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Abstract—This article proposes a novel droop technique for
AC microgrids with no frequency deviation in steady-state. This
droop implementation replaces the conventional P/ f 4+ Q/V and
P/V + Q/f for inductive and resistive lines respectively by a
S/ Va4 complex-valued droop in which the coupling terms that ap-
pear when the line is not purely inductive/resistive are considered.
The proposed droop departs from the conventional approach by
considering the dg-decomposition instead of calculating P and Q
expressions derived from the voltage polar equation, which requires
sine and cosine terms. This allows to create a droop combining
both voltage components versus P and Q, without requiring small-
signal simplification of the trigonometric functions (sin § ~ § and
cos d = 1) and taking into account the coupling terms. In that
way, the designed droop is valid for any R/ X ratio. The discussion
is supported with small-signal analysis and hardware-in-the-loop
validation.

Index Terms—Distributed power generation, microgrids, power
flow control, power distribution control, reactive power control,
voltage control.

1. INTRODUCTION

ROOP control is a widely used and a well-known so-
lution for power sharing without requiring communica-
tion among converters. There are two main variants depend-
ing on the line impedance: P/f + Q/V and P/V + Q/f for
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inductive and resistive lines respectively [1]. In both cases, the
following considerations apply: 1) lines are assumed to be
purely inductive/resistive, neglecting the orthogonal impedance
term; 2) phase angle difference, d, between voltages is small,
thus allowing to approximate sind /2 ¢ and cosd ~ 1; and 3)
frequency and voltage have a steady-state deviation with respect
to the rated conditions.

Neglecting the resistive/inductive part can worsen the op-
eration when R/X ratio is close to 1, thus the coupling
term effect becoming significant. Virtual impedance can be
included to increase the resistive/inductive component of the
line impedance [2], [3], but this would cause some unwanted
side effects, like the degradation of voltage regulation due to
steady-state voltage drop across the virtual impedance [4].

Some solutions can be found in the literature that consider the
coupling terms. In [5], [6], an orthogonal linear rotational trans-
formation matrix (obtained from the impedance phase angle) is
used to rotate P and (Q so that the coupling terms are avoided.
In [7], [8], the coupling terms are compensated. This is done
by introducing in the expression for each droop output (voltage
magnitude and frequency) a term to compensate the effect of the
deviation of the other output with respect to the nominal value.

Other solutions are found in the literature using angle in-
stead of frequency as one of the droop outputs [8], [9], [10],
[11], thus eliminating frequency deviation. In this article, the
dg-decomposition is considered instead. This avoids the trigono-
metric function simplification considered when using the voltage
polar expression, thus obtaining a compact formulation using
complex numbers.

Solutions based in the dg-decomposition have been already
proposed in [12]. However, it includes a PLL mechanism which
produces a frequency deviation in steady state. In [13], [14],
a PLL-less solution is proposed, in which frequency variations
only occurs during transients. The proposal has only been vali-
dated by simulations. Besides that, the impedance phase angle
is not considered for the droop application in none of them,
including the mentioned alternatives based in angle droop [8],
[91, [10], [11].

The proposed alternative in this article has no frequency
deviation in steady-state; considers the effect of impedance
phase angle for the droop design, including an analysis of
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Fig. 1. Power flow diagram in a line impedance connecting a power electronic
converter (PEC) to the grid.

mismatches for this angle estimation, and is validated with a
Hardware-in-the-Loop (HIL) system. A secondary control is
included, based on an adaptation of the proposal in [15].

This article continues the study presented in [16]. The updated
version extends the research in the following directions: 1)
evaluation of the proposed control with HIL, 2) small-signal
model analysis of the proposed control compared with conven-
tional P/ f + Q/V or P/V + Q/ f droops, 3) secondary control
proposal for the complex-valued droop, 4) negative values of
R/ X ratio are considered, for inverters with output impedance
dominated by a capacitive virtual impedance [17]. It will be
shown that the proposed droop is valid for this scenario. This
is also the case for P/V + @/ f droop, referred to as universal
droop in [18]. Conversely, conventional P/f + Q/V droop is
not suitable for the capacitive impedance operation.

This article is organized as follows. In Section I1, the proposed
droop control is explained. In Section III, the voltage deviation
caused by the proposed droop is compared with the P/ f + Q/V
and P/V + @/ f alternatives. In Section IV, the grid used for the
study is presented. In Section V, the performance and stability
are analyzed, being compared with alternative conventional
droops by using a small-signal model approximation. In Sec-
tion VI, a secondary control for the proposed droop is presented.
Section VII shows the HIL results based on a Typhoon plat-
form. Firstly, the proposed droop is compared with P/ f + Q/V
and P/V 4+ @/ f approaches, assuming perfect knowledge of
impedance phase angle for orthogonal linear rotational transfor-
mation matrix. Then, the effect of mismatches in the estimation
of the impedance phase angle is analyzed by different scenarios
with significant estimation errors. Section VIII presents an anal-
ysis of the steady-state power sharing accuracy of the proposed
droop. This analysis is validated by comparing with the HIL
results in Section VII but allows to study the whole range of
possible load power factors. Finally, Section IX presents the
conclusions.

II. PROPOSED DROOP CONTROL

A diagram for the power flow in a generic line with arbi-
trary impedance is shown in Fig. 1. Conventional P/f + Q/V
and P/V 4 Q/f droops are obtained from the same diagram
assuming R ~ 0 and X ~ 0, respectively.

In this article, polar expressions for voltage and impedance
are replaced with their equivalent rectangular equations in the
synchronous dg-reference frame and complex numbers are used
for the calculations.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 59, NO. 6, NOVEMBER/DECEMBER 2023

For the following derivations, steady-state situation is consid-
ered. However, the outputs of the droop are used as references
for the instantaneous values of the voltage components.

Apparent power calculation is shown in (1), being S, P and
() apparent, active and reactive power flowing to the point of
common coupling (PCC) from the power electronic converter
(PEC); V4, the voltage vector at the PCC and I, the conjugate
of the line current vector. For this article, power invariant trans-
formation is considered (k = 1). Still the following discussion
is equivalent for the magnitude invariant transformation, leading
to equivalent expressions.

S=P+jQ="kVilsg =5 85=P+jQ="Vyle (1)

The conjugate of the current can be obtained as shown in (2)
from the converter output voltage, F4q, the voltage at the PCC,
Vg, and the impedance of the line connecting them. The voltage
expression at the PCC can be simplified as Vy, = V3 = V, since
the d-axis is used as the phase reference.

H— (Edq—qu) _Ed—l—qu—V_Ed—V—qu
q = = =

(2)
Substituting (2) in (1), (3) is obtained.
E;—-V —jF FEg—V —jE | X

R—jX (R—jX)(R+jX)

Taking into account that (R — jX)(R + jX) = Z2, the ex-
pression shown in (4) is obtained, being Z the modulus of the
complex impedance.

v

S:ﬁ

(Ba =V = jE;)(R+jX) ©)
Splitting (4) into real and imaginary components, the expres-
sions for active and reactive power are obtained, as shown in

(5a) and (5b).

1%
P = —(EaR+E,X — VR) (5a)

v
Q= ﬁ(EdX - E,R-VX) (5b)

From (5a) and (5b), P/f + Q/V and P/V + Q/f droops
can be obtained by substituting £y = Ecosd ~ E and £, =

E'sind ~ F¢ and considering R ~ 0 or X ~ 0 respectively, as
shown in (6) and (7) [1].

v
Pr~—FE—w—w)=-—-m,(P—F)

X (6a)
1%
C2%Y(E—V)—>E—EoZ—WLV(Q—QO) (6b)
P%%(E—V)—)E—EO:—mV(P—PO) (7a)
1%
Q~—-=Ef— w—w)=my,(Q — Qo) (7b)

R
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(b) P/f + Q/V droop. (¢) P/V + Q/f droop.

Fig. 2.
droop w reference is set to 1007 rad/s (50 Hz). For this paper Py =

Equations (5a) and (5b) can be expressed in matrix form as

shown in (8).
P\ R X Eq\ (R v
Q) X -RJ\E, X
From (8), applying a droop coefficient, my, to relate F/; and
E, variations with both P and ), the proposed droop formula
shown in (9) is obtained similarly to P/f + Q/V and P/V +

Q/f in (6) and (7).

Eq— Eq R/Z X/Z P—-PF
= —my ©))
<Eq - qu> <X/Z —R/Z> (Q - Qo)

This complex-valued droop, obtained from the dg-
decomposition, takes into account the coupling between P and
Q. It only requires knowledge on the line R/X ratio and,
by applying the droop to both voltage components instead of
magnitude and frequency, enables no frequency deviation in
steady-state.

Considering the analyzed droop alternatives, the complete
converter control scheme is shown in Fig. 2, together with the
different droop controllers. Details about cross-coupling and
feed-forward terms, normalization and nonlinear compensation
can be seen in [19].

v

- ®)

III. COMPLEX-VALUED DROOP VOLTAGE DEVIATION IN
STEADY-STATE

Applying a droop related to voltage components will cause a
voltage deviation with respect to nominal value in the same way
P/f+Q/V and P/V + Q/ f alternatives have deviations with
respect to frequency and voltage. In our proposal, since both
components, F; and E,, are involved in the droop calculation,
the combined effect of both components shall be analyzed to
assess if the impact in the voltage deviation is increased.

Considering AS = AP+ jAQ = (P — Py) + 5(Q — Qo)
and AE = AE + jAE, = (Eq— Eg) + j(Eq — Eg), 9)

P +
N R/Z X/Z
Po mv (X/Z —R/Z
Q +
Qo

(d) Complex-valued droop.

Control scheme including the different droop control methods. For P/ f + Q/V and P/V + Q/ f droops, E, reference is set to 0 and for complex-valued
Qo = 0, except when these values are calculated by the secondary control.

can be rewritten as (10).

AE;\ Rz X/z\ (AP\ o
AE,] = " \x/z —r/z)\aQ

For this demonstration, the PEC is considered to be producing
an apparent power S, expressed as a complex number
S=P+jQ =|S|Za. For the results in this article

= Qo = 0, resulting in AS = 5. As shown in Fig. 2(d),
Ey = 0and Eqy = Ey, that for simplicity will be expressed in
per unit as Fg9 = 1 pu. Expressing the matrix (10) in complex
number form, (11) is obtained, where (R/Z + jX/Z) is a

complex number with modulus 1 and angle ¢ and (P — jQ) is
the conjugate of the apparent power.
AE = —mvy(R/Z +jX/Z)(P - jQ) (11)

Expressing (R/Z + jX/Z)and (P — jQ) inits polar expres-
sion and doing the product, expression (11) can be rewritten as
shown in (12), being S the difference between line impedance

phase angle and apparent power angle (¢ — «).
AE = —my|S|(cos f + jsin 5) (12)

From (12), and taking into account that E4 = 1 pu, the
voltage amplitude is obtained using (13).

|E| = \/(1 —my|S]| cos 8)? + (my|S]sin 5)2

Taking into account cos’® 3 + sin? 8 = 1, the deviation in
the voltage amplitude due to the proposed droop method with
respect to nominal value (1 pu) is obtained by (14).

13)

AlE| = /1 —2my|S|cos f+m ISP~ 1 (14)

It is important to remark here, that for all the demonstration
before, the values used for impedance phase angle are not the
real ones, but the ones assumed by the droop control. This means
that in case the estimation of the angle is not correct, the one
involved in the voltage deviation effect is the estimated one (from
NOW ON et ).
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— Complex droop, ¢est = 0° —— Complex droop, ¢es = 45°
--- Complex droop, ¢t =90° — P/f+Q/V — P/V+Q/f
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~
=)
)
29
<
-0.1 i i L N
0 90 180 270 360
af’]
Fig.3. Variation of voltage amplitude output for different values of o (apparent

power angle), with my-|S| = 0.1 pu.

The maximum deviation in the voltage amplitude is obtained
for 5 = 0° and 8 = 180°, as shown in (15a) and (15b) respec-
tively.

AlE| = /1 = 2my S| +m} S — 1= —my|S| (150)

AlE| = \/1+2my[S| + m|SE 1 =my|S|  (15b)

Where my is expressed in per unit value. This means that the
maximum value for the voltage amplitude deviation is obtained
when the line impedance and the apparent power have opposite
phases while the minimum occurs when they are aligned. In both
cases, the deviation from nominal value is my |S| in absolute
value.

Taking this into account, it can be concluded that the range
for the voltage amplitude deviation obtained from the proposed
droop control for |S| < S, is (—my, my ), equivalent to the
P/f+ Q/V and P/V + Q/ f droops for a variation of P or
in the range of (—S,,, Sp).

In the case of P/ f + Q/V and P/V + @/ f droops, voltage
amplitude is only a function of active/reactive power with a
linear relationship. Meanwhile, in the proposed complex-valued
droop, it depends on both apparent power magnitude and phase
difference with respect to the line impedance phase angle.
This relationship, for a fix value of |S|, is shown in Fig. 3,
with the deviation in the output voltage for different values
of the apparent power angle (). The curve for P/f 4+ Q/V
and P/V + Q/f is a sinusoidal waveform, since for a fixed
value of |S|, the relationship of the voltage variation with
respect to the angle is A|E| = —myQ = —my|S|sin(a) and
A|E| = —my P = —my|S| cos(a) respectively.

Since the dependence of the voltage deviation with respect to
the angle shown in (14) is for 5 = ¢.st — «, different values of
¢est result in a horizontal displacement of the corresponding
A|E| vs « curve. When ¢, = 0°, the corresponding curve
(continuous blue) is very similar to the one corresponding to
P/V + @/ f droop (continuous green), meanwhile when ¢ =
90° the corresponding curve (dotted blue) is very similar to the
one corresponding to P/f + Q/V droop (continuous red). In
all the cases, the maximum voltage deviation is my|S].

In Fig. 4, the variation of the voltage amplitude with re-
spect to the apparent power is shown for different values of
angle (3. Taking into account that 5 was defined as ¢.s; —
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- ﬁcmnplez =90° - ﬂcomplez = 45° i ﬂcomplez =0°
_ ﬂclussicul =90° - ﬁclussir:al = 45° Bclassical =0°
0.1f T T p
= = \;**\
=) ~tmee
= 0 TR
< T~
-0.1F . . i
-1 -0.5 0 0.5 1
S[pu]
Fig. 4. Variation of the voltage amplitude output for different values of S,

with my, = 0.1 pu. Blue lines correspond to the proposed complex droop and
red lines to the conventional P/f + Q/V and P/V + Q/ f alternatives. For
B = 0°, the three droops produce the same variation (red and blue dotted lines
coincide).

for the proposed droop, it can be defined in a similar way
for P/f + Q/V and P/V + Q/ f considering ¢.s; = 90° and
dest = 0° respectively. With this notation, 5 = 0° implies appar-
ent power to be purely reactive for P/ f + @) /V droop and active
for P/V + Q/ f, producing the maximum voltage deviation. In
Fig. 4, S is considered as a real number, having the apparent
power the direction of 3 and being positive for power production
and negative for consumption.

A. Droop Coefficient Selection

Taking into account that the proposed droop produces a
voltage output variation range equal to the one obtained for
P/f+Q/V and P/V + @Q/f droops, the starting point for
selection of the droop coefficient can be done taking into account
the maximum variation of the voltage output.

For this article, a maximum voltage deviation of 5% is used for
droop coefficient selection, based on a tradeoff between power
sharing accuracy and voltage regulation [20]. Due to the similar
effect in voltage deviation produced by the conventional droops
(P/f+Q/V and P/V 4+ Q/f) and the proposed complex-
valued alternative, the same value for the coefficient is used
for the three cases and using the same name for this coefficient

(my).

IV. CASE STUDY

The grid used as case study is shown in Fig. 5, where PEC;
and PEC; are droop-controlled power electronic converters con-
nected in node 1 and 3 respectively. Constant impedance loads
(R-L series circuit) are connected in node 2 (CIL;) and 4 (CIL>)
and a converter connected to distributed energy storage system
(dESS) is connected to node 5, behaving as a constant power
load (CPL), with 500 Hz current control bandwidth.

The used grid is one of the ac feeders from the microgrid
shown in [21]. For demonstration purposes, both converters are
considered to be equal with a rated power of 30 kVA. Converter
parameters are shown in Table I.

To compare the performance of the proposed complex-valued
droop with respectto P/ f + Q/V and P/V + Q/ f droops, the
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DC
PEC>
AC
3
Feeder#1 400 V ac: 0.5504¢
DC 0.55Q/¢ 1.59Q/¢ 1.59Q/¢ AC
_D 1 1 1 1 D_
Ao o o o4
PEC;
750 Voo
DC
CILy CIL2 Do
L
dESS =
Fig.5. Grid used for validation. Impedance phase angle (¢) varies for different
scenarios.
TABLE I
CONVERTER PARAMETERS
Sh 30 kVA PI;: Bandwidth 500 Hz
Riilter 0.1 PI,: Bandwidth 50 Hz
Lyitter 1.35 mH Droop: my 0.05 pu
Critter 980 uF Droop: my, 0.02 pu
P/f+Q/V droop P/V +Q/f droop Complex droop
40017 =377 7. =iz 7. =317 30
200 o
o 30
R = c— 23
20 5
-200
T | 10
-400
.10 0 -10 0 -100
Re Re Re
Fig. 6. Dominant eigenvalues for each type of droop considering inductive

lines in function of the LPF cutoff frequency (f.) for the power measurement.
The cutoff frequency at which it becomes unstable is shown for each droop.

impedance phase angle (¢) is varied. Three different angles (0°,
45° and 90°) are considered in the HIL results.

V. SMALL-SIGNAL ANALYSIS

For analyzing the stability of the proposed complex droop, a
small-signal model analysis is presented and compared to the
conventional droops. A sensitivity analysis for parameter varia-
tion is performed for all of them, varying the power measurement
LPF cutoff frequency, f.. All the other parameters are the ones
used for HIL, shown in Section IV. In Fig. 6, the dominant
eigenvalues for each case are shown, together with the values of
fc at which it becomes unstable. For this analysis, an inductive
line was considered, since it was found to be the most critical
condition (the resistive and resistive-inductive case are stable for
values greater than the limit f. shown in Fig. 6).

The proposed droop becomes unstable for f. > 21 Hz, mean-
while the conventional droops become unstable for f. > 37 Hz
and f. > 40 Hz respectively. However, even if lower cutoff
frequency is required, the transient response is really similar for
the three types of droops, with very close dominant eigenvalues
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; | ——P/f+QV ——— P/V+Q/f Complex
2 \V(k
=3
~ -5
0 01 02 03 04 0 01 02 03 04
t[s] t[s]
Fig. 7. Step responses for each type of droop with inductive lines.

——F  P/f+Q/V — P/V+Q/f Complex|
To P To Q

% 0 % 0 ﬂ\
=] =1
'{j'e‘ -50 -{U-g -50

-100 -100
= 400 cty | EEEE I R
R i ==
n 0 & 0

10° 10' 10? 10* 10* 10°
Frequency [rad/s]

10° 10' 10? 10° 10* 10°
Frequency [rad/s]

Fig. 8. Bode diagram for each type of droop with inductive lines.

(—14.4 £246.1, —15.2 £ 251.9 and —14.7 4= 252.4). This can
be seen in Fig. 7, where f. is 10 Hz, 10 Hz and 5 Hz for
P/f+Q/V,P/V + Q/f and proposed complex droop. Fig. 8
shows the corresponding bode diagram, with a resonance peak
that explains the oscillations in the step response. In Section VII,
these results are extended to consider different line configu-
rations. The two steps represent a connection in node 4 of a
CIL of 10 kW and 10 kvar respectively, showing the active
and reactive power output at PEC;. Only one PEC output is
shown, since the dynamics of both of them are similar, being the
obtained steady-state value the main difference. Regarding the
steady-state, itis clearly worse in the P/V + @)/ f droop because
of the inductive case. A more extensive discussion regarding the
general steady-state behavior is presented in Section VIII.

VI. SECONDARY CONTROL

Secondary control is based in an adaptation of the proposal
in [15]. The algorithm, shown in Fig. 9, consists of calculating
the power flow solution for the grid and calculate the offset power
(Py and Q) so that the droop characteristic contains the point
obtained from the power flow. This algorithm is executed in a
central controller which sends the offset power to each PEC. The
power flow can be solved using any criteria for power sharing
among the converters, being a flexible solution. For this article,
equal power sharing among the converters is chosen. Besides
that, one of the nodes is determined to have 1 pu voltage, being
the focus of the secondary control and considered as the area
voltage whose level must be restored. PEC; output is used for
the present paper.
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( 1) Initially set all line losses to 0. )
Srossij =0
\ l J
s B M
2) Calculate the total needed production,
as the sum of all the loads and losses.
n n—1 <
Srorar = > Scoapi+ > SLossij
L =1 l i=1 )
s B M
3) Calculate each converter power reference, sharing
the production proportionally to the power rating.
SnPEC:

Sbpes = SroTAL - e

Zj:l SnPECj
L i J
IS N

4) Calculate power flow between nodes.
S12 = Shper — SLoapi
L Sjk = Sij —SLossij + Sppc; — SLOAD; ]
s l B M
5) Calculate voltage of each node (fixing Vi = 1 p.u.)
Vi="Va o
Vi = Vs — Zy Ty = Vi — 221

J — Vi ijdig = Vi ij —

\ l V3-Vi J
s - B B M
6) Calculate losses in this solution.

S |2
1,
| Srossij = 3Zij|1ij|*> = 3Zi; \/51/1 )

Stop criterion

|

7) Calculate offset active and
reactive power for each converter.

(pol.) _ 1 (Vdi - Edo) n (R/Z X/Z) (P;;ECZ)
Qoi my; \Vai — Eqo X/Z —R/Z) \Qppc;

Fig.9. Flowchart for secondary control. ¢, j and k denote any three consecutive
nodes. For obtaining a more compact expression, active and reactive power
equations are presented in its complex form, so they are joint into one equation
with § = P +4Q, using also Z = R+ 11X and V =V + V,. 7 indicates
conjugate of a complex vector.

Starting assuming no losses (step 1), an iteration for the
calculation of the power flow is performed (step 2 to 6). After
one iteration of the power flow with the desired power sharing
is performed, a stop criterion is used for checking the conver-
gence of the algorithm. This criterion can be a given number of
iterations or a tolerance (comparing the result of one iteration
with the previous one until it is lower than a given threshold).
As analyzed in [15], the performance of the secondary control
is sufficiently good even for the first iteration of the algorithm,
so only one iteration is done for this article. The possibility of
performing more iterations is considered in Fig. 9 for being more
general.

After finishing the power flow calculations, each of the droop
controlled converters voltage and power outputs are known.
The active and reactive power offset (P and ()) are obtained
(step 7) so that the droop equation, (9), contains the values from
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DSP1 — PECI1 control
DSP2 — PEC2 control
DSP3 — Secondary control

s

Fig. 10. Typhoon HIL404 Hardware-in-the-Loop setup. The HIL is com-
posed by 1 Typhoon HIL404, 1 HIL uGrid DSP Typhoon Interface and 3
TMS320F28335 TI control cards. DSP3 sends the secondary control references
to DSP1 and DSP2 by CAN bus.

the power flow solution with the chosen criteria (for this article,
equal active and reactive power sharing between PEC; and PEC,
and V; = 1 pu).

VII. HARDWARE-IN-THE-LOOP RESULTS

The proposed droop control has been validated by using a HIL
setup. The HIL setup, shown in Fig. 10, is a Typhoon HIL404.
The HIL time step is 1 ps, the sampling time of the converters
control is 100 ps and their switching frequency is 10 kHz.
The data shown in this article has been captured with a rate of
100 kS/s. The results are presented filtered for a better visu-
alization (10 Hz low-pass filter), although THD results and
three-phase voltages and currents are shown too.

The HIL results are divided in two main parts. In the first
one, the proposed droop is compared with the conventional
P/f+Q/V and P/V 4+ Q/f. Perfect knowledge of the
impedance phase angle is assumed. Impedance estimation [22],
[23] can be used for online estimation. For the second part, the
response of the proposed droop when mismatches occur in the
impedance phase angle estimation are analyzed.

A. Comparison of Different Droop Methods

Results for the different impedance phase angles are shown
in Fig. 11. Results for the three different alternatives are
shown together for a better comparison between the proposed
complex-valued droop and the conventional P/f + @Q/V and
P/V+Q/f.

Starting with no load, at ¢t = 0.1 s a CIL of 10 kW, 10 kvar is
connected in nodes 2 and 4 (Fig. 5). In that situation, the grid is
completely symmetric, so both converters have the exact same
output. At t = 0.4 s another CIL, 10 kW, 10 kvar is connected
innode 4. Att = 1.2 s the converter in node 5 starts to produce
10 kW, behaving as a CPL.

The proposed droop is able to operate with a good response in
all the impedance phase angle range and both for CIL and CPL
(bidirectional). Additionally, frequency deviation in steady-state
does not appear in the proposed droop, while the variation during
the transients is really small. Besides that, it can be seen that the
complex-valued droop is able to properly decouple active and
reactive power, remaining the reactive power share unchanged
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Fig. 11.  HIL results for different values of impedance phase angle (¢) for the three types of droops: (a) active power production, (b) reactive power productions,

(c) output voltage magnitude and (d) frequency.
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Fig. 12.  Phase current and voltage waveforms (left column) for the Hardware-

in-the-Loop results with ¢ = 90°, together with the harmonic decomposition
(right column).

when att = 1.2 s an active power step is introduced. As expected
from Section V, the transient response of the three droops is
very similar, except in the P/ f + Q/V (P/V + @/ f) droop in
the resistive (inductive) case in which its overall performance
is clearly worsened. The steady-state performance of the three
droops is compared in Section VIIIL.

As mentioned before, the results shown in Fig. 11 are filtered,
but the THD of all the shown scenarios, was measured being all
of them below 5%. The THD was measured between ¢t = 0.8 s
and ¢t = 1.2 s, since it is the period with most distortion as can
be appreciated in the voltage frequency and magnitude results.
Proposed complex droop unfiltered current and voltage of the
three phases of PEC; are shown in Fig. 12 for the inductive
case. This was the case with worse distortion for the proposed
droop, with a THD of 3.18% and 3.84% for voltage and current
respectively.

— PECy, P/f+Q/V --PECy, P/f+Q/V
—-PEC,, P/V+Q/f PEC;, complex droop

20 [ 1 =

—PECy, P/V +Q/f
PEC,, complex droop
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a)  Ohl iV aan ‘ I
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> T
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a0 48.4 v - | |

0 0.4 0.8 1.2 1.6 0 04 0.8 1.2 1.6
t[s] t[s]

Fig. 13.  HIL results for different values of negative impedance phase angle

(¢) for the three types of droops: (a) active power production, (b) reactive power
productions, (c) output voltage magnitude and (d) frequency. Steps (indicated
by black dashed vertical lines) are the same of Fig. 11. A zoomed-out view of
active and reactive power is included, scaled to the response of the P/ f + Q/V
droop.

In Fig. 13, negative impedance phase angles are considered
for the same scenario shown in Fig. 11. For this scenario, the ca-
pacitive impedance is achieved by including a virtual impedance
in each converter. This virtual impedance was calculated as 80%
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Fig. 14.

HIL results for the proposed complex-droop for different values of the impedance phase angle (¢) for three values of the estimated impedance phase angle

(¢pest): (a) active power production, (b) reactive power productions, (c) output voltage magnitude and (d) frequency. Lines corresponding to the right estimation

are on top of the others to highlight them.

of the coupling impedance shown in Fig. 5, reducing the physical
impedance in the same amount in order to achieve similar
total output impedance. The rest of the circuit is considered
to be purely resistive. It can be seen that the proposed complex
droop is suitable for this scenario. P/V + @/ f is valid too, as
demonstrated in the analysis in [18], showing the validity of
the P/V + Q/f (or universal) droop for the whole range of
impedance phase angle. The P/ f 4+ @Q/V droop is not suitable
for this scenario, as can be seen in its really poor performance.

B. Effect of Impedance Phase Angle Estimation Mismatch

In order to analyze the effect of an impedance phase angle
estimation mismatch, different scenarios have been analyzed.
In Fig. 14, different values of the impedance phase angle are
shown with three values for the estimation of the impedance
phase angle. The load steps are the same used in Fig. 11 at times
t =0.05s,t =0.2sand ¢ = 0.6 s and adding the application of
the secondary control int = 0.8 s. The secondary control results
are later explained in Section VII-C.

It can be seen that the proposed control is not very sensitive to
the mismatch, as no significant difference in the performance can
be seen. The major differences are related to the voltage output
amplitude and frequency results. The difference in the frequency
is not very significant, taking into account that the deviation
from nominal value is small (maximum of 0.26 Hz considering
all the scenarios) and recovered quickly. The differences in
the voltage amplitude are due to the use of different rotation
matrix. As explained in Section III, the deviation in voltage
amplitude with respect to nominal value depends on the apparent
power magnitude and angle and the angle used for the rotation
matrix (¢es;). It can be seen that the voltage amplitude result is

TABLE 1T
SECONDARY CONTROL ERROR IN ACTIVE AND REACTIVE POWER SHARING
AND VOLTAGE MAGNITUDE

¢ =0° ¢ = 45° ¢ = 90°
AP 0.85% 5.54% 8.79%
dest =0° | AQ 0.40% 2.72% 8.74%
AV; 0.26% 0.13% 0.45%
AP 439% 0.20% 453%
Gest =45° | AQ 0.68% 0.44% 2.99%
AWy 0.25% 0.14% 0.15%
AP 8.63% 470% 0.98%
dest =90° | AQ 3.59% 0.39% 0.14%
AWy 0.19% 0.06% 0.09%

similar for the same ¢.;, even for different values of the actual
line impedance phase angle. The small difference is due to the
different power sharing of the PECs when line impedance phase
angle changes. The steady-state performance of the three cases
is compared in Section VIII.

C. Secondary Control

The secondary control proposed in Section VI is applied
in t =0.8 s in Fig. 14. It can be seen that its performance
is really accurate when the impedance phase angle estimation
is perfect, achieving equal active and reactive power sharing
between both converters and 1 pu voltage in PEC; output.
Table II shows the error of the secondary control, measured in
Fig. 14 at t = 1 s, with the errors corresponding to the proper
estimation highlighted with red. This error is measured as the
per unit deviation of the active/reactive power with respect to
equal power sharing and voltage in node 1 with respect to
rated voltage. The maximum error of all the scenarios is 8.79%
for an estimation mismatch of 90°. These extreme cases of
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Fig. 15.  Steady-state power sharing error comparing the proposed complex droops with the conventional droops. First row: AP(Pjoqd, Qoad; ¢) With ¢ = 0°,

¢ = 45° and ¢ = 90° from left to right column. Second row is equivalent but for AQ. These results are summarized in Table III.

estimation mismatch are very unlikely to happen in reality. For
45° estimation mismatch the maximum error is 5.54%, being
only 0.98% for perfect estimation.

VIII. POWER SHARING ACCURACY

In this section, an analysis of the power sharing obtained with
each droop is performed, in order to quantify the accuracy of
the proposed method and compare it with P/f + Q/V and
P/V 4+ Q/f droops. The same analysis is performed consid-
ering the proposed droop with estimation errors for ¢.

From the equations used for the small-signal analysis of
Section V, the equilibrium point is obtained. In order to check the
validity of this equilibrium point calculation, the power sharing
of the equilibrium points in Figs. 11 and 14 were calculated,
considering only those corresponding to CIL. The HIL results
obtained for both active and reactive power output of PEC; and
PEC, immediately before the second and third load connection
in Figs. 11 and 14 was calculated, obtaining less than 1.8% error
for all the cases shown in Fig. 14 (considering the maximum
error of the 4 different variables in the 9 combinations of ¢
and ¢.s¢). For Fig. 11, the maximum error is 2.88%. This error
occurs for the P/V + @/ f droop in the inductive case, since
the poor performance of this droop for that scenario causes a
significant phase difference between both PECs, resulting in loss
of accuracy for the small-signal model (that considers ¢ to be
really small). Apart from that case, the maximum error is never
greater than 2%.

For this section, the grid shown in Fig. 5 is used, considering
load connections only in node 4. A swept for both active and
reactive power between —30 (—S5,,) and 30 kVA (S,,) is per-
formed, obtaining the active and reactive power output for both
converters. Maximum |S},qq| is greater than \S,, but production
is shared between both PEC.

The obtained result is compared with completely accurate
power sharing, obtaining a per unit error for each scenario as
shown in (16a) and (16b). Subscript x indicates the PEC, P;

TABLE III
ERROR IN ACTIVE AND REACTIVE POWER SHARING FOR THE THREE TYPES OF
Droors

P/f+Q/V | P/V+Q/f Complex

b= 0° AP 0.00 % 14.49 % 14.28 %
AQ 61.34 % 0.00 % 14.28 %

b = 45° AP 0.00 % 17.95 % 14.30 %
AQ 17.93 % 0.00 % 14.30 %

b = 90° AP 0.00 % 61.20 % 14.28 %
AQ 14.49 % 0.00 % 14.28 %

Average AP 0.00 % 31.21 % 14.28 %
AQ 31.25 % 0.00 % 14.28 %

and @} the power production for perfect accuracy, which is
considered to be when both converters have the same power
output, since both converters have same rated power and
droop coefficient. Taking this into account, AP, = AP, and
AQ1 = AQ», so the subscript can be omitted.

P, — P P+ P
AP, = | ——Z% Pr=—"= 1
AQ, = ‘@ %Q;:w (16b)

A. Comparison of Different Droop Methods

The results are shown in Fig. 15. First row represents
AP(Pioads Qioads @), considering purely resistive (left column,
¢ = 0°), purely inductive (right column, ¢ = 90°) or R/X =1
(middle column, ¢ = 45°). Different colors are used for different
droops. Second row is equivalent but for AQ.

The results shown in Fig. 15 are summarized in Table III,
where the average errors corresponding to each 3D plot are
shown. It can be seen that, as expected, P/f + Q/V droop
achieves perfect active power sharing, while P/V + Q/f
achieves perfect reactive power sharing. However, complex
droop achieves significantly better reactive power sharing ac-
curacy if compared with the P/ f 4+ @Q/V droop, especially for
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TABLE IV
ERROR IN VOLTAGE MAGNITUDE AND FREQUENCY FOR THE THREE TYPES OF
DROOPS
P/f+Q/V | P/V+Q/f Complex
b= 0° AV 1.45 % 1.44 % 1.45 %
B Af 0.61 % 0.58 % 0.00 %
b = 45° AVyay 1.45 % 1.45 % 1.39 %
Af 0.57 % 0.57 % 0.00 %
é = 90° AV 1.44 % 1.45 % 1.45 %
Af 0.58 % 0.60 % 0.00 %
Average AV 1.45 % 1.45 % 143 %
Af 0.59 % 0.58 % 0.00 %
TABLE V

ERROR IN ACTIVE AND REACTIVE POWER SHARING AND VOLTAGE
MAGNITUDE FOR PROPOSED COMPLEX DROOP WITH DIFFERENT IMPEDANCE
PHASE ANGLE ESTIMATION

(Zsest =0° (Zsest = 45° d)est =90°
AP 14.28 % 14.73 % 16.09 %
¢ =0° AQ 14.28 % 14.88 % 16.31 %
AV 1.45 % 1.38 % 1.46 %
AP 14.83 % 14.30 % 14.79 %
¢ = 45° AQ 14.79 % 14.30 % 14.83 %
AV 1.46 % 1.39 % 1.46 %
AP 16.31 % 14.88 % 14.28 %
¢ =90° AQ 16.09 % 14.73 % 14.28 %
AVay 1.46 % 1.38 % 1.45 %
AP 15.14 % 14.64 % 15.05 %
Average AQ 15.05 % 14.64 % 15.14 %
AV 1.45 % 1.38 % 1.45 %

the resistive case (P/f + Q/V droop is thought for inductive
lines). It also achieves significantly better active power sharing
accuracy if compared with the P/V + @)/ f droop, especially for
the inductive case (P/f + Q/V droop is thought for resistive
lines).

Same analysis can be performed for the deviation of voltage
magnitude and frequency with respect to rated value. AV, and
A f, can be obtained as shown in (17a) and (17b). Since f1 = f>
in steady-state, subscript can be omitted. For AV, the average
value of both PEC voltage output magnitude is considered.

Ve —Va
Vi

.fz—fn

fn

The results are summarized in Table IV. The proposed droop
presents no frequency deviation, meanwhile voltage magnitude
deviation, considering the average of all scenarios, is approxi-
mately equal, as expected from the analysis in Section III.

AV, = ’ (17a)

Afe = (17b)

B. Effect of Impedance Phase Angle Estimation Mismatch

Same analysis is applied for cases with estimation errors for
the value of ¢ for the proposed complex droop. The results are
summarized in Table V, where the frequency deviation is not
included because it is always 0. It can be seen that, estimation
mismatches worsen the power sharing accuracy (in each row
for AP and AQ the minimum error appears in the column
corresponding to ¢.s; = ¢). However, the errors in active power
sharing accuracy are clearly smaller than those obtained for
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P/V + @/ f droop and shown in Table III. The active power
sharing accuracy of P/V + @/ f droop is only better if lines are
resistive and ¢.s; # ¢. The same comments apply to reactive
power sharing with P/ f + Q/V and inductive lines.

Voltage deviation is similar for ¢.s; = 0° and ¢, = 90° and
slightly smaller for ¢.s; = 45°. This is due to the way in which
the values of P and () for the load were considered. For example,
the maximum value of |S| for the loads is |S| = v/2 - S,, kVA
for S = (1 + 5)S,,. This corresponds to « values of 45°, 135°,
225° and 315°. As shown in Fig. 3, ¢.s+ = 45° has no voltage
deviation for o« = 135° and o = 315°, compensating the higher
deviation of av = 45° and o = 225°.

IX. CONCLUSION

This article has shown a new droop strategy taking into
account the coupling terms due to non-purely inductive/resistive
lines, using the R/X ratio of the line. This Complex-Valued
droop does not require to operate with trigonometric functions,
using complex formulations and dg-decomposition instead. A
secondary control for the proposed droop is presented too. The
HIL results have shown the operation of the proposed complex-
valued droop, being able to operate at different R/X ratios
with a faster response compared P/ f + Q/V and P/V + Q/ f
alternatives. This includes negative R/X ratios considering
capacitive virtual output impedances, showing the validity of the
proposed method, as well as the P/V + @/ f droop (universal
droop).

The power sharing accuracy of the proposed Complex-Valued
droop has been compared with the conventional droops, ob-
taining better performance in terms of active power sharing if
compared with the P/V + @/ f droop, although it is worse
than the obtained for the P/f + Q/V droop. However, the
P/f + Q/V droop overall performance in resistive scenarios,
which is the most typical case in distribution levels (typical
scenario for microgrids), is clearly the worst one. So, for this
scenario, the proposed droop shows some advantages as com-
pared with the P/V + Q/ f droop (better active power sharing
and no frequency deviation), although it presents worse reactive
power sharing.

The effect of mismatches in the impedance phase angle es-
timation has been analyzed, showing that the proposed droop
control is not much affected by these errors for the complete
range of R/X values. Secondary control is more affected by
these mismatches, but the error is acceptable for the expected
range of estimation mismatch.
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