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Abstract—The critical short circuit ratio (CSCR), as
an important metric for grid stability evaluation, is not
clearly defined in the literature. Aimed at clarifying
the misunderstandings, the paper compares the different
CSCR definitions. Moreover, CSCR reduction-oriented
design is studied for electric vehicle chargers. Simulations
verify the analysis.

I. INTRODUCTION

Amid the transition to more electrified transportation
systems, recent years witnessed a world-widely increase
in the market share of electric vehicles (EVs). Conse-
quently, to fulfill the charging demand, enormous EV
chargers are or will be connected to power grids [1],
[2]. Nevertheless, connecting EV chargers, which are
power-electronic-based loads, to a grid may threaten the
grid’s stability. Previous studies [3]-[7] reveal that if
the grid strength, which can be quantified by the short
circuit ratio (SCR), is low at the point of common cou-
pling (PCC), a grid-converter system, including the grid-
converter system, may be unstable. Therefore, defining a
critical SCR (CSCR), which is the lowest SCR to keep
the grid’s stability, is convenient for stability evaluation.

However, the definition of the CSCR is different
among the works in the literature. In [4], the CSCR is
defined from the voltage stability perspective. According
to the power flow analysis, under a fixed power factor,
the active power absorbed at a certain PCC in the power
system network has a maximum, which is determined
by the SCR and the grid impedance ratio (GIR) at the
PCC [8]. If the load power at the PCC exceeds the
maximum, the grid voltages at the PCC collapse, and
thereby instability happens. Conversely, for a given load
whose maximum power is fixed, the lowest SCR to keep
the voltage stability can be derived under a given GIR.
Thus, the derived lowest SCR is referred to as the CSCR.

Later on, the small-signal stability of power-
electronic-based systems is studied [3], [5]-[7]. Different
from voltage instability, small-signal instability is caused
by the underdamped resonance between the grid and the
grid-tied converter, i.e., inverters or rectifiers. Based on
the modeling of grid-tied converters’ input impedance
in the frequency domain, the general Nyquist criterion
(GNCO) [9] can be applied to evaluate the small-signal
stability of a grid-converter system with a simplified
impedance-based model [3]. More studies [10] reveal
that such small-signal instability may happen when the
SCR is low. Consequently, a CSCR indicating the lowest
SCR to keep system stability can be defined [11].

Apparently, the two definitions of the CSCR are
different from each other. For clarity, the CSCR defined
from the voltage stability perspective is referred to as
CSCR,, while the other one is named as CSCR,. How-
ever, for a given system, there should be only one CSCR
which stands for the lowest SCR to maintain system
stability. Thus, the bigger one between the CSCR,, and
the CSCR; is the real CSCR. Nevertheless, which one
between the two is bigger is not consistent from case to
case. Consequently, both of the two should be calculated
for each case. However, calculating the CSCR, and
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the CSCR; are complicated [11], which brings more
challenges to obtaining the CSCR in practice.

Aimed at clarifying the misunderstandings, the paper
compares the differences between the CSCR, and the
CSCR;. Both of them need to be calculated to obtain
the CSCR of a grid-converter system including the EV
charging system. Further, to approximate the CSCR
easily in practice, the simplified calculation method for
an EV charging system, whose power factor (PF) is
high, is presented. Besides, to prepare for the weak grid
connections coming sooner or later, the design of an
EV charger to enhance the robustness of the charging
system against the grid strength weakening is studied.
Briefly, the CSCR,, can be reduced by increasing the
charger’s reactive power injection. As for the CSCRg,
it is mainly determined by the control of the charger’s
grid-tied converter. Therefore, the impact of the control
loops, namely the current loop (CL) and the voltage loop
(VL), on the charger’s input impedance and eventually
the CSCR; of the charging system is studied. As a
result, the design guidelines to reduce the CSCR; are
given, which is beneficial for reducing the CSCR of the
charging system.

This paper is organized as follows. Section II reviews
the voltage stability criterion and presents the simplified
calculation of the CSCR, for an EV charging system.
Section III shows the small-signal criterion and its sim-
plification for an EV charging system, which ends up
with the simplified calculation of the CSCRg. A compar-
ison study between the CSCR,, and the CSCR; is given
in Section IV. Moreover, design guidelines to reduce the
CSCR are summarized. In Section V, conclusions are
drawn.

II. VOLTAGE STABILITY ANALYSIS AND THE CSCR,

A. Maximum power transfer theorem

The simplified model of a three-phase charging sys-
tem for voltage stability analysis is illustrated in Fig. 1,
where the grid is simplified as a voltage source E; /0
and a grid impedance Z,. For simplicity, the phase of the
grid voltage phasor is assumed zero. The PCC voltage
is U /6 while the apparent power absorbed at the PCC
is S.

The complex grid current can be derived, which is

Fig. 1. Simplified model of a three-phase charging system for
voltage stability analysis

Since S = UI*, the active power P and the reactive
power ( absorbed at the PCC are

_ UEy4Rcos(0) — UE,Xsin(0) — U*R

B R? 4+ X?

UE,Rsin(0) + UE;X cos(0) — U?X
R2 + X2

P

2

Q =
Eliminating 6 from (2) gives

U'+(2(PR+QX)-E)U?+(R*+ X?)(P*+Q?%) = 0.

3)
The condition for (3), which is a second order equation
of U2, to have at least one solution is

(2(PR+QX)—E})*—4(R*+X*)(P*+Q%) >0, (4)
which can be simplified as
B 4PR +QX 4

(
E

1

PX_QR)2 >0. (5

2 iy
£y
The left hand side of (5) can be rewritten as a second
order function with respect to P, which is given by

2

f(P)=c+ L a(P + i)2,

4a 2a ©

where
a=4X?
b=4E2R —8QRX
4 2 P2 2
c=E; —4Q°R* - AE2QX

(7

Clearly, when f(P) = 0, P reaches the maximum. When
f(P) =0, the positive solution of P corresponds to the
maximum load while the negative one is the maximum
generation.

B. Calculation of the CSCR,

For the three-phase system illustrated in Fig. 1, the
SCR at the PCC can be calculated as

scr—S5c _ _Fo__ 5y
I E, —Ucos(0) — jUsin(0) 0 St 1281 /(P + Q2)(R? + X2)
B R+jX ' ®)
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where Sg¢ is the short circuit capacity and Sy, is the 1) GIR tends to zero
load capacity of one phase. 2 Q2
Substituti 8) into (5) gi CSCR, = — . 16
ubstituting (8) into (5) gives v S|S] = P (16)

2
1-2 — B2 2>
“igioscr P Ggiser) 2% O
where
P+ Q(X/R)
1+ (X/R)?
5 POYR) - Q {10
1+ (X/R)?
(9) can be rewritten as
B2+ a? « 2 :
> (= + ——)".
s =7 sTscr b
Since SCR is positive, (11) can be simplified as
2 2 _
0< 2 S\/oz + 64—« (> 0)
|S|SCR 32 (12)
2 «
<
0< SISCR = "3 (e <0)

Therefore, for a load whose capacity |S| and PF are
fixed, the condition for (3) to have at least one solution
is given by

2 B
SCR> ————— >0
T SIVe2+ 82— a (0 20) (13)
2 32

(13) indicates that for a grid-tied converter, the CSCR,
when it operates in the inverter mode, i.e., a < 0, is
different from the one in the rectifier mode, i.e., o > 0.

Finally, by substituting (10) into (13), the expression
of the CSCR,, in the rectifier mode can be obtained as

PX —Q)?
CSCRy; = = i )
SIV/1+(%)?-Q% — P)

(14)
181 1+ (52

The CSCR, in the inverter mode is given by
2 (P-0Q)

CSCRy2 = —— .
C B Gres )

15)

Only the rectifier mode is considered for simplicity since
the paper focuses on the CSCR of charging systems.
As seen, the GIR, i.e., X/R has an influence on the
CSCR. In order to further simplify (14), two scenarios
are considered.

The range of the C'SCR,, is [0,2] because the range
of the @ is [0,]S]].
2) GIR tends to infinite

2 P2
R i o)
Similarly, it can be seen CSCR, € [0,2].
Generally, the chargers’ PFs are unity. Therefore, the
CSCR,, is higher if the GIR is larger. The worst case is
the situation when the GIR is infinite, which leads to
the maximum CSCR,, value, i.e., 2. This worst case is
considered to ensure the stability of the charging system
in different grid conditions.

C. Verification of the CSCR,,

A charging system illustrated in Fig. 1 is simulated
to verify the derived CSCR,,. The charger is simplified as
a three-phase current load whose active power is fixed
at 30 kW and reactive power is zero. In this way, the
control of the charger is neglected, and thereby the small-
signal instability will not happen. The grid impedance
is assumed purely inductive as the worst case. The
inductance of the grid impedance gradually increases to
decrease the SCR to the CSCR,,.

A7)

Fig. 2. Simulation of the CSCR, of a 30-kW charging system

Fig. 2 depicts the simulation results. Clearly, when
the SCR reaches 2, the grid voltages start to collapse,
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evincing the system is unstable. As a result, the charger
cannot draw power from the power grid anymore.

ITI. SMALL-SIGNAL STABILITY ANALYSIS AND THE
CSCR

A. Impedance based stability analysis

The small-signal stability of a three-phase charging
system can be evaluated with the impedance-based anal-
ysis [3], [12], [13]. The analysis is based on the model
depicted in Fig. 3. Such a model can be established
in either the sequence domain or the synchronized dg-
frame.

Grid impedance (Y Tareer’
S Zg(s) /JP(,(, f 11(115_-__,(1‘1 ; 1 1
o: N e urrent ‘( emanc ?'lllf
Grid voltage [ J— harmonics production
A r~
E9<5) Zc(s) IC(S)
il
. / .
Charger’s
input
impedance

Fig. 3. Impedance model of a three-phase charging system

The input impedance of an EV charger is mainly
determined by the grid-tied rectifier of the EV charger.
More specifically, the power filter and the control of
the grid-tied rectifier have the dominant influence on
the input impedance, which is similar to the other grid-
tied converters [14]. Typical designs of EV chargers’
rectifiers are elaborated in [15], [16]. As an example,
the typical circuit and control system of an EV charger’s
rectifier shown in Fig. 4 is considered to demonstrate
the small-signal stability criterion. The control system
consists of a phase lock loop (PLL), alternating current
control (ACC), and direct voltage control (DVC).

Fig. 4. Typical circuit and control system of an EV charger’s
rectifier

Such a rectifier is also known as the active front
end (AFE) converter whose input impedance modeling
is well studied in [17]. Accordingly, the charger’s input
impedance can be extracted analytically, which is ob-
tained as

The model given by (18) is in the synchronized dq-frame.
The grid impedance in the same dq-frame is given by

Zy(s) = Zg.4d(s)  Zgdq _ Lys  —wily
7 Zgqd  Zgaq(s) wily  Lgs |’

(19)

Based on the extracted charger’s input impedance,

the grid impedance, and the model in Fig. 3, the small-

signal stability can be evaluated by studying the eigen-
values of the characteristic equation given by

det(I 4+ Zg(s)Ye(s)) =0, (20)

where [ is a two-by-two unit matrix. If the eigenvalues
of (20) are all in the left half on the complex plane, the
system is stable otherwise not. Alternatively, the system’s
stability can be analyzed with the return-ratio matrix

L = Z4(s)Ye(s)). 20

Based on the eigen-loci of L, the GNC [9] can be applied
for the stability evaluation. As an example, the stability
of a charging system, whose specifications are shown in
Table 1, is studied.

TABLE I
SPECIFICATIONS OF THE CHARGING SYSTEM UNDER SUTDY

Param. Description Value
E, Grid voltage 230 Vrms
fi Grid frequency 50 Hz
Ly LC L-filter converter side inductance 300 pH
Lo LC L-filter grid side inductance 300 uH
Cy LC L-filter capacitance 10 uF
Caq AFE output capacitance 3 mF

fe,pLL PLL cutoff frequency 10 Hz

opLL PLL damping ratio 2
fe,or CL cutoff frequency 800 Hz
dcr CL damping ratio 1

feve VL cutoff frequency 30 Hz
Oc, VL VL damping ratio 1

The eigen-loci of the L of a grid-charger system are
shown in Fig. 5. As seen, when the SCR is as small
as 8.4, the eigen-loci do not encircle the critical point
-14j0, indicating that the grid-charger system is stable.
However, when the SCR decreases to 2.8, the eigen-loci
encircle the -1+j0 point twice in the clockwise direction,
indicating the characteristic equation has two eigen-
values in the right-half plane, and thereby the system
is unstable.

Fig. 5 clearly illustrates that when the SCR decreases,
the area encircled by the eigen-loci expands. When the

Zaa(8)  Zag(s) SCR equals CSCR;, at least one of the eigen-loci cross
Zels) = Zqd(s) Zgq(s)]” (18)  the -14j0 point, which is a boundary scenario. However,
EPE'23 ECCE Europe EPE'23 ECCE Europe ISBN: 978-9-0758-1541-2 - IEEE: CFP23850-ART P.4
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Fig. 5. Eigen-loci the L of the grid-charger system with different
SCR. The red-blue curves are the eigen-loci when SCR=8.4 whereas
the purple-green curves are the eigen-loci when SCR=2.8. Clearly,
when the SCR is small, the grid-charger system is unstable because
the -1+j0 point is encircled by the eigen-locus shown on the left-
hand side.

applying GNC to find the CSCR; is apparently tricky
because it requires many iterations to approximate the
CSCR;. Thus, a simplified approach is needed.

B. Simplified derivation of the CSCR;

The simplification of the GNC for high PF three-
phase rectifiers is studied in [18]. Accordingly, for a
grid-tied converter with a high PF, e.g. an EV charger, the
coupling impedance Zg,(s) and Zgq(s) is much smaller
than the diagonal impedance Zg4(s) and Z,4(s). Conse-
quently, the stability of the charging system, which is a
multiple-input multiple-output (MIMO) system, can be
analyzed with the two single-input single-output (SISO)
systems in the d-axis and the g-axis, respectively. There-
fore, bode plots of the Zgq(s) and the Zy,(s), instead
of the eigen-loci of the return-ratio matrix L, can be
used for the stability analysis. For clarity, the simplified
stability criterion is illustrated in Fig. 6. As seen from
Fig. 6a, the phase of the Zg4(s) is between —90° and
90° below 100 Hz. Such indicates the real part of the
Z44(s) is negative, which is impossible for a passive
component, e.g. a resistor. Thus, the region below 100
Hz is called the non-passive region [7]. When SCR=8.4,
the resonant frequency f.41 locates outside the non-
passive region, indicating that the grid-charger system
is stable. However, when the SCR decreases to 2.8, the
resonant frequency decreases to f,.q3 located inside the
non-passive region, thereby making the system unstable
because of the underdamped resonance induced by the
negative resistance. When the resonant frequency is
located at the non-passive region’s maximum frequency,

the corresponding SCR is the CSCR;. Accordingly, the
CSCR; equals 3.74 in this case.

(b)

Fig. 6. Bode plots of the (a) Zjqa(s) and (b) Zgq(s) and the
grid impedance with different SCR. Instability happens when the
resonant frequency of the grid-charger system locates in the non-
passive frequency range.

C. Verification of the CSCR;

The stability of the charging system specified by
Table I is simulated. Fig. 7 shows the simulation results
evincing that the system is stable when the SCR is high
but is unstable when the SCR is just below the derived
CSCR;, which is higher than the CSCR,. Besides, it is
noted that instability does not happen immediately when
the SCR decreases to just below the CSCR;. Instead,
the charging system gradually becomes unstable, proving
that it is a small-signal instability issue that happens at
this steady state.
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Fig. 7. Simulation shows the charging system is unstable when the
SCR is just below the derived CSCR

IV. CRITICAL SHORT CIRCUIT RATIO REDUCTION
ORIENTED DESIGN

The power grid tends to get weaker with the growing
renewable energy generation. Requirements for weak
grid connection compatibility are already seen for dis-
tributed energy resources [19]. The same requirement
for EV chargers is expected to come sooner or later.
Therefore, the method to reduce a charger’s CSCR for
weak grid connections is presented in this section.

Previous analysis shows that the CSCR derived from
the small-signal stability analysis and the CSCR,, derived
from the voltage stability analysis are different from each
other. Moreover, which one of the two is bigger is not
necessarily the same from case to case. As a result, the
study is divided into two perspectives.

A. Reduction of the CSCR,

As aforementioned, the highest possible CSCR, of
a charging system is two, assuming the charger’s PF is
unity and the GIR of the grid is infinite. The CSCR,
can be reduced, as indicated by (17), by increasing the
charger’s reactive power injection. However, with a fixed
apparent power capacity, increasing the reactive power
injection inevitably decreases the maximum charging
power. A smaller charging power results in a longer
charging time, which negatively affects consumers’ ex-
perience. Thus, for a normal charger without reactive
power injection ability, the worst case CSCR,, is fixed
at 2. Obviously, the flexibility of reducing the CSCR,

is limited because it is constrained by the fundamental
maximum power transfer theorem.

B. Reduction of the CSCR;

Compared with reducing CSCR,, decreasing the
CSCR; has more flexibility because the CSCR; is influ-
enced by the control of the charger’s rectifier. Methods
to reduce the CSCR; by modifying a charger’s rectifier
control will be elaborated on based on the example given
by Table 1. As seen in Fig. 6, for a charger’s rectifier,
Z44(s) has the dominant influence on the charging
system’s stability, because Z,,(s) does not have non-
passive region. Therefore, the discussion focuses on the
influence of the control on Zg4(s).

Fig. 8. Influence of the CL damping ratio dcr, on the Z44(s) and
the CSCR

Fig. 8 illustrates the influence of the rectifier’s CL
damping ratio ¢z, on the Zg4(s). With a higher d¢y,, the
non-passive frequency range of the Z;4(s) is narrower.
Consequently, the CSCR; decrease from 3.74 to 2.12.
Note that the CSCR of the charging system equals the
CSCR; since the CSCR; in both cases is higher than 2,
which is the value of the CSCR,,. Thus, the CSCR of the
charging system is also reduced to 2.12 by increasing the
dcr., which is verified by the simulation results depicted
in Fig. 9. The SCR in the simulation is fixed at 2.5.
Before tp = 2.5 s, the d¢r, equals 2.2 and the charging
system is stable. After ¢y, the dcor is decreased to 1.
As a result, the CSCR is increased from 2.19 to 3.74,
which is illustrated in Fig. 8. Therefore, the charging
system loses stability after decreasing the dcp, because
the SCR is smaller than the new CSCR.

Another effective method to reduce the CSCR; of a
charging system is decreasing the rectifier’s VL cutoff
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Fig. 9. Simulation of the influence of the CL damping ratio dcr,
on the stability of the charging system.

Fig. 10. Influence of the VL cutoff frequency f. v on the Zz4(s)
and the CSCR;.

frequency f.yvr, which is shown in Fig. 10. As seen,
the charger’s Z;4(s) has the non-passive characteristic
until a lower frequency with a decreased f.yr. As a
result, the CSCR; is reduced to 0.98. However, in this
case, the CSCR; is smaller than the CSCR,,. Therefore,
the CSCR of the charging system is determined by the
CSCR,, which is 2.

Fig. 11 shows the simulation results evincing that
reducing the f.y 1, of a charger’s rectifier can reduce the
CSCR of a charging system. The CSCR of the charging
system specified by Table I is 3.74. In the simulation,

the SCR of the system before ¢y is 3. The f.y is
reduced from 30 Hz to 5 Hz, leading to a reduced
CSCR to stabilize the charging system in this weak grid
condition. After ¢y, the SCR gradually decreases until 2.
The system is still stable in this case. Nevertheless, at ;
the SCR further decreases to 1.9 leading to instability.
The simulation results prove that reducing the rectifier’s
fe,vr can decrease the CSCR. However, the CSCR of
the system cannot be decreased to below 2 by modifying
the rectifier’s control because of the constraint of the
CSCR,.

Fig. 11. The charging system can operate stably when SCR=2 after
reducing the VL cutoff frequency f. v, which indicates the CSCR
is reduced from 3.74 to 2. However, the CSCR cannot be reduced
to below 2 by modifying the control because of the constraint of
the CSCR,.

V. CONCLUSION

This paper has compared the two commonly used
definitions of the CSCR of a grid-converter system and
clarified the differences between them. Specifically, the
CSCR,, is defined from the voltage stability perspective
and the CSCRy; is defined from the small-signal stability
perspective. The bigger one between the two determines
the CSCR of the grid-converter system. Further, the
simplified methods for calculating the CSCR,, and the
CSCR; of an EV charging system are proposed. Based
on the calculated CSCR,, and CSCR;, the CSCR of the
charging system can be easily obtained. Simulations are
carried out to validate the calculated CSCR,, and CSCR;.
Finally, the design suggestions for an EV charger to
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reduce the CSCR,, and the CSCR; are studied. Adopting

the

design suggestions can improve an EV charging

system’s robustness against the grid strength weakening,
which is verified with simulations.
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