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Abstract—This paper presents an enhanced current controller
for improving the performance of a class of single-phase grid-
connected inverters operating in weak and distorted grid condi-
tions. An inverter designed to operate at normal (strong or stiff and
clean) grid conditions may not perform satisfactorily during weak
and distorted grid conditions. One major reason is the interfering
dynamics of the synchronization or phase-locked loop (PLL). This
paper proposes an enhanced control structure for a popular class
of single-phase inverters to address this problem. The proposed
idea is to include the PLL state variables into the main inverter
controller thereby minimizing the undesirable interactions of the
PLL with the other components. A method for optimally designing
the controller gains is also proposed. Compared to the conventional
one, the proposed controller is shown to have a more robust per-
formance over a substantially wider range of weak and distorted
grid conditions. Extensive simulation and experimental results are
presented to validate the proposed controls.

Index Terms—Distributed generation, grid distortions, grid-
connected inverters, phase-locked loop (PLL), weak grid
conditions.

I. INTRODUCTION

ISTRIBUTED energy resource (DER) units including

generation, storage, and controllable load entities are in-
creasingly connected to the grid using power electronic convert-
ers. These converters process and control the power exchange
between two sides of the converter. They need to comply with
the standards on grid power quality and ride-through require-
ments such as [1]-[3]. In addition to those, they should perform
robustly against system changes and uncertainties such as volt-
age and frequency swings and high grid impedances called the
weak grid conditions. A weak grid condition is often caused
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as a result of the high integration of low inertia, fast-acting
DERs at numerous locations at the distribution level [4]. A
microgrid, which includes a limited number of DER units, is
an example of a weak grid. Dynamics of the inverter becomes
more complicated when connected to a weak grid and undesir-
able harmonic injections, oscillations, and stability issues arise
[5H12].

DER units are commonly located in dispersed areas where the
grid impedance can be high. This can influence the stiffness and
quality of the local bus voltage posing interconnection problems,
which lead to limiting the amount of wind or solar power that can
be integrated [13]-[15]. Similarly, Huang et al. [7], [16] showed
that the dc-link voltage stability degrades with an increase in the
power transfer exchange with a weak grid. Akhavan ef al. [17]
proposed a modified grid voltage feed-forward method using
virtual admittance to improve the stability of multi-parallel grid-
connected inverters in weak grid conditions. Furthermore, Xiao
et al. [18] formulated a hierarchical controller for a microgrid
to provide coordinated frequency support to a weak grid. It is
achieved by adjusting the active power flow in the tie-line as per
grid frequency requirements.

The general block diagram of an inverter control system is
shown in Fig. 1. This control approach is commonly used in
practice. As clearly observed from this figure, the synchroniza-
tion unit often in the form of a phase-locked loop (PLL) [8],
[19]-{23] is critically serving as the interfacing component be-
tween the grid voltage and the inverter control system. It is,
in general, a nonlinear system, which generates a reference for
the synchronization and for reference current generation. The
effects of the PLL in causing system oscillations during weak
grid conditions have been reported in recent publications [5],
[8], [12], [23], [24] without offering a comprehensive or sys-
tematic solution. In a grid with low short-circuit ratio (SCR),
which is an indication of increased grid weakness, designing
the PLL is a challenge as higher bandwidths tend to make the
system oscillatory and unstable while lower bandwidths de-
grade its transient speed [24]. Consequently, the interaction of
the PLL with other control loops is a dominant factor resulting
in instabilities in a weak grid [16]. Dong et al. [12] explained
the instability occurred in an islanded microgrid by developing
and using a nonlinear model. In the same way, Midtsund ef al.
[10] also investigated the operation of current controlled invert-
ers under weak grid conditions and verified that a large grid
impedance can destabilize the control system.
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Fig. 1. Schematic diagram of an inverter control system.

A method is presented in [25] to increase the stability range of
a voltage source converter (VSC) type of inverters by introduc-
ing a virtual impedance term in the PLL, which makes the VSC
synchronized to a virtual point with a stronger voltage. Radwan
and Mohamed [26] showed that the system stability is degraded
under weak-grid conditions due to the PLL in a current source
converter. It proposes supplementary controllers integrated to
the outermost control loops to mitigate the problem. Separate
compensation functions are designed through which voltage and
frequency variables of the PLL are filtered and used to modify
the current reference. The design stage involves determining
several control gains and has been done using linear analysis and
root-locus method. Guo et al. [27] showed the adverse impacts
of the PLL on the performance of a VSC operating in a high volt-
age dc system with the weak grid, and utilizes an extra damping
term to improve the performance of the power synchronization
method by Zhang ef al. [28] against such conditions. Midtsund
et al. [10] investigated the influence of large inductance on the
response and stability of the VSC and verified controller instabil-
ity in such conditions. They further stated that the interaction be-
tween the PLL and the current controller plays a significant role
in provoking such instability. All these studies discover that PLL
causes significant oscillations or even system instabilities dur-
ing high impedance or weak grid conditions. Some recommend
ways to partially compensate these oscillations but none of them
succeeds to efficiently or systematically address the problem.

This paper proposes a new approach to systematically
addressing the problem of inverter response instabilities dur-
ing weak grid conditions. The recently developed linear time-
invariant (LTT) model of the enhanced PLL (EPLL)—detailed
in [29]—is used to integrate its internal state variables fully
into the inverter control system. This makes it possible to de-
sign the entire system gains (including the PLL and the current
controller) together. The paper also develops an optimal control
based method to design the entire system gains. This optimal
and integral design reduces the loop interactions between the
PLL and other control loops resulting in the mitigation of the
oscillations that could cause system instabilities. The proposed
method is developed for the both L and LCL type output filters.
Significant improvement of the inverter performance in weak
grid conditions is confirmed using simulations and experimen-
tal tests.
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Fig. 3. Single-line diagram of system.

II. STUDY SYSTEM

The study system is a 6-kVA single-phase grid-connected
inverter. Fig. 2 shows the complete block diagram and Fig. 3
shows the single-line diagram of the network. A fixed dc source
is connected to the inverter via a dc bus. Since the focus of
this paper is on converter output current control during weak
grid condition, there is no discussion on maximum power point
tracking and voltage control. This fixed dc source is chosen as
an example but the conclusions are generally valid for actual
grid-connected DER applications.

The power inverter is connected to the grid at the point of
common coupling (PCC) via an L filter whose inductance is
chosen such that the peak-to-peak current ripple is less than 10%
of the peak rated current. The case of the LCL filter is treated
separately in Section IV. For given parameters in Table I and
the unipolar pulsewidth modulation (PWM), the peak current is
I, = SinvV/2/Vgria and thereby L = 1.3 mH is selected to limit
current ripples to 10% of I,. The local load (LL) is located right
after the inverter filter circuit. All the impedances reflecting the
real practical effects such as the local grid impedance Z, =
Ry + jwL,, the transformer impedance Z; = R; + jwL;, and
the line impedance Zjine = Riine + jwLiine are taken into con-
sideration. Furthermore, in order to include the frequency and
voltage dynamics of an actual grid as close as possible, a three-
phase synchronous generator (SG) based modeling of the grid
is used as opposed to simply an ideal voltage source behind an
impedance. The inverter is connected to one phase of the three-
phase line. The parameters used in the design and simulation of
the inverter controller throughout this paper are given in Table I.

III. CURRENT CONTROLLER WITH L-FILTER

Details of the existing current control approach are shown
in Fig. 4. The compensator H;(s) is for tracking the current
reference signal, and consists of a second-order generalized
integrator (or resonant controller) tuned to resonate at nomi-
nal grid frequency. In the same way, H»(s) is a proportional
gain plus a bank of damped resonant controllers tuned at odd
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TABLE I
BASIC SYSTEM PARAMETERS

Parameter Symbol Value
Inverter power rating Sinv 6 kVA
L-filter inductance L 1.3 mH
L-filter resistance R 0.1 mQ
Nominal dc-bus voltage Vae 600 V
Local load (LL) rating SLL 4.2 kVA, 0.7 PF
Transformer rating S 10 kVA
Transformer ratio a 240:7200
Transformer base impedance Zy AHEY
Transformer resistance R, 0.02Z; Q
Transformer inductance L; 0.05Z;/w, H
Grid inductance Ly, 0.5 —10 mH
Grid resistance R, 0.3wLy O
Grid voltage (HV side) Vglﬁ 7.2 kV
Grid voltage (LV side) Virid 240 V
Line base impedance Zline Vg‘éz /St
Line inductance Liine 0.05Z)ipe/wo mH
Line resistance Riine 0.02Z4ine
Grid frequency fo 60 Hz
Switching frequency fow 10 kHz

Fig. 4.
inverters.

Conventional and proposed current controller for single-phase

multiples of the grid frequency. However, for the sake of sim-
plicity and making fundamental comparisons, harmonic rejec-
tion units in Hs(s) are left out of the scope of this paper. The
transfer function of L-filter G(s) as shown in Fig. 4 is described
as, G(s) = 777z

A. Two-Term Proportional Resonant (PR) Controller

This is the most frequently used current controller approach
for the grid-connected inverters, and it is generally referred sim-
ply as PR controller in the literature. The compensator H, (s) is
described by H;(s) = ;,%3-. Castilla et al. [30] recom-
mended that ¢ ~ 0.001, and guideline of [31] recommends that
H,(s) = k. The value of k is designed such that the pole in the
real axis is not too far to cause the high-frequency issues and
the dominant poles have sufficient damping.

Fig. 5 shows the movement of closed-loop poles for the pa-
rameters in Table I when k varies from O to 5. When k = 5,
dominant poles are located at [—209 4= 7340], and the nondom-
inant pole lying in real axis is at —3437.

It will be shortly shown that this conventional approach im-
poses a significant limitation on the control loop responses as
the grid gets weaker.
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Fig.5. Movement of dominant closed-loop poles of the two-term PR current

control approach when k varies.

B. Three-Term PR Controller

The existing current control approach in the previous section
is improved by adding one extra control term in the numerator
of H, (s) such that H; (s) = % while Hy (s) = ky re-
mains similar. These three gains k = [k ket keo] are optimally
designed to be used as a basis for subsequent comparisons with
the proposed enhanced controller. Thus, state-space representa-
tion of the current control loop (excluding the PLL branch) is

given as

. R 1 1
Ty = —E:L'p + Eu — Evg
Tel = WoTe2] Tea = —Ip — WeTel + Tref (1)
where
Xe1(s) = E(S) Xea(s) = 5—=E(s) (2

are the controller’s state variables, z, 2 iy is the plant variable
(also the output), and u = mVj, is the control input, where m
is the PWM modulating signal. Notice that the PWM gain is
assumed to be unity, the inverter gain is V., and therefore the
total gain from before the division block to after the Inv block
in Fig. 4 is unity. The control input is equal to

u= _kap —keizer — keazen (3)
which is a full state feedback expression. The linear quadratic
tracking (LQT) approach proposed in [32] and [33] is used
to optimally design the controller gains as briefly described
here. The control input u and the state vector r are transformed
into v and z using the transformation ( dt? + w?). This implies

v= (& +wl)u and z = (& + w?)z. After transformation,
(1) becomes

. R .
Zp = _EZP + Eﬁa Zel — WoZe2,

Zeg = —Zp — WoZel

“
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Fig. 6. Movement of closed-loop poles (of 3-Term PR current control ap-
proach) when g (blue), g (red), and g3 (black) vary.

which is represented in state-space form as 2(¢) = Az + Bv
where matrices A and B are

R 1

-z 0 0 7
A= B= 5
0 0 wl 0 ©)

1 —w, O 0

In the above-mentioned derivation, it is assumed that the grid
voltage and reference current are pure sinusoidal at frequency
w,. Similarly, the control input is expressed as

v=—kz; k=[kpke ke (6)

Itis evident from (2) that z,; = wyeand z.9 = é. In other words,
the tracking error and its derivative are included among the new
state variables. Guidelines given in [31] are followed to opti-
mally design the controller gains to minimize the cost function

o0
JZ/(%%+%@3+%3+&ML )
0

For the set of numbers defined in Table I, the optimal state feed-
back gains are obtained at k = [2.5 206.7 — 1136.2], and the
corresponding location for the closed-loop poles of the current
controller is [—1236 — 348 + 7227]. The design stage involves
sequentially increasing go, g1, and g3 and observing their im-
pact on the closed-loop poles. In Fig. 6, g is increased from 10*
to 10*#4, then ¢, is increased from 10~2 to 10°° and finally
gs is increased from 10! to 10%!. Current controllers designed
using this optimal control approach have very high robust per-
formance as compared with existing nonoptimal designs [31],
[32], [34]. The weak grid conditions, however, are not specif-
ically formulated in the existing or optimal design methods.
The following section proposes an optimal control theory based
design formulation for this problem.

C. Proposed Controller

This section introduces a new approach to restructuring and
designing the inverter current controller to enhance its transient
responses, especially in weak grid conditions. The proposed
approach is based on 1) including the grid impedance in the
design, and 2) including the PLL state variables among the
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Enhanced PLL.

Fig. 7.

entire system state variables and use them to generate the control
input. The grid voltage is no longer treated as a stiff voltage in
the proposed method. The proposed structure is shown in Fig. 4.
The PLL variables are used in the feedback loop through the two
new gains [k1pn kapn]. The PLL used in the proposed controller
is the EPLL shown in Fig. 7 [35].

1) System Modeling and State Equations: Plant—use the
same definition of z, =i, and u = viny = mVy.. The grid
impedance can be included in the model along with the filter
inductance using the Kirchhoff’s voltage law. The grid voltage
at PCC of the inverter is denoted by v, and the remote (and un-
available) grid voltage is denoted by v,iq. Feedforward of the
grid voltage supplied by the PLL, i.e., vP"!, is normally ignored
in existing system modeling approaches. In our study, this sig-
nal is included among the EPLL state variables as zop), as seen
in the following paragraph, and is included in the modeling.
Therefore, the extended equation of the inverter current may be
derived as

R+Ry, 1 L1 1
— I. I U —
L+L, "' L+L, ™'I+L, L+1L,

Ip= Vgrid -

®
Resonant Controller: State equations of the PR controller re-
main the same as in conventional controller. These are the sec-
ond and third equations in (1).
PLL: An LTI model for the EPLL can be derived ignoring the
dynamics of Aw, and by properly defining its state variables. Let
A and ¢ be the peak value and phase of input v, as determined
by EPLL. Considering 1 = p3 = p in Fig. 7, dynamics of the
EPLL is represented by

A= pepucos(d), d=w,~Esin(@). )

Define two EPLL state variables as zipn = j—o sin(¢) and
zopn = vE'! = Acos(@). Differentiating these two and substi-
tuting from (9) leads to

. . 2
T1pn = Topn, Lopn = MEpn — Wy T1pl (10)

_ _ .pll __ _ — - 3
where epn = v, —vf" =, Acos(¢) = vy — z2pn. Since

vy is not a stiff voltage, its dynamics in terms of other vari-
ables and the stiff voltage vy,iq can easily be derived as

Uy = 0Ty + QgTapn + A3U + QoVgrig (11)
LR,L,R L L
Whel'ﬁo:]_ = _LE-I—_L:_"O:Q = m,aﬂd&g =TT
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Substituting v, in epy and epy in Zapy, the second EPLL
equation is expressed as

i‘?pll =l ITp — ngflpll — HQ2Iopll + pasu — M2 Vgrid -
(12)
The total system state variables are z,, .1, T2, T1pu. and
Topn- Their dynamics are derived and expressed above. With
this definition of state variables, the control input is equal to

u= —kpry — ke1Te1 — keazea — kipnzipn — kepnzapn
(13)
which is in the form of a full state feedback. The optimal design
of this five gains is discussed in the following section.

2) Optimal Design of Proposed Controller: In order to use
the LQT formulation of [32] and [33], the state equations are
linearly transformed by applying (di:g + w?). With definitions
of z = (& + w?)z and v = (&; + w?)u, state equations and
control law are rewritten as
_R+R, 1 i 1

T+L, 7 T+L, ™ " IT+L,

Zp:

Zel = WoZe2; Ze2 = —Zp — WoZel

Z1pll = Z2pl

. 2
Zopll = PO Zp — W, Z1pl] — PQaZap) + pagv

v=—kz; k=lkyky ke2 kipn kapn]

(14)

These equations in (14) are expressed in a state-space form as
z = Apz + Byv where the matrices A, and B, are given by

_R+R, 0 0o 0 1
L+1L, L+1L,
0 0 We 0 0
Ap = -1 —w, 0 0 0
0 0 0 0 1
J1%a%] 0 0 —wg — [0y
-1 -
L+ Lg
B 0
P 0
0
| Q3p ]

This approach will transform the state variables such that z,; =
woe and zey = é. The cost function J = [ (27 Qpz + v?)dt
will then directly engage the tracking error and its derivative.
It can be minimized for finding the controller gains using the
popular LQR technique. The positive semi-definite matrix @,
is diagonal with entries g;, ¢ = 1, 2, 3, 4, 5. The full design stage
is described below.

Selection of p: The input—output relationship for LTI-EPLL
described by (9) can be described by the transfer function

You(s) _  ps
Upn(s) &2 tpst

(15)
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Fig.9. Movement of all poles when ga (red), ga (black), and g5 (blue) change.

If £ 92w, is defined, ¢; corresponds to the damping of
poles of LTI-EPLL. It is recommended to select p correspond-
ing to ¢; € [0.7,0.9] so that these poles are well placed ini-
tially. Fig. 8 shows the movement of linear EPLL poles for
p € [1.4w,, 1.8w,]. These poles are subject to change subse-
quently during the selection of @),, however, initializing them
in the range as shown in Fig. 8 enables to suitably and conve-
niently place all closed-loop system poles. The parameter po in
Fig. 7 is selected according to p9 = -8‘“?25- where (> is a damping
factor [29]. ’

Selection of (Q,: Initialize g, to gs at small non-negative
numbers.

Step I: Start with ¢o and increase it until the tracking error
builds up to a desirable shape. This term increases the weight of
the tracking error in the cost function. Freeze g».

Step II: Increase the value of g3 gradually until the dominant
poles have desirable speed. Notice that this term increases the
weight of the derivative of the tracking error in the cost function.
Freeze g3 too.

Step III: Increase the value of g5 gradually until all five poles
have the desired speed and damping. Notice that this term in-
creases the weight of the PLL feedback terms in the cost func-
tion.

Fig. 9 shows the evolution of all closed-loop poles. The
value of p = 1.5w, is selected so that ¢; = 0.75 is within the
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recommended range. In Fig. 9, movement of poles is shown
for go varying from 10° to 10°.1 (red asterisks), g3 varying
from 10° to 10°.2 (black asterisks), and g5 varying from 10!
to 10%-2. This gives the value of designed controller gains as
k=1[4.2 463.0 —1621.5 — 8.6 1.0] and poles are located at
[—262, —300 £ 5240, —258 + j476].

IV. INVERTER CURRENT CONTROLLER WITH LCL FILTER

Assume that the output filter of the inverter is in the form of an
LCL where Ly, C}, and L, are the inverter side inductor, parallel
capacitor, and the grid side inductor, respectively. Similarly, let
R, be the damping resistance in series with C; and R, and R,
be corresponding resistances of inductors L; and L. Let, #; be
current through Ly, v, be voltage across Cj, and 72 be current
through Lo or inverter output current.

Considering the resonant frequency of LCL filter f, = -‘rjl—"
and attenuation of switching noises to be 6 times that of L-filter,
[L; =0.33mH, Ly = 0.20mH, C} = 8.2 F]is chosen for the
system described in Section II. The controller gains are designed
such that the dominant poles have desired damping and response
time.

A. Two-Term PR Controller

Two-term PR controller approach can be applied only for
the passive damping in the LCL filter. The minimum possible
damping resistance Ry is chosen without compromising the
high-frequency stability of the system.

Similar to the L-filter, the compensator H (s) and filter trans-
fer function G(s) for this approach are described by

kw,s
H(s) = 82 + 20w, s + w?
Gls) = CiRgs+1
YT IO LS + (L1 + L2)CiR4s? + (L1 + Lo)s

(16)

and following the guideline of [31], H2(s) = k is chosen. The
value of k is designed having a tradeoff between high-frequency
and low-frequency stability of the systems. The design guideline
is as follows.

Step I: Choose a value of R; such that power loss is less than
0.5% of inverter rating.

Step II: Gradually increase the value of k such that low-
frequency poles have sufficient damping.

Step III: Check the high-frequency poles of LCL filter. If
they are not well damped, slightly increase R; and repeat from
Step-1.

Fig. 10 shows the movement of closed-loop dominant poles
for Ry = 0.75€ and k varying from 0.01 to 2.0. The value
of k= 2.0 is chosen for which high-frequency poles are at
[-1146 £ 731602] with damping close to 0.035 and low-
frequency dominant poles are at [—210 £ 7340] with damping
of 0.53. One non-dominant pole in the real axis is at —3347.
This controller design has excellent performance for normal grid
conditions, but it degrades as the grid becomes weaker.
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Fig. 10. Movement of closed loop poles of conventional controller with LCL
filter when k change. (a) All pole locations where non-dominant poles are
visible. (b) Dominant poles.

B. Proposed Controller

The compensators H(s) and Hs(s) in Fig. 4 are described
by the same transfer functions as for L-filter in Section III-B.
Active damping is adopted for this approach, i.e., Ry = 02 and
thus the filter transfer function G(s) is

1

) = Lo L T T T oS

(17

The controller gains are optimally designed including grid and
EPLL dynamics as in proposed controller for L-filter. The three
state variables for LCL filter are naturally defined as xp; = 4,
Tpa = U, and zp3 = ip. Along with resonant controller and
EPLL equations from (1) and (9), overall system including grid
impedance is described by following equations:

. R 1 1
Tpl = —L—lzt:pl — L—l:t:pg + L—lu
. 1 1
Ip2 = afpl - O_1$p3
1 RQ —|—Rg, 1

Ipy = Tpg — Tp3 — Vgrid
P P P g
Ly + L, Ly + L, Ly + L,
Tel = WoTea; Teg = —Tp3 — WoTel + Tref

T1pnl = T2pl

- 2
Lapn = ﬁﬁ?inE + P'Jﬁl Ip3 — Wy T1pll — HT2pn — P‘ﬁ?!vgrid

(18)
_ LaRy—LyRs _ I - _Ls
where L':ﬁl =TI, By = s and 33 = e The
control input is equal to
U= — kpl Ip1 — kaIpE! - kpSIp:i —keizer
— keazes — kipnzipn — kapnzapn. (19)

The LQT approach of [32] and [33] is used to optimally
design the control gains. Thus, the input (u) and the state
(x) are transformed into v and z domain with transforma-
tions v = (& + w?)uand z = (L + w?)z. System equations

Authorized licensed use limited to: Georgia Southemn University. Downloaded on June 01,2020 at 22:09:10 UTC from IEEE Xplore. Restrictions apply.



12544

after transformations are written as
Ry 1 1

Z..'pl = —L—lzpl —L—lng + L—lﬁ
. 1 1
Zp2 = azpl —O—lng

1 RQ —|—Rg

zp3 = —L2 + Lg ng — —LQ + Lg ng

Zel = WoZe2; Ze2 = —Zp3 — WoZel

Z1pll = Zopl;
. 2
Zopn = pB3zpa + pBi2p3 — wyz1pn — P22l (20)

which is represented in the state-space form as Z = Az + Bv
where matrices A and B are

R, 1 -
- - 0 0 0 0 O
Ly Ly
1 1
— 0 - 0 0 0 O
Cl C‘1
1 Rg + Rg
— 0 0 0 0 O
A= I+L, L+L,
0 0 0 0 w, 0 O
0 0 -1 —w, 0 0 0
0 0 0 0 0 0
| 0 (33 0 ph 0 —wp —p |
- 1 T
B=|— 00 0 00O
L Ly
Similarly, the control input is expressed as
v=—kz; k= [kp kp2 kp3 k1 ke2 kipn kapu].  (21)

Similar to earlier section with L-filter, cost function J =
[ (¥ Qpz + v?)dt is minimized for finding the controller
gains using the popular LQR technique. Note that z.; = w,e
and z.2 = é. The positive semi-definite matrix ), is diagonal
with entries ¢;, 2 = 1,2,...,7, which is selected following the
steps given below.

Step I: Start with g4 and increase it until the tracking error
builds up to a desirable shape.

Step II: Increase the value of g5 gradually until the dominant
poles have a desirable speed.

Step III: Increase the value of g; to get enough feedback of
EPLL states variables.

Step IV: Increase the value of ¢; to get desired damping of
complex dominant poles.

Step V: The value of other g;’s are kept close to zero as they
have little or no impact in pole placement.

Fig. 11 shows the movement of closed-loop dominant poles
for g, varying from 10° to 10° (black asterisks), g; varying
from 10° to 1053 (red asterisks), g; varying from 10~2 to
10°1(green asterisks), and go varying from 10~* to 10~%-°(blue
asterisks). This gives the value of designed controller gains as
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Fig. 11. Movement of closed loop poles for proposed controller with LCL

filter when g4 (black), g5 (red), g7 (green), and g2 (blue) change. (a) All pole
locations where non-dominant poles are visible. (b) Dominant poles.
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Fig. 12. Eigenvalues of the proposed and conventional controllers when L,

varies from 1 to 4 mH.

k=1[3.50.16 0.21 617.18 — 1616.66 24.17 0.18] and poles
are located at [—250, —248 + 434z, —369 + 188:]. Two non-
dominant poles are at [-5061 + 20619:].

C. Robustness of Proposed Controller to Weak Grid

Robustness of the proposed and conventional controllers are
compared in this section using an eigenvalue analysis when the
grid inductance L, is uncertain. As shown in Fig. 12, the poles of
conventional controller experience much larger level of change
compared to the poles of the proposed controller. This confirms
higher level of robustness of the proposed controller.

V. SIMULATION RESULTS

Simulations are performed in PSIM software for parameters
in Table I and designed controller gains. The rating of the grid
as described in the appendix is kept fixed at 50 kVA and grid
impedance is gradually increased to weaken the grid. Grid volt-
age and frequency experience oscillations subsequent to any
disturbance causing a temporary imbalance in the load and
generation.

The operation and grid-connection of the inverter are carried
out sequentially. At first, the PLL is started and vP"" is feed-
forwarded. Then, the current controller is started so that control
input () is generated. Control input is used to generate switch-
ing pulses for power electronic switches and applied to them.
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2-term PR controller
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Fig. 13. Response of two-term PR controller with L-filter when LL is discon-
nectedatt = 2 s.

3-Term PR controller
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Fig. 14. Responses of three-term PR controller with L-filter when LL is dis-

connected at t = 2 s.

Initially, the inverter is operating at the rated condition with
an local load (LL) connected. At time £ = 2 s, the LL is dis-
connected to observe its effect on overall current, voltage, and
frequency of the system.

A. Simulation Results With L-Filter

Fig. 13 shows the performance of two-term PR controller
with L-filter. When the grid inductance is L, = 0.5 mH, the
grid is strong with high SCR and thus the inverter output current
has little oscillations when the LL is disconnected. However,
when grid inductance L, is increased barely to 2 mH, the in-
verter output current as shown in Fig. 13 is oscillatory and is on
the verge of instability. For the same value of grid impedance,
the three-term PR controller still has acceptable performance
with oscillations only for few cycles as shown in Fig. 14. This
three-term PR controller slightly improves the robustness of the
system reaching its instability limit for the grid inductance of
L, =32mH.
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Fig. 15. Responses of proposed controller with L-filter when LL is discon-
nected atf = 2 s.
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Fig. 16. PCC voltage and PLL frequency of proposed and three-term PR

controller with L-filter when LL is disconnected att = 2 s.

The performance of the proposed controller is depicted in
Fig. 15. It has an excellent performance not only for the cases
when both two-term and three-term PR controller become un-
stable, but also when the grid is extremely weak. The inverter
output current as shown in Fig. 15 has almost no oscillations
even for L, = 10 mH when LL is disconnected. Therefore,
the proposed current controller has a robust performance for all
practical weak grid conditions. It is worthwhile mentioning that,
although this study is done for a given inverter power rating, sim-
ilar conclusions about these controller design approaches can be
drawn for all practical inverter ratings.

Furthermore, Fig. 16 compares transients of PCC voltage
and its frequency as measured by the EPLL during LL change
for grid inductance of L, = 3.2 mH. The response of a three-
Term PR controller has much oscillations in both the volt-
age magnitude and frequency, whereas that of the proposed
controller has much lower oscillations. These oscillations are
reflected in the inverter output currents shown in Figs. 14
and 15.
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2-Term PR controller
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Fig. 17. Responses of two-term PR controller with LCL-filter when LL is

disconnected at t = 2 s.
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Fig. 18. Responses of proposed controller with LCL-filter when LL is discon-

nected att = 2 s.

B. Simulation Results With LCL Filter

The performances of different controllers with the LCL filter
are similar to that with L-filter. Fig. 17 shows that the per-
formance of the two-term PR controller with the LCL filter is
excellent during strong grid condition, i.e., when L, = 0.5 mH,
and it reaches on the brink of instability for a relatively weaker
grid when L, = 2.5 mH. In contrast, the proposed controller has
excellent performance for L, = 2.5 mH and acceptable perfor-
mance for extremely weak grid condition with L, = 10 mH as
shown in Fig. 18. As expected, current controllers for the LCL
filter are found to be more sensitive to the grid disturbances such
as LL changes as compared to the controller for the L-filter.

VI. EXPERIMENTAL RESULTS

The experimental set-up is shown in Fig. 19. A SEMISTACK-
IGBT module is used to implement the inverter. The conven-
tional and proposed control systems are implemented on a
TMSF28335 DSP by programming in a Code Composer Studio
V6.2. A Chroma 63800 programmable load and a Sorensen XG

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019
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Fig. 19. Experimental test set-up.
TABLE II
CIRCUIT PARAMETERS OF EXPERIMENTAL TEST SET-UP

Lfilter inductance L | 1.4mH

DC-bus voltage Vie | 200V

Grid inductance Ly | 4.5 mH

Grid frequency fo | 50 Hz

Grid voltage Vs 110 V

Switching frequency | fow | 10 kHz

600-1.4 programmable dc power supply are used to model a
load and dc source, respectively. An MI 2883 EU Class S power
quality analyzer is used for monitoring the power quality. All
circuit parameters are listed in Table II. The inverter and LL
are connected to the actual grid. Since the grid is very stiff, a
relatively large inductance (L) is inserted to weaken the grid
such that some oscillations can be observed. The used inductors
are not of high quality and they caused additional harmonics to
the voltage at the point of connection. Three different tests are
performed as described below.

A. Test I (Start-Up)

Fig. 20 shows the start-up of inverter for conventional and
proposed controllers. The grid voltage (yellow trace), the in-
verter current (blue trace), and the grid voltage peak magnitude
estimated by the PLL (green trace) are shown. The inverter starts
injecting 3.2 A (350 W) into the grid. The proposed controller
start-up is smoother than the conventional controller with much
small transients and oscillations. Fig. 21 compares the harmonic
spectrum of the three controllers for this operating condition—
which are the conventional controller, as well as the proposed
controller with and without the EPLL error (epy passed through
a low-pass filter with the cutoff frequency of 1 kHz and added as
shown in Fig. 4). These results are generated by an MI 2883 EU
Class S power quality analyzer. The total harmonic distortion
(THD) of the inverter’s output current using the conventional
method is 16%, using the proposed method without EPLL feed-
back is 8%, and after connecting the EPLL error is 4.7%.
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Fig. 20.  Start-up transients for controllers (Test I).
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Fig. 21. THD of inverter output current.

B. Test II (Inverter Current Reduction)

In this test, the dynamic of the system is tested in a weak
grid when the inverter output current reduces from 4.2 (460 W)
to 0 A (0 W) abruptly. As shown in Fig. 22(a), this causes an
oscillation on the grid voltage when the system is controlled
by the conventional controller, whereas the response of the pro-
posed controller, shown in Fig. 22(b), are robust with a much
lower interaction between the grid and inverter. Notice that the
large 4.5 mH inductor used to weaken the grid for experimental
testing amplifies the harmonics of the grid-voltage during the
operation of the converter.

C. Test Il (LL Disconnection)

The LL of 700 W is disconnected while the inverter is inject-
ing 50 W into the grid. As shown in Fig. 23(a), this causes an
oscillation in the grid voltage and also the inverter current when
the conventional controller is used. The proposed controller, on
the other hand, rides through this smoothly with much smaller
impacts as shown in Fig. 23(b).

VII. PERFORMANCE OF PROPOSED CONTROLLER IN
DiSTORTED GRID CONDITIONS

This section presents power quality aspects of the proposed
controller. Particularly, its performance when the grid voltage
is distorted is studied in detail. It is observed that the proposed

inal grid voltage. As seen in Fig. 24 (top-left panel), harmonic
attenuation level gradually decreases as the inverter power rating
increases for the conventional controller. As a result, the THD of
I, in the conventional controller decreases while inverter power
rating increases from 2 to 5 kW, but it does not decrease further
because the attenuation of harmonics decreases for higher power
rating as seen in Fig. 24 (top-right panel). In contrast, the atten-
uation level is more robust and remains fairly constant for the
proposed controller, as shown in Fig. 24 (bottom-left panel). As
aresult, in the proposed controller, the THD of I, constantly de-
creases with an increase in the inverter power rating as expected
and is verified in Fig. 24 (bottom-right panel).

The harmonic rejection capability of the proposed controller
is further enhanced by introducing the EPLL error as a feed-
forward in the controller. The error signal ep; of the EPLL
as seen in Fig. 7 is added to vP" after filtering through a
low-pass filter (F) of suitable cutoff frequency (f.) as show
in Fig. 4. This feedforward of error can contribute to miti-
gating the harmonics introduced by the grid voltage. This is
supported by the mathematical analysis employing the magni-
tude bode plot as shown in Fig. 25. The additional dip in the
bode plot in the frequency region of 10°-10° Hz is created by
this scheme and it shows that the dominant lower harmonics
are attenuated. This is verified through simulations and shows
a significant drop in the THD of inverter current for inverter
power ratings of 2-10 kW in Fig. 25 as compared to that of
Fig. 24.

Introducing EPLL error in feedforward significantly improves
the harmonic rejection ability of the proposed controller. How-
ever, we should be careful in selecting filter cutoff frequency
(fe). Higher f, would allow a higher range of harmonics to pass
through the filter and reduce THD in I, but at the same time, it
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Fig. 24. Magnitude bode plots of conventional and proposed controllers for
different inverter power ratings (left). Inverter current THD versus grid voltage
THD for different inverter power ratings (right).

makes control system more susceptible to high-frequency noises
and disturbances. Fig. 26 shows that THD in I, significantly
drops as f. increases up to about 1 kHz for all power ratings
of inverter. After that, it saturates and does not contribute effec-
tively. Therefore, it is recommended to select f, around 1 kHz
so as to minimize the THD without introducing high-frequency
noise and dynamics of v, into the control system. Fig. 27 shows
inverter output current for two different inverter power ratings
when THD in v, is 6.0%. The THD of grid current is found
to be 10.28% and 5.90% for the conventional controller of in-

Proposed controller with EPLL error feed forwarded
Magnitude Bode Plot of 1g(s)'Va(s) % THD in lg duc to % THD in Vg
0 ———

E 10
—Sinv=2 kW
30 ———Sinv =5 kW
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o]
=
-70 2
-80
0
10° 10° 10t 0 2 4 6 8 10 12
Frequeney (Hz) % Vg THD
Fig.25. Magnitude bode plot of proposed controller with the EPLL error feed

forwarded for different power ratings (left panel). Inverter current THD versus
grid voltage THD of the proposed system for different power ratings (right

panel).

verter ratings of 2 and 10 kW, respectively. For the proposed
controller, the THD of the grid current is reduced to 6.24% and
2.14% for inverter ratings of 2 and 10 kW, respectively. This im-
provement is visible in the current waveform shown in Fig. 27.
The presented THD analysis concerns harmonics within rea-
sonable range, e.g., up to 30th harmonic, which is 1800 Hz. If
the switching frequency is decreased to 2 kHz, and the inter-
facing inductance is adjusted accordingly, the presented THD
analysis results will still be valid. For switching frequencies be-
low 2 kHz, the switching harmonics will interfere with those
harmonics.
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Cut off frequency (fc) vs Ig-THD for Vg-THD=6% TABLE III
' ' ' ' PARAMETERS OF SYNCHRONOUS MACHINE
10 F ———Sinv=2 kW ||
\ e Parameters Symbol Value
gt : ' 1 Generator/Grid rating S 50 kVA
o Rated phase voltage Ve 72 kV
F ol 1 Number of poles Ny 2
=] — - T
- Moment of inertia J 1.76 kg m?
al T | Inertia constant H 2.5
- Governor time constant Ty 025 s
Jh — I ] Frequency droop coefficient k 25/(0.03n, frm)
| | | | Damping coefficient ky 8x 107°
0 1000 2000 3000 4000 5000 Voltage droop coefficient ky 5/(0.03Vnu)
Cut off frequency of filter(Hz) Exciter integral gain kq 1.16
R p)
Fig.26. Effect of filter cutoff frequency (f. ) on THD of I; for different power Base lmpeqance Zbase VgH/ S
ratings. Armature resistance R, 0.02Zp 256
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Fig. 27. Inverter output current for both controllers when THD in v, is 6.0%.
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Fig. 28. Three-phase SG model.

VIII. CONCLUSION

A new inverter control approach for a class of current-control
based grid-connected inverters is introduced in this paper. The
performance of the proposed controller is compared with that
of conventional controller approaches, and based on that, de-
sign guidelines are presented. The objective of the controller
is to operate the inverter robustly during weak grid conditions.

The destabilizing effect of PLL dynamics on controller perfor-
mance is substantially reduced by including the PLL state vari-
ables among the entire system state and use them to optimally
generate the control input.

Grid distortions and their crucial impact on the inverter power
quality degradation is also considered in this study. It is shown
that the introduced controller inherently improves the power
quality aspects. This paper further introduced a methodology to
feed forward an error term from the PLL to the current controller
in order to enhance the power quality aspects.

APPENDIX
MODELING OF THREE-PHASE SG

A mathematical model for a three-phase SG is developed as
shown in Fig. 28. The parameters used in modeling are listed in
Table IIL
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