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An Enhanced Dual Droop Control Scheme for
Resilient Active Power Sharing among
Paralleled Two-Stage Converters

Hongpeng Liu, Member, IEEE, Yongheng Yang, Member, [EEE, Xiongfei Wang, Member, IEEE,
Poh Chiang Loh, Frede Blaabjerg, Fellow, IEEE, Wei Wang, Member, IEEE,
and Dianguo Xu, Senior Member, IEEE

Abstract—Traditional droop-controlled system has assumed
that generators can always generate the powers demanded from
them. This is true with conventional sources, where fuel supplies
are usually planned in advance. For renewable sources, it may
also be possible if energy storage is available. Energy storage,
usually as batteries, may however be expensive, depending on its
planned capacity. Renewable sources are therefore sometimes
installed as non-dispatch-able sources without storage. This may
not be viable for remote grids, where renewable sources may be
the only or major type of sources. In those cases, traditional droop
scheme may not work well when its demanded power cannot be
met by some renewable sources due to intermittency. When that
happens, the system may become unstable with some sources
progressively brought out of generation. To avoid such
occurrence, an enhanced dual droop scheme is proposed for
general two-stage converters with front rectifiers or dec-dc
converters for conditioning powers from renewable sources and
rear inverters for channeling powers to remote grids. Unlike the
traditional droop scheme, the proposed dual droop scheme uses
both dc-link voltage and generated powers for determining the
required control actions, which have subsequently been proven
stable by small-signal analysis. Experimental results have also
verified the effectiveness of the dual droop scheme.

Index Terms—Microgrid, two-stage converters, droop control,
active power sharing, small-signal analysis.

I. INTRODUCTION

With growing concern of the environment and cost of
energy, renewable energy sources (RESs) have
increasingly been deployed as distributed generators (DGs) in
microgrids (MGs) or remote grids, where laying of
transmission lines may be expensive and transportation of fuels
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may be inconvenient [1]-[4]. RESs are therefore prospective
alternatives even though they are not likely to fully replace
conventional generators. Their penetration has hence grown
rapidly with wind, tidal and photovoltaic (PV) sources being
the most popular because of their abundance, cleanness and
comparatively low production cost [5]-[8]. The number of
RESs in shunt may also be high to meet greater load demand.
Their parallel control has hence been the next target of interest.

One possibility is to try droop control mimicked from the
parallel behaviors of multiple synchronous generators [9]-[12].
The droop-controlled converters can then share active and
reactive powers proportionally based on their respective ratings.
The droop scheme has however been analyzed with
single-stage converters in most cases, which obviously, do not
cover RESs with front rectifiers or dc-dc converters, and rear
inverters [13]-[15]. The resulting converters are referred to as
two-stage converters with many control freedoms available for
enhancing the droop scheme, even though not widely explored
at present.

Some examples can be found in [16]-[22], where the droop
principle has been applied to multiple PV sources in a
microgrid. Additionally, in [16] and [17], the transfer between
grid-connected and islanded modes has been activated by a
reconfiguration of controllers in a single PV source. This is
subsequently found to be non-optimized when compared with
schemes that use the same control structure in both modes. The
droop concept from the Consortium for Electric Reliability
Technology Solutions (CERTYS) is then raised in [18], where
PV inverters have been droop-controlled to keep the dc bus
voltage stable during load transient, and automatically reduce
generation during low-load islanding. The CERTS concept has
however been investigated with only single-stage inverters.

Even more recent is the universal controller proposed in [20],
where maximum power point tracking (MPPT), droop control
and dc-link voltage regulation have been managed
simultaneously without control reconfiguration. The controlled
source can therefore participate in voltage and frequency
regulations of the MG, while generating maximum power. The
MG must in turn have other non-renewable sources or storage
for balancing supply and demand, which if not catered, will
severely limit variation range of the loads. Additionally, the
absence of non-renewable sources or storage may introduce a
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concern, which existing droop schemes have not encountered
since they usually assume active power demanded by the droop
controller can always be supplied by the sources [23]. This may
not be true with RESs because of intermittency caused by
climatic and environmental changes.

When that happens (powers demanded by droop controllers
cannot be met by RESs), the constrained RESs will try to
increase the system frequency, while the other RESs with
enough capacities will try to lower frequency to fill energy
shortfall in case of inductive connecting lines. Both groups of
RESs are therefore in conflict with no common stable system
frequency determined. The simplest solution is to add energy
storage if the usual droop scheme is used without changes.
Capacity of the storage may however be sizable if each RES is
to meet its droop power command at all times. The total
installed storage may therefore be expensive. To avoid such
costs, the RESs can be made non-dispatch-able, but only when
other dispatch-able sources are presented. Making them
non-dispatch-able also does not meet the CERTS requirement
mentioned in [18].

It may therefore be necessary for the RESs to remain as
droop-controlled, but not with the existing droop scheme
applied. Instead, the enhanced dual droop scheme proposed in
this paper should be used, which as its name implies, uses two
droop relationships for controlling each two-stage converter. Its
principle is based on adaptively adjusting the droop lines in
accordance to the load demand and ambient conditions detected
by sensing the converter dc-link voltage and power generated.
Since these quantities are already sensed for normal control
purposes, the proposed scheme does not demanded for
additional hardware, and can hence be easily retrofitted to
existing RES converters. Experimental results obtained from
two two-stage single-phase converters have readily verified the
expectation in terms of resilient active power sharing even
when subject to intermittency experienced by the RESs.

II. EXAMPLE SYSTEM

For illustration, the system shown in Fig. 1(a) is considered.
It consists of two PV converters with each converter assembled
by a front dc-dc boost converter and a rear dc-ac single-phase
inverter, as shown in Fig. 1(b). Control scheme of the converter
is also shown in the same figure. It should nonetheless be
emphasized that other two-stage converters consisting of ac-dc
rectifiers and dc-ac inverters found in wind generation can
similarly be considered, if preferred, without altering the
findings concluded. Considering only two RESs is also deemed
as appropriate for studying intermittency, which when
happened, always results in two lumped groups of RESs. The
first group consists of those with active power deficiency, while
the second group consists of those with enough capacity for
continuous generation. An example system with two RESs for
representing the two lumped groups is therefore sufficient for
demonstrating intermittency, while preserving simplicity for
easier understanding.

Returning to the individual two-stage converter shown in Fig.

1(b), its boost stage is controlled by a single-loop voltage
controller notated as Gg(s). Input to Gp(s) is the difference
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Fig. 1. [Illustrations of (a) system with droop-controlled RESs, and (b)
schematic within each RES converter.

between measured dc-link voltage Vpc; (i = 1 or 2 for the two
RESs considered) and its reference Vpcre, which in theory, can
be nullified by a Proportional-Integral (PI) Ga(s) or any other
controllers that can force a zero dc steady-state error. Control of
the front boost stage is therefore comparatively easier than the
rear inverter, whose output voltage vq.; and current i,.; must first
be measured for computing P; and Q,. The computed powers
can then be fed to conventional P-w and Q-V droop expressions
given in (1) and (2).

w;, = 0, —k,(F, - F,) (D

V.=V, - kqi(Qi -0) ()
where wo; and Vy; are the rated angular frequency and output
voltage amplitude of converter “i”, Py; and Qy; are its rated
active and reactive powers, and k, and ky are its active and
reactive power droop coefficients, respectively.

The determined V; and w; from (1) and (2) can eventually be
used for forming the demanded voltage reference v.; =
Vicos(wit) for tracking by the usual voltage and current
controllers. The expressions in (1) and (2) are however for
predominantly inductive connecting lines only. For
predominantly resistive lines, the expressions change to those
given in (3) and (4) [24], where definitions of the variables
remain unchanged. The only differences noted are frequency is
now determined by reactive power, while voltage magnitude is
determined by active power. Such simple swopping of
dependencies will however cause RESs controlled by (3) and (4)
to behave differently from those controlled by (1) and (2) when
subject to intermittency. These differences are analyzed in the
next section, where an anticipated problem related to the
traditional droop scheme has been explained.

o, =0, +k,(Q,—0,) (3)
l/i:VOi_kpi(I)i_I)Oi) )

III. ANTICIPATED PROBLEM

To explain the problem faced by the two droop-controlled
RESs shown in Fig. 1(a), conditions collected in Fig. 2 are
analyzed for the case of (1) and (2) used for regulating the two
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Fig. 2. Inductive P- droop interactions with RES characteristic curves (same
for resistive P-V interactions upon replacing w with V).

RESs. For simplicity, the two RESs are also assumed as equally
rated, which will nonetheless be true if they are normalized to
the common per-unit range. They are therefore regulated by the
same active and reactive droop lines with the same droop
coefficients (k,1 = k2 and k;i = k), if the existing droop
principle is applied. They are however assumed to be located
differently, and hence subject to different ambient conditions
including cloud passing that can occasionally cause solar
irradiation to drop in case of a PV converter. It is therefore
possible for the RESs to have different characteristic curves
depending on their ambient conditions.

With the RES conditions clarified, Fig. 2 shows an instant
where both RESs begin with the same characteristic curves 1A
and 2A indicated at the bottom of Fig. 2. Their initial common
droop lines will then mark out the same operating points,
notated commonly as “a” (another operating point on the
positive-sloping side of the PV curve will be addressed later).
Their power generations and angular frequencies will thus be
Py =P,=P,and @ = @» = o, with the latter naturally enforced
by the network in the steady state. The characteristic curve of
RESI is next assumed to fall from curve 1A to curve 1B, such
that its new maximum power Py, at “b,” is lower than P, marked
by its droop line and initial characteristic curve 1A (Pp < P,).
RES]1 is thus not able to provide the demanded droop power if
the existing droop scheme is applied without modification. The
droop scheme of RES1 will hence try to increase its frequency
along the droop line to lower its droop active power command.
At the same time, RES2 will attempt to lower its frequency to
raise its generation to meet the load demand, which certainly, is
possible if the maximum power of curve 2A is high enough.
Both RESs are therefore in conflict with a common steady-state
frequency and hence stability not readily achievable.

A straightforward solution is to add energy storage with
usually oversized capacity to each RES, so that the combined
RES-storage entity is capable of generating any amount of
active power demanded by its droop line. Energy storage with
sufficient capacity may however incur significant investment
costs. To avoid or lower such costs, another possibility is to
operate the RESs as non-dispatch-able sources, which is only

possible if there are other dispatch-able sources for regulating
the network voltage. In case where such dispatch-able sources
are not present or not strong like in some remote MGs, the
RESs must be operated as dispatch-able sources, which is also
the recommendation mentioned by CERTS in [18]. When that
happens (droop-controlled RESs), dc-link voltage Vpci of
RESI1 with insufficient capacity will gradually collapse, since
power delivered to the de-link by the boost converter in Fig. 1(b)
is less than power drawn out by the rear inverter. Eventually,
only RES2 is left powering the loads or it will be tripped too if
its capacity cannot meet the full load demand. This unstable
situation may be avoided, if (1) and (2) are modified to keep
both RESs in operation even though capacity of RESI1 has
dropped.

The same dropping of dc-link voltage Vpci will occur too,
when (3) and (4) are used for regulating the two RESs
connected by predominantly resistive lines. The exception is
overall collapsing of Vpci of RES1 may not always happen,
since ac voltages Vi and 7> of both RESs need not be exactly
equal unlike frequencies @ and a». Therefore, when the
characteristic curve of RES1 changes from curve 1A to curve
1B in Fig. 2, RES1 will still try to increase its voltage Vi to
lower its droop power command, while RES2 will still try to
decrease its voltage V> to raise its generation. But, as soon as
the lowered droop command of RES1 can be met by its reduced
generation, its dc-link voltage Vpc stabilizes and returns to its
reference value Vpcrer.

The shortfall in generation is then shouldered by RES2 if its
capacity is sufficient. It should however be noted that such
stabilization is possible only when the fall in capacity of RESI
is not sizable. Otherwise, the increase in V; and decrease in V>
may cause a relatively higher voltage to appear across RESI,
which in principle, may not be possible since RESI1 is
generating lesser power. Classical droop schemes represented
by (1) and (2) or (3) and (4) are therefore not directly applicable
to dispatch-able RESs in general.

IV. ENHANCED DUAL DROOP SCHEME

A. Inductive Connecting Lines

In Section III, the conflicting frequency excursion during
capacity reduction of RESI is explained. This excursion will
eventually lead to system breakdown. To retain stability, it is
therefore necessary to nullify such excursion by allowing the
two RESs to decrease their frequencies together, while
permitting RES|1 to lower its droop power command and RES2
to raise its droop power command. One way to do it is to lower
the original droop line of RES1 by Awy, seen from the top of Fig.
2, until the dashed vertical line drawn from “b,” first touches
the new characteristic curve 1B of RES1. Point “b,” is then the
new operating point, at which the reduced droop power
command can be met by maximum power P, generated by
RESI. More importantly, point “b,” is at a lower frequency
needed by RES2 for increasing its generation from P, to Py’ at
operating point “b,”. RES2 is thus able to compensate for any
energy shortfall introduced by RES1 without experiencing
conflicting frequency excursion.
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The problem is determining the value of Aw;, which the
simplest way is to automatically generate it by feeding the
power imbalance to a PI controller. Output of the PI controller
can then be used as Awy, which in the steady state, will always
enforce a zero power imbalance. The integral output is however
indefinite with many solutions available for Aw; if the system
includes more than one RES (the same reason why droop and
not PI control is used for paralleled systems). It is therefore not
encouraged to use the PI controller for generating Aw;. Instead,
the droop principle should be reapplied, where an input should
be permitted to drop slightly for generating the uniquely
mapped Aw;. The input here can be chosen as the dc-link
voltage Vpei (i = 1 or 2), which instead of being regulated
constant, is now permitted to fall slightly in the range of Vpcmin
< Vbci < Vpere, Whenever the droop power command cannot be
met by the RES capacity.

The lower limit of the range Vpcmin should in fact be higher
than the maximum inverter output voltage to avoid
over-modulation. It should thus be determined from (2) as
Vocmin = Voi, before writing the final droop expression for
computing Aw; in (5), if the connecting lines are predominantly
inductive.

kf (VDCi - VDL‘I-@/’ ) 4 VDC[ < VDcl-ef

Aw, =

I

0, V,, 2V )

DCref

-k P

Wb S Aw, <0

where kr is the droop coefficient for calculating Aw;. Some

insights deduced from (5) can further be summarized as

follows:

e Offset Awy varies in the range given in (5), whose lower
limit is obtained by subtracting maximum and minimum of
(1) (@oi — (woi + kpiPo;)). The minimum permitted value at
the left-hand side of (5) is thus —£,:Po;, while the minimum
permitted value at its right-hand side is &y (Vpcmin — Vcrey)-
Matching them, an initial pre-tuned value for kcan thus be
determined as £,:Po; / (Vbcrer— Vocmin)-

e  The actual Vpci, when fallen below Vpc, represents a lack
of RES capacity. The inverter droop power command must
hence be lowered by adding a negative Aw;.

e The actual Vpc;, when risen above Vpcrs, represents an
excess RES capacity. The demanded droop power can
therefore be met without having to lower the droop line. No
offset (Aw; = 0) is thus needed.

e As Vpc must now droop slightly, controller G(s) for the
boost converter in Fig. 1(b) cannot be a PI controller. It
should instead be a proportional controller with a small
gain given by (Vpcrer— Vocmin) / Poi. Implementation of this
gain is no different from those small droop coefficients
found in (1) to (4). It will hence not cause additional
inconvenience.

The proposed dual droop expression for active power
regulation can eventually be expressed as (6), which in effect, is
a combination of (1) and (5) for predominantly inductive lines.
In contrast, droop expression for reactive power regulation
remains unchanged as (2), since internal active power variation

VoeizVocrer
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Fig. 3. Improved dual droop scheme.

will not limit reactive power delivered by the rear inverter. The
overall dual droop scheme is thus represented by Fig. 3 drawn
using (2) and (6).

0, =0, - kpi(Pi - Po,) + k/ (VDCi - VDCref) (6)

B. Resistive Connecting Lines

The same conflicting excursion will happen when the two
RESs are connected by resistive lines and governed by those
traditional droop expressions given in (3) and (4). The only
difference is that the conflict is triggered by diverting voltages
rather than frequencies. The same dual droop scheme can
therefore be used for computing AV; needed for lowering the
droop line of RES1 whenever its capacity reduces. The
expression developed for AV is specifically given in (7), which
no doubt, is similar to that in (5) for inductive connecting lines.
The droop coefficient in (7) has however been re-notated as ky
for highlighting its voltage, rather than frequency, adjustment.

_ kV (VDCi - VD('re/ )’ VD(_‘i < VDCV‘@/

AV

I

0, ¥, 2V (7

DCref
-k P <AV, <0
pit 0

The dual droop active power expression is then given in (8)
with its first term used for power sharing like in (4) and its
second term used for compensating RES capacity reduction.
Expression for reactive power regulation however remains
unchanged, and can still be represented by (3).

Vo=V, - kp: (R - Po:) + kV Ve, = VDCw/’) ®)

C. Special Operating Point Identification

Returning to Fig. 2, an observation noted is all operating
points marked are on the negative-sloping sides of the PV
curves, rather than on their positive-sloping sides. To prove that
this is indeed a stable case with the proposed dual droop scheme,
the PV curve of RES1 with operating point “a” marked is
redrawn in Fig. 4. As explained earlier, this operating point is
determined by the droop-demanded power P,, which flows
through the rear dc-ac inverter in the steady state.

Assuming next that “a” is slightly perturbed and moved to
a,” in Fig. 4(a), the PV harnessed power P, at “a;” will

113
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become higher than the droop-demanded power P,. That causes
the dc-link voltage Vpc to rise slightly. From Fig. 1(b), a small
negative error (Vpcrer — Vpcr) is thus introduced, and fed to the
positive gain Ga(s) and modulation block. The modulation
block, in turn, causes duty ratio of switch 7p and its
accompanied boost gain to decrease. The decrease in gain is
mostly contributed by an increase in PV input voltage because
of the usual sizable dc-link capacitance used. Operating point
“a;” will hence be brought back to “a” by the increase in PV
voltage.

The same restoring effect will be triggered when “a” is
perturbed to “a1,”, implying that “a” is a stable operating point,
which RES1 will remain in the steady state. It should
additionally be emphasized that “a” being a stable point is
demonstrated with only the control scheme of the front boost
converter mentioned. It is therefore valid regardless of whether
the traditional or proposed droop scheme is used with the rear
inverter. The two droop schemes will however behave
differently when “c” is the assumed operating point, as marked
in Fig. 4(b). Considering again that “c” is slightly perturbed to
“c1”, the small negative error (Vpcrer — Vpci) introduced will
cause the PV input voltage to rise as explained earlier. But,
instead of returning to “c”, the increase now causes “ci” to
deviate further until it reaches the stable operating point “a”.

The reverse perturbation of “c” to “ci,” can similarly be
evaluated, which as anticipated, will introduce a small positive
error (Vpcrer — Vpcr) for raising duty ratio of switch 7 and its
boost gain. The increase in gain, in turn, causes the PV input
voltage to lower and eventually collapse to zero, rather than
returning to “c”. This scenario will however occur only with the
traditional droop scheme, whose droop power command for the
rear inverter will be kept unchanged at P,. In contrast, with the
proposed dual droop scheme, the positive error (Vpcrer — Vpei)
will gradually cause the droop power command of the inverter
to drop from P, to P, in Fig. 4(b), which in most cases, is much
slower since the droop scheme is located at the outermost loop
of the usual three-loop structure.

This new P. will also be smaller than P., harnessed at “ci,”
because of the steeper droop gradient with respect to voltage
than the positive-sloping side of the PV curve. The positive
power flow (P., — P.) through the dc-link capacitance will
then gradually cause (Vpcrr— Vpci) to become negative, boost
gain to drop, and “c;,” to move to “a”. Operating point “c” is
therefore an unstable point, which upon slightly perturbed, will
shift RES1 to stable point “a” in the steady state.

V. SMALL-SIGNAL ANALYSIS

To evaluate stability of the converters shown in Fig. 1(a),
small-signal model of each converter is first developed based
on (2) and (6), before models of the two converters are merged
for representing the overall system (converter models derived
using (3) and (8) are relatively similar, and hence not
duplicated). Details of the derivation are presented as follows.

A. Model of Single Converter
As per usual, the droop process begins by computing the

Py Puo P Prest

'

[ ¢
| Cla
C

4]

VrEsi Vresi
A Yy

(a) ()
Fig. 4. Perturbed operating point trajectories along (a) negative- and (b)
positive-sloping sides of PV curve.

generated active and reactive powers of each converter using
locally measured voltage and current quantities. The computed
instantaneous powers Pi(s) and Qi(s) are then passed through
low-pass filters for obtaining their average values Pavg and Quvgi,
represented as [25]:

10}

=—71 p )
avgi s+ a)/ PI (S)
Qavgi = a)f Qi (S) (10)
S+ oy

where wyis cut-off frequency of the low-pass filter. Its value is
usually set low so that the inner voltage and current regulation
loops are much faster than the outer droop power loop.
Dynamics of the inner loops can thus be neglected [26], [27].

By next perturbing (2), (6), (9) and (10), the following
perturbed expressions can be obtained, where A in front of a
variable represents its small perturbed value around a defined
equilibrium point.

ko
Aw, = -~ AP +k,AV,,, (1n
S+CU/- i
k
IN AL ) (12)
S+a)/-

Rewriting (11) and (12) in the time-domain results in the
following expressions, where a dot above any variable
represents derivative of that variable in time.

Ao, =-o,Aw, —k,0 AP, + kA Vper + ko AV, (13)
AV, =-o AV, - k0 AQ, (14)
Further noting that variation of energy E; in the dc-link

capacitor is related to its voltage Vpci, (15) can be written,
where C is the dc-link capacitance.

E = _[Pl. (¢)dt = %CV&CM - %CVﬁa

Ci

(15)

The linear perturbed expression between the dc-link voltage
and its power can thus be derived as follows, where m is the
equilibrium point of Vpci.

L ap=_Foc pp (16)
mCs s

Substituting SAVpc; (= AVp¢;) from (16) into (13) then results
in:

AVpey = —

DCi

Ao, =-0,00,—(k,0, +kk,. AP + ko AV, (17)

In addition, in the d-g reference frame, the vectorial form of
the converter output voltage can be expressed as follows, where
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Vai = Vicos(0), Vg = Visin(o) and 6; = arctan(Vi/ V).
Vi:Vd["'qui (18)

From (18), a perturbed expression for Ad; can subsequently
be derived as (19), where m, =-V, / (Vﬁ 5 V,ﬁ) and

m, = Vdi/(Vdf + V;)'
AS, =m AV, +m AV,

, (19)
Since Aw; = sAd;, time-domain form of (19) changes to the
following.

Aw, =m AV,

i di

(20)

Noting next that the output voltage amplitude of (18) can be
written as (21), from which its linearized perturbed expressions

can be derived as (22) and (23) with n, ="V, / /Vdf + qu and

2 2
n, = ti/ Vi + ti '

+ mq,.A ti

Vo=Vt iVul= Vi +7, 21
AV, =n, AV, +n,AV,, (22)
AV, =n, AV, +n,AV,, (23)

From (14), (16), (17), (20) and (23), state equation for
representing a single converter in Fig. 1(a) can eventually be
derived as (24).

I

1

i VI(r+R)+j(X+X,)]-V, (R, +jX,)
1 (r+jX) +2(R, + jX,)(r+ jX)
LR X)] V(R 4 X, )

’ (r+JX) +2(R, + X, )(r + jX)
=1, + j[ql =YV, + Y12Vq1 +YV,, + Y14qu

+ j(Y21Vd1 +0V ¥ NV + 0V, ) (26)

(25)

=1+ quZ =YV, + Yl4Vq1 TN+ lequ
+ j(Y23V41 + Y24Vq2 + 1V, + Y22Vq2)

where

Y, =
Y, =

Y, =
Y, =
Y, =

Y, =
Y, =
Y, =

(X +3R,> + X7r+2X[r + 2R}r +2X , Xr+ X°R, ) /Y, ,
(Xr* + X, 1" + 2R, Xr+ 2R} X

+3X, X +2X2X + Xy
Y,’

(~R,r* =2X7r—2X,Xr—2R}r+R,X’)/Y,,
(X,r*—2R,Xr-2R}X -2X;X - X, X’)/Y,,

(-Xx,r* - Xr’ -2R, Xr- X’

~3X, X’ -2R}X -2X[X)/Y,,

(7 +3R, 7>+ X r 42X r + 2R} r +2X Xr + R, X ) /Y, ,
(X, + 2R, Xr+ X, X* + 2R} X +2X]X)/Y,,

(~R,7> =2X,Xr-2X[r=2Rr+R,X")/Y,,

Y, = X' 44X, X +(4R,r + 4R +4X] + 277 ) X?
+ 4r2XLX +4RL2r2 4—4)(2}’2 +rt+ 4r3RL.

AVpei AVpe;
Aw, Aw. AP (24)
i i i
av, | ar, [TBA
di di Qi
AV, AV,
where
[0 0 0 0 1
ko, -, 0 0
y 0 1, ming; @, mying @y
! myhy, —m g Myl —mM Ry My, —m;n,
0 Ny m ;1,0 mn,Q
L Mgy = Mgy MMy = Mgy, MR — My, |
and
—kpe 0
~k,0, —k ke 0
m k w,
qiq " f
B, = 0 —
myng,; —mg Ry
0 m ko,
L m ng —mgn, |

B. Combined Model of Both Converters in Fig. 1(a)

The system in Fig. 1(a) with two two-stage RES converters
can now be analyzed by first writing down the two converter

voltages as V] =V, +jV, and V'2 =V + iV, respectively.

To avoid excessive complexity, line impedances of the two
converters are also assumed equal, which together with the load
impedance, are expressed as r + jX and R, + jX;, respectively.

Applying Kirchhoff’s Current Law then results in those
output current expressions of the converters given in (25),
which upon rearranged, leads to (26).

For convenience, (26) can further be rearranged in matrix
form like shown below.

Lo W Y, Y, Y, Vi
1, _ Y, Y, Y, Y l||Va]or [l]:[Y][V](27)
1, Yy Y, Y, Y, ||V,
I, Yy Y Y Y, Vir

Perturbation and linearization of (27) then lead to:

[AI]=[Y][AV]- (28)

Next, active and reactive powers of each converter can be
computed using (29), which upon perturbed, leads to (30) and
its simplified form in (31).

{P,. =Vl +V,.I, 29)
Qi = tildi - Vdilqi
AP, I, 1, 0 0 || AV,
AQ | |=1, I, 0 0 || AV,
AP, 0 0 I I v
AQ22 0 0 —;;2 IZJ AVZ (0)
Vo Vg 0 0 1 a1,
Vo Vi 0 0 || A,
{ 0 Voo Vo || AL,
0 0 V., —Villarl,
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[AS]=[1][aV]+[V][a1] (31)
Together, (28) and (31) give rise to:
[a8]= ([1]+ [V )[ar] (2)

which when considered with (24), leads to the following
expression.

AV,
. 4,0 B, 0 AV
[ax]=|"" [AX]+] ] (Z1+ 1))
0 A4, 0 B, AV,
AV,
(33)
where
T
[AX]=[AV,e, Ao, AV, AV, AV,., Ao, AV, AV, ] -
AI/DCI— AV'DCI
Aw, Aw,
AVyl Jo 01 000 0 0]AV, AV
AVy | 00 0 1.0 0 0 04V, :[k]AVq1
AV, |10 00 0 0 0 1 0fAV,, AV,
AV, 1000000 0 1)An Ao,
AVdZ AVdZ
AV, | AV, |
(34)

Substituting (34) to (33) then leads to:

=8 L0 o ]eemmmia

(35)
The state space matrix M for the two converters in Fig. 1(a)
can eventually be expressed as:

I C I (GH G GO

C. Eigenvalue Analysis

System response of the example network in Fig. 1(a) can be
analyzed by plotting its root loci using (35) and parameters
Vl = V2 =218+ j30V for the converters, Z;=50+;0.2Q for the

load, Z=0.2+/1.8Q for the distribution lines, and w,= 3.141 for
the filter cut-off frequency used for computing the average
powers. Fig. 5 shows the obtained root loci with droop
parameters &, = 0.0003, kr= 0.001 and k, varying from 0.0001
to 0.01. The immediate observation seen from the figure is an
eigenvalue at the origin, which to some extent, is expected
since the system matrix is singular. Moreover, only two poles 4;
and 7, are found to affect the system dynamics since the other
poles are far away from the imaginary axis. Regardless of that,
the overall system is stable since all poles are in the left-half
s-plane.

Complementing, Fig. 6 shows another set of root loci
obtained with &k, = 0.008, kr = 0.001 and £, varying from
0.00001 to 0.001. The varying parameter is now k, and not k,,
which when increased, will cause ¢ to move closer to the origin
and hence raising its effect. The dominant poles 4; and 4, will

Imaginary axis

4 B
Real axis
Fig. 5. Root locus diagram for 0.0001 <k, <0.01.
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Fig. 6. Root locus diagram for 0.00001 <, < 0.001.
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Fig. 7. Root locus diagram for 0.0001 < kr< 0.05.

however shift away from the imaginary axis as k, increases.
Their combined effect is thus an improvement of the system
dynamics. Increasing k, will however cause large frequency
drop in the steady state according to the traditional droop
expressions given in (1). Selection of &, should therefore be
based on an acceptable trade-off between dynamics and
steady-state drop.

Referring next to Fig. 7, a third set of root loci is plotted with
k, =0.0003, k, = 0.008 and kyvarying from 0.0001 to 0.05. The
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Fig. 8. Root locus diagram for 0.0001< ks <0.2 with different (a) reactive
values for inductive distribution lines and (b) resistive values for load.

increased parameter is now ky, which will cause dominant poles
A1 and A, to shift closer to the imaginary axis. The system
response is therefore more oscillatory, and will eventually
become unstable as ks rises above 0.0316 (4, and 4, enter the
right-half s-plane). This instability crossing point of &y will, in
fact, change with line and load impedances, as demonstrated in
Fig. 8. More specifically, the root loci in Fig. 8(a) shows that as
reactive component X of predominantly inductive lines
increases, instability is entered only after &y crosses a higher
critical value (0.056, 0.0316 and then 0.1555 in Fig. 8(a)).
Similarly, by decreasing resistive component R; of the load, a
slightly wider stable range for & is observed in Fig. 8(b)
(crossing point moves from 0.0308 to 0.0309, and then to
0.0316). The final kr chosen must hence meet the “worst case”
requirements at low X and high R;.

VI. SIMULATION RESULTS

As a simple preliminary verification, two similarly rated
RESs have been simulated using Matlab/Simulink. Parameters
used for the RESs are given in Table I, similar to those used for
the subsequent experimental testing. Results obtained with the
proposed dual droop scheme are shown in Fig. 9(a) and (b) for
predominantly inductive and resistive lines, respectively.
Referring to Fig. 9(a) as an example, before 0.2s, the two RESs
are assumed to harness a maximum of 550W each. They should

300
500

Vey! V

-400V i . i i -8A
800

=400

450

Vpc!V

300
500

Vey! V

0 s 0.5

Fig. 9. Simulated results using dual droop scheme. (a) Inductive lines with k=
0.01, and (b) resistive lines with ky=1.

hence share the active load demand evenly with their respective
de-link voltages kept at 400V. These expectations have
respectively been verified by the third and fourth plots of Fig.
9(a) before 0.2s.

After 0.2s, the maximum capacity of RES1 has been lowered
from 550W to 310W, while that of RES2 has been kept
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TABLE 1
PARAMETERS USED FOR TESTED SYSTEM

Parameter Values
PV panel voltage variation (V»r) 200V-350V
Rated output voltage amplitude of PV inverter (Vo) ~ 220V(rms)
Rated frequency of PV inverter (fon) 50Hz
DC-link reference voltage (Vpcrer) 400V
DC-link capacitance (C) 940uF
Boost inductance (L) 4mH
Output filter inductance (Lac) 6mH
Output filter capacitance (Cac) 10uF
Common boost and inverter switching frequency ()  10kHz
Load (Zioaa) 44Q

Active droop coefficient (k1) 0.0003rad/(s*W)
Inductive Reactive droop coefficient (kq) 0.008V/Var

Impedance of transmission line 0.1Q, 3mH

(Zinduct[vz')

Active droop coefficient (k1) 0.004V/(s*W)
Resistive Reactive droop coefficient (kq) 0.001rad/Var

Impedance of transmission line 2Q, 0.8uH

(Zresistive)

Fig. 10. Laboratory setup: A - oscilloscope, B - converters, and C - load.

unchanged. RESI, being unable to provide sufficient active
power, will then experience dc-link voltage drop like in the
fourth plot of Fig. 9(a). The amount of drop depends on the size
of dc-link capacitance used, but regardless of that, it will cause
the droop line of RES1 to shift down like in Fig. 2, until the
droop-demanded active power reaches 310W like in the third
plot of Fig. 9(a). Simultaneously, RES2 supplies more active
power to the load in order to cover shortfall caused by RESI.
This increase from RES2 can also be seen from the third plot of
Fig. 9(a). Additionally, the last plot of Fig. 9(a) shows both PV
input voltages dropping from 315V to 275V for RES1 and
315V to 305V for RES2. As explained earlier with Fig. 2, the
larger drop of RES| is caused by jumping from “a” to “b;” on
different PV curves, while the smaller drop of RES2 is caused
by shifting from “a” to “b,” along the same PV curve. The
proposed dual droop scheme has therefore responded, as
intended.

VII. EXPERIMENTAL RESULTS

To verify the proposed dual droop scheme, experiments have
been performed with the example network shown in Fig. 1(a).
Hardware setup for the experiments is shown in Fig. 10, while
its parameters are given in Table I. Included in the setup is a
dSPACE DS1103 controller for implementing the dual droop
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@ .

t] 250V :
1004
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Fig. 11. Experimental results using inductive dual droop scheme with kr =
0.01. (a) Output active powers Pi, P> and dc-link voltages Vpc1-400, Vpc2-400,
(b) output voltage amplitudes V1, V2, (c) output voltage frequencies fi, f2, and
(d) output voltage vacl, vac2 and output current iacl, faca.

: "i,,d(101'§/div) '
| e <W0Hfir3243 )

1L
€ 004 Jeooms

scheme, which when enabled, gives rise to those results
described below.

A. Inductive Lines

Fig. 11 shows experimental results captured with the dual
droop scheme and kr = 0.01 when the output active power
capacities of the two RESs are at their common rated value of
800W, and hence sufficient for powering the total load of
1.1kW. The proposed droop scheme will thus ensure that they
share the load evenly like when using the traditional droop
scheme. Waveforms associated with the two RESs are thus
similar with even power sharing of P; = P, = 550W confirmed

0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

. Citation information: DOI 10.1109/TPEL.2016.2614324, IEEE



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2614324, IEEE

Transactions on Power Electronics

L PS0OWIY).

100V 1 i i i
& oy 250 ][100ms | T

: f,-so(o 01HzZ/div)

S00mY 1 i i ;
b 2004 2004 ][mUms I esy Tosne:zs
(b)

o i ; vaclkSOOV/ﬁiv) _
T aLlDA/d ..... _
,f\f\ﬂf\f\f\f\f\f\f\/\f’f\wlmnnﬂ%ﬂwmn‘.*»r l( ) A

; ; : v,,cz(SOOV/dlv) .

ta,;z(l 0A/div)

s N  RES1capacity reductlon begmsg o

SO0y T H i i i
b S0y 1004 [ooms I resna ooz )
©
Fig. 12. Experimental results using inductive traditional droop scheme with
RESI capacity reduction. (a) Output active powers P1, P> and dc-link voltages
Vbci, Vpea, (b) output active powers Pi, P> and output voltage frequencies
11-50, 2-50, and (c) output voltage vaci, Va2 and output current Zaci, faco.

in Fig. 11(a).

Performances of the traditional and dual droop schemes will
only differ when one RES has its capacity reduced significantly
due to intermittency. To demonstrate the differences, Fig. 12
shows the experimental results produced by the traditional
droop scheme when the source capacity of RES 1 reduces from
800W to 400W. RESI is thus no longer able to provide the
demanded droop power of 550W. In contrast, capacity of RES2

remains unchanged at 800W, and can hence shoulder more load.

Droop schemes of both RESs are therefore in conflict with
RES1 demanding for an increase in frequency to lower its
droop power command and RES2 demanding for a decrease in
frequency to raise its generation for filling the energy shortfall
introduced by RES1.

The conflict can be seen in Fig. 12(b), where fi and /> deviate
after triggering the transient. The shortage of energy in RESI
also causes its dc-link voltage Vpci to drop more rapidly. This
fall, together with the inability to arrive at a common
steady-state frequency, eventually causes the RESs to trip.
Powers P; and P, terminal voltages v,1 and v,., and output
currents iq.1 and i, of the RESs are therefore gradually reduced
to zero, as seen from the three plots in Fig. 12.

10
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L i i L
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@ 1004 @ 004 |foos
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Fig. 13. Experimental results using inductive dual droop scheme with RES1
capacity reduction and k= 0.01. (a) Output active powers P1, P2 and output
voltage frequencies fi-50, f2-50, (b) dc-link voltages Vpc1-400, Vpc2-400, and
(c) output voltage vaei, vac2 and output current iaet, fac2.

@ 800mA J224358

The breakdown can however be avoided by the proposed
dual droop scheme, as seen from Fig. 13 obtained with the same
disturbance and &y = 0.01. As anticipated, dc-link voltage Vpci
of RES1 drops, which in turn causes droop line of RES1 to be
brought down by a non-zero Aw; (solid to dashed line in Fig. 2).
Droop power command of RES1 can therefore be brought
down by a decrease, rather than increase, in frequency. The
decrease in frequency also permits generation of RES2 to
increase to fill energy shortfall introduced by RES1. A common
steady-state frequency and an eventually stabilized Vpci can
hence be reached, permitting the network to continue operation,
as seen from all plots shown in Fig. 13.

To next demonstrate the effect of k;, a smaller k= 0.001 is
used to obtain Fig. 14, which in effect, is similar to Fig. 13. The
only differences are a larger dip in Vpc1 and a longer setting
time observed in Fig. 14. Explanation for these can be deduced
from Fig. 2 and Subsection IV(C). Firstly, Fig. 2 informs that
the new operating points of Fig. 13 and 14 are at or close to the
same peak point “b;” of the lowered PV curve. They are
therefore at the boundary of the positive-sloping side of the PV
curve, which according to Subsection IV(C), requires the dual
droop scheme for maintaining a stable operating point in the
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Fig. 14. Experimental results using inductive dual droop scheme with RES1
capacity reduction and k= 0.001. (a) Output active powers P1, P2 and output
voltage frequencies fi-50, f2-50, (b) dc-link voltages Vpc1-400, Vpc2-400, and
(c) output voltage vact, vac2 and output current Zact, iac2.

steady state. Droop gain &y should therefore not be small, which
when reduced to zero, represents the traditional droop scheme.
This explains the more oscillatory Vpci in Fig. 14 caused by its
smaller &y = 0.001. On the other hand, kr should not be larger
than the limit identified in Fig. 7, above which instability will
surface even along the negative-sloping side of the PV curve.

B. Resistive Lines

The experiments have been repeated with predominantly
resistive lines used for connecting the two two-stage RESs
shown in Fig. 1(a). Fig. 15 shows the corresponding results
obtained with the dual droop scheme and £y = 1 when both
sources are at their common rated capacity of 800W. They
should therefore share the total load of 1.1kW evenly (not
exactly equal since small mismatch in line resistances will
always exist), and their dc-link voltages will be stable. These
results will also be produced by the traditional droop scheme
since the dual droop and traditional schemes differ only when
one of the sources does not have enough capacity for satisfying
its droop power command.

To illustrate, Fig. 16 shows results of the traditional droop
scheme when the capacity of RES1 has been lowered from
550W to 380W, and hence not able to supply the droop power
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Fig. 15. Experimental results using resistive dual droop scheme with kv =
(a) Output active powers Pi, P> and output voltage amplitudes V1, V2, (b)
output reactive powers Q1, @2 and output voltage frequencies £i-50, /2-50, (c)
dc-link voltages Vpci-400, Vpc2-400, and (d) output voltage vae, va2 and
output current iacl, lac2.

command. Anticipated responses are thus a deviation of the two
converter terminal voltages and a sizable drop of dc-link
voltage Vpci of RESI. Both RESs are eventually tripped with
their powers, terminal voltages and output currents gradually
brought to zero, as observed in Fig. 16.

To avoid the breakdown, the dual droop scheme is used to
obtain those results shown in Fig. 17 and Fig. 18 when subject
to the same disturbance, but with a larger ky = 1 used for the
former and a smaller ky = 0.5 used for the latter. The larger &y
causes dc-link voltage Vpci to drop lesser in Fig. 17(a), as
compared to Fig. 18(a). Regardless of that, waveforms in both
figures can reach their respective new steady states, which
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Fig. 16. Experimental results using resistive traditional droop control with
RESI capacity reduction. (a) Output active powers P1, P> and dc-link voltages
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certainly, is the intended outcome of the proposed dual droop
scheme for controlling two-stage RES converters.

VIII. CONCLUSION

Conventional droop schemes for converters have mostly
assumed that active droop power commands can be met by
sources connected to the converters. This may not be true with
RESs because of intermittency. An improved dual droop
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Fig. 18. Experimental results using resistive dual droop scheme with RES1
capacity reduction and k» = 0.5. (a) Output active powers Pi, P> and dc-link
voltages Vpc1-400, Vpc2-400, and (b) output voltage vac, Va2 and output
current iacl, iaca.

scheme has thus been proposed for controlling two-stage
converters powered by RESs. The thought is to re-apply the
droop principle to the dc-link voltage of each converter, which
instead of being held constant, is permitted to drop by a small
amount whenever its RES capacity cannot met its droop power
command. The drop in dc-link voltage can then be used for
lowering the droop line of the converter so that its droop power
command can be reduced by decreasing, rather than increasing,
frequency or voltage depending on whether the lines are
predominantly inductive or resistive. The lowered frequency or
voltage in turn allows the other converter with enough source
capacity to raise its generation for replenishing any energy
shortfall. The overall system is thus stable with resilient active
power sharing, as proven through root locus analysis and
experimental testing.
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