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Stability Enhancement of Grid-Connected Inverters
Using Weighted Average Current Control Method

Ali Akhavan, Member, IEEE, Juan C. Vasquez, Senior Member, IEEE, and Josep M. Guerrero, Fellow, IEEE

Abstract- Among different factors that threaten the stability of
LCL-filtered inverters in grid-tied mode, the variation of grid
impedance and computational delay in digital systems are the
most important ones. Often, a control system based on either the
inverter- or grid-side current and a combination of impedance
estimation and delay compensation methods are used to deal with
these challenges. Such control systems are quite effective,
however, they often involve a quite high implementation
complexity. Especially, computational and PWM delay causes a
critical frequency, which may deteriorate the stability conditions
in grids with varying grid impedance. To deal with this challenge,
a robust approach based on a weighted average current control
method is proposed in this paper. The suggested control system
employs the point of common coupling (PCC) voltage as a control
variable, which increases the system stability in weak grids.
Thus, the control system does not need any delay compensation
or grid impedance estimation methods, which in turn, simplifies
the control system. The effectiveness of the proposed method is
examined using the experimental results in different case
studies.

Index Terms— Grid-connected inverters, LCL filter, stability,
voltage feedforward, weighted average current control.

|. INTRODUCTION

Grid-connected inverters have been extensively employed
for injecting the power from renewable energy resources into
the grid. Basically, using a filter at the output of the inverter is
inevitable for smoothing the output current. Among various
kinds of filters, the LCL filter is gained popularity for its better
harmonic attenuation and lower cost and size [1]. However, it
faces also resonance hazard and hence, demands a damping
solution to make the system stable [2]. An important aspect in
the control of grid-connected inverters with the LCL filter,
which is often based on either inverter-or grid-side feedback
current, is the resonance damping. In recent years, different
resonance damping approaches have been suggested in the
literature. Among these approaches, active ones have received
more attention as passive methods may cause a considerable
power loss [3]-[9].

Both inverter- and grid-side current have their own
advantages to be used as an outer loop. By selecting the grid-
side current as a control target, the injected power into the grid
could be controlled, directly [10]. In contrast, the inverter-side
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current could be used for inverter overcurrent protection [11],
[12]. Also, supposing 1.5Ts (Ts = sampling period) delay in
digital control systems, it is proved that a grid-side current
controlled inverter can work stably, without any damping
mechanism when the resonance frequency falls higher than
fi/6, where f; is the sampling frequency [13]. However, for the
case of controlling the inverter-side current as a target control,
the stability condition is the opposite [12]. The robustness of
this method is very poor in weak grids since the resonance
frequency changes because of grid impedance variations and
consequently, the resonance frequency might move into an
unstable region. Therefore, using damping methods seems
necessary to increase the system robustness and reliability.

Despite the higher efficiency, conventional active
damping-based control systems are prone to instability
because of the effect of the computational and PWM delay in
digital systems. In fact, the real part of virtual impedance that
is introduced by the active damping loop becomes negative at
frequencies higher than f/6, so-called critical frequency,
which might make the system unstable [13]. Compensation of
the delay's negative effect is discussed extensively in
literature. An FIR filter, a modified notch filter, and a biquad
filter are proposed in [5], [14] and [15], respectively, to push
the critical frequency toward higher frequencies by injecting a
positive phase to the control system. However, it might
increase the high-frequency noises. In [16], sampling instant is
shifted to amend the delay effect. A repetitive-based control
system is proposed in [17] to cope with delay's negative effect,
which expands the critical frequency to fJ/4. However, this
method may amplify noises since it has an infinite gain at the
Nyquist frequency. Also, this method loses its performance
when the resonance frequency moves higher than fyJ4. An
observer-based method is suggested in [18] for current
prediction and in this way, compensates for the delay effect,
which increases the sensitivity of the control system to
parameter variations and uncertainties. Also, a method based
on double-sampling approach is suggested in [19] to reduce
the delay's negative effect. Nonlinear control methods such as
model predictive control (MPC) [20], and sliding mode
control (SMC) [21] are other approaches that have been
gained more attention in recent years. Although effective,
these methods need an accurate dynamic model and an
optimization algorithm, which complicate the control system.
Thus, a powerful computational unit is demanded, which in
turn, increases the costs. Also, the performance of these
methods could be affected by uncertainties.

The above-mentioned methods are effective, however,
they mostly make the system more complicated. Therefore, a
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simple method with high robustness is demanded. To address
this challenge, a weighted average current (WAC) control
method has been suggested [22]-[25]. The WAC method
arranges a pole-zero cancellation and removes the resonance.
Therefore, the order of the control system is reduced, and the
tuning procedure is simplified since the resonance does not
exist anymore. On the other hand, the critical frequency does
not affect the system stability. Therefore, the control system
could be designed with a higher control bandwidth in
comparison with a three-order system. However, the value of
the grid impedance should be known in the WAC method,
which in turn increases the sensitivity of this method to grid
impedance variations [26]. In fact, to design the control
system, the grid impedance should be estimated, which is not
straightforward in a real application, such as weak grids where
the grid impedance changes widely. To deal with this
challenge, a grid impedance estimation method [27], [28], can
be incorporated into the WAC method. It, however, may not
be a good idea as the key feature of the WAC method is its
implementation simplicity. Moreover, Pan et al. [29] proved
that despite the stability of the weighted average current in this
method, both the inverter- and grid-side currents are critically
stable. Therefore, to make this method reasonable for real
applications, it should be improved to increase its robustness
against grid impedance variations.

A WAC control method combined with capacitor current-
based active damping is used in [30] and [31]. However, the
grid impedance variations, as well as the effect of critical
frequency on the system stability, need to be addressed
properly. In [32], an LCCL filter is used, and using a single-
loop current control method, the current flowing between two
capacitors is controlled. In fact, the LCCL filter is a physical
implementation of the WAC control method. Although
effective, it increases the cost and also, the desired split
proportion of capacitors makes the implementation of the
system a challenging task.

A robust and simple method is therefore demanded, which
stabilizes the control system and copes with non-ideal
conditions in real applications such as delay and grid
impedance variations. To fill in this gap, a WAC-based control
system is proposed, which employs the point of common
coupling (PCC) voltage as a feedforward variable and inherits
the conventional WAC control merits. The proposed approach
has a simple structure and offers a high robustness to grid
impedance variations. The control system does not need any
delay compensation or grid impedance estimation method,
which is its superiority in comparison with inverter- or grid-
side current and conventional WAC control methods. In this
way, the system keeps its stability even if the resonance
frequency goes higher than the critical frequency. Since the
PCC voltage is normally used for synchronization of the
inverter and the grid, this method does not need any extra
sensor in comparison with other conventional methods, which
in turn, saves the costs.

The rest of this paper could be summarized in what
follows. Section Il presents a schematic of the system under
study and conventional WAC control issues are introduced
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Fig. 1. Single-line schematic of a WAC-controlled inverter.

briefly to formulate the problem. In Section Ill, the proposed
WAC control system based on PCC voltage feedforward is
introduced. The effectiveness of the suggested technique is
analyzed and its validity is verified using the experimental
tests in Section IV. Finally, Section V, concludes the findings
in this paper.

I1. SCHEMATIC OF THE SYSTEM

Fig.1 shows a single-line diagram of a WAC-controlled
grid-connected inverter that is connected to the grid through a
grid impedance Zg In this figure, Z.1 and Z,, are the
impedance of the inverter- and grid-side inductors,
respectively. Also, Z¢ denotes the filter capacitor impedance.
The grid impedance Zy consists of inductance and resistance,
however, since the resistive components offer passive
resonance damping and make the system stable, they are
neglected here to take into account the worst-case scenario.
Equation (1) expresses these impedances in the Laplace
domain.

1
Z,=Ls, Z,=L,s5, ZC:&, Z,=L;s Q)

As depicted in Fig. 1, both inverter-side and grid-side
currents (i. and ig) are measured and weighted. Then, the
made-up weighted average current could be used for control
purposes.

Fig. 2 shows the per-phase control block diagram of the
conventional WAC control method, where, the computation
delay is modeled as z. Also, the PWM delay that is caused by
zero-order-hold (ZOH) effect can be formulated in the s-
domain as follows [12].

GZOH (S) = (2)

Also, Kepwnm models the inverter's transfer function and could
be presented as

1_ eSTS

VDC

Kown = N (3)

tri

where Vpc and Vyi are the amplitude of the DC-link voltage of
the inverter and triangular carrier signal, respectively. Gi(z) is
the current controller. Also, Ky and 1-K,, are the weight factors
for i_ and ig, respectively.
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Fig. 2. The control system of the conventional WAC control method.
Regarding Fig. 2, the system loop gain where iy (weighted timT, 1 L
average current) is the desired output, could be derived in z- T(z=¢ )= K L+L,+L, ©)
w 2 g

domain as presented in (4) at the top of this page. According
to (4), it could be concluded that if Ky, tuned as

_ L
Y L+L L ®)

the system will have a pole-zero cancellation and thus, the
loop gain could be simplified as

TW(Z) — KPWMTsc;i (Z) ) (6)
2(z-D)(L + L, + L)

From (6), it could be concluded that the system is not a
three-order system anymore and it is degraded to a first-order
system. In fact, it is similar to an L-filtered grid-connected
inverter, in which the filter inductor value is L = Ly + L, + L.
In this way, iw could be stabilized easily. This is the most
important property of the WAC control method in comparison
with inverter- or grid-side current control methods [22]-[24].

To use this merit, the grid inductance Ly should be known
exactly. However, it may not be very straightforward in weak
grid scenarios with varying grid impedance. Also, grid
impedance estimation methods complicate the control system
and they are not precise enough. Therefore, unknown and
varying Lq causes that (5) fails and thus, the merit of the
conventional WAC control method will be lost. However,
even if the grid impedance is known exactly, the grid-side
current ig will be critically stable [29]. This problem is
discussed in the following.

Regarding Fig. 2, the system loop gain where iy (grid-side
current) is the desired output, could be derived in z-domain as
(7), as shown at the top of this page. It could be found that at
the resonance frequency wr, where

o - L+L,+L, ®)
"L +L)C

the loop gain could be simplified as

Supposing that Lg is known and Ky = L1 /( L1 + L2 + Lg), by
substituting Kw in (9), T,(z= e ") =1 achieves at the

resonance frequency. It could be easily concluded that,
although the weighted average current has been stabilized, the
grid injected current is critically stable at the resonant
frequency regardless of current controller gains and grid
impedance value. It may cause a poor transient response and
magnify the harmonic components around the resonance
frequency. Therefore, the limitations of the conventional
WAC control method could be summarized as: 1) the control
system relies on the grid impedance and it should be known
exactly and 2) the grid injected current is critically stable at
the resonance frequency.

Fig. 3 depicts the closed-loop poles of the system when ig is
the target control, i.e., Tg(2)/[1+ T4(2)]. In this analysis, Lg
varies from 0 to 20 mH, and the parameters presented in Table
I and Table Il are used. It should be noted that in this figure,
Kw = L1 /( Ly + Ly) is considered and the poles introduced by
the current controller are not shown since they do not affect
the stability. As shown in Fig. 3, when Ly = 0, two resonant
poles are exactly located at the border of the unit circle, which
shows the critical stability. However, these poles go outside
the unit circle for Ly < 10 mH and then return inside by further
increasing of Lg. From these results, it can be concluded that
the conventional WAC control method is not robust in weak
grids, where the grid impedance varies widely.

Fig. 4 depicts the poles of the closed-loop transfer function
of ig, supposing that Ly is known and Ky = Ly /(L1 + Lo + Lg) is
considered. As shown in this figure, the resonant poles go
along with the unit circle border by increasing Lgy, which
implies that the grid injected current is critically stable in the
conventional WAC control method, even if the grid
impedance is known exactly.
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Fig. 5. The control system of the proposed WAC control method.

Figs. 3 and 4 verify the analysis presented in this section.
Therefore, an improved WAC control method is demanded
with high robustness, which does not depend on the
knowledge of grid impedance.

I1l. ROBUSTNESS IMPROVEMENT OF WAC CONTROL

METHOD 1
In this paper, a feedforward-based method using the PCC o8 b
voltage is employed to enhance the robustness of the 06 oA
conventional WAC control method, while it does not need any 0 - \
knowledge about the grid impedance. < 02 [~ |
= 0.5 q
8 or 0.5 1
A. Proposed Control System é”—oz \pasrm < og
The block diagram of the proposed WAC control method is 0.4 =)/
illustrated in Fig. 5, where vpcc is the PCC voltage, and Gx(s) 06 '*9<” oy
is the feedforward term for the PCC voltage loop. The loop 08| 35T ‘%ﬁﬁx
gain of this control system, where iy is the target control is 4y =0: 1mH: 20 mH- o252l

obtained in the s-domain as shown in (10) to describe the
proposed method easily.

-1

-0.5

0
Real Axis

0.5

1

Fig. 6. Closed-loop poles of iy with the proposed WAC control method
under the grid impedance variations and fixed K.
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Gi(8)Gqy () Kpum

ZLlZLZ + ZLIZC + ZLZZC + Zleg

Tw ff (S) = (12)
- ZL1+ZL2 ZL1ZL2 +Zuzc +ZLZZC +Zuzg +ZCZg (1_Gd (S)fo (S)KPWM)
T (@)= G(@)Koum oT, (2% —22cos(.a;,Ts) +1)+(z —1)zsin(a)rTSB . (14)
oL+l be) 5, 17 —22c08(0T.) +1) + K G, (2) Kem ST ;g0 gy Do 1 o5 T )22 —1)
o L+L,+L,
T, o (9)= (10) TABLE | _
- Parameters of the inverter and grid
Gi(8)Gy (8)Kpym [Zc (8) + K (Z, +Z)] Parameters of inverter
2,2+ 202+ 2,2 + 20,2y + 22y — Gy (5)Gy (8)Kpym ZeZ, Input DC voltage, Vi 650 V
Inverter-side inductor, L1 3.6 mH
where the delay is modeled with Gy(s) as follows. Filter capacitor, C 4.5 uF
15Ts Grid-side inductor, L 1.8 mH
Gy(s)=e""" (11) Sampling and switching
By considering Ky = L3 /( L1 + L) or equivalently Ky, = Z11 frequency 10kHz
I( Zuy + Z12), Tw () simplifies as (12), as shown at the top of Rated power of inverter 2.2 kVA
this page. From (12), it could be found that if G#(S) = 1/Kpwm Parameters of utility grid
is considered, the loop gain is almost free from the grid Grid Voltage, Vg (Phase-to- 400V
impedance and it could be approximated as phase RMS Voltage)
! K Frequenc 50 Hz
T, (8= SILSTOLLE - (13) Grid indquctanZe, Lg 0<Lg<20mH
ZL1 + ZL2
Therefore, using a PCC voltage feedforward method, the
WAC control method improves so that K, could be tuned TABLE Il
without knowledge about grid impedance. It is worthy to note Control Parameters
that since Gg (or 1/Kpwwm) is just a function of the Vpc and Vi, Voltage controller
it is always fixed regardless of other control parameters. ko 17
The system loop gain is derived from Fig. 5, where ig is the kr 5000
target control and it is presented in (14), as shown at the top of Kw 0.67
this page. For the control of the current in the outer loop, a Vi Vbc/2
proportional-resonant (PR) regulator is used as Kpwm 1
k.s
Gi(s) =k, + T+ 2051 (15)
where w, = 2xf, and f, is the system nominal frequency and G.(2) = 21, (2N,
o 0 [J i(Z)—kp -i-kr (18)

wi = 7 is selected as a cut off frequency.

The proportional gain k, should be tuned to reach a desired
crossover frequency f.. The proportional gain could be
designed according to [33]

MEACETS )

KPWM
where, f; is selected 0.05 fs [34]. To reduce the impact of the
resonant part at the crossover frequency, its corner frequency
(i.e., ki/(27kp)) is usually set as 0.1 f. [35]. Hence, the resonant
gain of the regulator can be designed as
2rf,
K, T (17)

From (16), (17), and also, using system parameters in
Table I, k, = 17 and k, = 5000 are yielded.

The PR regulator could be implemented using two
integrators as explained in [36]. By discretizing the direct
integrator by forward Euler and the feedback one, by
backward Euler method, the PR could be obtained as (18) in
the discrete form. Refer to [36] for more details about the
discretization of the PR regulator.
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B. Stability Investigation

The stability of the grid injected current is critical because
it is the final output of the inverter. Therefore, it is examined
with Ly varying up to 20 mH. The closed-loop poles of the
system with ig as the target control are illustrated in Fig. 6 [see
the previous page]. As shown in this figure, the resonant poles
are located at the unit circle only when Ly = 0, since in this
situation, the loop gain of the conventional and proposed
WAC control methods are exactly the same [see (7) and (14)].
However, these two critically stable poles move inside the unit
circle by increasing Lg. Thus, the stability is guaranteed for all
Ly except Lg = 0, which is critically stable. However, such a
single point does not make a visible problem in practice
because the parasitic resistances and skin effect offer some
damping that thus, help the system to operate stably. On the
other hand, the inverter rarely connects to a very stiff grid with
zero grid impedance.
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Fig. 7. Closed-loop poles of iy considering £20% tolerance of L, and L, with
the proposed WAC control method under the grid impedance variations and
fixed Ky. (a) Case A: L1 = 1.2L3 nom, Lo = 0.8L2 nom. (b) Case B: L, =
0-8L1_nomv LZ = 1-2L2_nom.

C. Stability Parameters
Tolerances

As Ky = Li/(L; + L) is a function of the L; and L,
therefore, deviation of these parameters due to the tolerance or
aging may affect Ky, and in this way, it may affect the control
system performance. In this part, the stability of grid-injected
current is investigated considering the possible variations of L,
and L,. In practice, the variations of L; and L, are limited to
+20% [13]. Therefore, the closed-loop poles of (14)
considering the variations of L and Ly, with Lg varying up to
20 mH are examined. To this end, two worst-case scenarios
are considered: Case A: Ly = 1.2L1 nom, L2 = 0.8L3 nom, and
Case B Ll = O.8L1_n0m, LZ = 1.2L2_n0m, Whel’e Ll_nom a.nd Lz_nom
are the nominal values of L; and Lo, respectively.

Investigation  Considering
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method (Y, _conv), proposed method (Y, pro), and grid admittance (Yy).

Fig. 7 shows the closed-loop poles of the control system
with the proposed WAC control method for Case A and Case
B under the grid impedance variations, while Ky, is selected
based on the nominal values of L; and L2 (L1 nom and L2_nom).
As Fig. 7(a) shows, the system keeps its stability in Case A
irrespective of tolerances of L; and L, since all poles are
inside the unit circle. From Fig. 7(b), it could be found that the
system is unstable when the inverter is connected to a stiff grid
(Ly = 0). However, the system becomes stable immediately
with the increase of the grid impedance. However, such a
single condition (Ly = 0) hardly challenges the system stability
since inverters rarely connect to a very stiff grid with zero grid
impedance. Overall, it could be concluded that the system has
a good performance against the parameters tolerances.

D. Impedance-Based Stability

For the sake of generality, the inverter output admittance
Yo(S) is derived using Fig. 5 as (19), to examine the stability of
the inverter in different cases.

Y6, = (19)

ZLl + Zc + KwGi (S)Gd (S)KPWM - fo (S)Gd (S)KPWM ZC
ZL].ZLZ + Zlec + ZLzzc +Gi (S)Gd (S)KPWM (szLz + Zc)

Fig. 8 shows the Bode plot of Yo(s) using the proposed
WAC control method, as well as inverter output admittance
using the conventional WAC control method (supposing G =
0in (19)) and also, the Bode plot of grid admittance (Yg) for Lq
= 1.8 mH. Regarding impedance-based stability criterion [37],
two stable subsystems can work stably in parallel if they have
a positive phase margin (PM) at the intersection point of their
output admittances in the Bode plot.

PM =180°—[ Y, (f)— <Y, ()]. (20)
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Fig. 9. Experimental setup.

As shown in Fig. 8, by using the suggested method, the
phase of Yo pro is lower than 90° at high frequencies. Thus,
grid impedance variations never make the system unstable
since the PM is always positive according to (20) and the
inverter will have a stable operation regardless of the grid
impedance value. It shows the suggested approach can
improve the system stability in the cases that grid impedance
changes widely. However, it can be also observed in Fig. 8
that by employing the conventional WAC control method, the
phase of the output admittance exceeds 90° at the vicinity of
the resonance frequency. It will impair the system stability if
the inverter and grid intersect in this region, as it happens in
Fig. 8 for Ly = 1.8 mH, for instance. It shows that the
conventional WAC method may lose its stability when the
grid impedance varies.

IVV. EXPERIMENTAL RESULTS

To evaluate the analysis and performance of the suggested
WAC control method and show the drawbacks of the
conventional one, the experimental tests are carried out using
a laboratory setup as shown in Fig. 9. The control algorithm is
implemented using the dSPACE DS1006. Also, a Danfoss
inverter with 2.2kW rated power is used, and grid-simulator
Chroma 61845 acts as an ideal utility grid. The harmonic
content of waveforms is analyzed by FLUKE 437. The system
and control parameters are the same as those presented in
Tables I and Il, respectively.

To validate the performance of the proposed method an
experiment is carried out under a grid impedance variation. In
this experiment, Ly changes suddenly from 0 to 1.8 mH. Fig.
10 shows the grid injected current in this situation. As it could
be seen, the system remains stable despite grid impedance
variations, which implies that the system has good robustness
and performance in weak grids.

The above-mentioned scenario is tested again but by using
the conventional WAC control method and Fig. 11 shows its
related result. It could be observed that the system loses its
stability after the grid impedance variation. The experimental
results validate the analysis regarding Figs. 6 and 8. Also,
another test is carried out to validate the analytical results of
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Fig. 10. The grid injected current using the improved WAC control method.
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Fig. 11.  The grid injected current using the conventional WAC control
method while the grid inductance varies from 0 to 1.8mH.
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Fig. 12.  The grid injected current using the conventional WAC control
method while the grid inductance varies from 10.8mH to 9mH.

Fig. 3. In this test, the grid inductance is changed from 10.8
mH to 9 mH. Fig. 12 shows the experimental results. As could
be observed, the system works stably when Ly = 10.8 mH,
however, it becomes unstable by reducing Lg.

To evaluate the transient behavior of the improved WAC
control method, a step change is applied to the reference
current from half to full load for both cases i.e., Ly = 0 and
Ly = 1.8 mH, and its related results are presented in Fig. 13. It
could be found that in the case of Ly = 0, it takes a longer time
for transient oscillations to decay because of critical stability
at this point.

The current harmonic spectrum for both cases i.e., Ly =0
and Ly = 1.8 mH in the steady-state condition are given in Fig.
14 (a) and (b), respectively. It shows that the grid injected
current in the case of Ly = 0, has higher harmonic contents in
comparison with Ly = 1.8 mH. However, such a single point
could be ignored since inverters rarely connect to a very stiff
grid with zero grid impedance.
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Fig. 15. The grid injected current with and without the feedforward method.

Another experiment is carried out to evaluate the
effectiveness of the PCC voltage feedforward loop. In this test,
the control system employs the PCC voltage feedforward loop
at first, and then, it is disabled. It should be noted that Ly = 1.8
mH is considered for this experiment. The related results are
presented in Fig. 15. As expected, the system becomes
unstable when the PCC voltage feedforward loop is disabled.
In fact, by disabling the PCC voltage feedforward loop, the
control system turns into a conventional WAC control system,
which is very sensitive to the grid impedance. This experiment
shows how the introduced PCC voltage feedforward method
affects the system stability. The proposed method is simple
and does not burden the computational task. Also, it does not
need any extra sensors, because the PCC voltage is normally
used for the synchronization of the inverter and the grid.
However, it improves the stability and robustness of the WAC
control method whereas it inherits the merits of the
conventional method.

V1. CONCLUSION

An improved WAC control method based on using the PCC
voltage feedforward is presented in this paper. Unlike inverter-
or grid-side current control methods that suffer from the delay
and also, the critical frequency that impairs the stability in
those methods, the proposed control system does not depend
on the delay. It shows that although the conventional WAC
control method degrades the order of the system, however, it
is sensitive to the grid impedance variations. Since using grid
impedance estimation methods are not reasonable because of
additional computational effort, a feedforward method is
introduced, which employes the PCC voltage and addresses
the problems of the conventional WAC control method. The
suggested WAC method does not need any knowledge about
the grid impedance and has strong robustness against the grid
impedance variations. It is worth mentioning that in the
suggested approach there is no need for any extra sensors
which in turn, save the costs in comparison with conventional
methods. The performance of the proposed method is verified
using comprehensive analysis and experimental results.
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