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Abstract—On July 7 2020, approximately 1,000 MW reduction
in solar photovoltaic (PV) output was experienced by the bulk
power system in Southern California after a three-phase fault.
Disturbance analysis indicates that instantaneous AC current
caused inverter tripping. The projection of the root cause of AC
overcurrent from the NERC report [1] is that inverter current
control is not tight. This letter provides a quantitative analysis on
ac overcurrent and addresses the following questions: (i) what
type of current controls may lead to ac overcurrent; and (ii)
how controller parameters and grid strength may influence ac
overcurrent. The letter provides frequency-domain analysis and
time-domain simulation results of a grid-integrated inverter to
illustrate the effect of control parameters and grid strength on
ac overcurrent.

Index Terms—Solar Photovoltaic (PV) grid integration; ac
overcurrent; proportional resonant control

I. INTRODUCTION

ON July 7 2020, approximately 1,000 MW reduction in
solar photovoltaic (PV) output was experienced by the

bulk power system in Southern California after a three-phase
fault. Disturbance analysis indicates that instantaneous AC
current over 150% of rated value caused inverter tripping. The
root cause of ac overcurrent, according to the NERC report
[1], is that inverter current control is not tight, which leads to
instantaneous ac overcurrent at low ac voltage conditions.

According to [2], two types of current controls are popular:
the synchronous dq-frame proportional integral (PI) current
control and stationary-frame proportional resonant (PR) cur-
rent control. In addition, voltage feedforward is often time
adopted to decouple the converter from external grid transients
[3]. This letter first examines which type of control structure
may lead to ac overcurrent in Section II. The speculation of the
particular control structure is the stationary-frame PR control
without voltage feedforward.

In Section III, the frequency-domain analysis is provided
along with time-domain simulation results to examine the
effect of PR control parameters and grid strength on ac
overcurrent. Section IV concludes the paper.

II. CONVERTER CURRENT CONTROL STRUCTURES

A circuit representing a grid-connected voltage-sourced
converter (VSC) is presented in Fig. 1. The VSC is connected
to the point of common coupling (PCC) bus through a choke
filter (its resistance and inductance are notated as Rf and Lf ).
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The grid viewed from the PCC bus is represented by an ideal
voltage source, also known as an infinite bus, behind a source
impedance Rg + sLg . The VSC’s voltage is notated as v and
the output current is notated as i.

VSC

v vPCC vgi

Rf Lf Rg Lg

Fig. 1: A grid-connected VSC.

Fig. 2 presents the two types of converter current control
structures.
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Fig. 2: Dq-frame PI control and stationary-frame PR control.

Fig. 2(a) is the dq-frame based current control. This control
structure is similar as Fig. 5 of [2]. The dq-frame is aligned
with the PCC voltage’s space vector at steady state. The PCC
voltage’s angle is sensed by a phase-locked-loop (PLL) and
the output angle of the PLL is notated as θPLL. The dq-
frame current control consists of PI controllers, the cross-
coupling terms, and the PCC voltage feedforward unit. Fig.
2(b) presents the stationary-frame based PR control. This
structure is similar as Fig. 7 in [2].

Besides the different frames, there is another significant
difference between the two control structures: voltage feedfor-
ward. In the dq-frame structure, voltage feedforward is used.
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On the other hand, in the stationary-frame control, voltage
feedforward is not used.

The effect of voltage feedforward has been shown in
[3] using time-domain simulation. With voltage feedforward,
converter current is subject to much less transients even
if there are transients in the grid voltage. The authors [3]
commented that the converter behaves as a current source with
voltage feedforward. This point was confirmed by the authors’
research in [4] where the Norton circuit representation of a
VSC equipped with the dq-frame current control is derived
mathematically. With voltage feedforward considered and with
PLL dynamics ignored, the VSC is a current source only.

Remarks: Thus, it is plausible to speculate that voltage
feedforward may not exist or may become ineffective in
the current control structure of the solar PV inverters of St.
Fernando disturbance.

III. ANALYSIS

The PR control in [2] has a transfer function Kp +
Krs

s2+ω2

where ω is the nominal frequency. In this study, a more
practical PR control is adopted [5]. The transfer function of
the PR control is

PR(s) = Kp +Kr
2ωcs

s2 + 2ωcs+ ω2
. (1)

where ω is the nominal frequency 377 rad/s and ωc is 2π× 2
rad/s. With the stationary-frame PR control, a converter can
be viewed as an impedance: ZVSC = PR(s).

The inverter is connected to a grid represented by a voltage
source vg through an impedance R + Ls. R includes both
the source resistance Rg and the choke filter resistance Rf . L
includes both the source inductance Lg and the choke filter
inductance Lf . The total impedance viewed from the grid
voltage is

Z = ZVSC + Znetwork, (2)

where Znetwork = R+ Ls.
Based on the PR control structure presented in Fig. 2(b),

it is easy to see that ia = va/(R + Ls); thus, the closed-
loop transfer function from the current order i∗a to the current
measurement ia is:

ia(s)

i∗a(s)
=

PR(s) 1
R+Ls

1 + PR(s) 1
R+Ls

=
ZVSC

Znetwork + ZVSC
(3)

Fig. 3a presents the impedance of the VSC ZVSC, or the
transfer function of PR. It can be seen that the Bode diagram’s
magnitude has a peak at 60 Hz due to the resonant control
which aims for a large gain at 60 Hz at open loop. The current
can be expressed by the grid voltage as follows. The subscript
a is dropped hereafter for concise expressions.

i(s)

vg(s)
= − (ZVSC + Znetwork)

−1︸ ︷︷ ︸
Y

(4)

where Y is the total admittance viewed from the grid voltage.
The resulting closed-loop transfer function in (4) is −Y .

It has the same magnitude as the total admittance Y viewed
at the grid. Fig. 3b presents the close-loop system transfer

-20

-10

0

10

20

30

40

50

M
a
g
n
it
u
d
e
 (

d
B

)

10
-1

10
0

10
1

10
2

10
3

10
4

-90

-45

0

45

90

P
h
a
s
e
 (

d
e
g
)

Kp =1, Kr=100

Kp =0.2, Kr=10

Kp =0.1, Kr=5

Bode Diagram

Frequency  (Hz)

(a)

-50

-40

-30

-20

-10

0

10

20

M
a
g
n
it
u
d
e
 (

d
B

)

10
-1

10
0

10
1

10
2

10
3

10
4

-180

-135

-90

-45

0

45

90

135

180

P
h
a
s
e
 (

d
e
g
)

Kp =1, Kr=100

Kp =0.2, Kr=10

Kp =0.1, Kr=5

Bode Diagram

Frequency  (Hz)

(b)

0.05 0.1 0.15 0.2
-0.3

-0.2

-0.1

0

0.1

0.2

G
ri
d
 v

o
lt
a
g
e
 d

e
v
ia

ti
o
n
 (

p
u
)

0.05 0.1 0.15 0.2

Time (s)

-0.1

0

0.1

0.2

0.3

C
u
rr

e
n
t 
d
e
v
ia

ti
o
n
 (

p
u
) Kp =1, Kr=100

Kp =0.2, Kr=10

Kp =0.1, Kr=5

(c)

Fig. 3: (a) ZVSC, or PR control transfer function. (b) The closed-loop system
−Y . The network impedance is R + Ls where R = 0.02 and L = 0.2/ω.
(c) Time-domain simulation results. Upper row: grid voltage deviation: 0.1
p.u. dip in magnitude. Lower row: current deviation.

function −Y with the network impedance being 0.02 + j0.2
pu at the nominal frequency (L = 0.2/ω). At 60 Hz, the Bode
diagram’s magnitude has a dip, corresponding to the peak in
ZVSC.

Remarks: The dip in the closed-loop transfer function −Y
means that for a voltage disturbance of 60 Hz, the current will
experience a very small change. The smaller the magnitude of
−Y at 60 Hz and beyond, the control is more effective in
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tracking current order regardless of grid voltage disturbance.
Thus, it can be seen that larger PR controller gains mean
tighter current control.

Following that dip, a peak shows in the magnitude in the
frequency range of 60 Hz—500 Hz. Three sets of control
parameters are examined. It can be seen that smaller gains lead
to smaller magnitudes in ZVSC; and larger magnitudes of −Y
at the peak frequency. The closed-loop system is simulated
for a grid voltage dip of 0.1 p.u. of 60 Hz frequency. The
current deviation is presented in Fig. 3c. The simulation results
show that a smaller gain in PR control indeed leads to a
larger ac overcurrent, corresponding to a higher peak in −Y ’s
magnitude plots.

Remarks: Smaller gains of the PR controller, or current
control being not tight, will lead to larger overcurrent for the
same voltage disturbance.

From the control theory perspective, tight or less tight
control refers to order tracking responding time, which can
be quantitatively described by bandwidth of the closed-loop
transfer function from the order to the measurement (3). The
bandwidth of current tracking of a tight control is higher
compared to that of a less tight control. In Fig. 4, both
frequency responses and time-domain responses of the current
tracking closed-loop system in (3) are presented for three sets
of PR parameters. It can be seen that the larger gain leads to
a higher bandwidth, a faster current order tracking response,
or a tight control.
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Fig. 4: (a) Frequency responses of (3). (b) Time-domain responses of current
order tracking.
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Fig. 5: (a) Bode diagram of the total impedance Z. (b) The closed-loop transfer
function −Y . (c) Simulation results of the current for 0.1 pu magnitude
reduction in the grid voltage.

Further sensitivity analysis is conducted to examine the
effect of source impedance on ac overcurrent. The PR control’s
parameters are fixed at Kp = 0.1 and Kr = 5 while three
source reactance are used: 0.1, 0.5, and 0.8. In each case,
R = 0.1X . Fig. 5a presents the total impedance Z for the three
cases and Fig. 5b presents the closed-loop transfer function
−Y . The time domain simulation results for a 0.1 p.u. dip in
the grid voltage are shown in Fig. 5c. The results confirm that
smaller network impedance leads to greater ac overcurrent.

It can be seen that the dip at a frequency point greater than
60 Hz in the impedance magnitude plot in Fig. 5a is due to
the interaction of the network impedance R+Ls and the PR
control. A small network impedance leads to a small gain at
this dip point. In turn, in the closed-loop transfer function
−Y plot in Fig. 5b, a smaller network impedance leads to a
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larger gain at the peak point greater than 60 Hz. On the other
hand, at the 60 Hz point, difference in network impedance has
negligible impact on the total impedance Z and the overall −Y
since a PR control’s gain at the resonant frequency point is
very large (see Fig. 3a).

These frequency response characteristics are reflected in the
time-domain responses of Fig. 5c. Close to 0.2 s at the steady-
state 60 Hz operating condition, the magnitudes of the current
for three network impedances become the same. During the
initial transient, the small network impedance leads to a high
overcurrent, corresponding to a larger peak in −Y ’s magnitude
at a frequency greater than 100 Hz.

IV. CONCLUSION

This letter provides a quantitative analysis to confirm that ac
overcurrent becomes severe if the current control is not tight.
The letter also speculates that voltage feedforward may not
exist or may be ineffective in those tripped solar PV inverters
in St. Fernando disturbance.
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