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Abstract

In an islanded microgrid consisting of parallel-connected
inverters, the interaction between an inverter’s output
impedance (dominated by the inverter’s filter and voltage
controller) and the impedance of the distribution network
(dominated by the other paralleled inverters’ output
impedances and the interconnecting power cables) might lead
to instability. This paper studies this phenomenon using root
locus analysis. A controller based on the second derivative of
the output capacitor voltage is proposed to enhance the
stability of the system. Matlab simulation results are presented
to confirm the validity of the theoretical analysis and the
robustness of the proposed controller.

1. Introduction

Microgrids are defined as systems that have at least one
distributed generation (DG) unit and associated loads, and can
work in grid-connected mode as well as in island mode [1].
Due to its controllability, microgrids will become building
block of future smart grids. This technology can offer
improved service reliability, better economics and reduced
dependency on the local utility.

When controlling a microgrid, it is important to ensure the
stability of each unit as well as the microgrid as a whole under
different loads and system conditions. In many practical
scenarios, the DGs are located far away from each other and
therefore they are connected to the network via cables with
non-negligible impedance. This could cause the voltage
controllers of DGs working in parallel to become unstable.

Power sharing between parallel-connected DGs can be
achieved using the well-known droop control [2]-[7]. Much
research has also been done to enhance droop control to
improve the accuracy of the power sharing between DGs [8]-
[10]. The concept of the virtual impedance has been widely
used to overcome the problem of power coupling caused by
high R/X ratio in low voltage distribution networks [11, 12]. It
increases the inductive reactance of the inverter’s output
impedance without using additional physical inductors that
would increase size and cost. Each inverter is normally
controlled by a core controller that regulates the inverter’s
output voltage, and an outer droop controller that sets the
amplitude and frequency references for the inner core
controller. The core controller has much higher bandwidth and
hence faster response than that of the outer droop controller
and therefore the dynamic behavior of the inner core controller
is normally neglected in the design and analysis of the droop
controller. Consequently, the interaction between the core

voltage controller and the distribution network (consisting of
cables, loads and other inverters) is often discarded. However,
in practice, the DGs voltage controller can become unstable
due to the interaction between the output impedance of each
inverter and other inverters and cable impedances that can
create parallel and/or series resonance. If the resonance
frequency is within the bandwidth of the voltage controller an
instability could occur. Thus, designing the inverter controller
as a single isolated unit does not guarantee stability in all
conditions.

Different types of controller including PI, repetitive, resonant,
deadbeat and many other controllers have been used in grid-
connected inverters. They usually utilize dual loop control to
dampen output filter resonance [13]-[16]. However, the
interaction between the inverter and the network is rarely
considered or addressed when designing these controllers. In
[17], the interaction between uninterruptible power supplies
(UPS) was investigated. The study recommended reducing the
voltage controller bandwidth by manipulating the voltage and
current controllers’ gain to keep the system stable. In [18], the
controller bandwidth was reduced by using a feedforward
loop. Ref [18] also concluded that a resistive virtual impedance
has no effect on the system stability. However, the effect of an
inductive virtual impedance was not addressed.

In this paper, the effect of the inductive virtual impedance as
well as cables’ length on the stability of parallel-connected
inverters is studied. A controller based on the second
derivative of the output capacitor voltage is proposed to
enhance the stability of the system. The proposed controller
ensures stability over a range of cable impedance and virtual
impedance values.

2. System modelling

Fig. 1 shows an islanded microgrid consisting of two inverters
and their LC filters, cables and load. The parameters of the
system considered in this paper are listed in Table 1.

Fig. 2 shows a block diagram of one inverter and its basic
controller. It consists of an outer feedback loop of the capacitor
voltage V, and an inner feedback loop of the capacitor current
I with the latter employed to provide damping to the filter
resonance. In addition to the dual feedback loops of Ic and V,,
a feedforward loop of the reference voltage is also
implemented to minimise the steady state error. Furthermore,
a virtual impedance loop is used to make the output impedance
of the inverter more inductive and hence increase the
decoupling between active and reactive power. Thus, the
active power is predominantly dependent on the power angle
and the reactive power is predominantly dependent on the
output voltage.
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Fig. 2. The basic double-loop voltage controller of an inverter

Symbol Description Value

Ls Inverter-side filter inductor 800uH
Ct Filter capacitor 60uF

ky Voltage controller loop gain 2

Ke Current controller loop gain 2.2

I Cable resistance 05x102Q/m
L Cable inductance 1uH /m

L, Nominal virtual inductance 650uH

T Time constant (virtual impedance) 1/1500

Table 1. System Parameter Values

It can be shown from Fig. 2 that the output voltage is given by
V.(s) = G(s)V ()~ Z, ()1, (5) (1)

where G(s) is the closed loop transfer function that relates V,
to V™ and Z(s) is the closed loop output impedance and they
are given by

k, +1
G(s) = ; )
LCis"+kC;s+k +1
Z,() oo GO)Z,6)
s) = +G(s)Z,(s
° L,C,s* +k.C,s+1+Kk, ! )

The virtual impedance transfer function Z,(s) in (3) is given by
S
Z,(5)=—— 4
,(8) TS+1|-V (4)

where L, is the inductance of the virtual impedance and 7 is

the time constant of the high pass filter used to approximate
the derivative in the transfer function of the ideal virtual
inductance (Z, = sLy). Fig. 3 shows the Thévenin equivalent
circuit of a simple single inverter model represented by (1).

Fig. 4 shows the frequency response of the output impedance
transfer function Zo(s) with L, equals to zero and 650uH. As
can be seen, the output impedance has a predominant inductive
behavior in the region below the natural frequency that is
important for proper droop control operation, especially,
around the fundamental frequency. There is a resonance at the
natural frequency but it has been damped thanks to the inner
current loop.

Z,(s) |

+

OV =G(s)V’ V,

Fig. 3. Simple inverter model (Thévenin equivalent circuit)
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Fig. 5. General microgrid model
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A circuit model for a microgrid consisting of two inverters
connected through cables and supplying a common load is
shown in
Fig. 5 where Z¢; and Z, are the impedances of the connecting
cables. Using the superposition principle, i.e., by setting the
voltage of the second inverter to zero, i.e., G(s)V'(s)=0, the

microgrid from the point of view of the first inverter can be
modelled as shown in Fig. 6 where Zpn(s) represents the
equivalent impedance of the load, cables and the output
impedance of the second inverter. The load impedance in this
paper will be assumed very high (i.e., open circuit). This
represents the worst-case scenario for resistive loads, as the
load resistivity will increase the system damping. Therefore,
the equivalent impedance Zpn(s) is given by

ZDN (S) = ch + Zcz + Zo (5)
From Fig. 6, the output voltage can be written as
G(s)V, (s)xZ,y (s
VO(S)= ()c()>< DN()
Z,(8)+Zp(s)
Equation (6) represents the closed loop transfer function
relating the output voltage V, to the reference voltage V*taking

into account the effect of the connecting cables and the
impedance of the other inverters.

(6)

3. Stability Analysis

From (6), the root locus of the characteristics equation (7), can
be used to analyze the system stability.

Z,(8)+Zpy (8)=0 ()

The interaction between an inverter with the network
containing cables and other inverters can be addressed using
equation (7) in terms of the value of the virtual impedance and
the length of cables.

The effect of the virtual impedance on stability is illustrated
with the aids of the root locus as shown in Fig. 7. In this figure,
the effect of cables length, change from 10m to 100m, on the
closed loop poles of the system is shown for three virtual
impedance values of 0, 600 and 1000puH; the arrows show the
direction of increase of the cable length. As depicted, high
values of virtual inductance (above 600uuH) reduce the stability
of the system. This can be explained to be due to the increase
of the high frequency gain. The cable impedance also has a
significant effect on the system. A combination of a short cable
and a high virtual impedance value can destabilize the system.
Increasing the length of the cable and hence its resistance
improves system stability as expected.

4. Proposed controller

To improve the stability of the system we propose employing
a feedback of the voltage second derivative to present more
damping for the complex poles and shift them farther to the
left. The new proposed controller is shown in Fig. 8.

As known, the capacitor current is given by the derivative of
the voltage across it,
av
I.=C, —¢ 8
c f dt ( )
The second derivative of voltage can be therefore used to
obtain the derivative of the capacitor current as:




dl, d?Vv,

d ' dt? @)
Hence, the extra damping term could be realized by the first
derivative of capacitor current, which presents a PD? controller
instead of PD controller as shown in its simplified version in
Fig. 9.

The PD? controller measures the change of rate of current
change of rate that could reduce the disturbance effects on the
system if proper gain is used to reject these disturbances.

The first derivative already can be measured directly by
sensing the capacitor current. However, the second derivative
needs to be calculated. Differentiation of the high-frequency
capacitor current may cause serious noise multiplication
problems that could lead to instability. Therefore, a low pass
filter is added after the derivative term to minimize the effect
of the high frequency on system stability. The full derivative
followed by low pass filter is stated as:

1

s.l_.
748+1

C

(10)

where 7, is the time constant of the filter.

The new version of the voltage closed loop transfer function is
calculated as stated in (11), where k, is the derivative gain of

the capacitor current.

The new output impedance is obtained from Fig. 8, with
considering the virtual and cable impedances, as in equation
(12).

5 T T T T T

T L
L =0uH L =600uH L =10004H

4k * * * ,
3 * * * 1
* * &
i v Ed '
2 1h g
3 . *
2 o4
§ Opetu - +
g -
E Af 1

N
T

&
T

Pt |
AT

4

5 c r c r r c c
-7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000

Real axis

Fig. 10. Root locus with the proposed controller as the virtual
inductance and cables length varies from 10-100 m
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Fig. 11. Root locus of the voltage controller when K, varies
from0to 0.1

Fig. 10 illustrates the effect of the proposed controller on
stability. The root locus now shows that the system is stable
for the range of virtual inductance values and cable lengths.

Fig. 11 illustrates the locus of G_(s)when K, varies from 0

to 0.1 where 7, =0.02. As shown, it shifts the oscillated

components far away from the imaginary axis thus increasing
stability.

5. Simulation results

Matlab model was built, as shown in Fig. 5, including two
single-phase inverters modeled by two-leg IGBT bridge and
voltage controller with capacitor voltage and current as
feedback signals. They are connected via cables lengths 10m
and 20m respectively. The model parameters are listed in
Table 1. The voltages of the inverters are shown in Fig. 12 with
and without the proposed controller. As shown, the system
without the proposed controller is unstable as expected from
the previous analysis while the stability is achieved with the
proposed controller.

More results are obtained with the proposed controller shown
in Fig. 13. The cable length of the second inverter has changed
from 20m to 30m at t= 0.05 sec concurrently with an increment
step of the virtual inductance from 650uH to 1000uH. The
results confirm the stability and illustrate the robustness of the
proposed controller against different network and controller
conditions.

(k, +Dzys+k, +1

Gp(s) =

L.z, s2+L.s
Zop(s) = fld f

Ly C;zy83+(Ly C; +C Koty +C; k)82 +(ko.Cp +7,(ky +1)s+k, +1

(11)

Ly Czy83+(L, C, +C kery +C; Kk )s? +(ke.Cy +7,(ky +1))s+k, +1

+Gp(8)Zy(s)+Z(s) (12)
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Fig. 12. Output voltages of the two inverters without (a) and
with (b) the proposed control loop
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6. Conclusion

This paper studies the interaction between the output
impedance of microgrid inverters and the network impedance
including interconnecting cables and the impedance of other
parallel inverters. This interaction can destabilize the whole
system. A novel controller that uses a feedback loop of the
second derivative of the inverter’s output voltage has been
proposed to enhance stability. Matlab simulation results have
verified the theoretical analysis and the validity of the
proposed controller.
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