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Impacts of Inductor Nonlinear Characteristic in
Multiconverter Microgrids: Modeling, Analysis, and
Mitigation

Wenbin Yuan, Yanbo Wang, Senior Member, IEEE, Dong Liu, Senior Member, IEEE, Fujin Deng, Senior Member,
IEEE, Zhe Chen, Fellow, IEEE

Abstract—Powder  magnetic materials are excellent
alternative for filter inductor of power converter due to high
saturation flux density and low cost. Unfortunately, inherent soft-
saturation nonlinear characteristic of powder magnetic core can
deteriorate control performance of power converter, which has
been paid intensive attentions in individual grid-connected
inverter. However, such impacts of nonlinear characteristic of
filter inductors are merely concerned in multi-converter systems,
where the control performance of paralleled converters is more
complicated than that of individual converter. This paper
investigates and mitigates impacts of nonlinear characteristic of
filter inductor in multi-converter microgrids, so that the
comprehensive performance can be improved in a cost-effective
way. Average model of inductor is first established to
quantitatively analyze the nonlinear characteristic. Then,
impedance model of multi-converter microgrid is derived to
analyze the effect of inductor nonlinear characteristic on power
control performance. Furthermore, a robust droop control
strategy is developed to mitigate the effect of inductor nonlinear
characteristics on power control performance. In addition,
sensitivity analysis is implemented to assess immunity capability
of proposed control strategy on nonlinear inductor. Simulation
and experimental results show that the proposed droop control
strategy is able to perform desirable power control performance
with a sound capability to mitigate the effect of nonlinear
inductor, which thus improves operation performance and
reduces design cost of multi-converter microgrid.

Keywords—Nonlinear characteristic, filter inductor, multi-
converter microgrid, powder core, robust droop control,
nonlinear impedance compensation.

L INTRODUCTION

Power converters as important interfaces are indispensable
components in modern energy system [1]-[2], which enables
efficient conversion, generation and distribution of electrical
energy [3], and improves reliability and resilience of power
supply services [4]. In power converter, filter is commonly
designed to attenuate switching ripple as an important
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TABLEI
COMPARATIVE ANALYSIS FOR DIFFERENT MAGNETIC MATERIALS

Application
[51-[6]

Advantages
[71-[14]

Disadvantages
[7]-[14]

» High saturation
flux density
» Good robustness

Powden" S to temperature Soft-saturation
Magnetic Filter inductor o i .
Cores variation nonlinearity
» Small low-
frequency loss
» Low cost
g rsn‘zzite(:hitver » High linear = e
Ferrite supplyp De%gree » Sensitive to
Magnetic o, pigh. > Small high- temperature
Cores variation
frequency frequency loss L
» Fringing loss
transformer

component of power converter. In practical operation, various
magnetic core materials such as powder core and ferrite core
can be applied for filter design, which is highly related with
operation performance and design cost of power converter. A
comparative analysis for different magnetic materials is given
in Table I by a comprehensive investigation from [5]-[14]. It
can be seen that the advantages of powder magnetic material
include high saturation flux density [5]-[11], low sensitivity to
temperature variation and low cost [9]-[14]. Also, powder
cores do not suffer from fringing loss or gap electromagnetic
interference effect [8]-[10]. However, powder core inductor
commonly exhibits nonlinear characteristic due to inherent
soft-saturation nonlinearity of powder core [7]-[14], which can
deteriorate control performance of power converter [8]-
[91,[15]-[16]. On the other hand, the ferrite cores are widely
applied due to good linear degree in linear region and low
power loss during high-frequency range, but ferrite core has a
higher cost than powder core and is sensitive to temperature
variation [7],[10]. Compared with ferrite core, powder core is
preferable option as filter inductor based on comprehensive
performance indexes in practical application [7]-[14]. Fig. 1
shows the different operation characteristic of the two
magnetic materials, which is explained as follows.

(1) Hard saturation characteristic [7],[10]: It means that
the permeability of ferrite core does not vary with
magnetic field strength in linear region. A sudden
decrease of permeability would happen from nominal
value to almost zero value as shown in red curve once
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Fig. 1. Operation characteristic of different magnetic materials.

the inductor current is increased to saturation point. In
practical design, power converter is operated in linear
region by designing saturation point, where the
permeability of inductor is almost constant.

(2) Soft-saturation characteristic [7]-[14]: It refers to an
inherent nonlinear phenomenon, where permeability of
powder core is slowly decreased as increase of inductor
current as shown in blue and orange curves, which is an
inherent drawback determined by powder magnetic
material.

It can be seen from Fig. 1 that the powder core exhibits
nonlinear characteristic during a wide current range, while
ferrite core exhibits good linear degree as increase of output
current (red curve) in linear region. In addition, different
powder cores have different permeability-magnetic field
strength relationships as shown in orange and blue curves
(Kool Mp 26y and Kool My 60p).

In fact, operation characteristic of inductor is highly related
with cost and design manufacture. The vision of this work is to
compensate for the drawback of power core inductor (soft-
saturation nonlinearity) by proposed control strategy, so that
the ideal characteristic can be performed in a cost-effective
way. The main contributions of this paper can be explained as
follows. (1) Time-varying average model of inductor is
established to investigate soft-saturation nonlinearity of filter
inductor. (2) This work reveals how the inductor nonlinear
characteristic affects control performance of paralleled
converters by proposed impedance model. (3) A robust droop
control strategy is proposed to mitigate the inherent drawback
of inductor so that the comprehensive performance is improved
in a cost-effective way. (4) Design guideline of controller is
formulated to support practical application by proposed small
signal stability, dynamic performance and sensitivity analysis.

The contributions of this work are promising in practical
application, where the poor characteristic of inductor can be
compensated by proposed control strategy. It means that the
system performance is still satisfied even if poor-characteristic
inductors are used, so that the system cost can be reduced. Note
that the advantage of this work is more evident as increase of
inverter number, where for a microgrid with n converters, the
cost of inductors with number of 6X7 can be reduced as shown
in Fig. 2.

The rest of this paper is organized as follows. In Section II,
the effect of nonlinear inductor on power control performance
in multi-converter microgrid is revealed by current-dependent
output impedance modelling. In Section III, robust droop

control strategy is proposed to mitigate the effect of nonlinear
inductors. In addition, stability and sensitivity analysis are
performed. In Section IV and V, simulation and experimental
results are provided to validate effectiveness of the proposed
robust droop control strategy. Conclusions are drawn in
Section VI.

II.  PROBLEM FORMULATION AND PROPOSED ANALY SIS

In this section, the mechanism of problem is analyzed and
the motivation of this work is explained. Then, the impact of
nonlinear filter inductor in multi-converter microgrid is
investigated.

A. Problem Formulation and Motivation

The effects of nonlinear characteristic of powder core
inductor on control performance [8]-[9],[15]-[16] and closed-
loop stability [16]-[17] of grid-connected inverter have been
paid intensive attentions. The effect of nonlinear inductor on
control performance of grid-connected PV inverter is originally
investigated in [15], where a self-learning algorithm is adapted
to calculate nonlinear inductance. A systematic LCL filter
design method for grid-connected inverter considering
nonlinear inductor is presented in [8], where the effect of
nonlinear inductor on resonance phenomenon is analyzed. In
[9], a compensation controller is presented to mitigate effect of
nonlinear inductor on current quality in grid-connected
converter. Considering soft-saturation nonlinearity of filter
inductor, a direct digital control method of grid-connected
inverter is proposed in [16], where a parameter space approach
is developed to investigate system stability. A virtual
impedance based stability analysis method is also developed in
[17] to analyze stability of grid-connected inverters with
nonlinear filter inductor. However, the aforementioned works
mainly focus on the effect of nonlinear inductor in an
individual inverter.

In fact, control performance of paralleled inverters is more
complicated than individual inverter [18]-[23]. The complexity
of power control performance may extend further once soft-
saturation nonlinearity of filter inductor is considered, which is
slightly concerned in previous works. To investigate effect of
nonlinear inductor on control performance of paralleled
converters and improve power control performance with
immunity to nonlinear inductor, a robust droop control method
is developed in this paper as an extension of our previous
conference work [24]. The new contributions over [24] are
explained as follows. (1) Stability, dynamic performance and
sensitivity analysis are implemented to formulate design
guideline of proposed controller and assess dynamic
performance and nonlinearity-immunity capability of proposed
control strategy. (2) The experimental results about soft-
saturation nonlinearity of filter inductors are given to validate
the practical nonlinearity phenomenon of filter inductors.

With increasing penetrations of renewable energy sources,
multi-converter microgrid is becoming an attractive energy
infrastructure that integrates various distributed generators
(DGs), storage devices and local loads [25]-[27]. Fig. 2 shows
circuit configuration of multi-converter microgrid, which can
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Fig. 2. The circuit configuration of n-converter microgrid.

be enabled in grid-connected mode and autonomous mode
according to commands of power system. Filter is designed to
attenuate the switching ripple of inverter. In this work, power
control performance of multi-converter microgrid in
autonomous mode is investigated with consideration of the
effect of nonlinear filter inductor.

The classical P-f and Q-V power control strategy [28] is
given as (H-(2)-

@, =w, —mP, (1)
V[* =V, —n,0, 2

where ;" and V' are reference commands of angular
frequency and output voltage amplitude. woand ¥, are angular
frequency and output voltage amplitude of inverter without
load. m; and n; are power rating-dependent droop coefficients
of the i-th inverter.

The active power can be proportionally shared by
conventional droop control strategy. The reactive power
sharing performance is related with output impedance, feeder
impedance and Q-V droop coefficient as (3) [19].

O _ Xty +nr¥,

3)
0, X,tX, +anp

where X,; is reactance of the equivalent output impedance of
the i-th inverter. JXj; is reactance of feeder impedance. V), is
voltage amplitude at the point of common coupling (PCC).

In practical operation, powder core is a preferred choice for
power filter due to a high saturation level and low cost [5]-[14].
However, the inherent soft-saturation nonlinearity of inductor
with powder core can lead to nonlinear output impedance of
inverter, posing a challenge for reactive power sharing in
multi-converter microgrid, which is merely addressed in
previous work. Therefore, the effect of nonlinear inductor on
power sharing performance is investigated in this section.

B. Proposed modelling and analysis on effect of nonlinear
inductor on power control characteristic in droop-
controlled microgrids

1) Nonlinear i

o\ di

u, =L(1L)7; 4)
do

Z/IL = NE (5)

where L is current-dependent inductor. i; is current through the
inductor. N is turn number of coil and @ is magnetic flux
passing through the coil. @ is defined as integration of
magnetic flux density B over an area A, which is usually given
as (6) with the assumption of constant B over 4 [29].

@ =BA (6)
where B is given as (7).
B=u(H)H (7

where u is magnetic permeability of inductor core. Magnetic
permeability is a nonlinear function of magnetic field strength
H, which is given as (8) according to characteristic of magnetic
powder core [5].

y=(a+bH+cH2+dH3+eH4)-yi (8)

where y; is the initial permeability of powder core. a, b, ¢, d
and e are coefficients of relationship between H and pu.
Magnetic field strength H is given as (9) according to
Ampere’s circuital law [29].
Ni
H="%Lt Q)

where / is the length of a circle in toroid.

Magnetic permeability of powder core is obtained by
combining (8) and (9) as (10), which is a nonlinear function of
current iz.

w(i))=d +b'i, +c'i; +d'i; +€i; (10)
where

buN N? du N’ N*
a'=ay;, b'= ’ul’ ,c':c’ul’2 , d'= ‘;’3 ,e’:e’ul’4

Inductance of the inductor with magnetic powder core can
be obtained by combining (4)-(10) as (11).

do _AN*| o\ du'(iy)
di, 1 {”(ZL)HL di,

Also, the average inductance can be defined for inductor
current i;=I,sin(w?) as (12).

L(i,)=N }—f(h) (11)

1,7 .
L“Vg:?,[o L(ZL)dl :aavg +cavglj1 +eavg[j1 :g(lm) (12)

where
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In fact, the inductance used in previous work is an
instantaneous value which is defined as (13).

Lnom = 11H%)L (13)

Then, the current-dependent soft-saturation nonlinearity of
inductor in (12) can be shown as Fig. 3 (taking Lp; and Ly in
Table II as an example). It can be seen that the actual
inductances of powder core inductors can be changed as
increase of load current, where the current-dependent
inductance characteristics of two inductors are different due to
difference of magnetic materials. The inherent nonlinear
characteristic of powder magnetic core can also be seen in Fig.
1 according to datasheet [5]-[6], which shows that there exists
nonlinearity of inductor with powder magnetic core and the
permeability of inductor will converge to a small positive value
as increase of magnetic field strength. Inductance will also
converge to a small positive value according to the proposed
inductor modelling as shown in Fig. 3, which can also be seen
in the measured soft-saturation nonlinearity of filter inductors
in Fig. 14. Note that the current through filter inductor is
limited according to power rating of inverter in practical
operation, which will limit the variation of filter inductor as
shown in Fig. 3 and Fig. 14

The effect of soft-saturation nonlinearity on power control
performance of droop-controlled microgrid is merely
concerned in previous work, which will be systematically
investigated in this work.

LS| N ;
i = Inductor |
- Nonlinearity 1
P 1 Limitation = |
LA \
i ~ 05— Current Limitation —» i
| ) 5 10 15 |
l lami (A) 1
T

— Inductorl
— Inductor2

0 20 40 60 éO 100 120
Iomi (A)

Fig. 3. Practical soft-saturation characteristics of inductors with different
powder magnetic cores [30]-[31] as variation of load power.

2) Impedance modelling of multi-converter microgrid
considering nonlinear inductor

In order to investigate the effect of nonlinear inductor on
power control performance, closed-loop impedance model of
multi-converter microgrid is derived considering nonlinear
characteristic of filter inductor.

l+ L;u L/Zr([mm)
Energy v 1 SQQ Raaa iy Y
Source T _‘/” + : C J_ Dr ' +
SV i, i o Ve
H | ot -

(o

¢ Local Controller

Fig. 4. The circuit configuration of inverter with local controller.

Fig. 4 shows the circuit configuration of inverter with local
controller. Dynamic differential equations of this inverter can
be given as (14).

di,.

Ly, % =SVae ~Vai
av,.

c, %: i~ (14)
di

L., —%*=v.—v.

f2i dt Ci oi

where s; is control variable (1, 0 or -1), which depends on the
state of switches. According to nonlinear control and feedback
linearization theory [32]-[34], the open-loop averaged output-
voltage dynamic can be derived as (15).

d* (v
<Sivdc>_Lflicﬁ¥+<Voi>
d3 <ioi> d<ioi> d<ioi>
Cﬁ ” +Lf11. +L

d " dr
where < > means average value over one switching cycle.

(15)

+L

fliL

£2i

For a voltage-controlled inverter, the outer voltage loop and
inner current loop are adopted as shown in Fig. 4. The voltage
controller is performed by PI controller with gains k. and k.,
and current controller is performed by a proportional
controller with gain k.. The dual-loop controller is given as

(16).
k . N — (v,
<Sinc>:<vreﬁ> + kpa pvi (<v,eﬂ> <VCI >) .
+k;,, I(<Vreﬁ> - <VC1' >)dt - <lLi>
where v,; is output voltage reference.

The output voltage of inverter can be given as (17) by
combining (14)-(16).

V()= G, (5) e ()= Z, () L (s) (A7)

where Gi(s) is the voltage gain and Z,(s) is output impedance,
which are given as (19) and (20).

Substituting s=jwo into (20), the output impedance at
fundamental frequency is obtained as (18).

Xoi (Iom[ ) = Im(Zoi (Iom[’s = ja)() )):h (Lf2i (Iomi )):h/(lomi)
(18)

(16)
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(1+k k )s+k k.

pei’ pvi pciivi

G (s)=

LfliL/’Zz

C 8 ki C 5™ + (1 K

stk k.

pei’ pvi pei’ivi

(19)
)

( mm)C S +k pci f21( omz)c S +(kpctkpvz sz( omi)—i_L'li—i_LfZi(Iomi))s2 +(kpclkzv1 f21( om1)+k )

Zoi (Iomi’s) =

L;,Cps +k

where I, is output current amplitude of io. Lpi (omi) is the

average inductance of filter inductor represented by model (12).

It can be seen from (18) that the output impedance is related
with the nonlinear inductor Lp;, resulting in nonlinear and
current-dependent characteristic of output impedance.

3) Analysis on effect of nonlinear inductor on reactive
power control characteristic in droop-controlled microgrids

Considering nonlinear inductors, the ratio of output reactive
power between two inverters is given as (21) by combining (3)
and (18).

X, (10m2)+X12 +”2Vp
X, (10m1)+X11 +”1Vp

o
0,

It can be seen from (3) and (21) that when nonlinearity of
filter inductor is considered, reactive power sharing ratio

2D

GCas” 4 (L, ik ) st ok,

pei’ pvi pei’tivi

(20)

becomes current-dependent and nonlinear. In order to
investigate effect of nonlinear inductor on reactive power
control characteristic, relationship between nonlinear inductor
and reactive power sharing characteristic is shown in Fig. 5,
based on a microgrid with two inverters and same feeder
impedances. It can be seen from Fig. 5 that the soft-saturation
nonlinearity of filter inductor causes nonlinear output
impedance of inverter, which further deteriorates reactive
power sharing performance. In addition, Fig. 5(c) shows that
reactive power sharing ratio is time-varying as variation of load
power when nonlinear inductor is considered. However, the
existing droop control methods fail to deal with the effect of
nonlinear inductor. Therefore, a robust droop control strategy
is developed in Section III to improve accuracy of reactive
power sharing with immunity to nonlinear inductor.

LpiLomi) : Xoilomi) 0\/0s
‘ W(1,.)+X,, +nV
L)ty el =8 () (2)] 2 ()= I0(Z, (s = o)) (L) (1) 0 Ml Ba s ()
O, h ( mm)+X11 +an
1.5 1.15
— Reactive power mismatch
E [:> §1 L1 caused by Ly (Lomi)
5 ! —— Inductorl S
— Inductor2 1.05
05 ‘ ‘ .
0 5 10 15 0 10 20 30
i Lomi (A) Loni (A) Tioaa (A)
(2) (b) ©
Fig. 5. Relationship between nonlinear inductor and reactive power sharing characteristic.
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- ref _qi
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Fig. 6. The control diagram of proposed robust droop controller.
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III. PROPOSED ROBUST DROOP CONTROL AGAINST
NONLINEAR INDUCTOR

To mitigate effect of nonlinear inductor on reactive power
control performance, a robust droop control strategy is
proposed, where nonlinear impedance compensation loop is
developed to mitigate the effect of nonlinear inductor. In this
work, a microgrid with two paralleled inverters is adopted to
exemplify the proposed droop control strategy, where inductors
with same nominal inductance but different soft-saturation
characteristics are applied. The parameters are given in Table
1L

A. Proposed robust droop control strategy

Fig. 6 shows control diagram of the proposed droop control
strategy. In order to reject the effect of nonlinear inductor, a
nonlinear impedance compensation loop is added to reshape
output impedance of inverter. Instead of a static value,
impedance compensation loop is adaptively tuned according to
the established impedance model in Section I1.B. Then, voltage
reference obtained from droop controller is retuned by
nonlinear impedance compensation loop, which is given as
(22).

X .(I

Vi omi

) =X = X (L) (22)
where

x =k (23)

ol

max i
where Xoi(Im) is current-dependent output impedance. X,;" is
the equivalent fundamental impedance. & is a constant which is
equal for all inverters.

Reference voltage incorporating nonlinear impedance
compensation loop is given as (24).
vr({fidi = vdi + Xvi (]omi )iaqi (24)

* .
vrqf_qi = vqi - Xvi (Iomi )lodi

where vg” and v,;" are original voltage references derived from
droop control method, ios; and i,4 are inverter output current in
dq frame. vi.r s and v, 4 are updated voltage references in dg
frame obtained from impedance compensation loop.

Fig. 7 shows Thevenin equivalent circuit of inverter with
nonlinear impedance compensation loop. Then, the new
reactive power sharing ratio of inverters with the proposed
robust droop control strategy can be given as (25).

g _ X, (1(})n2)+Xv2 (]am2)+Xl2 +”2Vp _ X:2+X12 + ”sz
Q2 Xol (]aml)+Xv2 (1(1m1)+X11 +anp X:1+X/1 +n1Vp
(25)
where X, is equivalent fundamental impedance which is the

series impedance of Xoi(lomi) and Xyi(Lom:).

By tuning the coefficient k in (23), X, >(X;+n:V,) can be
ensured. Then, reactive power sharing is mainly determined by
X, as (26), so that proportional reactive power sharing can be
performed.

N ;i

]

i
)
1 Do Logi
i

1

)

Lomi (A)

N

Fig. 7. Thevenin equivalent circuit of inverter with nonlinear impedance
compensation loop.

X*
g ~ 202 Qmaxl (26)

QZ Xol QmaxZ
B. Small signal modeling of the proposed robust droop
control strategy

In this section, small signal model of multi-converter
microgrids with proposed robust droop control strategy is first
established considering nonlinear inductor.

With the proposed robust droop controller, voltage equation
of filter capacitor can be given as (27).

Veai = vrqf_di = VO - niQi + Xvi (]omi )loqi

] 27
qui = vrqf_qi =0- Xvi (Iomi )lodi
where
P +0Q’
[ =1 = 28
omi R odi ( )

Then, small signal equation of capacitor voltage can be
obtained as (29) by linearizing (27).

A9,
Av,.,. ' Ai .
{ Cdl:| =4y | AL |+ 4y, { .Ddl} 29)
Av,. . Al .
Cqi AQ oqi

where A;y; and Azy; are parameter matrices that are given in
Appendix.
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Considering nonlinearity of filter inductor, the state equation
of filter inductor is given as (30).

: . 1 1
Logi = Wilog; T Lf2i ( I ) Veai — Lf2i ( I ) Vodi
1 1
Lo (1) L (1)
Then, small signal dynamic equation of filter inductor can be
derived as (31) by linearizing (30).

(30)

Lyi— — @, +

oqi

Al A A
la i . vo i
: "= A | AF, |+ 4y [Aludqi] + By ‘ @31
Alo i Av"qi
! AQ,

where A4;¢i, A2ci and Bj¢; are given in Appendix.

Details of network and load models can be found in [35]-
[37]. On the basis of this, small signal dynamics of the
proposed power controller, nonlinear filter inductor, network
and load can be represented in common DQ frame as (32)-(33).

Ait= AAX+ BAiy (32)
Ay =CAx + DAiy (33)

where Ax is the vector of state variables of the system and Ay is
the vector of output variables of the system, which are shown
in (34). Aigspo is the unmeasured load disturbance. Details of
parameter matrixes (4, B, C and D) are given in Appendix.

T
A)CinvN AllineDQ[ Alloaa’DQi]

Axinvi:[Aé‘i AP! AQI Aiodqi]T (34)
T
Ay=[Ax AQ, ]

where Q; ;is defined as (35) to indicate the reactive sharing
error between inverter#i and inverter#;.

Qiij =0 - Qj (35)

C. Stability, Dynamic Performance and Sensitivity analysis

In this section, stability, dynamic performance and
sensitivity analysis are implemented based on the proposed
small signal model.

Small signal stability of multi-converter microgrid with the
proposed robust droop control is analyzed by eigenvalues of
state matrix A. Fig. 8 shows dominant poles as variation of
parameter k. It can be seen that A3 moves toward right half-
plane as increase of k, where the critical value of stability
region is 2.3e4. Meanwhile, 14-As move toward to imaginary
axis as increase of k. Then, the damping ratio of system is
decreased. Fig. 8 shows that k has critical influence on system
stability and dynamic performance. Considering voltage droop
limitation (less than 5%) and system dynamic performance, the
stability region of k is given as ke[2.3e4, 5.5¢4].

invl [

Ax=[Ax. Ax,

400
200 —V' ,
4
2 M k=2.3e4
£ A A3
A
=200 - ?‘ J
-400 ‘ ‘ ‘ ‘ : ‘
550 -40 -30 20 -10 0 10 20

Real
Fig. 8. Dominant poles as ke[2.2¢e4, 6e4].

Dynamic performance analysis is implemented to investigate
dynamics of proposed controller over conventional droop
controller. In fact, the system dynamic mainly depends on
damping ratio which is defined as (36) [38].

-9 (36)

> Vo' + o’

where o is the real part of eigenvalue and w is the imaginary
part of eigenvalue. Then, Fig. 9 shows dominant poles under
conventional droop control strategy and proposed droop
control strategy based on the same parameters as shown in
Table II. It can be seen from Fig. 9 that system dynamic mainly
depends on dominant poles A4-As [36],[38]. It can also be seen
that damping ratio under proposed droop controller
(¢=0.038) is bigger than that under conventional droop
controller (¢7,,=0.009), which means that system dynamic
under proposed droop controller is better than that under
conventional droop controller.

400+ * Dominant poles under lcon 4
conventional droop controller }, =)
. pro_4 con
Dominant poles under -
200+ * proposed droop controller wpn)
>
-
s j'an lpro_l lpro_Z
& 0 Sok——k—* H—k
< Oy 0,
g /lcon73 /lconil icon_z pro con
-2001 *
/lpr075 *
400+ con_5
-30 -20 -10 0
Real

Fig. 9. Dominant poles under conventional droop control strategy and
proposed droop control strategy with the same parameters.

Sensitivity analysis can provide clear insights into
relationship among system states, inputs and outputs. To
further theoretically investigate the effect of nonlinear
characteristic of filter inductor on power control performance
in  multi-converter microgrid, sensitivity analysis s
implemented to assess the immunity capability of proposed
control strategy on nonlinear inductor.

In general, a dynamic system can be represented as (37)-(38).

x=f(xpu) x(1,)=x, 37
0=g(x,y,u) y(to):yo (38)
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where x, u and y are vectors of state variables, input variables,
and system outputs. xo, uo and yo are their initial values. The
trajectory of system can be obtained as (39)-(40) by first-order
linearization method [20].

x(t,xq,u) = x(1,xq,uy )+ x, (£)(u—uy) (39)

y(t,xo,u)zy(t,xo,uo)—i-yu (t)(u—uo) (40)
where x,(f) and y.(¢) are the sensitivity of x(#) and y(¢) for
control inputs. Then, changes of x(¢) and y(¢) with respect to the

control inputs along with the system trajectory can be
represented as (41)-(42).

9

SRR

X, = o X, (Z)+ o Y (Z)+ . 41
_%g % og

0= S x, (1) + o v, (1)+ » (42)

Fig. 10 shows sensitivity analysis results of reactive power
sharing error O » under conventional droop control strategy
and the proposed robust droop control strategy. The blue curve
shows the sensitivity of Q; » under conventional droop control
strategy without considering nonlinear characteristic of filter
inductor. And the red one depicts sensitivity of reactive power
sharing error O » under conventional droop control strategy
considering nonlinear inductor. It can be seen from blue curve
that the reactive power sharing is insensitive to current
variation if nonlinear characteristic of filter inductor is
neglected. If nonlinear characteristic of filter inductor is
considered, the reactive power sharing error will increase 5Var
for 1A current increment of load current. The green curve
depicts the sensitivity of Q) » under proposed robust droop
control strategy with nonlinear filter inductors, which shows
that reactive power sharing error only increases 0.019Var for
1A current increment of load current.

The sensitivity results show that the accuracy of reactive
power sharing can be deteriorated due to soft-saturation
nonlinearity of filter inductor. However, the proposed robust
droop control strategy can perform accurate reactive power
sharing with immunity to nonlinear inductors.

8 — (O » with fixed inductors under conventional droop controller
— Q) , with nonlinear inductors under conventional droop controller
— Qi , with nonlinear inductors under robust droop controller
of d
=
<
< J“
N‘ 4 I~ 7
Q 0.02
0.01
2 0 b
1.5 x 16 1.7
\L -———
] ]
0 _____ [
0 0.5 1 L5 2
Time (s)

Fig. 10. Sensitivity analysis results for reactive power sharing control.

IV. SIMULATION VERIFICATION

To validate effectiveness of the proposed robust droop
control strategy, simulation verification is implemented in a
scale-dlown AC microgrid with two inverters in
MATLAB/SIMULINK. Circuit configuration of the
exemplified microgrid is shown in Fig. 2. The circuit and
control parameters applied in simulation verification are given
in Table II. Filter inductors with different soft-saturation
characteristics are used, whose parameters can be seen in
datasheets [30] and [31].

TABLE IT
SYSTEM PARAMETERS APPLIED IN SIMULATION

Filter Inductor Parameters

Ln1=Lp1[30] Ln>=Lm[31]
Manufacturer MAGNETICS MAGNETICS
Kool Mp Kool Mp
Part number 00K6527E026 00K 160LE026
Initial permeability 26p 26p
Nominal inductance Lp1_nom=1.5mH Lp2 nom=1.5mH

Circuit Parameters

DC voltage 500V Line
Cn=Cp=25yF impedance

Zn=(0.014j0.31) ©

Filter parameters Zr=(0.01+j0.31) Q

Control Parameters

Case | mi= ma=6e-5, m= ny=6e-4

Droop coefficients = 6e-5. ma=1.2e-4
Case II g . ’
n|=66—4, n=1.2e-3

Impedance compensation coefficient k=3.5¢4

Switching frequency Jown1= fonz =10kHz

Case I: Inverters with same power rating

In this case, the proposed droop control strategy is validated
for paralleled inverters with same power rating, where time-
varying load is exerted as 40% system capacity during 0-0.6s,
60% system capacity during 0.6-1.2s, 80% system capacity
during 1.2-1.8s. Fig. 11(a)-(b) show active and reactive power
sharing characteristic under conventional droop control
strategy. It can be seen that active power of inverters can be
equally shared. However, the accuracy of reactive power
sharing is deteriorated due to the effect of nonlinear filter
inductor as increase of load power, as shown in Fig. 11(b).
Also, the reactive power distribution is time-varying as
variation of load profiles, which agrees with theoretical
analysis in Section II.B. Fig. 11(c)-(d) show active and reactive
power sharing results under proposed droop control strategy.
And Fig. 11(e) shows the nonlinear impedance compensation
values under various load profiles. It can be seen that the
impedance compensation values are adaptively tuned to deal
with the effect of nonlinear inductors. Once the proposed droop
control strategy is activated, the reactive power sharing error
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can be eliminated and equal reactive power sharing can be
implemented. It can also be seen from Fig. 11 that system
dynamic under proposed droop control method is better than
that under conventional droop control method. The simulation
results agree with theoretical analysis in Section III.

«— P :P=1:1 —>|<— P :Py=1:1 —>|<— Py :Py=1:1 ——>
6 T T T T T
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Fig. 11. Simulation results of case 1. (a) Active power sharing under
conventional droop control strategy. (b) Reactive power sharing under
conventional droop control strategy. (c) Active power sharing under proposed
droop control strategy. (d) Reactive power sharing under proposed droop
control strategy. (¢) Nonlinear impedance compensation values.

e
N

Case II: Inverters with different power ratings

Fig. 12 shows simulation results of paralleled inverters with
different power ratings (Smaxi:Smax2=2:1). Time-varying load is
exerted as 40% system capacity during 0-0.6s, 60% system
capacity during 0.6-1.2s, 80% system capacity during 1.2-1.8s.
Fig. 12(a)-(b) show power sharing results under conventional
droop control method. It can be seen that the reactive power
sharing performance is deteriorated under conventional droop
control strategy due to nonlinear inductors. Fig. 12(c)-(d) show
active and reactive power sharing performance under proposed
droop controller. Fig. 12(e) shows that the impedance
compensation values are dynamically tuned to deal with the
effect of nonlinear inductors. Also, it can be seen that dynamic
performance of system is improved under the proposed droop
control strategy. Therefore, the proposed method is able to
implement proportional active and reactive power sharing and
improve system dynamic with immunity to the effect of
nonlinear inductor.

« P :Py=2:1 —>|<— P :P=2:1 —>|<— P :P=2:1 —»|

Active Power (kW)

Reactive Power (kVar)
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Fig. 12. Simulation results of case II. (a) Active power sharing under
conventional droop control strategy. (b) Reactive power sharing under
conventional droop control strategy. (c) Active power sharing under proposed
droop control strategy. (d) Reactive power sharing under proposed droop
control strategy. (e) Nonlinear impedance compensation values.

V.  EXPERIMENT VERIFICATION

To further validate effectiveness of the proposed droop
control strategy, experimental verification is implemented in a
scaled-down microgrid with two inverters. The circuit diagram
of exemplified microgrid is shown in Fig. 2. Fig. 13 shows a
scale-down microgrid prototype which consists of paralleled
voltage source converters, LCL filters, sampling circuit and DC
source. The circuit and control parameters are given in Table
III. The whole platform is controlled by dSPACE 1006.
Inductors with same nominal inductance (0.8mH) and different
magnetic powder cores are used as filter inductors. The
practical inductor characteristic is measured by Precision
Magnetics Analyzer 3260B made by Wayne Kerr Electronics.
Fig. 14 shows the practical measured nonlinear characteristics
of filter inductors as increase of bias current. It can be seen that
the inductance of inductor in inverterl has a poor characteristic
as increase of bias current from OA to 10A, while the
inductance of inductor in inverter2 exhibits no obvious
variation within the current range from 0A to 10A.

TABLE IIT
SYSTEM PARAMETERS APPLIED IN EXPERIMENT

Circuit Parameters

DC voltage 200V

. Line Zn=(0.014j0.56) ©
Filter Cp=Cp=25uF impedance  Z2=(0.01+j0.56) Q
parameters ’

Control Parameters

Droop coefficients mi= my=6e-5, ni= ny=6e-4

Impedance compensation coefficient k=3.5e4

Switching frequency Jfow1=fow2 =10kHz

Fig. 15 shows experimental results about output currents
(Phase A) of paralleled inverters under conventional droop
control strategy. It can be seen that the accuracy of reactive
power sharing is deteriorated due to the effect of nonlinear
filter inductor as variation of load power, which agrees with
theoretical analysis in Section II.B.

Fig. 16 shows experimental results about output currents
(Phase A) of paralleled inverters under the proposed droop
control strategy. Experimental results show that the proposed
robust droop control strategy can deal with nonlinear soft-
saturation characteristic of filter inductor and perform accurate
reactive power sharing within a wide load profile.

3
Sampling !
Inverter]l Inverter2 (ircurit :

dSPACE
1006

|
|
|
|
|
|
|
|
|
|
a

Control
Platform

' Nonlinear
1 Inductors

Fig. 13. Photo of experimental setup.
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Fig. 14. Practical measured soft-saturation nonlinearity of filter inductors of two inverters. (a) Nonlinear characteristic of Lpi. (b) Nonlinear characteristic of Lpa.
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Fig. 15. Experimental results under conventional droop control strategy. (a) Output currents (Phase A) of paralleled inverters when current reference is 0.38A. (b)
Output currents (Phase A) of paralleled inverters when current reference is 0.7A. (c) Output currents (Phase A) of paralleled inverters when current reference is 1A.
(d) Output currents (Phase A) of paralleled inverters when current reference is 1.1A. (e) Output currents (Phase A) of paralleled inverters when current reference is
1.25A. (f) Output currents (Phase A) of paralleled inverters when current reference is 1.5A.
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Fig. 16. Experimental results under the proposed robust droop control strategy. (a) Output currents (Phase A) of paralleled inverters when current reference is 0.38A.
(b) Output currents (Phase A) of paralleled inverters when current reference is 0.7A. (c) Output currents (Phase A) of paralleled inverters when current reference is
1A. (d) Output currents (Phase A) of paralleled inverters when current reference is 1.1A. (e) Output currents (Phase A) of paralleled inverters when current reference
is 1.25A. (f) Output currents (Phase A) of paralleled inverters when current reference is 1.5A.

VI. CONCLUSION

The inherent nonlinear characteristic of powder core
inductor can deteriorate control performance of power
converter. The aim of this work is to compensate the drawback
by proposed control strategy so that the optimal comprehensive
performance of filter inductor can be achieved in a cost-
effective way. This paper investigates and addresses the
impacts of nonlinear characteristic of filter inductor on
operation performance of multi-converter microgrids. The
proposed impedance model shows that the nonlinear
characteristic of powder magnetic inductor can deteriorate
reactive power control performance in multi-converter
microgrids. Small signal stability analysis shows the parameter
of nonlinear impedance compensation loop has important
influence on stability of the proposed droop control strategy.
Dynamic performance analysis reveals that proposed control
strategy can improve system transient behavior mitigating the
effect of nonlinear inductors. And sensitivity analysis shows
that proposed control strategy has a good immunity capability

on nonlinear inductor. Simulation and experimental results
show the proposed control strategy is able to perform desirable
control performance with immunity to nonlinear inductor, so
that the comprehensive performance of multi-converter
microgrids can be improved in a cost-effective way. This work
can contribute to practical inductor design in multi-converter
microgrids with desirable power control performance but low
design cost.

APPENDIX

Parameter matrices in (29) are given as (43).
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= 0BT Ror P 0T G active power, reactive power and current of the i-th inverter.
0 iy ,OKXH, _F Loai_oK X, O, Xoi o 1s the output impedance under P; o, O; o and iodi o.
k Parameter matrixes in (31) are given as (45), where vcy o,
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_ oo max i B voltage and output voltage of the i-th inverter. Ly o is the
h k ) inductance of filter inductor under P; o, Qi o and iod; o.
———+ X, o tha oKy, i, 0 Taking a microgrid with two paralleled inverters as an
maxi example, parameter matrixes in (32)-(33) are given as (46)—
(47), where v,p o and v, o are stable state values of common
bus voltage in common DQ frame [36]. & fame is the angle
K B oX,, (1 Om,-) between the reference frame of i-th inverter and the common
Xy BT reference frame [36].
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