigo + Voo ) (KpyvaeS+ Kivge)

Dy_VM
IN'A 1+ G/dCGP7V S(TS+ 1)(Vdcocs_

dco
where Kyvae and kivge are the proportiona gain and integral gain of the Vi controller Gy, respectively. If the load disturbance is

neglected, it isinferred that the voltage dynamics are mainly determined by the controller bandwidth rather than the droop gain.

I11. 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 converter and load converter are individualy stable, when the output
impedance of the source converter Zsis less than the input impedance of theload 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 Z4Z7,) is sometimes incorrect [40], [41]. If
the source converter is controlled as a voltage source, the impedance ratio should be Z4Z, but if the source converter is
controlled as a current source, the impedance ratio should be Z,/Zs. 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 current source or sink [42], [43]. In addition, the voltage-source or current-
source should aso 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 control
target is to regulate the DC terminal voltage in proportion to the load (see Fig. 7). Hence, the minor loop gain for the current-

mode approach should still be Zs/Z, when using the impedance-based approach [44], [45].
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The equivalent circuits for the current-mode and voltage-mode droop-controlled systems, including the droop equations and

the local control dynamics, are shown in Fig. 11 and Fig. 12 respectively. The parasitic capacitance of the cable is much smaller

than bus capacitor (Cy,) and local capacitor (C;), and it can be included in the converter DC side capacitances. Thus, the cabling is

represented by series R-L branches (Ry, L,). Asdiscussed in [46] and [47], alinearized CPL can be approximately expressed by a

negative impedance (-Rcp) in paralld with a current source (Icpy).

V? P
ZL=_RCPL=_P7D, lep, =2 \C/PL
CPL b

where Pcp isthe absorbing power of the CPL and Z, isthe input impedance of the CPL.
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Fig. 11. Equivalent impedance circuit for the current-mode droop approaches. (a) LVF. (b) GVF.
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Fig. 12. Equivalent impedance circuit for the voltage-mode droop approach.
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According to the equivalent linearized circuits shown in Fig. 11 and 12, the source impedances for different droop approaches

can be derived as:

. (LGS +RCS+D) +Goy o (LS+R)

B kS(LC,C,s*+RCC,s+C, +C,) + Gy, oy (LC,S* +RCS+)
Z (9= k(LC,s*+RCs+1)

- k;s( I-lclcbs2 +RCCs+C +C) + GDy_CM
Z, (9= 2('-15"" R)+ k1GDy_VM

- (LC,s"+RC,s+D + Cbk186Dy_VM

(21)

Gpy om and Gp, ww are the DC current and DC voltage control dynamics for the current-mode (see (12)) and voltage-mode (see

(19)), droop-controlled systems respectively.

Using the parameter values listed in Table I, the Bode diagrams of the LVF and GV F 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
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an accurate solution for power sharing performance. However, its control scheme can be implemented using only loca
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 individua parallel modules would be required within alarge DC MG.
This would compromise the modular, decentralized 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 foll owing subsection.
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Fig. 13. Source impedance for the current-mode droop control under LVF and GVF
approach adopting the same control parameters.

B. Effect of Local Control Bandwidth

In the current-mode droop-controlled system there are three control loops, i.e. voltage droop control, |4 control loop and inner
current loop. If the second loop, the 14, control loop, is simplified to be afirst-order system with bandwidth w4, the voltage loop

can be rewritten as:

AVdC _ D4 (22)
Vo KOV, (S + (0 -0 )5+ P L _ Ry
1 e Clvdio Cl klvdco Vdio

It can be inferred from (22) that decreasing the droop gain, ki, increases the voltage-loop bandwidth for the current-mode droop-
controlled system. Using the Routh-Herwitz stability criterion, in order to ensure stability the simplified DC current loop

bandwidth w,q. should satisfy:

wl dc (23)

R

Clvdio
Fig. 14 shows the source impedance of the current-mode system with different 14, control bandwidth. A tightly regulated 3 kW
buck converter can be utilized as an example of a CPL Error! Reference source not found., the input impedance of the buck
converter (load impedance Z,) is also shown to see the interaction between the source and load subsystem. Slow |4 control

dynamics (5 Hz bandwidth) will challenge the stability since the magnitude of source impedance hits the load impedance at
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around 3 Hz while the phase discrepancy between source and load impedance exceeds 180°. Increasing the |4 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 bandwidth [51]. It can be seen that the RHP zero migrates closer to the origin and results in strict limitations on the

feasible bandwidth of the DC current loop. According to [51], the feasi ble bandwidth should be limited to approximately:

—(v. +Ri
0 < 2= Vo * Rl) (24)
2 2L,

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 isimplemented as a feedforward link. It can be seen in Fig. 15 that with a5 Hz Vg, 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 Hz or 20 Hz), the magnitude of the source impedance is aways lower than the
load impedance. Therefore, it shows that the system stability is guaranteed when the Vg control bandwidth is increased to 10 Hz
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 V. controller.
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Fig. 14. Bode diagram for the current-mode droop-controlled system with  Fig. 15. Bode diagram for the voltage-mode droop-controlled system with
different I control bandwidth. different Vy. control bandwidth.

C. Effect of Droop Coefficient

(1) Equilibrium point-Upper limit

It is known that a larger droop coefficient will cause more voltage deviaion [52] and therefore the system needs to be
designed carefully in order to ensure the equilibrium point is achievable according to the load power. Asshown in Fig. 16, the V-

| characteristic can be expressed as:
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V, =V, - (k + R)I, (25)
For theload side, a CPL creates a hyperbolic line which can be expressed as:
Pep, =V, (26)
where Pcp, is the power of the CPL and I, is the load current. 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:

vb=%wo+dv02—4(K+R>Pm), Io=2—i<\/o—JV§—4(K+R>FaPL) 7

Fig. 16(a) shows that a larger droop constant will cause bigger bus voltage deviation and can even result in there being no
intersection point between the source curve and CPL curve (for example the ks curve). As a consequence, no steady-state

solution can be found, leading to instability. Using (27), the maximum droop gain can be derived as:

2
k< Yo R (28)
4PCPL
Ve /N L /A
CPL
ky
ky
k3 |
|
| [
Lyt Lyen Lic /A Lo gV, Y
de/V
@ (b)

Fig. 16. Interaction between the droop-controlled source system and CPL. (a) Voltage-mode. (b) Current-mode.

(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/load impedance is
shown in Fig. 17. With an increase in the droop coefficient, it can be seen that the source impedance magnitude increases
(especialy 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)). Overdl, the system stability margin shrinks with increased droop gain.
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Fig. 17. Bode diagram of source/load impedances with different values of droop gain using the current-mode droop control approach (6kW CPL). (a) Overview.
(b) Zoomed part of the load impedances.

The Bode plot of the source and load impedance in the voltage-mode droop-controlled system is shown in Fig. 18. Similarly
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 whilst the load impedance magnitude decreases. Therefore, the stability of the voltage-mode droop-
controlled system is also degraded with an increased value of the droop coefficient. However it is worth noting that in contrast
with the current-mode approach, the frequency 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).
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Fig. 18. Bode diagram of source/load impedances with different values of droop gain using the voltage-mode droop control approach (6kW CPL). (a) Overview.
(b) Zoomed part of the load impedances.

In summary, the upper boundary of the droop gain is limited by two factors; available equilibrium point and source/load
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impedance interaction. In other words, the upper threshold val ue of the droop gain has to be set in order to ensure the steady-state
operating point is achievable, according to the specific system loads, and in order to avoid interaction of the source/load
impedance.

(3) Non-minimum 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 aso reduces the damping 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 proportiona gain of the DC voltage
controller. Following the discussion in Section 11-B, due to the presence of the RHP zero in Gpy v, a high proportional gain
(inverse of droop gain 1/k) will push the non-minimum phase system to instability. This instability is because some of the system
eigenvalues will bein the RHP if the inverse of droop gain (1/k) increases over athreshold 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 islower than 1/40).

Fig. 19. Root locus with respect to the inverse of the droop coefficient using the current-mode approach.

A distinct characteristic of the voltage-mode droop approach is that the droop gain liesin a feedforward term, as discussed in
Section I1-B. Hence, a small droop gain k does not deteriorate the system stability. This is a significant advantage of voltage-

mode droop over current-mode droop.

D. Comparison of Sability Boundary

A comparison of the control properties of current-mode and voltage-mode droop control is listed in Table I11. Comparing the
control schemes in Figs. 7 and 9, three control loops exist in current-mode system whilst only two cascaded loops exist in the
voltage-mode system. The local control bandwidth (14, control bandwidth for current-mode system / V. bandwidth for voltage-
mode system) are limited by the non-minimum phase property (upper boundary) and source/load impedance interaction (lower

boundary).
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TABLE I

COMPARISON OF THE CONTROL PROPERTIES UNDER CURRENT/V OLTAGE M ODE DROOP CONTROL

ntrol bandwidth
Droop mode Upper Limit Lower Limit Control loops
Current-mode Non-minimum phase Source/load impedance | DC voltage control + DC current control +
property (Eg. (24)) interaction (Eq. (23)) Inner current control
Voltage-mode Non-minimum phase Source/load impedance DC voltage control + Inner current control
property interaction

The limitations on stability imposed by the droop gain are summarized in Table V. For current-mode droop control, the RHP
zero in Gpy, cvm imposes atighter lower limit for the droop gain and restricts the system stability. In contrast, voltage-mode droop
control can operate with awider range of droop gain, even with zero droop gain, i.e. constant voltage control. However, for both
droop approaches a larger droop gain will reduce the stability margin, introduce more voltage deviation and even cause non-
operability 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 I1-B).

TABLE IV
COMPARISON OF UPPER AND LOWER LIMIT FOR THE DROOP GAIN UNDER CURRENT/V OLTAGE MODE DROOP CONTROL
Droop gain
BrEED MEah Upper Limit Lower Limit Control block Influenceon DC
P diagram voltage dynamics
Current-mode Equilibrium point + Source/load Non-minimum Proportional Yes
impedance interaction phase property controller in forward
channel
Voltage-mode Equilibrium point + Source/load Not lessthan 0 Feedforward term No
impedance interaction

The state-space models of V SCs under current-mode and voltage-mode droop control are devel oped as follows:

A% = ABX, (% =[Vauigiig Xigs Xigs Xigs ) 29
A%, = AAX, (%, =[Vigrigsig Xigs Xigs X | )
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 , Xqci, Xvaci @€ the states associated with the Pl controllers for the do-axes
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
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in Fig. 20. It can be seen in Fig. 20(a) that some eigenvalues move towards 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 stable even with zero droop gain.
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Fig. 20. 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, (b) voltage-mode droop-controlled system.

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
devel oped state-space model can be aso 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 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) can not 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

regulated, and the nominal voltageis required in full load conditions, then voltage-mode droop control is recommended.

IV. GENERALIZED MULTI-SOURCE MULTI-LOAD SYSTEM

In practical applications, aDC MG is composed of multiple sources and multiple loads, an example of thisis shown in Fig. 2.
This section will extend the impedance analysis presented in Section Il to the general case of multiple sources feeding a
common bus with multiple loads. Stability assessment of parallel source operation, including the impact of the power sharing

ratio and the number of parallel modules, has been performed.
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A. DC Bus V-l Characteristic
Similar to the individual droop line in each paralel module, the V-I characteristic at the DC bus can be expressed as a
function of agloba equivalent droop gain:
V, =V, — Ik, +R) =V, - I,(k, +R) =...=V, — I ,(k, + R)) (30)
wherely, I, ... I kq, ks, ... k, are the branch currents and droop gains for the parallel modules. V, represents the nominal voltage

(270V inthis study) and V,, isthe bus voltage. Thus, the tota load current can be expressed as:

noo1
o=+l o+l =V -V)Y ——— (31)
Lt 1 2 n (Vo b)zl ki+Ri

which can be reformatted as follows:

1 (32

The globa droop gain k, which defines the slope of DC bus V-1 characteristic, can be expressed as.

1 1 (33
kt_ n 1 ’ kt_ n 1
§K+R ZE

where R is the i branch cable resistance and the droop coefficient is assumed to be much larger than the cable resistance (k; >>
R). As shown in Fig. 21, the relationship between global droop gain k; and individua droop gain k; shows that the global droop
curve is stiffer than the individual droop characteristic. This indicates that, under the same load condition, the bus voltage
deviation is smaller if more sources with identical droop gain are connected. It can be seen from (32) that the DC bus voltage, Vp,
is determined by the globa droop gain k; and total load current | ;. Even if the individua values of droop gains are different, the

bus voltage will beidentical aslong as theindividua droop gains yield the same global droop coefficient, k;, in (33). As aresult,

individual droop gains can be selected based on their desired ratio as.

(34)

Fig. 21. Relationship between the global droop gain and individual droop gain.
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B. Source/Load Impedance

Extending the derivation of Section |11 to a multiple source system, the overall source impedance can be derived as:

1 1

Zs&fLVF = G _ ) ZSLGVF = G _ (Current-mode)
n Yo (Cs+ DL'_CMI) n Yo (Y — 2E) n
' +C.s Ny +C,s+ Y, (35)
i=1 (Y|b + GDV_CMi +CIS) ’ ; (Ylb +Cis) b ; ®
1

Zy = 1 (Voltage-mode)

St igs

= (ﬂ*’ kiGDyi_VMi)

In DC MGs, there can be a lot of power electronic interfaced loads with CPL behavior, as shown in Fig. 22(a). From the
viewpoint of impedance analysis, the parallel CPLs can be modelled as shown in Fig. 22(b) in asmall signal manner and the total
input load admittance of the cumulative CPL can then be equivalently represented as shown in Fig. 22(c). Therefore, the input

impedance of CPL (Zcp.) can be expressed as.

n P P, Pepim V. 36
Zep =1/ Yep, =1/ ZYCPLi =1/[—( \C/PZLI + \C/PZLZ +ot {:/Plz' N=——= L (36)
S T

i=1
where Pcpy; is the power of i CPL. Hence, similar to the mode of asingle CPL in (20), total overall cumulative CPLs can still

be represented as a negative impedance (-Repyy) in parale with acurrent source (Icpyy):

P
2 2 cru 37
“Rep =— me v lep =2 = ( )
P, Vo
CPLi

270 Vd
A c | CPL bank

— DC/DC
= converter 1

| N\= DC/DC
= converter k

Motor Drive k+1

~

~

Motor Drive m

(a) (b) (c)

Fig. 22. Multiple CPL modelling. (a) Topology of single bus feeding multiple CPLs. (b) Small signal model of parallel CPLs. (c) Impedance model of
cumulative CPL.
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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 aso 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 towards the RHP with an increasing number of parale sources, which indicates that a higher stability

margin is achieved by increasing the number of parallel modules.

Nyquist Diagram Nyquist Diagram
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Fig. 23. Nyquist contours for the current-mode droop-controlled systems (a) ki = 1. (b) k.= 1.

Fig. 23(b) shows the Nyquist plots of the minor loop gain for various current-mode droop-controlled systems with identical
globa droop gain. It can be observed that the Nyquist contour moves towards right with increasing the number of parallel
sources, which reveal s that system stability could be still improved.

For a6 kW CPL, the Nyquist diagrams of the minor loop gain for a voltage-maode 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 Fig. 24(b)
that the Nyquist contour of the single source system encircles the (-1, j0) whilst 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 globa droop gain, the system

shows alarger stability margin.
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Fig. 24. Nyquist contours for the voltage-mode droop-controlled system with individual droop gain ki = 1. (a) Overview. (b) Zoomed part around (-1, jO).
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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, j0).

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 paralel modules the globa 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 globa 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 anaytical findings based on
three active front-end converters (SEMIKRON'’s IGBTS Power Stack-SEMIKUBE: SKM400GB12E4) 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 agorithms and signa conditioning are implemented in custom
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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 arelistedin Table V.
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Fig. 27. Control scheme for the DC/DC converter asa CPL.

Rpe }—P*

TABLEV

415V/160V, Yly

Chopper load

AC Inductor | Chopper Inductor

Transformer

Fig. 28. Experimental setup.

EXPERIMENTAL SYSTEM PARAMETERS

Category Parameter Value
Three phase grid Grid source voltage 415V line-to-lineRMS
Transformer Transformation ratio 415V/160V, Yly
TF123 Rated capacity 20KVA
AC Side AC sideinductance L. 12mH
Inductor Parasitic resistance 0.1Q
Load Ryc 92Q
DC/DC Converter
Inductance Lpc 1.3mH
VSC Switching frequency 10 kHz
(Conv 1,2,3) Local capacitance C; 12mF
DC link capacitance Cy 0.8 mF
DCLink
Nominal bus voltage V, 270V
Cableresistance R 0.02Q
Cable

Cable inductance L;

2pH
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A. Current-mode Droop Control — Single Source

In this subsection, current-mode droop control is employed and the effect of both the local DC current control bandwidth and
the droop gain are validated experimentaly. First, the current-mode droop control (Fig. 4) is tested with a single 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 a5 Hz loca |4 control
bandwidth. This demonstrates the system is stable until a 3 Hz oscillation appears at 3 kW, confirming the anaysis in Fig. 14.
This experimentally verifies that high power CPLs deteriorate the system stability and demonstrates the impact 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.
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Fig. 29. Experimental results with different local control bandwidth. (a) 10 Hz control bandwidth. (b) 50 Hz control bandwidth.

Fig. 30 shows the effect of the I4 control bandwidth on stability when the system has a 3 kW CPL. It can be seen that
increasing the l4. 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 was discussed in Section I11-B. Fig. 31 shows the impact
of reduced droop gain. Due to the non-minimum phase property of the system, oscillation and eventua instability can be
observed when k; becomes equal to 0.03. The result matches the stability prediction regarding the effect of droop gain in Section

I11-C and D, as previoudly discussed, it is the RHP zero which poses a challenge to system stability under small droop gain.
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Fig. 32 shows the impact of current-mode droop control on the bus voltage control dynamics when the system is subjected to
aload 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 sfor adroop gain, k, equal to 2, whilst 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 I11-B and C.
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Fig. 32. Busvoltage dynamicsin the current-mode droop-controlled system when subjecting to aload power step from 2 kW to 3 kW. (a) k=2; (b) k=1.
B. Voltage-mode Droop Control — Sngle Source

The voltage-mode droop control strategy (shown in Fig. 5) has also been tested with asingle converter to observe the effect of
the Vg control bandwidth, and the droop gain, on the system stability. Due to the RHP zero, the Vg control bandwidth needs to
be limited for stable operation. Fig. 33 shows the experimental results with different Vg 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 whilst 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 111-B.
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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

stability improvement under small droop gains in comparison with current-mode droop control (see Fig. 31). Again, thisresult is

in accordance with the theoretica discussionsin Section |11-C and D.
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Fig. 34. Experimental result with varying droop gains at 10 Hz control bandwidth.

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 aload power step from 2 kW to 3 kW. The steady-state bus voltage isidentica in both Fig. 32 and Fig. 35;
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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 voltage control

dynamics presented in Section |1-B.
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Fig. 35. Bus voltage dynamicsin the voltage-mode droop-controlled system when subjecting to aload power step from 2 kW to 3 kW. (a) k=2; (b) k=1.

C. Parallé Operation

Parallel operation of multiple sources with identical globa droop gain has aso been tested to validate the expected stability
improvements. The experimenta 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 globa droop gain, stable operations of a twin source
system and three source system are achieved, as shown in Fig. 36(b) and (c). The experimenta results verify the discussion of
system stability under paralel operation in Section I1V-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 stahility.

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. Asdiscussed in Section IV-C, the global droop gain reduces as the numbers of parallel modules with the same individua
droop constant increases. The overall source impedance reduces and consequently, stability isimproved by parallel operation. In
Fig. 37,att=0s, theload is set a 3 kW and only Conv 1 is operating. The instability point is predicted at 6 kW CPL (see Fig.
36(a)). Att=1.1s, Conv 2 is connected and begins to operate in parallel with Conv 1. As aresult, the globa 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 (consistent with Fig. 23(a)).
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Fig. 36. Experimental results for paralel operation using the current-mode approach under 50 Hz control bandwidth. (a) Single source operation: Conv 1

operates at k; = 1, and Conv 2, 3 are disconnected. (b) Twin source operation: Conv 1, 2 operate at k; = k; = 2 (k: = 1). (¢) Three source operation: Conv 1, 2, 3
operateat ky =k, = ks = 3 (k = 1).
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Fig. 37. Experiment result for parallel sources with identical individual droop gains (k; =k, = 1, k= 0.5).

V1. CONCLUSION

In this paper, current-mode (using the 1-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 generalized multi-source multi-load DC MG system has been carried
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out to explore the impact of parallel operation. The theoretical analysis was supported by experimental results from a7 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 display similar stability performance when taking the converter dynamicsinto account.

(2) When utilizing current-mode droop control, increased DC current control bandwidth is helpful for stability enhancement
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 termina voltage based on current
measurements. The RHP zero causes high gain instability within the Vg controller, i.e. the system will easily go unstable when
the Vg controller has a high gain. When utilizing voltage-mode droop control, the voltage loop bandwidth is mainly determined
by the voltage controller rather than the droop gain.

(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, alower boundary is imposed
due to the RHP zero, whilst voltage-mode droop control is feasible for wider droop gain settings even under zero droop gain
(constant DC voltage control).

(5) Global droop gain, a crucia factor to show the main bus V-1 characteristic, was proposed in this paper to compare and
analyze the stability of multi-source multi-load system. It has been shown both analytically and experimentaly that paralel

operation improves the system stability for both droop strategies.

APPENDIX
The state matrix of the current-mode droop-controlled system A, discussed in Section 111-D is shown as follows:

Abll A’:lZ Atl3 A:M A15 AIG
0 A 22 0 0 A 25 0
ASl ASZ A.?G A?A A?»S A% (A - 1)
An Ar As Au As A
0O K, 0 0 0 O

L AEGI A:BZ AEEG A:64 AGS &65 i

The matrix elements are shown bel ow.
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_ B(—1/K* Voo 4o K p K ep + 1egVeto + 1 g0Veo) A, = 31 4o Kigp =Vio =@l o) A= 31 4o Kigp ~Veo + @l lg0)
“ CiVaeo (31 oK o K i + Vi) G (KK + i) Gy (Blo Ko Koy + Vi )
_ 3l P Klqp _ -3l do _ -3l P
Aan = C, (31K oK ey + Ny P = Cy (3l oKiep K gep + NV Ao = G, (3K oK ey + Do )
Kld + & 1
Azz :’T_idv Azs :fd
Am _ 2K|qu|dchdio +3kK|qu|dcp(|dovclo + Iqovqo) ) Asz _ 3K|quldcp(|doKldp *Vuo) + zwel‘dvdco 76097|-d’ Ass _ 72Klqpvdco 73Klqu|dchqo +3|doK|qu|dqnwe 7&
KL oVico (31 g0 K igp K ip + Vo ) L (31 oK igp K iy + Vo) L L (31 g0 Kigp K + Ao ) L,
Asa = ZKIGDVGCO vﬂss = 3 daKlquldcp ’A36 = Neo
Ly (31 oK oK i + N ) L (31 00 Ko Kuep + Vo) Ly (31 oK g Koty + Vo)
A= _@_'_ 3K g6 (L K* Voo o0 KigpKigen = TaoVao = TgoVeo) L A= 3K (o Kigp +Vao +1g0@eLy) L Ay = 3K (oo Kigp +Veo —lao@ L))
k Vieo (310K igp K e + XV ) (3140 K g Kigp + Vo ) (31 Kigp Kigp + Vo )
Au=y _slqorfmp}ild;v A=y, K3I:2Kldm+2\/ A =%
qo " Mgp " Ndep deo qo " Ngp MNdep dco qo " Ngp MNdep dco
A= Kig KigpKig + 3K g K (717 K* Vil 40 Kip Kiaep + (1gVito + 100V ) Ay = 3Kigi Kiaep (4K igp =Viao =1 oel) A=K, + 3K g Kidep (1 g0 Kigp =Vio + laoely)
k Vieo (31 ooKigp K ep + XV ) (31 60K g Kigep + Vo ) ? (310K ap Kigep + Vi )
A:M _ _Klql 4 Slqulq\ K\quldcp i Ates _ _3|doKlql Kldcp ’ A&ee _ _Slqum\ K\dcp
3l o KigpKigep + NV 3o KigpKigep + N 3l oK Kigep + Do

Kigp: Kiai @re the proportional and integral gain of the d-axis current controller; K,q, K,q are the proportional and integral gain of
the g-axis current controller; Ky, Kigi are the proportional and integral gain of dc current controller.

The state matrix of the voltage-mode droop-controlled system A, discussed in Section I11-D is shown as follows:

i An An As Au As A ]
0 A 0 0 Ax O

Aa Az Az Axu Asxs Asx (A-2)

An Awr Ax Au As As
0 Ky 0 0 0 0

A/Gl A/GZ A/GB A/64 A/GS A/GG i

The matrix elements are shown below.

A= (Vi) g0 Kigp Kt + eV + |q0vqo)’ A= 31 oK gp ~Vip = DLyl o) A= 3 oKigp —Vip + 0Ll g0)
CVieo (31 kK Koy + Vi) C, (31 oKK g Ko + X ) C, (31 oK g Koy + N )
_ 3l qulqp _ 3l _ =3l )
Aas= Cy (31 oK Kyep + Ny ) Aas = Cy (31 oK Ky + Ny ) Pas = Cy (310K K + Vi )
Kip +R 1
Aa=m T Ay
2K KVe 3K g Ky (1 0Vao + 1 oVeo) _ 3K Ky (100K iy Vi) + 20, LV a0 Ly A - 2K Vo
- LoVago (31 kK g Kyep + Vo) e L (31 kK g Kop + Vi) L% Ly (31K g Ky + 2y, )
_ 2Klqp deo _ 3IdokKquKVdop _ Ny
Asi== Lo (31 oK i Ky + NV ) Ass =~ Ly (31 oK 1 Ky + Mg ) A = Ly (31 KK g Koy + Vg )
A =Ky + 3KK s Veio g0 Kiop Kvaep = 1oV = oo Vo) A = 3KK g (1 goKigp +Vigo + 1 0@eL) A = KKy (1 4o Kigp +Vio =l ao@Ly)
Vieo (31 kK g Kyeip + Vi) (31 kK g Ko + Mo ) (31 KK g Kogep + iy )
Bl kKK _ 31 KK A = 3l KKy
Bk oK + NV, Bl KK oK Vi 3l gokK g Kuep * 2Vio
Py = Ky Koy + KK Kvagp (Vo g0 KiapKveep + (laoVito * 1 goVe0)) A= 3K g K (o Kiep =Vao — 1o 1) A=Ky + 3KK, g Kyap (1 oKy ~Vop + o6l
Vieo (31 o KK g Ky + NV ) (31 4ok 1o Ko + NV ) (31 kK i Koy + Vi)
A=K + 31 kK 1 Ko K A =3 kK 1 Ko A= =31 kK 1 Koo
3l kK 1o Ky + N 3l kK g Kyegp + Ve 31 KK g Ky + Vo

where Kygep, Kvaei are the proportional and integral gain of dc current controller.



(1
(2

(3]

(4

(9]

(€]

(8]

(9]

[10]

(1]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

30

REFERENCES
X. Liu, P. Wang, and P. C. Loh, “A hybrid AC/DC microgrid and its coordination control,” IEEE Trans. Smart Grid, vol. 2, no. 2, pp. 278-286, Jun. 2011.

H. Kakigano, Y. Miura, and T. Ise, “Low-voltage bipolar-type DC microgrid for super high quality distribution,” I1EEE Trans. Power Electron., vol. 25,
no. 12, pp. 3066-3075, Dec. 2010.

O. Lucia, I. Cvetkovic, H. Sarnago, D. Boroyevich, P. Mattavelli, and F.C. Lee, “Design of home appliances for a DC-based nanogrid system: An
induction range study case,” IEEE J. Emerg. Sel. Topics. Power Electron., vol. 1, no. 4, pp.315-326, Dec. 2013.

D. Boroyevich, I. Cvetkovic, R. Burgos, and D. Dong, “Intergrid: a future electronic energy network?” |EEE J. Emerg. Sel. Topics. Power Electron., vol.
1, no. 3, pp.127-138, Sep. 2013.

D. Salomonsson and A. Sannino, “Low-voltage DC distribution system for commercial power systems with sensitive electronic loads,” |EEE Trans.
Power Del., vol. 22, no. 3, pp. 1620-1627, Jul. 2007.

A. Kwasinski, “Quantitative evaluation of DC microgrids availability: Effects of system architecture and converter topology design choices,” |EEE Trans.
Power Electron., vol. 26, no. 3, pp. 835-851, Mar. 2011.

T. Dragicevic, J. M. Guerrero, and J. C. Vasquez, “ A distributed control strategy for coordination of an autonomous LV DC microgrid based on power-line
signaling, ” IEEE Trans. Ind. Electron., vol. 61, no. 7, pp. 3313-3326, Jul. 2014.

K. Sun, L. Zhang, Y. Xing, and J. Guerrero, “A distributed control strategy based on DC bus signaling for modular photovoltaic generation systems with
battery energy storage,” |EEE Trans. Power Electron., vol. 26, no. 10, pp. 3032-3045, Oct. 2011.

L. Xu and D. Chen, “Control and operation of a DC microgrid with variable generation and energy storage,” |1EEE Trans. Power Electron., vol. 26, no. 4,
pp. 2513-2522, Oct. 2011.

A. Emadi, A. Khaligh, C. Rivetta, and G. Williamson, “Constant power loads and negative impedance instability in automotive systems: Definition,
modeling, stability, and control of power electronic converters and motor drives,” |EEE Trans. Veh. Technal., vol. 55, no. 4, pp. 11121125, Jul. 2006.

P. Liutanakul, A. Awan, S. Pierfederici, B. Nahid-Mobarakeh, and F. Meibody-Tabar, “Linear stabilization of a DC bus supplying a constant power |oad:
A genera design approach,” |EEE Trans. Power Electron., vol. 25, no. 2, pp. 475-488, Feb. 2010.

A. Rahimi and A. Emadi, “Active damping in DC/DC power electronic converters: A novel method to overcome the problems of constant power loads,”
|EEE Trans. Ind. Electron., vol. 56, no. 5, pp. 1428-1439, May 20009.

M. Anun, M. Ordonez, |. G. Zurbriggen, and G. G. Oggier, “Circular switching surface technique: high-performance constant power load stabilization for
electric vehicle systems,” |EEE Trans. Power Electron., vol. 30, no. 8, pp. 45604572, Aug. 2015.

S. D. Sudhoff, S. F. Glover, P. T. Lamm, D. H. Schmucker, and D. E. Delisle, “ Admittance space stability analysis of power electronic systems,” |EEE
Trans. Aerosp. Electron. Syst., vol. 36, no. 3, pp. 965-973, Jul. 2000.

J. M. Guerrero, L. Hang, and J. Uceda, “Control of distributed uninterruptable power supply systems,” IEEE Trans. Ind. Electron., vol. 55, no. 8, pp. 2845-
2859, Aug. 2008.

S.Luo, Z. Ye, R. Lin, and F. C. Lee, “A classification and evaluation of paralleling methods for power supply modules,” in Proc. 30th Power Electronic
Soecialists Conference, | EEE, Jun. 1999, vol. 2, pp. 901-908.

S. K. Mazumder, M. Tahir, and K. Acharya, “Master—slave current sharing control of a parallel DC-DC converter system over an RF communication
interface,” |EEE Trans. Ind. Electron., vol. 55, no. 1, pp. 59-66, Jan. 2008.

N. Hur and K. Nam, “A robust load-sharing control scheme for parallel connected multi-systems,” IEEE Trans. Ind. Electron., vol. 47, no. 4, pp. 871-879,
Aug. 2000.

A. P. Martins, A. S. Carvalho, and A. S. Araljo, “Design and implementation of a current controller for the parallel operation of standard UPSs,” in Proc.

IEEE IECON, Nov. 1995, pp. 584-589.



[20]

[21]

[22]

(23]

[24]

[29]

[26]

[27]

(28]

[29]

[30]

(31

(32

(33

[34]

(39]

(36]

(37

(38]

31

X. Sun, Y.-S. Lee, and D. Xu, “Modeling, analysis, and implementation of parallel multi-inverter system with instantaneous average-current-sharing
scheme,” |EEE Trans. Power Electron., vol. 18, no. 3, pp. 844-856, May 2003.

B. T. Irving and M. M. Jovanovic, “Analysis, design, and performance evaluation of droop current-sharing method,” in Proc. IEEE Applied Power
Electronics Conf. (APEC), Feb. 2000, pp. 235-241.

J. M. Guerrero, M. Chandorkar, T.-L. Lee, and P. C. Loh, “Advanced control architectures for intelligent microgrids—Part |: Decentralized and
hierarchical control,” |IEEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1254-1262, Apr. 2013.

W. Wang and M. Barnes, “Power flow algorithms for multi-terminal VSC-HVDC with droop control,” |EEE Trans. Power Syst., vol. 29, no. 4, pp. 1721—
1730, Jul. 2014.

J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. Vicufia, and M. Cadtilla, “Hierarchical control of droop-controlled AC and DC microgrids—A general
approach toward standardization,” |EEE Trans. Ind. Electron., vol. 58, no. 1, pp. 158-172, Jan. 2011.

X. Lu, J. M. Guerrero, K. Sun, and J. C. Vasquez, “An improved droop control method for DC microgrids based on low bandwidth communication with
DC bus voltage restoration and enhanced current sharing accuracy,” |EEE Trans. Power Electron., vol. 29, no. 4, pp. 1800-1812, Apr. 2014.

S. Anand, B. G. Fernandes, and J. M. Guerrero, “ Distributed control to ensure proportional load sharing and improve voltage regulation in low voltage DC
microgrids,” |EEE Trans. Power Electron., vol. 28, no. 4, pp. 1900-1913, Apr. 2013.

F. Gao, Y. Gu, S. Bozhko, G. Asher, and P. Wheeler, “Analysis of droop control methodsin DC microgrids,” in Proc. 16th IEEE European Conference on
Power Electronics and Applications(EPE-ECCE’ Europe), Lappeenranta, Finland, Aug. 2014, pp. 1-9.

K. Rouzbehi, A. Miranian, A. Luna, and P. Rodriguez, “ DC voltage control and power sharing in Multiterminal DC grids based on optimal DC power flow
and voltage-droop strategy,” |EEE J. Emerg. Sel. Topics. Power Electron., vol. 2, no. 4, pp. 1171-1180, Dec. 2014.

C. Gavriluta, I. Candela, A. Luna, A. Gomez-Exposito, and P. Rodriguez, “Hierarchical control of HV-MTDC systems with droop-based primary and
OPF-based secondary,” |EEE Trans. Smart Grid, vol.6, no. 3, pp. 1502-1510, May 2015.

W. Wang, M. Barnes, O. Marjanovic, and O. Cwikowski, “Impact of DC breaker systems on multiterminal VSC-HVDC stability,” IEEE Trans. Power
Del., vol. 31, no. 2, pp. 769-779, Apr. 2016.

T. M.Haileselassie and K. Uhlen, “Impact of DC line voltage drops on power flow of MTDC using droop control,” |EEE Trans. Power Syst., vol. 27, no. 3,
pp. 14411449, Aug. 2012.

J. Cao, W. Du, H. F. Wang, and S. Q. Bu, “Minimization of transmission loss in meshed AC/DC grids with VSC-MTDC networks,” |EEE Trans. Power
Electron., vol. 28, no. 3, pp. 3047-3055, Aug. 2013.

X. Lu, JM. Guerrero, K. Sun, J.C. Vasguez, R. Teodorescu, and L. Huang, “Hierarchical control of parallel AC-DC converter interfaces for hybrid
microgrids,” |EEE Trans. Smart Grid, vol. 5, no. 2, pp. 683-692, Mar. 2014.

S. Anand and B. G. Fernandes, “Reduced-order model and stability analysis of low-voltage DC microgrid,” |EEE Trans. Ind. Electron., vol. 60, no. 11, pp.
5040-5049, Nov. 2013.

J. Beerten and R. Belmans, “Analysis of power sharing and voltage deviations in droop-controlled DC grids,” |EEE Trans. Power Syst., vol. 28, no. 4, pp.
45884597, Nov. 2013.
C. Wan, M. Huang, C. K. Tse, and X. Ruan, “Effects of interaction of power converters coupled via power grid: a design-oriented study,” |EEE Trans.
Power Electron., vol. 30, no. 7, pp. 3589-3600, Jul. 2015.

F. Gao, X. Zheng, S. Bozhko, C. Hill, and G. Asher, “Modal analysis of a PMSG-based DC electrical power system in the more electric aircraft using
eigenvalues sensitivity,” |EEE Trans. Transp. Electrif., vol. 1, no. 1, pp. 6576, Jun. 2015.

F. Gao, S. Bozhko, G. Asher, and P. Wheeler, “An improved voltage compensation approach in a droop-controlled DC power system for the more electric

aircraft,” |EEE Trans. Power Electron., vol. 31, no. 10, pp. 73697383, 2016.



(39]

[40

-

[41]

[42]

[43]

[44]

[45]

[46]

(47

(48]

[49]

(50]

[51]

(52]

32

R.D. Middlebrook, “Input filer consideration in design and application of switching regulators,” in Proc. |EEE |AS Annu. Meet., Chicago, USA, Oct. 1976,
pp. 336-382.

J. Sun, “Impedance-based stability criterion for grid-connected inverters,” |EEE Trans. Power Electron., vol. 26, no. 11, pp. 3075-3078, Nov. 2011.

F. Liu, J. Liu, H. Zhang, and D. Xue, “ Stability issues of Z+Z type cascade system in hybrid energy storage system (HESS),” |EEE Trans. Power Electron.,
vol. 29, no. 11, pp. 5846-5859, Nov. 2014.

X. Zhang, X. Ruan, and C. K. Tse, “Impedance-based local stahility criterion for DC distributed power systems,” |EEE Trans. Circuits Syst. |, Reg. Papers,
val. 62, no. 3, pp. 916-925, Mar. 2015.

X. Wang, F. Blaabjerg, and W. Wu, “Modeling and analysis of harmonic stability in an AC power-electronics-based power system,” IEEE Trans. Power
Electron., vol. 29, no. 12, pp. 6421-6432, Dec. 2014.

L. Xu, L. Fan, and Z. Miao, “DC impedance-model-based resonance analysis of a VSC-HVDC system,” |EEE Trans. Power Del., vol. 3, no. 3, pp. 1221—
1230, Jun. 2015.

Y. Gu, W. Li, and X. He, “ Frequency-coordinating virtual impedance for autonomous power management of DC microgrid,” |EEE Trans. Power Electron.,
vol. 30, no. 4, pp. 2328-2337, Apr. 2015.

T. Dragicevic, J. Guerrero, J. Vasquez, and D. Skrlec, “Supervisory control of an adaptive-droop regulated DC microgrid with battery management
capability,” |IEEE Trans. Power Electron., vol. 29, no. 2, pp. 695-706, Feb. 2014.

A. P. Nobrega Tahim, D. J. Pagano, E. Lenz, and V. Stramosk, “Modeling and stability analysis of islanded DC microgrids under droop control,” IEEE
Trans. Power Electron., vol. 30, no. 8, pp. 4597-4607, Aug. 2015.

V. Mariani, F. Vasca, J.C. Vasquez, and J.M. Guerrero, “Model order reductions for stability analysis of islanded microgrids with droop control,” 1EEE
Trans. Ind. Electron., vol. 62, no. 7, pp. 4344-4354, Jul. 2015.

X. Guo, Z. Lu, B. Wang, X. Sun, L. Wang, and J.M. Guerrero, “Dynamic phasors-based modeling and stability analysis of droop-controlled inverters for
microgrid applications,” |EEE Trans. Smart Grid, vol. 5, no. 6, pp. 2980-2987, Nov. 2014.

D. Kim, D. Son, and B. Choi, “Input impedance analysis of PWM DC-to-DC converters,” in Proc. 21st Annu. |EEE Appl. Power Electron. Conf. Expo.
(APEC), Mar. 2006, pp. 19-23.

S. Skogestad and |. Postlethwaite, Multivariable Feedback Control: Analysis and Design, 2nd ed. Hoboken, NJ, USA: Wiley, 2005.

T. Dragicevic, X. Lu, J. Vasguez, and J. Guerrero, “DC microgrids—Part I: A review of control strategies and stabilization techniques,” |EEE Trans. Power

Electron., vol. PP, no. 99, pp.1, 2016.



