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Abstract—Although the deployment of alternating current
(AC) -busbar plug-in electric vehicle (PEV) charging station
with photovoltaic (PV) is a promising alternative, the interac-
tion among subsystems always causes the instability problem.
Meanwhile, the conventional generalized Nyquist criterion
(GNCQ) is complex, and it is not suitable for the design of the
AC system. Therefore, this paper proposes a modified infinity-
one-norm (MION) stability criterion based on the impedance
method to assess the stability of the foresaid charging station.
Firstly, the typical structure and operation modes of the charg-
ing station are studied. Furthermore, each subsystem imped-
ance matrix is built by small-signal method, and the MION sta-
bility criterion based on impedance method is proposed to as-
sess the charging station stability. Compared with the previous
simplified stability criteria based on the norm, the proposed cri-
terion has lower conservatism. Furthermore, the design regula-
tion for the controller parameters is provided, and the stability
recovery way is provided by connecting the doubly-fed line and
energy storage equipment, which are selected based on interme-
diate variable, i.e., short-circuit ratio (SCR). Finally, the effec-
tiveness and conservatism of the proposed stability criterion are
validated through simulation and experimental results.

Index Terms—impedance-norm, plug-in electric vehicle
(PEV), charging station, photovoltaic (PV), stability assessment.
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[. INTRODUCTION

ECENTLY, the increasing pressure from energy and en-
vironment protection has made the research for ad-
vanced energy infrastructures urgent. As an advanced power
energy infrastructure, the plug-in electric vehicle (PEV) has
been regarded as an environmentally friendly vehicle with
high potential to reduce fuel consumption and CO, emis-
sions [1]. However, since the PEV needs to be connected to
the main grid for absorbing energy, the advantages of the
PEV are not obvious due to the indirect fuel consumption
and CO, emissions [2]. With the rapid development of solar
energy resources, the AC-busbar PEV charging station with
photovoltaic (PV) has become an attractive choice [3]. Com-
pared with the conventional power system, the stability of
the AC-busbar PEV charging station with PV has been seri-
ously threatened due to the negative-damping, low-inertia
and negative-impedance nature of the converter-dominated
systems [4]. Therein, the steady-state instability problems
are critical issues in electromagnetic timescale shown in Fig.
Al in Appendix A [5]. Thus, this paper focuses on the im-
pedance-norm-based stability assessment of the AC-busbar
PEV charging station with PV in electromagnetic timescale.
At present, two main architectures of public charging sta-
tions are defined in the Danish EDISON project, i.e., the AC-
busbar charging station and DC-busbar charging station [3].
Meanwhile, PEVs are divided into two main categories, i.e.,
the PEV with vehicle-to-grid (V2G) concept and the conven-
tional PEV [6]. In real system, the conventional PEV still oc-
cupies the dominant position such that only the charging sta-
tion consisting of the conventional PEV is considered in this
paper. Although the research regarding PEV charging station
with PV focuses more on charging strategies or energy man-
agement [7], [8], the stability assessment of the PEV charg-
ing station with PV is also an important issue. Reference [9]
first proposes the impedance-based stability criterion by uti-
lizing measured data to assess the stability of DC-busbar
PEV charging station with PV and applying a two-port small-
signal model. Nevertheless, the impedance-norm-based stabil-
ity assessment for the AC-busbar PEV charging station with
PV is not studied in electromagnetic timescale.
Two main stability assessment approaches are studied for
the stability analysis and design of the controller parameters
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of the system dominated by power electronic converters, i.e.,
state-space-based approach and impedance-based approach.
For the state-space-based approach, [10] proposes a small-
signal stability approach based on state-space model without
the voltage/current double closed loop controller for parallel-
connected converters. Reference [11] further proposes a full-
order state-space model. Meanwhile, the computation burden
of the system with multiple converters is heavy [11], [12].
To reduce the computation burden, model order reduction
methods, such as the singular perturbations method [12] and
the participation analysis [13], have been applied to study
the stability issues. Nevertheless, the state-space-based ap-
proach requires the detailed internal control information of
each converter, which is not convenient to obtain in real ap-
plications. Besides, it is difficult to establish the state-space
function of the complex power system [10]. Based on this,
the impedance-based approach has been widely used for cas-
caded systems [14]. Therein, the impedance-based approach
on the basis of the ratio between the impedances of two sub-
systems at the interface, has plenty of potential advantages
to explicitly explain the impact of individual subsystems on
the system stability assessment [14]. Moreover, this ap-
proach is more concerned with the interactive stability of the
grid-connected inverter and main grid, and the stability anal-
ysis of the whole system consisting of multiple converters.
To sum up, the impedance-based approach is suitable for
the stability assessment of the charging station. Furthermore,
it is significant to check the right-half-plane (RHP) poles of
the transfer function matrix while using the generalized Ny-
quist criterion (GNC). The inverse Nyquist stability criterion
is proposed to make sure that the poles at origin and RHP of
the inverter output impedance could be ignored [15]. To
solve the bidirectional power flow, the sum type criterion is
first proposed in [16]. Furthermore, from the viewpoint of
different applications regarding the impedance-based ap-
proach, a stability assessment is proposed for the high-volt-
age direct current (HVDC) systems [17], and an impedance-
based stability criterion is proposed to assess the stability of
the DC-busbar PEV charging station with PV [8]. However,
the above-mentioned methods are complex and unsuitable
for the design of the AC system [18]. To solve the disadvan-
tage of complicated calculation, several simplified stability
assessment criteria based on impedance specifications are
proposed for AC/DC systems [18]-[21]. Therein, the D-chan-
nel criterion indicates that the stability of the DC systems
could be decided through source subsystem and load subsys-
tem [20]. However, this criterion could not provide sufficient
conditions to assess the stability in AC systems. Further-
more, the singular-value criterion indicates that the system
stability would be ensured if the arithmetic product of the
maximum singular-values is less than one over the entire fre-
quency range [21]. To further simplify the calculation, the
impedance-norm-based criteria are proposed to assess the sta-
bility of AC systems. According to the difference of the
norm style and the arithmetic product range, the impedance-
norm based criteria could be divided into three categories, i.
e., the G-norm (GN) criterion [19], the infinity-norm (IN)
criterion [19], and the infinity-one-norm (ION) criterion
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[18]. The detailed identification conditions are found in Ta-
ble Al in Appendix A. Undeniably, the conservatism would
be introduced in the foresaid simplified criteria.

To accurately assess the stability of AC-busbar PEV charg-
ing station with PV, this paper proposes an MION stability
criterion based on the impedance method. The main features
and benefits of this paper are listed as follows.

1) This paper proposes an MION stability criterion based
on impedance method to assess the stability of AC-busbar
PEV charging station with PV in electromagnetic timescale.
Compared with the GN criterion [19], the ION criterion [19]
and the IN criterion [18], the proposed MION stability crite-
rion has lower conservatism.

2) Based on the proposed stability criterion, the design
regulation for the controller parameters is provided, and the
stability recovery ways are provided by connecting the dou-
bly-fed line and energy storage equipment, which are select-
ed based on intermediate variable, i.e., short-circuit ratio
(SCR).

The rest of this paper is organized as follows. The typical
structure and operation modes of AC-busbar PEV charging
station with PV are analyzed in Section II. Subsequently,
each subsystem impedance matrix and the MION stability
criterion based on impedance method are proposed to assess
the stability of the charging station in Section III. In Section
IV and Section V, the proposed stability assessment is vali-
dated through extensive simulation and hardware results. Fi-
nally, the conclusion is obtained in Section VI.

II. TYPICAL STRUCTURE AND OPERATION MODES OF AC-
BUSBAR PEV CHARGING STATION WITH PV

As shown in Fig. 1, the AC-busbar PEV charging station
with PV is defined in the Danish EDISON project [3]. To
simplify stability analysis, the typical standalone PV-PEV
charging station is simplified as Fig. 2, where PCC is the
point of common coupling. Thereinto, the PEV adopts the
conventional constant voltage charging mode. In this charg-
ing station, the source inverter delivers solar energy from the
PV to the AC bus. The rectifier converts the energy from the
AC bus to PEV. Meanwhile, the main grid provides voltage
and frequency regulation. According to the amount of power
supplied by the PV arrays and power absorbed by the PEV,
the typical standalone PV-PEV charging station has four pos-
sible operation modes. Py, P,y and P, are the supplied pow-
er of the PV, the absorbed power of the PEV, and the sup-
plied/absorbed power of the main grid, respectively. The de-
tailed operation modes of the typical standalone PV-PEV
charging station can be described as follows.

1) Operation mode 1: If P,,=0, the absorbed power of
the PEV is provided only by the main grid, and the PV is
shut down, i.e., Py, =P, Thus, the main grid is the source
subsystem, and the PEV is the load subsystem.

2) Operation mode 2: If 0<P,, <P, the absorbed power
of the PEV is provided by the main grid and the PV, i.e.,
P,y =P,+P,,. Thus, both the main grid and the PV are the
source subsystems, and the PEV is the load subsystem.

3) Operation mode 3: If P,,=P,,, the absorbed power of
the PEV is only provided by the PV, and the main grid is
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shut down, i.e., P, =Pp,. Thus, the PV is the source subsys-
tem, and the PEV is the load subsystem.

4) Operation mode 4: If P,,>P,,,, the absorbed power of
the PEV is only provided by the PV, and the excessive solar
power is used to feed the main grid, i.e., Ppy =Py —P,.
Thus, the PV is source subsystem, and both the main grid
and the PEV are load subsystems.

Power
grid :zz: LV feeder
Circuit
breaker
AC-busbar
Circuit Circuit Circuit Circuit
breaker breaker breaker breaker
AC AC AC AC
I‘DC I‘)C I‘JC ]‘DC
PV PV PEV PEV
Fig. 1. Typical structure of AC-busbar EV charging station with PV.
Main
grid
PV
arrays

Fig. 2. Typical standalone PV-PEV charging station.

III. MINO STABILITY CRITERION BASED ON IMPEDANCE
METHOD FOR AC-BUSBAR PEV CHARGING STATION WITH
PV

In this section, each subsystem impedance model based
on small-signal linearization is built in d-g frame. The MI-
NO stability criterion based on impedance method is pro-
posed to assess the stability of the AC-busbar PEV charging
station with PV in electromagnetic timescale. Eventually, the
controller parameters and stability analysis are provided.

A. Impedance Model of PEV

The interface converter of the PEV is controlled by the
traditional double-loop current/voltage controller, which is
shown in Fig. 3. Thereinto, the phase-locked-loop (PLL) is
always used to obtain the three-phase angular speed of the
rotating d-q frame. Under steady-state conditions, the three-
phase space-phasor angular speed is described as follows.

w:GPLL(S)ch (H

where G, is the PLL proportional-integral (PI) controller; s
is the Laplace operator; V, is the AC voltage in AC-link ca-
pacitor; and the subscripts d and ¢ mean the d-g compo-
nents, respectively. The dynamic model of the voltage-source
rectifier can be represented on the d-¢g frame by:
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Vcrl :SlrecrlLrec - ]re(quec +DdVdc (2)
ch =S1rechrec + a)lrechrec +Dquc (3)
SCdL‘Vdc +[dL‘ = I'S(Ddlracd +Dq]recq) (4)
Vie=1sRioaa (5)

where 7. is the rectifier input AC current; L, is the equiva-
lent inductance of the AC filter; D is the rectifier duty ratio;
V, is the rectifier output DC voltage; C, is the rectifier out-
put DC capacitor; R, is the terminated load; and w is the

angular speed.

load

Ut
PCC Ly Ry
L?‘L( _I?V}T =
Lec[dq %4 % >
-« PLL
[reuq abc 0
PWM ]
Leea
ab¢/|«<— Current [<— Power
dq || controller («— controller
f Ly
I

recd L recq

Fig. 3. Controller architecture of PEV.

The classical PI-based voltage controller and Pl-based cur-
rent controller are applied to (2) and (3) for the tracking and
regulation of DC voltage. Thus, the steady-state value of the
controlled signals is shown as follows.

Lig= (Vi = V)G (s) (©6)

[::L'q =0 (7)

DdVdc = ( rifcd - Irecd) G:EC (S)+ Vc‘d + erec[recq (8)
Dquc == ( rS;L‘q - Irecq) G:H (S)+ ch - a)LrefIrerd (9)

where G (s) and G/“(s) are the voltage and current inner
loop controllers, respectively; and the superscript ss means
the steady-state value. Using the small-signal perturbations
on (1)-(3), the small-signal modeling of (2) and (3) are repre-
sented by (10) and (11), respectively, where A represents
small disturbance.

VIAL,., +

A Vcd = SLrec Alrecd - GPLL (S) Lrec cq recq
DAV, +AD V3 =Gy (s) L AV, I

cq* recq

(10)
AV, =5L, AL, +Gpy (s)L

rec recq

DAV, +AD V3 + Gy ()L AV, I

cq* recd

s
rec V(‘q AI recd +

(11)

In order to elicit the input admittance matrix in a rotating
reference frame, (10) and (11) can be rewritten as:

AV, Al,
[A1 ]2x2|:AV:j: [Az ]2X2|:A[::d}+ [A4]2X1AVdC +

[4.], Ao

q

(12)
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1 GPLL (S) Lrec[)vech
where [A]] = , [Az] =
22 0 1-Gpy (S)Luclrid 2

sL,,. Gy (S) L, VS [ ] |:V;; }
Gy (S)LMVCS;' sL ’ 2x2 v g

[A4]2X] =[p; Dyl

In a similar analysis, the small-signal modeling from (5)
to (9) is represented as:

ool [kl 5] o
AD Al AV
[AD::|: [A7]2x2|:A]::Z:|+ [AS]ZXZ[AV:Z:I+
[40],,, 87 (14)

1.5DJ R, 1.5DJ R,
h A = A =
e [ S]IXZ |:Cch[nadS+ 1 CdL-RlnadS+ 1 i [ G]IXZ
1 SIrecde(md 1 Slrjcdeaad [ ] 1 G (S) C()“L
CoRiuas+1 CuRppys+1 [ 22 Vi|-o"L,, Gi(s)

]_ Gv (S)Gi(s) PLL (s) LILL [::(q
% Ve
[4.],.,= . NN
O 1 GPLL (S)Lrec Izud
Vi

v [G ()G, (s)-D3 —Dj}']T.

By substituting (13) into (12), (15) is obtained as:

] A e T T ) e
(], [0, 0] )22

15)
By substituting (13) into (14), (16) is obtained as:
R vl Pl
(CNRE AR N v (16)

By removing [AD, ADq]T,
can be obtained as:

Y _ |:YPEVd[/ YPEqu:l _
PEVin — -
YPFqu YPEqu

(.
(4] )+ A4] Al
{[Al] <[A 1[A61+[A31><

B. Impedance Model of PV

The stability assessment results indicate that the grid-con-
nected inverter controlled by the P-Q controller is prone to
losing stability, whereas the inverters controlled by the droop
controller still work well under an ultra-weak main grid or
with a large number of inverters connected to the charging
station. Of course, previous literatures have also been pro-

the input admittance matrix

[Ag][AJ)”[As]} an
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posed in this case. For example, [22] proposes a novel inte-
gral barrier Lyapunov function (BLF) based controller com-
bined with the L’Hospital’s rule, which is first applied to
switched nonlinear systems. Reference [23] proposes a novel
common-mode voltage suppression method based on the
complementary modulation sequence. Meanwhile, the invert-
er controlled by the droop controller is more suitable for
achieving high penetration of solar energy generation from
the viewpoint of the charging station stability [4]. Figure 4
shows the typical control structure of the voltage-source in-
verter controlled by droop control. The current and voltage
dynamics model of this controller in the d-g frame is shown as:

s

EoC}

+

PCC

J
r

Ly, R, ;J‘ V.

SEL/W} S{l} Cinv:jj

[Sinusoidal pulse width modulation (SPWM)]

[Sampling] [Sampling]
L v

Vabe inv inv
abg § abc, abc,
qu dg dq
Vg i J i
P . invg invd
Current [« 2| Droop k4 Low- | Diny| Power Vinvg
and voltage 1 controller 5 Pass [¢—calculation
55 Diny Vinv
controller | Ve 1O filter v
Fig. 4. Controller architecture of PV.
Vinvd :[imd (le + SL ) lem Ilmq + V (1 8)
VU’qu [l}’l\q (RIHV + SL ) + wL nv Ian[l + V (1 9)
mvd Ctm V dS owvV(q +1 (20)
Iimq Clm chs + wcrm Vcd +I (21)

V.

where V., Vinp Lines and 1, are the inverter output voltag-

es and currents in the d-g frame, respectively; V., V., 1.4
and [/, are the inverter voltages and currents in the d-g
frame, respectively; and R,,, L,,, and C,, are the resistance,

inductance, and capacitance, respectively. The voltage and
current double loop controller can be represented as:

I‘:;d G”" (Vci; Vcd) a)Czn\ qu +KI (22)

L, =Gr(Ve-v,)+oC,V, +KL, (23)

Vina =G (L5 = 1g) = 0Ly 1, + V. (24)

Vi =G (15 ~1,) + oL, L, +V,, (25)

where I3, I:q‘, V. and V; are the inverter current and volt-

age signals in the d-g frame, respectively; G =k," +k."/s
and G\" =k}’ +k,"/s are the current and voltage double-loop
PI controllers, respectively, k,’;v, ki, k', and k" are the PI
controller parameters; and K is a feed-forward gain. Addi-
tionally, the instantaneous active power p,, and reactive pow-
er ¢,, can be given by (26), and the inner controllers of the
inverter need to provide active or passive damping for possi-
ble oscillations between the output filters of the inverters

and the transmission line. Thus, a low-pass filter should be
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applied to the inverter, and the active and reactive output
power P, and Q,, can be obtained by (27).

pinv: I'S(Vcd[fd-‘r chlcq) (26)
qinvz 1'5<Vcd]cq - chlt'd) (27)
P - @y
inv = S+ a)f Pin (28)
0, ="
inv S+ a)f qinv (29)

where @, is the cutoff frequency of the low-pass filter. The
droop controller can be represented as [22]:

w=w"—-mP,, (30)

Vc;; = VSS - nQinv (3 1)
where @” and V* are the rated angle speed and voltage, re-
spectively. Using small perturbations on (18), (19), (24) and

(25), and dynamic phase method [23], the small-signal mod-
el of Al can be represented by:

inv

Al | AL, Aw
|:A][iqu:|_ [B]]2><2|:A]’_’wqj|+ [BZ]ZXZI:AV;;:| (32)
Rinv + SLirzv + G;"V (S) 0
G (s)
where [B1 ] = N
2 0 Rinv+SLinv+Gi (S)
G (5)
Il::;y\/qLil1v
G (5)
[5],.=| .
22 IinvdLinv
G (s)
Utilizing small perturbations on (20)-(23) yields:
Al d} [Al,d} [AV‘,}
invd | _ c + B ¢ 4
[Alim,q Al, [ 3]2x2 AV,
Aw
[34]2x2[AV§;:| (33)
AL | AV, Al
|:Al,fqu:|_ [BS ]sz [Ach:|+ [36]2x2 |:A]Cq:|+
Aw
(5], ars] (34)

where [Bz]m - [ o

—O()HC~ 0 0
mv B -

w”C sC,, } [ “]zxz [V”C 0}’

~GI'(s)

inv cd ™~ inv

-0"C,, K 0
I A S LY B A PSR

{0 G (s)}
o o J
The small-signal model of (26)-(31) can be shown as:

Apinv = 15 ( VchIcu' +AVcd[cd + chAlcq + Achlcq) (35)
Aqinv = I'S(Vch]cq +AV¢‘d[cq - chMcd _Ach]cd) (36)
A ma)f A 3
w=— P
S+a)/ plm ( 7)
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naw;

/ A .
S+a)/ qlm

AVa=- (3%

Similarly, applying the matrix form on (35)-(38) yields:

Ao NG Al
[AV;J_ [Bf‘]zxz[m/j+ [B"]zxz[mj (39)
L.Smo, 1L.5Smo,
cd - cq
s+, s+,
where [BS]M: 1.5n0, 1.5nw, [ [39]2x2:
_7155 . ivs
sto, s+, “
1.5mew,
-y
s+,
1.5nw '
0 T
s+,

Thus, the output impedance matrix of the overall PV is:

Zuw= | = (B2 (8 )m)- [8]12.)-
[ ][] ] []2] {2 ][]}
() [8]5)-[2]-[#]2]

C. Impedance Model of Main Grid

In the main grid subsystem, L, and C, in this sub-section
are the main grid impedance and capacitor, respectively; and
R, is the equivalent AC-link resistance. The output and input
impedances of the source subsystem can be found as [18]:

Z, Z
vi=| 2o 2] 41)
§ qu qu

D. Overall Impedance Models During Different Operation
Modes

According to the analysis on different operation modes in
Section II and each subsystem impedance model, the overall
impedance models during different operation modes can be
obtained as follows:

1)Model 1: Z,, =Z,,,and Y, = ¥,

2) Model 2: 2, = Z,,,, N Zppoy and ¥, = ¥y,

3)Model 3: Z,, =Z,,,,and Y,, = Y,

4) Model 4: Z,,, = Z,y,, and Y, = Y,y /) ¥,
where Z,,, and ¥, are the output impedance matrix of the to-
tal source subsystem and the input admittance matrix of the
load subsystem, respectively; Y., and Z,,,, are the admit-
tance matrix of the overall PEV and the impedance matrix
of the overall PV, respectively; and 4/ B stands for A and B
in parallel.

Remark 1: considering the charging station consisting of
multiple PEVs and multiple PVs defined in the Danish EDI-
SON project, Zpyou=Zoyuir // Zovoua // 1/ Zpyouins a0d 1 rep-
resents the number of  the PVs.
Yorvi // Yorvs /) /) Yoryoms and m represents the number
of the PEVs.

(40)

Z —

gout —

YPEVin -

E. Impedance-norm-based Stability Criterion

As shown in Fig. 5, the total input-to-output transfer func-
tion of the cascade of two individual stable subsystems is:
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G _ letA,Z _ Zin,Z _ 1 G _
[ — M1 2— Y1 2=
VirLl ZM.Z +ZouLl 1+Z014I,1/Zin.,2
1
G G 42
42,2, “42)
Vnul 1 OO Vom 2
I/in 1 G]: - Vaut 1 I/,'n 2 G|: . V(mt,Z
( >—’ I/irl,l ’ Vvin,Z —O0
Zout,l Zi77,2

Fig. 5. Interconnection of two stable independent systems.

Since G, and G, do not have the right pole, the system is
stable if and only if E+Z,, Y, , does not have the right
pole where E is a unit matrix. In other words, the number of
the counterclockwise encirclements of point (—1+j0) by the
ratio between the output impedance of the source-side sub-
system and the input impedance of the load-side subsystem
locus should be equal to the number of RHP poles of the mi-
nor loop gain. In fact, the number of RHP poles is always
ZEero.

As mentioned above, this ratio must not encircle point
(—1+j0) on Nyquist contours. If the eigenvalues of Z Y,
over the all frequency range are restrained inside the unit cir-
cle, the stability of the charging station can be guaranteed.

p(z,7,)<1 (43)
zZ., Z
Zw,:[ “@ f"f} (44)
qu qu
Y, Y
Vo= | 1] 45)
qu qu

According to the compatibility and homogeneity of the
matrix norm, (43) can be rewritten as:

p(z.¥,)<|2.7.] <1 (46)

where |- ||, is the arbitrarily consistent matrix norm.
Using (44)-(46), we can obtain:
LY+ Z,Yy ZaYy+Z,Y,

dq~ qq
ZYu+ZYy Z,Y+Z,Y

a9~ 99

|z..x.| = <1 47

To simplify (47), as two kinds of common consistent ma-
trix norms, the infinity norm and the one norm can be cho-
sen, respectively. The charging station is stable if (48) can
be satisfied.

min |27, | 2.5, )< @)

Once again, using (47) and (48), the expression of the sta-

bility condition can be described as:

min [max (‘ Za sa+Za¥ ga

|+ ZuY i + 247, .

dq~ qq

99~ qd 99" 99

|ZuY i+ 2o |+ | ZuaY 0y + 2,7 )

max (| ZYia+ ZoyYu|+ | ZoYia+ Z,,Y

| ZY o+ 2,7,

g~ qq ‘+ ‘ququ ne ‘):|< 1 (49)

When the first item is the minimum, (49) is satisfied if:
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| ZiY i+ ZagY |+ | ZaY oy + 24,7 | < 1 0
| Z Y+ Z Y|+ | 2 Y+ 2,7, <1

Moreover, the sufficient condition satisfying (50) is gained
through (51), which can be switched to (52) further.

Zaa|| Yaa| ¥ | Zag|| Yoa |+ | Zaa|| Yag | T | Zag qu<1
|Za|| Yo+ [ 2 || Yoa | 2| Yar |+ | 2| Y

(51)
‘Z‘F/H Yd"‘+ ‘Z'MH qu‘+ ‘quH qu‘-'_ ‘quH qu‘<1
(Zual([ Y+ [ Y )+ [ 2 [ Yo+ [ 7 )< (52)
| Zual([ Yl [ ¥ )+ [ 20| Yol [ 7)<

Furthermore, (53) can be met if:

(12l + |2, ]) max{(\ Yl+| Y., \)(\ Y|+, \)}<1 (
(12| + |2, \)max{(\ Yl+| Y., \)(\ Y, |+, \)}<1

Moreover, the sufficient condition that satisfies (54) can
be derived as:

max {(\ Zul+12,))( 2|+ |2, \)} x

max {(\ Yol + ] Y0 ). (| Y+ | Y., \)}< |

On the basis of (55), this condition could be expressed by
the matrix infinity norms of Z,,(s) and Y, (s):

|2 )] [1%. ()], <1

When the second item is the minimum, a similar analysis
is utilized to analyze the stability condition of the charging
station.

(54

(35)

| ZuY i+ ZoY |+ | Z, Y+ 2,7,

aq qd‘<1

(56)

| ZY 0+ 2,7,

dg~ qq

+| 2,0+ 2,7,

a9~ 99

’<1

Moreover, (56) is satisfied if (57) can be met, which can
be switched to (58) further.

| Za|| Vel + | 24 || Yo

+|Z|| Yl | 2

q

[ Yal<1
(57)

‘deH qu‘+ ’quH Y44‘+ ’quH qu‘+ ‘Z

q

7 l<1

(Zal+ [20l) Yol (Zal |22 71

(12l 2.)

Additionally, (58) can be met if the following inequality is
satisfied:

max{(\zdd\Jr\qu\),(\qu\Jr\qu\)}(\Ydd\+\qu\)<1 .
max{(\ Zult2,4))( 2.+ | 2., \)}(\ Y|+ 7 [)<1
Further, (59) is met if the following inequality is satisfied:

max {(] Zul+|2,4])-( 24 |+ | 2, \)} X

max{(\ Yo+ V) (| Y [+ ] Yo \)}< 1

According to (60), the sufficient condition of the stability

(38

Z,

Y, |+ (\ Z,|+z, ])\ Y, |<1

(60)
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assessment could be obtained through the one-norms of
Zout(s) and Yin (S):

2. [ ¥.()] <1 61)

To sum up, when each subsystem is stable independently,
the sufficient condition to judge the system stability is that
(62) is satisfied. In other words, the system must be stable if
the minimum value between the arithmetic product of the
matrix infinity norms of the source subsystem output imped-
ance Z,,(s) as well as the load subsystem input admittance

Y, (s) and arithmetic product of the one-norms of the source
subsystem output impedance Z,,,(s) as well as the load sub-
system input admittance Y,,(s) is less than one.

min (2., ) 7.0 2.0 [0 J<1 @2

Apparently, the conservatism of the MION criterion is less
than the IN criterion whose conservatism is less than other
norm criteria [18]. Thus, the MION criterion has minimum
conservatism among the above-mentioned norm criteria.

Remark 2: the detailed stability assessment of AC-bus bar
for the PEV charging station with PV is provided as follows.

Step I: the stability of each subsystem should be identi-
fied through the previous literatures [4], [12], which has
been widely Studied. If the stability of each subsystem is en-
sured, then go to Step 2. Note that this step is not an impor-
tant studied object in this paper, and this paper focuses more
on the interactive stability, i.e., Step 2.

Step 2: the stability of the complex system is identified
through the proposed MION stability criterion. If the (62) is
satisfied, the AC-busbar PEV charging station with PV must
be stable.

F. Stability Analysis of AC-busbar PEV Charging Station
with PV

As mentioned above, the stability of the AC-busbar PEV
charging station with PV in electromagnetic timescale can be
ensured that every PV and PEV in the charging station is sta-
ble, and that the MION stability criterion is satisfied.

In order to ensure the stability of each PV and PEV, the
subsystem parameters can be designed as follows. Firstly,
the stability analysis of each PV and PEV has been widely
studied. The control bandwidth of the inner-loop voltage con-
troller is around 5 times lower than that of the inner-loop
current controller, which satisfies the standard bandwidth ra-
tio design criterion. Under this effect, converter is prone to
operating stably. Thus, the stability of the inner voltage and
current controller can be ensured in advance by tuning their
bandwidth to satisfy the standard bandwidth ratio design cri-
terion [24]. Furthermore, the PLL controller parameters can
be represented in light of w, and {, where k;** =2{w, and
k™" = w?. The natural frequency w, can be chosen as the in-
dicator of the PLL bandwidth, and ¢ is the damping factor
[25]. Eventually, the smaller the droop coefficient bandwidth
is, the better the converter stability will be. But the convert-
er dynamic response will be slower accordingly. Thus, there
is a trade between stability and dynamic response [26].

From the viewpoint of the MION stability criterion, as
shown in (62), the smaller Z,, is and the larger Y, is, the

in

’|
©

out
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better the charging station stability will be. At present, the
charging station is mainly located in remote areas, and it is
weakly connected to the main grid with high impedance, i.
e., the SCR of the main grid is small. Thus, the instability
phenomenon of the AC-busbar PEV charging station with
PV is prone to occurring in Mode 1. Furthermore, with the
increase of PEVs, the stability of the charging station will be
reduced, which is likely to result in the instability phenome-
non of the charging station in Mode 4. In order to deal with
this instability problem, it is possible to design a suitable
source impedance which should be adapted to a certain
range of load impedance variation. Meanwhile, the doubly-
fed line and energy storage equipment connected in parallel
with the main grid will be two advisable choices. The aim is
to reduce the output impedance of the source subsystem Z,,,.

Remark 3: the studied system in this paper can be regard-
ed as the weak grid with various loads. The interaction be-
tween the weak grid and load always causes instability is-
sues and low-frequency or harmonic oscillation in the real
applications. Furthermore, the weak grid is becoming increas-
ingly complex, incorporating distributed renewable energy
sources, various loads, etc. For studying the stability issue of
the cascaded system, SCR is widely utilized to assess the
strength of the cascaded system, and the weak grid is further
emulated through the ideal voltage source in series with one-
line impedance [27]. Therein, the doubly-fed line and energy
storage equipment are always connected to the weak grid to
enhance its strength. In other words, these operations are
able to increase the SCR of weak grids. The relationship
among grid strength, SCR and equivalent line impedance
can be shown in Fig. 6.

Grid strength H «~— SCR T l <— Line impedance Zf’H

Fig. 6. Relationship among grid strength, SCR and line impedance.

To sum up, the equivalent impedance of the main grid can
be reduced through connecting the doubly-fed line and ener-
gy storage equipment. Meanwhile, the selection rule can be
provided. The strength of the grid is distinguished by SCR
(SCR=S,./S,) [28], where S, is the short-circuit capacity at
the PCC, and S, is the rated capacity of the grid-connected
equipment. Generally, a grid is considered strong for SCR
above 20 to 25, weak for SCR below 6 to 10 and ultra-weak
for SCR below 2 [28]. First and foremost, the desired equiv-
alent line impedance is obtained through the proposed stabili-
ty criterion. Furthermore, the relative SCR can be given in
[27]. Eventually, according to the desired SCR, the detailed
specifications of the doubly-fed line and energy storage
equipment can be selected through professional power sys-
tem designers.

IV. SIMULATION

To verify the effectiveness and conservatism of the imped-
ance-norm-based stability criterion for the AC-busbar PEV
charging station with PV, the voltage and frequency in the
simulation system are selected as the standard voltage and
frequency of the power system in China. The system con-
sists of one PEV, one PV, and the main grid, as depicted in
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Fig. 2. Since this paper focuses on the interactive stability,
the stability of each subsystem should be ensured in ad-
vance. In this section, the relative parameters are selected to
guarantee two condition as follows: () the PEV and main
grid are stable when supplied by an ideal voltage source; 2
the main-gird itself and PV are stable when unload, i.e.,
when the load is an open circuit. In order to satisfy the
aforementioned conditions, the control parameters of the in-
terfaced converter are the same as those in the previous liter-
ature where the subsystem stability is ensured. Therein, the
parameters of the PEV are the same as those in [18], and the
parameters of the PV are the same as those in [29]. Addition-
ally, this instability phenomenon caused by impedance mis-
matching has been widely reported [30], [31].

A. Conservatism

To verify conservatism of the proposed MION stability cri-
terion based on the impedance approach, the tested system
can be obtained in Model 1. Therein, G, = 0.58 + 10/s,
L,.=10 mH, and main grid impedance is L,=0.8 mH, C,=
10 mF, R, = 0.11 Q, C,, =20 mF, and R,,,,=10 Q. First and
foremost, it can be seen from Fig. 7(a) that the MION is
less than one from 0 to 10000 Hz. However, the GN is larg-
er than 0.25 from 13 Hz to 203 Hz, the ION is larger than
0.5 from 14 Hz to 134 Hz, and the IN is larger than one
from 28 Hz to 47 Hz. Thus, the MION criterion is satisfied,
whilst the GN, ION and IN criteria are not met. According
to the MION criterion, the charging station is stable, whilst
it is possible that the charging station will be unstable due to
the GN, ION and IN criteria. The stability of charging sta-
tion could be clearly identified by testing the time-domain
waveforms for checking the conclusion of stability criteria.

— MION criterion

— 1IN criterion
-~ TON criterion

—i; 0.8 — GN criterion :“-;
.Eo 0.6 é) 77777777777777777777777777
o .
0.2
0 - ,
10° 10 10 10
Frequency (Hz) Frequency (Hz)
(a) (®)

Fig. 7. Stability criteria. (a) Results of several stability criteria at the begin-

ning of operation Mode 1. (b) Results of MION criterion when main grid re-
sistance is changed.

In Fig. 8(a), the AC-busbar voltage is in accordance with
the conclusion assessed by the proposed MION criterion,
whereas it is not in accordance with the result assessed by
the other criteria. Compared with the heretofore available cri-
teria, the conservatism of the MION criterion is greatly re-
duced. Meanwhile, the effectiveness of the MION stability
criterion can also be verified. The only main grid resistance
is increased to R,=1 Q. It is shown in Fig. 7(b) that the
MION is larger than one from 18 Hz to 72 Hz. Therefore, it
is possible that the simulation system will be unstable ac-
cording to the MION criterion. The stability of the charging
station can be clearly verified by testing the time-domain
waveforms. Apparently, the simulation system is unstable as

shown in Fig. 8(b) where the AC-side voltage is in accor-
dance with the instability phenomenon. Therein, this instabil-
ity is caused by improper selection of the line impedance pa-
rameter. Thus, the effectiveness of the proposed MION crite-
rion can be verified.

400 1500
o ‘ < 1000
g e
I 2
2 oop iUttt 2

4000 020406081012 % 02040608 1012

Time (s) Time (s)
(a) (b
—Phase a; —Phase b; — Phase ¢
Fig. 8. AC-busbar voltage time-domain waveforms. (a) Simulation results

at the beginning of operation Mode 1. (b) Simulation results when main
grid resistance is changed.

B. Effectiveness

To verify the effectiveness of the impedance-norm-based
stability criterion for the AC-busbar PEV charging station
with PV and the stability recovery way, the different modes
can be analyzed by testing the time-domain waveforms. In
this subsection, the parameters of the PV are given as fol-
lows. The droop coefficients are m=2x10° and
n=3.4x10", respectively; the double-loop current and volt-
age controllers are G?"=1+8/s and G =4+ 150/s, respec-
tively. Meanwhile, the parameters of the PEV are shown as
follows: Gp,, =180+3200/s; and the double-loop current and
voltage controllers are G =0.5+5/s, G =3+ 100/s, respec-
tively. Furthermore, the main grid impedance is L, = 10 mH,
C,=1mF, R,=1 Q, whose value is different from that in
the Section IV-A. It can be seen from Fig. 9(a) that the
MION is larger than one from 23.5 to 87 Hz in Mode 1, and
is larger than one from 35 to 39 Hz in Mode 4. The MION
is, however, less than one from 0 to 10000 Hz in Mode 2 or
3. Thus, it is possible that the simulation system will be un-
stable in Mode 1 or 4. As shown in Fig. 10(a) and (d), the
AC-busbar PEV charging station with PV is unstable in
Mode 1 or 4 where the AC-side voltage is in accordance
with the instability phenomenon. Meanwhile, It can be
shown in Fig. 10(b) and (c) that the AC-busbar voltage is in
accordance with the conclusion proposed MION criterion.
Thus, the effectiveness of the proposed MION criterion can
be verified. In order to make the charging station stable, the
doubly-fed line and energy storage equipment connected in
parallel with the main grid can be applied to reduce the im-
pedance of the main grid. Thus, the impedance is increased
to L, =10 mH, C, =100 pF, R,=0.11 Q. It can be seen
from Fig. 10(b) that the MION is less than one from 0 to
10000 Hz in Mode 1 to Mode 4. The stability of the charg-
ing station can be clearly verified by testing the time-domain
waveforms. The simulation system is stable as shown in Fig.
11, where the AC-side voltage is in accordance with the sta-
bility phenomenon. Note that the voltage magnitude is 311
V in the stable condition, whereas the voltage magnitude ex-
ceeds 1000 V in the unstable condition. If the vertical and
horizontal axes in all figures are set to the same value, the
voltage time-waveforms in the stable condition are not clear
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and so small. Based on this, the vertical and horizontal axes
in the relative figures are different. To sum up, the effective-
ness of the proposed MION criterion can be verified.
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o 20 3 0.5
<
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Frequency (Hz) Frequency (Hz)
() (b)
— Operation mode 1;— Operation mode 2
— Operation mode 3; — Operation mode 4
Fig. 9. Results of proposed MION stability criterion in different operation

modes. (a) MION criterion results at the beginning of different operation
modes. (b) MION criterion results of different operation modes when main
grid impedance is changed.
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Fig. 10. AC-busbar voltage time-domain waveforms at the beginning of

different operation modes. (a) Time-domain waveform in operation Mode
1. (b) Time-domain waveform in operation Mode 2. (¢) Time-domain wave-
form in operation Mode 3. (d) Time-domain waveform in operation Mode
4.
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Fig. 11. AC-busbar voltage time-domain waveforms when main grid im-

pedance is changed. (a) Time-domain waveform in operation Mode 1. (b)
Time-domain waveform in operation Mode 2. (¢) Time-domain waveform in
operation Mode 3. (d) Time-domain waveform in operation Mode 4.
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V. EXPERIMENT

A 4.4V, 50 Hz AC-busbar PEV charging station with PV
is built to verify the effectiveness of the proposed approach.
As shown in Fig. 3, the test system consists of an equivalent
PV (one PV generator and one three-phase inverter), an
equivalent PEV (one battery and one rectifier), and the main
grid (one adjustable mutual inductor and the three-phase AC
main grid). The system switch frequency is 19.2 kHz.

In order to verify the performances of the proposed stabili-
ty criterion and the stability recovery way, the different
modes can be analyzed by testing the time-domain wave-
forms, which is similar with the previous section. In this sec-
tion, the parameters of the PV are shown as follows: the
droop coefficients are m=2x10" and n=3.4x 107, respec-
tively; and the other parameters are same as that in the simu-
lation. Furthermore, the main grid impedance is L, =10
mH, C,=1mF, R, =0.1 Q.

It can be seen from Fig. 12(a) that the MION is larger
than one from 20 Hz to 344 Hz in Mode 1, and is larger
than one from 33 Hz to 42 Hz in Mode 4. The MION is,
nevertheless, less than one from 0 to 10000 Hz in Mode 2
or 3. Thus, it is possible that the simulation system will be
unstable in Mode 1 or 4. As shown in Fig. 13(a) and (d), the
AC-busbar PEV charging station with PV 1is unstable in
Mode 1 or 4. Meanwhile, it can be shown in Fig. 13(b) and
(c) that the AC-bus voltage is in accordance with the conclu-
sion obtained by MION criterion. Thus, the effectiveness of
the proposed MION criterion can be verified. In order to
make the charging station stable, the doubly-fed line and en-
ergy storage equipment connected in parallel with the main
grid can be applied to reduce the main grid impedance. If
the main grid impedance is changed to L, = 1 mH, C,=100
uF, R, = 0.1 Q, the MION is less than one from 0 to 10000
Hz in Mode 1 to Mode 4, which is shown in Fig. 12(b). The
stability of the charging station can be clearly verified by
testing the time-domain waveforms. The experimental sys-
tem is stable, which is shown in Fig. 14. According to the
aforementioned experimental results shown in Figs. 13 and
14, the proposed stability criterion can identify the stability
of the AC-busbar PEV charging station with PV. Thus, the
effectiveness of the proposed MION criterion and stability
way recovery can be verified.
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— Operation mode 1;— Operation mode 2
— Operation mode 3; — Operation mode 4
Fig. 12. Proposed MION stability criterion results in experiment test sys-

tem. (a) MION criterion results at the beginning of different operation
modes. (b) MION criterion results of different operation modes when main
grid impedance is changed.
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Fig. 13.  AC-bus voltage time-domain waveforms. (a) Operation Mode 1.
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Fig. 14.  AC-bus voltage time-domain waveforms when main grid imped-
ance is changed. (a) Operation Mode 1. (b) Operation Mode 2. (c) Opera-
tion Mode 3. (d) Operation Mode 4.

Remark 4: To verify that the proposed MION stability cri-
terion can be applied to the real system, the voltage and fre-
quency in the simulation system are selected as the standard
voltage and frequency of the power system in China. Unfor-
tunately, the same voltage and frequency cannot be chosen
in the experiment system due to our current hardware condi-
tions. Therefore, the low-voltage experiment system is pro-
vided to verify the performance of the proposed stability cri-
terion. Of course, the same parameters in both simulation
and experiment system are important, and we will try our
best to improve our hardware conditions in the future.

VI. CONCLUSION

Although the AC-busbar PEV charging station with PV
has become an attractive choice to reduce fuel consumption
and CO2 emissions, the interaction among the main grid, PE-

Vs and PVs always causes the instability problem. Besides,
the conventional GNC is complex, and it is not suitable for
the design of the AC system. Based on these, this paper has
proposed an MION stability criterion based on the imped-
ance method to assess the stability of the AC-busbar PEV
charging station with PV. Through theoretical analysis, simu-
lation and experimental results, the proposed stability criteri-
on can be used to assess the studied system stability. Further-
more, compared with the relatively simplified stability crite-
ria in [18] and [19], the proposed stability criterion has low-
er conservatism through simulation and experimental results.
Meanwhile, the effectiveness of the stability recovery way
has been verified through simulation and experimental re-
sults.

APPENDIX A
Control
100p | Zero-order Phase-locked Voltage sensitivity
holder loop analysis
— e e
Current control ~ Power control Optimal charging
— ——— |
Time delay Filter Carbon emission
f—] >
0.0ls 0.02s 0.10s 0.50s 1.00s  Response time
Electromagnetic timescale constant
Fig. AI. Extending classification of multi-timescale.

TABLE Al
STYLES OF NORM CRITERION

Norm criterion style Stability condition
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GN criterion [19] ”Amxn o= ng;( a; ), where n and m are
1<j<n
the matrix dimension
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