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Abstract—A nonlinear droop controller for three-phase grid- combining droop control with a virtual output impedance,
connected inverters that guarantees a rigorous current lintation e.g. resistive or inductive, of the power electronic dewice
and asymptotic stability for the closed-loop system is propsed to further enhance closed-loop system stability [10], [11]
in this paper. The proposed controller is designed using the . iff . d lead t d"ffE
synchronous reference frame (SRF) and can easily change its However, smcg di erent. output impedances lea 9 iere
operation between the PQ-set mode, i.e. accurate regulatioof ~ droop expressions, a universal droop controller that chioes

real and reactive power to their reference values, and the dop  the same structure regardless of the output impedance kas be
control mode. Furthermore, nonlinear input-to-state stalility recently proposed in [2].
theory is used to guarantee that the grid current remains linited ) ) )
below a given value under both normal and abnormal grid Although grid support is a key property for grid-connected
conditions (grid faults). Asymptotic stability for any equilibrium inverters and can be achieved via the droop control, the
point of the closed-loop system is also analytically provenThe  protection of the power inverter units and the interconeect
proposed control approach is verified through extended reatime  pEp 5 a1s0 of major significance. Since overcurrents result
simulation results of a three-phase inverter connected to dth a . . .
normal and a faulty grid. ing from sudden grid voltage drops can harm the inverter
units, current-limiting techniques should be embedded int
the control design of every inverter-interfaced DER uni2][1
[13]. In voltage-controlled inverters, the current-liation is
mainly accomplished through saturated integrators inrtheri
loops, which may suffer from integrator wind-up and even-
. INTRODUCTION tually lead to instability [14], or by switching to a diffene
N order to accomplish large-scale utilization of distriit ~current-limiting controller when an abnormal grid conaliti
energy resources (DERs) in the modern smart grid architeds identified. However, such a switching operation can still
ture, all stringent requirements imposed by the Grid Coae arsuffer from integrator wind-up or force the controller tacla-
needed to be fulfilled by every grid-connected DER unit [1].up [15], [16], [17]. In order to overcome these instabilggiles
Since the integration of DERs is achieved via power inverter and achieve the desired current limitation for grid-coriedc
advanced control techniques are required for grid-comaect inverters, the virtual impedance or resistance concer®ff
inverters to guarantee a stable, reliable and resilientepow a promising solution [14], [18]. To this end, a new current-
network. limiting droop control concept has been proposed in [19] for
The control of the power electronic interfaced DERs con-single-phase inverters where no switching actions or atedr
nected to the main grid or a microgrid represents an activétegrators are used for the current limitation. Howevkis t
topic and among different control approaches, droop contraapproach cannot be directly applied to three-phase imsgrte
represents the most widely used control technique for DERsspecially using the widely adoptet40 synchronous refer-
since it has the ability to regulate to grid voltage and femggy ~ ence frame (SRF) for the modeling of the inverter and the
[2]. In this context, enhanced droop controllers have beegontrol design. Furthermore, the asymptotic stability oy a
proposed with improved stability properties by either mim-equilibrium point of the closed-loop system using the cuoire
icking the frequency inertia of the conventional synchnamo limiting droop control of [19] is still left to be proven. Ewe
generators [3], [4], [5], [6] or by introducing robust cooitr though the well-known small-signal stability analysis tél s
methods for better voltage and frequency regulation and inextensively used today [20], [2], the stability analysisiodop-
creased protection [7], [8]. These droop control approachecontrolled inverters without assuming knowledge of theeys
are mostly implemented in a multi-loop structure with innerparameters still represents a challenging task.
current and voltag_e control loops and the_ outer power 100p |, this paper, a current-limiting droop control of threeagh
(droop control) to improve the power quality [9]. A number jnyerters connected to the grid via &' L filter and modeled
of recent works has also emphasized on the importance 6f, the synchronous reference frame is proposed. Compared to
the natural framework (NRgbc) used for example in [19] and

Index Terms—Nonlinear control, three-phase inverter, syn-
chronous reference framework, droop control, stability aralysis.



Inverter _ j,r L s Ly ig this paper the generies transformation is taken into account

WY W as presented in [24]:
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Figure 1. Three-phase inverter connected to the grid thramgLCL filter with 0., = w.t
g — Wgb

By applying the above transformations to the three-phase

L current and voltage quantities of the system, the SRF-based
advantage that transforms the quantities tadc at the steady dynamic equations of the three-phase grid-tied inverter ar
state and thus conventional regulating controllers canseelu  ,piained as

The proposed control approach enables the inverter toreithe di
track the set reference values for the real and reactive pomwe - Vid — Ved — Tiqg — wylLig (1)

the stationary framework (SkS0) in [21], the SRF has the

to operate with a droop control technique to support the. grid j@t

Furthermore, a grid current-limiting property is shown t® b —1 = iy — Veq — Tig + wyLiq (2)
sustained at all times by introducing a virtual resistance a d;lt

is analytically proven using the input-to-state stabil{t$S) Lgd—gtd = Ued — V4 — Tglgd — WgLgigg 3)
property of the closed-loop system. This current-limgati di

ensures a safe operation even in the case where voltage dips Lgﬁ = Upqg — Vg — Tglgq +wWglglgq 4)
occur in the grid without the need of saturation units that Aoy

can lead to instability. Finally, asymptotic stability fdhe Cd—; = iqg —tigd — WgCleq (5)
closed-loop system is also proven without assuming knoyded dv,

of the system parameters. The proposed control approach is C dtq = g —igq +wyCVecq, (6)

verified through extended real-time simulation results arnd . )
both normal and abnormal grid conditions. where v;4 and v;, are thedg-axis values of the inverter

The paper is organized as follows. In Section II, the dynamié’°|tage and represent the control inputs of the system [25].
model of the three-phase inverter in the SRF is provided and 1ne @m of the inverter is to operate using droop control,
the research problem is stated. In Section IlI, the proposeffNich represents the most commonly used approach for power
control approach is analytically presented. In Sectionthé electronics interfaced DERs to mimic the dyna_m|c response
current-limiting property of the proposed controller ista ~ ©f Synchronous generators and support the grid voltage and
matically proven and the asymptotic stability of the closed frequency. Since the inverter is required to operate in tadhi
loop system is analytically shown. In Section V, real-timeWay under both normal and abnormal conditions, in [19], a
simulation results are shown to validate the control apgioa NOV€! current-limiting technique has been proposed fopgro

and in Section VI, the derived conclusions are given. controlled single-phase grid-connected inverters. Hexew
order to extend this technique to three-phase invertees, th

|| SYSTEM MODELING AND PROBLEM FORMULATION Curl’ent-limiting drOOp Contl’Ol Should be designed in SRF
instead of NF to reduce the computational burden and fatslit
fe use of regulating control schemes. This design alswallo
he investigation of the asymptotic stability of the closed
oop system. Furthermore, in order to achieve better power
parasitic resistances and r,, respectively. The line-to-line guallty, the multi-loop control strategy is adopted, aslaixed

in [9]. Therefore, a new droop control structure for three-

voltage between phasesand b is given aswv;q,, While v; : L )
9 P given asvias Via .8hase inverters that guarantees a limit for the grid current
represents the phase voltage of the inverter. The capacitor

voltage is denoted as., and the grid voltage iz, with f”md asymp()jt(_)tichstability Iusing a multi-loop control stgyte

ve = V2V, sinw,t, whereV, is the RMS grid voltage and IS proposed in the sequel.

wg is the angular grid frequency. The inverter and grid side

currents arei, andi,, respectively. In order to obtain the lIl. THE PROPOSED CONTROLLER

dynamic model of the system, the widely used SRF theory is The proposed controller consists of an inner-loop voltage

considered [22]. and current controller and an outer-loop power controller,
Although the clockwise SRF transformation from [23] is which includes the droop control characteristics and iahty

most commonly used with phasealigned to thea axis, in  limits the grid current.

The system under consideration consists of a three-pha
inverter connected to the grid through dnCL filter, as
depicted in Fig. 1. The capacitors of the filter are denote
as C, while the inductances are denoted &sand L, with



A. Inner-loop controller igabe Vabe

.
The inner-loop current controller takes the form o PLt o
v :9 Y
k )
Vid = Ued + (k/’pcc + I:C) (’Lzlef — ’Ld) + ng’L'q [abc/dq(] [abc/dq%

Viq

Veq + (k:pcc + I:C) (ig f_ iq) — wgLig

where Pl controllers with decoupling terms are applied to
regulateiy to igef and i, to i7°/. Similarly, the voltage
controller from Whichz'gef andi;°/ are obtained is described

through the equations

k
ref . vC ref
i = dga+ (kpvc+ (.9 = vea) + wyCueq — _ .
§ B Vot By Wiy tayLiig, Vo + Eg ~Welg e Lgiga P
kIVC > W, W Eynam\cs Wo, W Eynam\cs <
"l“ef _ . ref > la» Waq la» Wag -
i = 1gqt+ (kPVC + s (ch - ch) o wgcvc‘i + o + Ve
Vi o

where the reference Valuey%;f and U(T:;f are defined by the Figure 2. Implementation of the proposed power controller
outer-loop power control.

As in typical multi-loop controller applications, the cant ~ with Ej and Ej; representing the nominal voltages apq
controller is designed to settle much faster than the veltagaxes,K. being a positive constang, . is the RMS nominal
controller which settles much faster than the power colatrol voltage andm, n are the droop coefficients. The real and
In order to satisfy this, the parameters of the PI contrelan  reactive power of the inverter are denoted”asand @ with
be suitably selected using the pole placement techniquss,Th their desired valuesPs.: and Qs.:, respectively. It should
for the power controller design, which operates in a slowetbe highlighted that due to the virtual resistanees and w,
time scale, it is reasonable to assume that and v., are introduced by the proposed controller, tRe~ V and@ ~ —w
quickly regulated tw;'fl‘f andv;'gf. Further analysis about the droop expressions are adopted here (for details see [19]).
inner-loop controllers commonly used in DERs applications The PQ-set and PQ-droop control modes can be also imple-

can be found in [26]. mented in the control system through the functions (11)-(12
In these two control modes, the inverter is either trackimg t
B. The proposed droop controller reference value®sc;, Qse, When the terms<, (E7,, — V)

and w* — w, are removed from (11) and (12), respectively,
or regulates to the grid voltage and frequency to support
the grid. For the dynamics of the virtual resistanceg
and w, in (7)-(8), the bounded integral controller, proposed
in [27], is adopted in order to guarantee the boundedness
of wyg and w, without using any saturated integrators that
could drive the system to instability. Hence, it is guaradte
that wy, wy € [Wmin, Wmaz] > 0, for all ¢ > 0, where
Awy, = Pmeetmin andw,, = W# For more details,
vzsf = vg+ E] —wqigqg +wgLlgigg (7)  the reader is referred to [27]. This design of bounded virtua
resistance will lead to the desired current-limiting pnapeas

explained in the sequel. The implementation of the proposed
wherewq, w, are the virtual resistances applied to each axisontrol approach is depicted in Fig. 2.
and which change according to the expressions

The outer-loop controller consists of a power controller
which adopts droop control to support the grid. Following
the introduction of the inner-loop controller in the prevs
subsection, the power controller will be directly applied t
the capacitor voltage of theC'L filter through controlling the
reference capacitor voltage valuécfﬁf andvg;f . The proposed
power controller for the grid-connected operation is diéstt
by the equations

v:gf = vg+ E; — Wqlgq — WgLgigq (8)

IV. STABILITY ANALYSIS

Wy = —cwaf(P)wi, ©® A Current-limiting property
_ _ 2
wyy = Wﬂp)—kw (%71;”") +wl, - 1) Wag By substituting the proposed controller equations (7) and
. ", " (8) into the system dynamics (3)-(4), and taking into act¢oun
Wq = _C'wqg(Q)wqq (10)

) the fast inner current and voltage control loops that regula
wyg = Wﬂ@)%w(% w2, — 1) weg  Vea @Nd gy to v1<F andvg! in (3) and (4), the closed-loop
system can be obtained as:

m m

wherecyd, Cwqg, kw, Wm, Aw, are positive constants and diga

L _J7

J(P) = n(Put = P) 4 Ke (Efyy = Vy) - (10) ! dt
Lgq

9(Q) = m(Qset — Q) — (W — Wg) (12) LgW = E; — Wqlgq — Tglgq- (14)

= E; — wdigd — rgigd (13)



The equations (13) and (14) are the derived dynamics
of the grid current. Recall that for the controller dynamics
W, Wiq, Wy, Weq it holds true thatwg, wy € [Wimin, Wmaz] > E,

iga rg Ly
Wy iga Vy
0, wherewmin = Wm — AW, Wmae = Wi + Aw,y,, for all
iq Tg Ly

t > 0. Taking into account these properties, let us consider the
Lyapunov function candidate

1. 1 E
V = §Lg7’g27d + §L97’527q' q

The time derivative ofi/, after substituting into its expres-

. . . . Figure 3. The equivalent closed-loop system
sion the dynamic equation of the grid current, becomes

B. Asymptotic Stability
V= —rg(iZg+ing) + (iga(Ej — Waiga) + igq(E) — Wqigq)) As it can be seen from (13)-(14), the dynamics of the grid
current are decoupled from the inverter current and capacit
voltage dynamics and are independent from each other due
2 2 " " lgd to the lack of cross-coupling terms. The equivalent circuit
< —(rg + Winin) (igg +ig) + [ By By | { Iy } of the three-phase grid-c%nngected inverter cqan be simplifie
9 as shown in Fig. 3 and its dynamics are given by (13)-(14)
and (9)-(12). Given that in the usegd SRF the real and reactive
< _ NP * i power can be calculated fro = 2 (v4igq + vqigq) @NAQ =
< —(rg + wmin) lliglly + 1E[I3 ligll5 » 3 (vaigq — vqiga), the state vector of the closed-loop system is
T = (W4 Waq Wq Weq Tgd igq]T . SinCewq, wq € [Wmin, Wmaz] then
for any equilibrium pointz. = [wae Wage Wae Wage igde igqe]”
With wage, wqeqe € (0, 1], the investigation of closed-loop system
1E*||y stability using the Jacobian matrix results into two negati
(g + Winin)’ eigenvalues-2k,, w3, and—2k,w;,. and the remaining eigen-
g e values obtained from matrix

whereiy = [ igq igq ]TandE* =| E; E; ]T. Hence,

V< 0,V gy >

which means that the grid current dynamics system given by 0 0 CwdWigeN3Vd  CwdWigen3v,
equations (13) and (14) is input-to-state stable (ISS) when 0 0 —CugMWige 3Vg CugWigemMuas
voltage vectorE™ is considered as input. Sindg; and Ej A= *vaim 0 f“’d;—fg 0
represent constant values of the rated voltage then the grid 0 Eg 0 _ Wgetrg

. . . L +wge L
currentsi,q andi,, will be bounded for all: > 0. olrotivac) ‘

Sinceiy = [ iga igq }T andE* = [ E; E; }T and if
we consider the relationship between the RMS value and th
dg components, then

To ensure the asymptotic stability, the eigenvaluesiafeed
teo have negative real parts. The characteristic polynouofial
matrix A is \* + asA3 4+ A + a1 A + o = 0, where

Wde + Wqe + 274

Q3 =
. [2 | o L
||7’9H2 = Zﬁd + qu = (ﬁjgrms)2 = \/§Igrms 9
E:ms E;kms (wde + Tg)(wqe + r!])
* — *2 *2 )2 — * Qo = +a +
1B, = /B + By =/ (V2E;,,)2 = V2E;,,,. 2= e twa)  “Ty(rg + ) 2
Given a maximum RMS value of the grid currefjfer,, ay = o Erms (Wae +19) +6Ejfms(wqe +1g)
. * 2 2
then by selecting the controller parameter, = === and L (wge + 1) L (wae + 1)
taking into account that the system (13)-(14) is 1SS, it bold 208E2
. ) . . o —
true that_ if at the time that the_ controllgr is enabled, thiel gr 0 Lﬁ(wde 1) (Wee + 1)
current is less than the maximudf;i®, i.e. Ig.us(0) <
I, then with o = cpqui, . m3V, and 3 = cwdwgqen%‘/g, whereV, =
vg = vy and Ey,, . = Ej = E;. Note thatvy, = v, and
7 < Ef.e g maz E}; = E; can be achieved by selectifig = 45° in the generic
grms(t) = (rg + Wmin)  Lithis’a | 4 < Lgrms, £ > 0. T, transformation. To ensure the asymptotic stabilityzof
Blms then using the Ruth-Hurwitz criterion, the following cotioh

Hence, it is mathematically proven that the grid current Ofneeds to be satisfied

the inverter will never violate a given maximum vallig> (wae +74)° (wge +74)° > (a+ B) EX, Ly, (15)

via the control design. It is highlighted that the maximum _ i . .
value of the grid current is guaranteed by suitably selgctin BY selecting the controller gains,, = 7 and cwa = 3,
the minimum value of the virtual resistances andw, in the ~ Where~ is a gain coefficient to ensure the appropriate settling
proposed controller dynamics. time difference betweew, andw, dynamics, and taking into



account thatwge, Wee > Wmin = ﬁ:g; then the condition to 1000
guarantee asymptotic stability resuits in
4
EX .
2 (7 + 1)
According to (16), the controller parametercan be se- 400
lected accordingly to guarantee asymptotic stability fay a
equilibrium pointz. in addition to the desired current-limiting 200
property.

800

c <

(16)

600 [

P/W

0 5 10 15 20 25 30
Time/s
Table |

SYSTEM AND CONTROLLER PARAMETERS (a) Real Power
| Parameters| Values | Parameters] Values |

I,L, | 22mH K. T
Ty 10 wy 2m x 49.98 rad/s

C 1uF T 3A
E*

: 110 V Wi, 294 &)
Cuwd 380 Awm, 257.89Q2
Cwq 6664 kw 1000

n 0.0056 m 0.0032

V. REAL-TIME SIMULATION RESULTS

In order to verify the proposed control approach, a three- 0 5 10 15 20 25 30
phase grid-connected inverter equipped with the controlle Timels
proposed in Section Il is tested using the OP4500 OPAL-RT (b) Reactive power
real-time digital simulator. The parameters of the comdrol 35 - - - -
and the system are given in Table I. The controller is enabled 3
and the reference valué.; and@ .. initially have the values /
2r max
grms

Q/Var

of 400 W and 0 Var, respectively. The proposed controller
operates initially in the PQ-set mode and regulateand @
to their desired values, as shown in Figures 4a and 4b. In Fig. 15p
4d, one can observe that the voltage remains at its nominal A
value during this operation since a stiff grid is assumed. At , , , , ,
5s,Qsct IS changed to 50 Var and the reactive power injection 0 5 o 15 20 25 30
is accordingly modified, as depicted in Fig. 4b, while at 10s, Timels
P, is set as 600 W. At 15s, the droop control operation (c) RMS grid current
is enabled and both the real and reactive power drop due to 120
the slightly higher value of the grid voltage compared to the 110
nominal (110.3 V) and the slightly lower than the nominal
grid frequency (49.98 Hz). At 20s, a grid voltage drop of
0.2 p.u. occurs (as shown in Fig. 4d) to test the operation >
under faults and the desired current-limiting property oé t 8or
controller. As shown in Fig. 4c, the grid current reaches its 70}
maximum RMS value of3 A, as it has been analytically o , , , , ,
proven in this paper, thus protecting the inverter unded gri 0 5 o 15 20 % 30
faults. When the fault is self-cleared at 2%5and (@ return to Timefs
their original values according to droop control, alwaythwut
violating the maximum grid current.

Regarding the controller states introduced in the contro

design, one can observe in Figures 5a and 5b the time response .
. .~ on SRF modeling was presented. The proposed controller
of wg and w, in order to regulate the real and reactive

power accordingly. As observed in Fig. 5a, when the currenf/as Proven to inherit a current-limiting prope.rty for_thédgr
limit is triggered at 28, wy reaches its minimum value side inverter current and guarantee asymptotic stabiitytie

(o~ S B~ i) i order 0 i e g Soned oo e, The proposed desn eatles S
current limited below its given maximum value. b

control the injected real and reactive power to set refexenc
V1. CONCLUSIONS values or support the grid. Using nonlinear ISS theory of

In this paper, a new droop controller for three-phase gridthe closed-loop system, it was shown that the desired grid
connected inverters introduced in a multi-loop structuaedal  current limitation is maintained even when faults occur at

Igrms[A

100

N

o 90

(d) RMS \oltage

Figure 4. Response of the three-phase grid-connectedienweguipped with
ihe proposed controller
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Time/s

(a) Time response of the controller statg

160

140
120

S 100}

=2

o — e

40

0 5 10 15 20 25 30
Time/s
(b) Time response of the controller state

Figure 5. Time response of the proposed controller states

the grid voltage, offering a unified control structure forthbo

(8]

El

(10]

(11]

(12]

(13]

(14]

[15]

normal and abnormal grid condition. The effectiveness ef th [16]
proposed control approach was verified through extenddd rea
time simulation results both under a normal and a faulty.grid ;)
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