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Abstract—Power electronics interfaces are commonly used for
renewable energy integration in microgrids and their control
as synchronverters represents an alternative to typical control
configurations. This control technique introduces many advan-
tages, but several issues need to be properly addressed including
power quality and harmonic current sharing. In this paper,
a method to deal with the current harmonics distribution in
microgrids based on synchronverters is introduced. A Finite-Gain
Repetitive Controller (FRC) is added to the control system of a
current-controlled synchronverter. It is shown that the use of
this alternative controller allows current harmonics to be shared
between the Ditributed Generators (DGs) feeding a non-linear
load. In addition, it is shown that the FRC represents a robust
solution against the frequency variations typically occurring in
microgrids. All the harmonic sharing improvements of the control
system are tested on a prototype microgrid consisting of two
15 kVA synchronverters and a non-linear load connected via
electrical distribution lines.

I. INTRODUCTION

In recent years, renewable energies have drawn much atten-
tion and microgrids are an adequate solution to integrate these
energy resources to electrical grids. Commonly, renewable
energy sources are connected to microgrids by using droop-
controlled power electronics converters [1]. Droop control has
become very popular and it has been studied in depth in
the literature [2]. However, an alternative way to integrate
converters to microgrids is to emulate the dynamics of a
synchronous machine and this control strategy is commonly
known in the literature as Virtual Synchronous Machines
(VSMs) [3], Virtual Synchronous Generators (VSGs) [4], or
synchronverters [5]. The emulation of synchronous machines
has many potential advantages, but it requires more research
effort in order to solve implementation issues like voltage
and current limitation [6], the operation under severe voltage
disturbances [7], and under distorted grid conditions [8].

Power quality in microgrids has attracted attention of re-
searchers because most electric loads consume non-sinusoidal
currents that should be shared between Distributed Genera-
tors (DGs) [9]. However, in practical applications the output
impedances of DGs are not equal and the loads are connected
via distribution lines. These facts make it difficult to distribute
harmonic currents properly [10]. The virtual impedance is a
control technique that is commonly applied to DGs to address
power quality issues and it has been thoroughly studied for
droop-controlled Voltage Source Converters (VSCs) [10, 11].
This control technique has been recently applied to improve
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the output-current quality in parallell-connected VSMs [12].
Most authors apply resistive virtual impedances [13], although
some of them apply more advanced control techniques like
resonant controllers [12]. An alternative to virtual impedances
is a secondary controller that sends harmonic references to
the DGs through a communication link. This alternative can
be used to improve the current harmonic distribution [14] or
the voltage quality in the nodes of a microgrid [15]. However,
fast communication links are required [14].

Repetitive controllers (RCs) are popular in power electron-
ics applications such as active power filters [16]. This type of
controller provides accurate tracking of periodic signals and
its design is quite simple [16]. However, RCs are sensitive
to changes in the grid frequency and microgrids are prone
to transient frequency variations. Therefore, their application
in a microgrid is not straightforward. Several solutions have
been proposed in the literature to solve the frequency deviation
problem. Some of them are based on adaptive filters that
emulate fractional delays [17,18]. For example, in [19] a
Padé filter is proposed to implement the fractional part of
the delay that cannot be directly discretized when a RC
is implemented. Additionally, Escobar el al. [20] propose a
fractional delay approximation for a 6k+1 RC, with succesful
results. Similar solutions have been proposed in literature with
different degrees of complexity and performance [21-23].

In this paper, a Finite-Gain RC (FRC) is proposed to adjust
the output impedance of synchronverters in microgrids in order
to control the sharing of current harmonics between them.
A current-controlled version of the synchronverter is used to
make it possible to apply the FRC. Also, it is demonstrated that
a current-controlled synchronverter with a FRC is similar to a
classical synchronverter with a harmonic virtual impedance. It
is shown that a FRC provides adjustable gain at the harmonic
frequencies with an improved performance against frequency
variations. All the control system improvements are tested in a
microgrid prototype that consists of two 15 kVA synchronvert-
ers feeding a non-linear load via electrical distribution lines.

II. APPLICATION AND CONTROL SYSTEM OVERVIEW
A. System Description and Control Structure

Fig. 1 shows the schematics of a synchronverter-based
microgrid. Each VSC is connected to the microgrid via a LC'L
filter and emulates the dynamics of a synchronous machine.
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Fig. 1. Control and circuit diagram of a synchronverter based microgrid with
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non-linear loads. The synchronverters include a current controller, where the

FRC is applied. The current controller consists of a main and a harmonic controller, called C(z) and RC(z), respectively.

The virtual machine generates a voltage reference (€) that is
transformed to a current reference (?;) which is then followed
by an internal current controller. The current controller is
divided into a main and a harmonic controller. The main
controller is called C'(z) and provides a fast transient response,
while the harmonic controller is called RC(z) and deals with
power quality issues. In this paper, it will be shown that a
harmonic controller based on a FRC is similar to a harmonic
virtual impedance and this is a contribution of this paper.
Variables related to a specific DG are noted with the DG
number in the subscript (e.g. i41), but this number will be
omitted in the rest of the paper when not necessary.

B. Synchronverter in a Synchronous Reference Frame (SRF)

This section summarizes the synchronverter formulation in
a SRF [8].
The synchronverter virtual inertia is given by

Jy - dws/dt =Ty —T. + DT(W;k - ws)a das/dt =w,, (1

where 6, is the virtual shaft angle, while w, and w} are the
synchronous frequency and its reference value, respectively.
The virtual inertia is Jy, Dr is the active-power (torque)
droop coefficient, while the motion (7},,) and electromagnetic
(T.) torques are defined as

T. = Plws = Yoli—g, Ty = P"Jws = P*/w;, (2

where ws; ~ w} in steady state. The injected active power
is P and P* is its set-point value. The synchronverter is
synchronized with the g-axis of the VSC output voltage.
Therefore, € = eq+jeq, with e, = 9,w, and eq = 0, where ¥,
is called “virtual flux” to highlight its similarity with the flux
through the permanent magnets of a synchronous machine.
This flux is used to control the reactive-power injection:

1/Ju:KQ/(Q*+QB—Q)dt,

where QQ* is the reactive power set-point and Kq is the
controller gain. The grid voltage support is adjusted with a

3)

droop coefficient (Dg) and the following control law
Qp = Do(|uy| — |d,l), (4)

where [i,| is the grid voltage module and || is its set point.
The active and reactive powers are calculated with [8]:

&)
(6)

where the dg components of the signals involved are calculated
with the power-invariant Park’s Transformation [24].

P =wshyii—q = ug—dig—q + Ug—qig—q,

Q = wsthyij_q ~ Ug—glg—d — Ug—dlg—q;

C. Current-Controlled Synchronverter

An indirect current controller for a synchronverter was
proposed in [25], and it it is used here to simplify the
implementation of the FRC. The main idea can be spelled
out as follows.

First, by neglecting the filtering capacitor, the synchron-
verter steady-state equations are:

]l

{ }:{ . Ry

WsLig
where L;y = L; + Ly and R;; = R; + R,. This equation can
be used to generate a fictitious current reference (?gk) that is
calculated as follows

€d — Ug—d
€q — Ug—q

ig—d
tg—q

}, )

" _ - !
R R el B S
ngq stig 19 €q —’(Lg_q
with
2 2 %2
KZ - 1/(qu +Ligws ), (9)

where ﬁg is a filtered version of ,. The block diagram of
this control strategy is depicted in Fig. 1, point (1).

D. Current Harmonics in Microgrids

The current harmonic distribution in a microgrid can be
studied with the equivalent circuit depicted in Fig. 2, where
G (z) is the equivalent load admittance and z is the discrete-
time Laplace variable. The value of Z;(z) and Z5(z) includes



Fig. 2. Electrical circuit used to study harmonic distribution in microgrids.

the DGs electrical and control systems. The ratio between each
DG output current and the load current is

In(2) 1/Z,(2)
16~ Uz T 1/Za(2) + Go?) (10)
" e 1/2:(2) -

In(2)  1/Z1(2) +1/Z2(2) + Gr(2)

If the DGs have the same rated power, the following relation-
ship can be written

R(z) = I1(2)/1g2(2) = Z2(2)/ Z1(2),

where R(z) will be called “harmonic-sharing ratio”.
The discrete-time frequency at the harmonic h is defined as

13)

(12)

d)h _ ejwshtS’
where t, is the sampling period. Along the paper, w; refers
to (13) calculated at the nominal frequency. A value of
|R(wp)| close to 1 leads to an equal distribution of harmonic
currents. If |R(&y,)| is larger than 1, the DG is absorbing a
higher percentage of the harmonic current h (and vice-versa
if |R(&p)| is smaller than 1).

E. Virtual Impedance for Synchronverters

Virtual impedances are commonly used to actively modify
the output impedance of DGs. This modification is mainly
applied to improve the power-flow control [13], but it can
be also used to modify the current harmonic distribution (see
(12)) and this is the case studied in this paper [12].

Fig. 3 (a) shows the virtual impedance concept proposed for
synchronverters in [12], which can be represented as follows

Ui(z) = E(2)=2Zu(2)1y(2) = E(2)=Zy(2) P(2)Ui(2), (14)

where E(z), U;(z), and I4(z) are the discrete-time Laplace
transformations of e(t), w;(t), and i4(t), respectively. Mean-
shile, P(z) = I,(2)/U;(#) is the plant transfer function and
Z,(z) is the virtual impedance.

III. PROPOSED CONTROLLER CONFIGURATION

In this paper, a RC with a non-infinite gain is proposed
as an alternative to resonant controllers [12]. However, the
use of a RC poses an important problem because it has
considerable gain at the fundamental frequency and this can
generate an interaction with the virtual synchronous machine.
To solve this problem, the indirect current controller explained
in Section II-C is applied [25]. Within the current controller,

E(z U(z I(z
(2) + _7( ) 3 o )=
Z,(z)
) @
E(~ Curren I( z U; z [{ P
Q» rl(‘ff‘l(‘ltl(*t(‘ '/( ) S - C'[(Z> ( ); P(Z) /(=)

v,

Fig. 3. Control diagram of a synchronverter with (a) a harmonic virtual
impedance and (b) an indirect current controller.

Fig. 4. Block diagram of a Finite-Gain Repetitive Controller (FRC).

the high gain provided by the RC at the fundamental frequency
is not a problem. However, the virtual impedance concept
cannot be directly applied since the controlled variable is .
In order to address this issue, Fig. 3 (a) shows the equivalent
control diagram used to design the virtual impedances in [12],
while Fig. 3 (b) shows the control diagram of an indirect
current controller like in [25]. The open-loop transfer function
for the case (a) is

G(z) = Z,(2)P(2), (15)
while for the case (b) is (see Fig. 4)
G(z) =Ci(2)P(z) = C(2)(1 4+ RC(2))P(2). (16)

Without loss of generality, the references for each of the
control strategies can be written as

E(z) = E(z) + E(2) and I;(z) =I;(2) + I;(z), (17

where the tilde “ ~ 7 refers to the harmonic components
and the bar “~ ” refers to the fundamental component. If
notch filters at the harmonic frequencies are used in the
synchronverter [12], it can be guaranteed that E(z) = 0 for the
case (a), and I 5(2) = 0 for the case (b). Under this situation,
any disturbance-to-output transfer function calculated with (a)
or (b) have the same structure. By comparing (15) and (16),
the equivalent virtual impedance for the case (b) is

Z:(z) = (1+ RC(2)) - C(»). (18)

Therefore, the equivalent virtual impedance can be modified
by changing the amplification of RC(z) and C(z) at the
harmonic frequencies. The design and analysis of a FRC with



this purpose is addressed in detail here and it is the main
contribution of this paper.

IV. FINITE-GAIN REPETITIVE CONTROLLER (FRC)

A. Discrete-Time Finite-Gain Repetitive Controller

The proposed controller is depicted in Fig. 4, where RC(z)
is the discrete-time FRC, G,(z) = C(z)P(z) is the open-
loop plant, and Q(z) is a filter that limits the bandwidth. The
transfer function G,(z) and the gain K, are used to guarantee
closed-loop stability. Meanwhile, the gain K, is used to adjust
the FRC amplification at the harmonic frequencies. In order
to track even harmonics (only):

W(z) =22, (19)

where

N/2=1t,/(t,/2) €N, (20)

while t, and ¢, are the sampling and disturbance periods,
respectively. Under nominal conditions, ¢, = 1/(27w?), where
w? is the nominal grid frequency. The transfer function of the
proposed FRC is

RCQ)l_ggaggg@gGﬂdK;

B. FRC Stability Analysis

2L

From Fig. 4, the reference-to-error transfer function is:

S(z)
Fu(z) = 1 1— K W(2)Q(z) .
1+ Gp(2) 1 =W (2)Q(2)(Ko — KzGa(2)Fp(2))

(22)

where F,(z) = Gp(2)/(1 4+ Gp(2)).
A sufficient condition to guarantee closed-loop stability can

obtained by applying the small-gain theorem to the system in
(22) [26], yielding

|W(2)Q(2) (K, — KuGy(2)Fp(2))]]oo < 1, (23)

with 2 = e/“®s. The transfer function G,(z) is commonly
chosen as Fp’l(z) in order to maximize stability margins,
where F,(z) is a model of F,(z) [16]. Also, |Q(e**)| ~ 1
within the RC bandwidth, while |Q(e?“*s)| ~ 0 out of it. In
this case, the stability condition in (23) is reduced to

| K, — K| <1,

(24)

which is valid for any configuration of W (z) provided that
|[W (ed“ts)| < 1 Vw. The value of K, will be set to fulfil the
bandwidth requirements. Therefore, the maximum value of K,
that leads to a stable system can be obtained by solving (24),
yielding

0< K, <1+ K,, (25)

if K, > 0. It can be seen that the smaller K, is, the smaller
the maximum value of K, becomes.

C. Equivalent Virtual Impedance

The equivalent harmonic virtual impedance value can be
obtained by substituting z = @y, in Z29(z) (see (18)), yielding

1-K,+ K, R .
= 1_7;;0 |Cl@n)| - Gz (@n)]. (26)
The value of R}, can be chosen by modifying either K, or K.
However, it also depends on |C'(wy,)| and |G, (@p)|. The value
of K, will be chosen according to the bandwidth requirements,
as will be explained in Section VI-B. Meanwhile, R; will be
set according to the harmonic sharing needs. Therefore, the
value of K, is fixed and it can be calculated as follows

Ky = (1= Ko) Ry, /(IC(@n)] - |Ga(@nr)]) — 1+ Ko, (27)

Ry, = 12,9 (wn)

where h' is one of the harmonic frequencies. From (27), it
is clear that the virtual impedance can be set, exactly, only
for the harmonic h'. Also, K, must comply with the stability
condition in (25). If this does not occurs, either R; or K,
(preferably) can be modified.

V. CASE STUDY AND SYSTEM DESCRIPTION

The DGl is connected to the microgrid via an LCL filter
whose parameters are L; = 2.3 mH, Cy = 8.8 uF, and
Ly, = 0.9 mH. In this case study, the DGI is connected
close to the load, so Ly and Ry are zero. The VSC2 has
the same LCL filter, but the line impedance is Lgz = 5 mH
and Ry = 0.2 €2. The DC-link voltage of both converters
is maintained constant at 680 V with a diode rectifier and a
step-up transformer connected to an auxiliary grid. The total
DC-link capacitance is 2 mF.

The switching and sampling frequencies are configurable,
and they have been set to 10 kHz. The dead-time of both
VSCs is 2 ps. The min-max method is used to generate the
Pulse Width Modulation (PWM) signal [27]. The non-linear
load is a diode-rectifier with a configurable active DC load.

Frequency [Hz|

Fig. 5. Bode diagram of 1 + RC(z), for K, =0.5, 0.6, 0.7, 0.8, and 0.9.
R, = 10 dB. The black dots are phase margins.
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Fig. 6. Operation of the synchronverter-based microgrid feeding a linear load.

VI. CONTROL SYSTEM DESIGN
A. Main and Harmonic Controller Parameters

The value of N calculated with (20) is 100. The RC
bandwidth has been set to 1900 Hz with a 25th-order linear
phase FIR filter. The possible values of K, will be explored
in the next section, while K, will be set according to (27).
The RC is implemented as suggested in [19]. The current
controller C(z) is a classical PI controller designed with a
phase margin of 65 deg and a crossover frequency of 200 Hz.
The classical decoupling equations are used [27]. The discrete-
time version of the continuous-time plant transfer-function
(P.(s)) is obtained with the ZOH method [28].

B. Design of the Gain K,

Fig. 5 shows the frequency response of 14+ RC(z) when the
value of K, is modified and K, is adjusted so that the virtual
resistance (Ry) is 10 dB, while the value of K, is set with (27)
(see (26)). It can be seen that the lower the value of K,, the
more robust the system becomes against frequency variations.
However, the stability margins are deteriorated (because K,
is closer to its limits). For the application, the value of K,
has been adjusted so that the current harmonics are correctly
distributed between the DGs.

VII. EXPERIMENTAL RESULTS
A. Operation with a Linear Load

Fig. 6 shows the operation of the synchronverter-based
microgrid feeding a load that consumes active power. Initially,
the load was consuming 1 kW. Eventually, an 8 kW load
was connected to the microgrid. At his time, a transient in
the grid voltage took place. When this transient ended, the
current was correctly shared between the DGs because the
droop coefficients of both VSCs were the same.

B. Finite-Gain RC to Improve the Harmonic Sharing

Fig. 7 shows the output current of the synchronverters (a)
before and (b) after turning on the FRC. When the FRCs are
not included the harmonic distribution between the DGs is not
adequate. When the FRCs were applied, as shown in Fig. 7
(b), the harmonic sharing between the DGs was controlled
and the waveforms became similar. However, the quality of
the grid voltage worsened.

(a) Excluding the FRC
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Fig. 7. Operation of the synchronverter-based microgrid (a) excluding and
(b) including the FRC.
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Fig. 8. Operation of the synchronverter-based microgrid feeding a linear load.
A classical RC (K, = 1) is applied to the DGI.

C. Infinite Gain Repetitive Controller

Fig. 8 shows the microgrid operation when a classical RC
(K, = 1) was applied to the DGI. It can be seen that the
quality of output current improved. However, the quality of the
grid voltage worsened and all the harmonics were delivered
to the load by the DG2. This situation is undesiderable and it
should be avoided.

VIII. CONCLUSION

This paper has shown the application of a Finite-Gain
Repetitive Controller (FRC) to the current harmonic dis-
tribution improvement in a synchronverter-based microgrid.
Firstly, the similarities between a current-controlled and a



classical synchronverter with a virtual impedance have been
highlighted. Secondly, it has been shown that the FRC greatly
improves the bandwidth when infinite gains at resonance fre-
quencies are not required. The results have demonstrated that
the harmonic sharing ratio can be close to one, even thought
the FRC is accurately applied only to a single harmonic
frequency. All the proposed control system improvements have
been tested in a prototype of two synchronverters feeding a
non-linear load.
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