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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
(GNC) 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.

I. INTRODUCTION

RECENTLY, 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 CO2 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 CO2 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.
A1 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

Manuscript received: March 23, 2020; accepted: July 3, 2020. Date of Cross‐
Check: July 3, 2020. Date of online publication: Stptember 9, 2020.

This work was supported by National Key Research and Development Pro‐
gram of China (No. 2018YFA0702200), National Natural Science Foundation of
China (No. 61773109), and Major Program of National Natural Foundation of
China (No. 61573094).

This article is distributed under the terms of the Creative Commons Attribu‐
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

R. Wang, Q. Sun (corresponding author), and D. Qin are with the College of
Information Science and Engineering, Northeastern University, Shenyang
110819, China, and R. Wang is also with the School of Electrical and Electronic
Engineering, Nanyang Technological University, 639798, Singapore (e-mail:
1610232@stu.neu.edu.cn; sunqiuye@ise.neu.edu.cn; mattqin1216@outlook.com).

Y. Li is with the Department of Electrical and Computer Engineering, Univer‐
sity of Denver, Denver, 80208 Colorado, USA (e-mail: lysise@126.com).

X. Li is with the Northwestern Polytechnical University, Xi’an, 710072, Chi‐
na, and he is also with the School of Electrical and Electronic Engineering, Nan‐
yang Technological University, 639798, Singapore (e-mail: N1906398J@e. ntu.
edu.sg).

P. Wang is with the School of Electrical and Electronic Engineering, Nanyang
Technological University, 639798, Singapore (e-mail: epwang@ntu.edu.sg).

DOI: 10.35833/MPCE.2020.000182

884



WANG et al.: STEADY-STATE STABILITY ASSESSMENT OF AC-BUSBAR PLUG-IN ELECTRIC VEHICLE CHARGING STATION WITH PHOTOVOLTAIC

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

[18]. The detailed identification conditions are found in Ta‐
ble AI 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. PPV, PPEV and Pg 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 PPV = 0, the absorbed power of
the PEV is provided only by the main grid, and the PV is
shut down, i.e., PPEV =Pg. Thus, the main grid is the source
subsystem, and the PEV is the load subsystem.

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

3) Operation mode 3: If PPV =PPEV, 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., PPEV =PPV. Thus, the PV is the source subsys‐
tem, and the PEV is the load subsystem.

4) Operation mode 4: If PPV >PPEV, 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., PPEV =PPV -Pg.
Thus, the PV is source subsystem, and both the main grid
and the PEV are load subsystems.

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-q 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.

ω=GPLL (s)Vcq (1)

where GPLL is the PLL proportional-integral (PI) controller; s
is the Laplace operator; Vc is the AC voltage in AC-link ca‐
pacitor; and the subscripts d and q mean the d-q compo‐
nents, respectively. The dynamic model of the voltage-source
rectifier can be represented on the d-q frame by:

Vcd = sIrecd Lrec -ωIrecq Lrec +DdVdc (2)

Vcq = sIrecq Lrec +ωIrecd Lrec +DqVdc (3)

sCdcVdc + Idc = 1.5(Dd Irecd +Dq Irecq) (4)

Vdc = Idc Rload (5)

where Irec is the rectifier input AC current; Lrec is the equiva‐
lent inductance of the AC filter; D is the rectifier duty ratio;
Vdc is the rectifier output DC voltage; Cdc is the rectifier out‐
put DC capacitor; Rload is the terminated load; and ω is the
angular speed.

The classical PI-based voltage controller and PI-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.

I ss
recd = (V ss

dc -Vdc)Grec
v (s) (6)

I ss
recq = 0 (7)

DdVdc =- (I ss
recd - Irecd)Grec

i (s)+Vcd +ωLrec Irecq (8)

DqVdc =- (I ss
recq - Irecq)Grec

i (s)+Vcq -ωLrec Irecd (9)

where Grec
v (s) and Grec

i (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 Δ represents
small disturbance.

DVcd = sLrecDIrecd -GPLL (s) LrecV
ss

cqDIrecq +

Dss
d DVdc +DDdV

ss
dc -GPLL (s) LrecDVcq I ss

recq (10)

DVcq = sLrecDIrecq +GPLL (s) LrecV
ss

cqDIrecd +

Dss
q DVdc +DDqV

ss
dc +GPLL (s) LrecDVcq I ss

recd (11)

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

[ ]A1
2´ 2

é
ë
ê

ù
û
ú

DVcd

DVcq

= [A2 ]
2´ 2

é
ë
ê

ù
û
ú

DIrecd

DIrecq

+ [A4 ]
2´ 1

DVdc +

[A3 ]
2´ 2

é
ë
ê

ù
û
ú

DDd

DDq

(12)
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Fig. 1. Typical structure of AC-busbar EV charging station with PV.
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where [ ]A1
2´ 2

=
é

ë
êê

ù

û
úú

1 GPLL ( )s Lrec I ss
recq

0 1-GPLL ( )s Lrec I ss
recd

, [ ]A2
2´ 2

=

é

ë
êê

ù

û
úú

sLrec -GPLL ( )s LrecV
ss

cq

GPLL ( )s LrecV
ss

cq sLrec

, [ ]A3
2´ 2

= é
ë
ê

ù
û
ú

V ss
dc 0

0 V ss
dc

,

[ ]A4
2´ 1

= [ ]Dss
d Dss

q

T
.

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

DVdc = [A5 ]
1´ 2

é
ë
ê

ù
û
ú

DIrecd

DIrecq

+ [A6 ]
1´ 2

é
ë
ê

ù
û
ú

DDd

DDq

(13)

é
ë
ê

ù
û
ú

DDd

DDq

= [A7 ]
2´ 2

é
ë
ê

ù
û
ú

DIrecd

DIrecq

+ [A8 ]
2´ 2

é
ë
ê

ù
û
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DVcd

DVcq

+

[A9 ]
2´ 1

DVdc (14)

where [A5 ]
1´ 2

=
é

ë
êê

1.5Dss
d Rload

Cdc Rload s+ 1

1.5Dss
d Rload

Cdc Rload s+ 1

ù

û
úú, [A6 ]

1´ 2
=

é

ë
êê

1.5I ss
recd Rload

Cdc Rload s+ 1

1.5I ss
recd Rload

Cdc Rload s+ 1

ù

û
úú, [A7 ]
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=

1

V ss
dc

é
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êê

ù

û
úú

Gi ( )s ωss Lrec

-ωss Lrec Gi ( )s
,

[A8 ]
2´ 2

=

é

ë

ê

ê

ê

ê
êê
ê

ê

ù

û

ú

ú

ú

ú
úú
ú

ú

1-Gv ( )s Gi ( )s

V ss
dc

GPLL ( )s Lrec I ss
recq

V ss
dc

0
1-GPLL ( )s Lrec I ss

recd

V ss
dc

, [A9 ]
2´ 1

=

1

V ss
dc

[Gv ( )s Gi ( )s -Dss
d -Dss

d ]
T

.

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

[A1 ]
2´ 2

é
ë
ê

ù
û
ú

DVcd

DVcq

= ([A1 ]
2´ 2

+ [A4 ]
2´ 1

[A5 ]
1´ 2) éëê ù

û
ú

DIrecd

DIrecq

+

([A3 ]
2´ 2

+ [A4 ]
2´ 1

[A6 ]
1´ 2) éëê ù

û
ú

DDd

DDq

(15)

By substituting (13) into (14), (16) is obtained as:

([1 ]
2´ 2

- [A9 ]
2´ 1

[A6 ]
1´ 2) éëê ù

û
ú

DDd

DDq

= [A8 ]
2´ 2

é
ë
ê

ù
û
ú

DVcd

DVcq

+

([A1 ]
2´ 2

+ [A9 ]
2´ 1

[A5 ]
1´ 2) éëê ù

û
ú

DIrecd

DIrecq

(16)

By removing [ DDd DDq ]
T
, the input admittance matrix

can be obtained as:

YPEVin =
é
ë
ê

ù
û
ú

YPEVdd YPEVdq

YPEVqd YPEVqq

=

{( )[ ]A4 [ ]A6 + [ ]A3 ( )[ ]1 - [ ]A9 [ ]A6

-1

´

}( )[ ]A7 + [ ]A9 [ ]A5 + [ ]A4 [ ]A5 + [ ]A2 ´

{ }[ ]A1 - ( )[ ]A4 [ ]A6 + [ ]A3 ( )[ ]1 - [ ]A9 [ ]A6

-1

[ ]A8 (17)

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‐

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-q frame is shown as:

Vinvd = Iinvd ( )Rinv + sLinv -ωLinv Iinvq +Vcd (18)

Vinvq = Iinvq ( )Rinv + sLinv +ωLinv Iinvd +Vcq (19)

Iinvd =CinvVcd s-ωCinvVcq + Icd (20)

Iinvq =CinvVcq s+ωCinvVcd + Icq (21)

where Vinvd, Vinvq, Iinvd, and Iinvq are the inverter output voltag‐
es and currents in the d-q frame, respectively; Vcd, Vcq, Icd,
and Icq are the inverter voltages and currents in the d-q
frame, respectively; and Rinv, Linv, and Cinv are the resistance,
inductance, and capacitance, respectively. The voltage and
current double loop controller can be represented as:

I ss
invd =Ginv

v ( )V ss
cd -Vcd -ωCinvVcq +KIcd (22)

I ss
invq =Ginv

v ( )V ss
cq -Vcq +ωCinvVcd +KIcq (23)

V ss
invd =Ginv

i ( )I ss
cd - Icd -ωLinv Icq +Vcd (24)

V ss
invq =Ginv

i ( )I ss
cq - Icq +ωLinv Icd +Vcq (25)

where I ss
cd, I ss

cq, V ss
cd, and V ss

cq are the inverter current and volt‐
age signals in the d-q frame, respectively; Ginv

i = k inv
ip + k inv

ii /s
and Ginv

v = k inv
vp + k inv

vi /s are the current and voltage double-loop
PI controllers, respectively, k inv

ip , k inv
ii , k inv

vp , and k inv
vi are the PI

controller parameters; and K is a feed-forward gain. Addi‐
tionally, the instantaneous active power pinv and reactive pow‐
er qinv 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

vc
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dq
abc
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Fig. 4. Controller architecture of PV.
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applied to the inverter, and the active and reactive output
power Pinv and Qinv can be obtained by (27).

pinv = 1.5( )Vcd Icd +Vcq Icq (26)

qinv = 1.5( )Vcd Icq -Vcq Icd (27)

Pinv =
ω f

s+ω f

pinv (28)

Qinv =
ω f

s+ω f

qinv (29)

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

ω=ωss -mPinv (30)

V ss
cd =V ss - nQinv (31)

where ωss and V ss 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 DI ss

inv can be represented by:

é
ë
ê

ù
û
ú

DI ss
invd

DI ss
invq

= [B1 ]
2´ 2

é
ë
ê

ù
û
ú

DIinvd

DIinvq
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ê

ù
û
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Dω
DV ss

cd

(32)

where [B1 ]
2´ 2

=

é

ë

ê

ê

ê

ê
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û
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ú

ú

ú
úú
ú
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i ( )s

0

0
Rinv + sLinv +Ginv

i ( )s

Ginv
i ( )s

,

[B2 ]
2´ 2

=

é

ë

ê

ê

ê

ê
êê
ê

ê

ù

û

ú

ú

ú

ú
úú
ú

ú
-

I ss
invq Linv

Ginv
i ( )s

0

I ss
invd Linv

Ginv
i ( )s

0

.

Utilizing small perturbations on (20)-(23) yields:

é
ë
ê

ù
û
ú

DIinvd

DIinvq

= é
ë
ê

ù
û
ú

DIcd

DIcq

+ [B3 ]
2´ 2

é
ë
ê

ù
û
ú

DVcd

DVcq

+

[B4 ]
2´ 2

é
ë
ê

ù
û
ú

Dω
DV ss

cd
(33)

é
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ê

ù
û
ú

DI ss
invd

DI ss
invq

= [B5 ]
2´ 2

é
ë
ê

ù
û
ú

DVcd

DVcq

+ [B6 ]
2´ 2

é
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ê

ù
û
ú

DIcd

DIcq

+

[B7 ]
2´ 2

é
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ê

ù
û
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Dω
DV ss

cd
(34)

where [B3 ]
2´ 2

= é
ë
ê

ù
û
ú

sCinv -ωssCinv

ωssCinv sCinv

, [B4 ]
2´ 2

= é
ë
ê

ù
û
ú

0 0
V ss

cd Cinv 0
,

[B5 ]
2´ 2

=
é

ë
êê

ù

û
úú

-Ginv
v ( )s -ωssCinv

ωssCinv -Ginv
v ( )s
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2´ 2

= é
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ù
û
ú

K 0
0 K

, [B7 ]
2´ 2

=

é
ë
ê

ù
û
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0 Ginv
v ( )s

0 0
.

The small-signal model of (26)-(31) can be shown as:

Dpinv = 1.5( )VcdDIcd +DVcd Icd +VcqDIcq +DVcq Icq (35)

Dqinv = 1.5( )VcdDIcq +DVcd Icq -VcqDIcd -DVcq Icd (36)

Dω=-
mω f

s+ω f

Dpinv (37)

DV ss
cd =-

nω f

s+ω f

Dqinv (38)

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

é
ë
ê

ù
û
ú

Dω
DV ss

cd

= [ ]B8
2´ 2

é
ë
ê

ù
û
ú

DVcd

DVcq

+ [ ]B9
2´ 2

é
ë
ê

ù
û
ú

DIcd

DIcq

(39)

where [ ]B8
2´ 2

=

é

ë

ê

ê

ê
ê
êê
ê

ê
ù

û

ú

ú

ú
ú
úú
ú

ú

1.5mω f

s+ω f

I ss
cd -

1.5mω f

s+ω f

I ss
cq

-
1.5nω f

s+ω f

I ss
cq -

1.5nω f

s+ω f

I ss
cd

, [ ]B9
2´ 2

=

é

ë

ê

ê

ê
ê
êê
ê

ê
ù

û

ú

ú

ú
ú
úú
ú

ú
-

1.5mω f

s+ω f

V ss
cd 0

0 -
1.5nω f

s+ω f

V ss
cd

.

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

ZPVout =
é
ë
ê

ù
û
ú

ZPVdd ZPVdq

ZPVqd ZPVqq

= {[ ]B5 + [ ]B7 [ ]B8 - [ ]B1 [ ]B3 -

}[ ]B1 [ ]B4 [ ]B8 - [ ]B2 [ ]B8

-1{[ ]B1 [ ]B4 [ ]B9 +

}[ ]B1 + [ ]B2 [ ]B9 - [ ]B6 - [ ]B7 [ ]B9 (40)

C. Impedance Model of Main Grid

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

Zgout =Y -1
gin =

é
ë
ê

ù
û
ú

Zdd Zdq

Zqd Zqq

(41)

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: Zout = Zgout and Y in = YPEVin

2) Model 2: Zout = Zgout ∥ ZPVout and Y in = YPEVin

3) Model 3: Zout = ZPVout and Y in = YPEVin

4) Model 4: Zout = ZPVout and Y in = YPEVin ∥ Ygin

where Zout and Y in are the output impedance matrix of the to‐
tal source subsystem and the input admittance matrix of the
load subsystem, respectively; YPEVin and ZPVout are the admit‐
tance matrix of the overall PEV and the impedance matrix
of the overall PV, respectively; and A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, ZPVout =ZPVout1 ∥ZPVout2 ∥∥ZPVoutn, and n rep‐
resents the number of the PVs. YPEVin =
YPEVin1 ∥YPEVin2 ∥∥YPEVinm, and m represents the number
of the PEVs.

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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G12 =
Vout2

V in1

=G1

Z in2

Z in2 +Zout1

G2 =G1

1
1+Zout1 /Z in2

G2 =

G1

1
1+Zout1 Z in2

G2 (42)

Since G1 and G2 do not have the right pole, the system is
stable if and only if E +Zout1Y in2 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
zero.

As mentioned above, this ratio must not encircle point
(-1+ j0) on Nyquist contours. If the eigenvalues of ZoutY in

over the all frequency range are restrained inside the unit cir‐
cle, the stability of the charging station can be guaranteed.

ρ (ZoutY in)< 1 (43)

Zout =
é
ë
ê

ù
û
ú

Zdd Zdq

Zqd Zqq

(44)

Y in =
é
ë
ê

ù
û
ú

Ydd Ydq

Yqd Yqq

(45)

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

ρ (ZoutY in)£  ZoutY in
A
< 1 (46)

where  ×
A

is the arbitrarily consistent matrix norm.

Using (44)-(46), we can obtain:

 ZoutY in
A
=








ZddYdd + ZqdYqd ZddYdq + ZdqYqq

ZqdYdd + ZqqYqd ZqdYdq + ZqqYqq

< 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 ( ) ZoutY in
1
 ZoutY in

¥
< 1 (48)

Once again, using (47) and (48), the expression of the sta‐
bility condition can be described as:

min éëmax ( || ZddYdd + ZdqYqd + || ZddYdq + ZdqYqq 

)|| ZqdYdd + ZqqYqd + || ZqdYdq + ZqqYqq 

max ( || ZddYdd + ZdqYqd + || ZqdYdd + ZqqYqd 

ù
û)|| ZddYdq + ZdqYqq + || ZqdYdq + ZqqYqq < 1 (49)

When the first item is the minimum, (49) is satisfied if:

{ || ZddYdd + ZdqYqd + || ZddYdq + ZdqYqq < 1

|| ZqdYdd + ZqqYqd + || ZqdYdq + ZqqYqq < 1
(50)

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

{ || Zdd || Ydd + || Zdq || Yqd + || Zdd || Ydq + || Zdq || Yqq < 1

|| Zqd || Ydd + || Zqq || Yqd + || Zqd || Ydq + || Zqq || Yqq < 1
(51)

{ || Zdd ( )|| Ydd + || Ydq + || Zdq ( )|| Yqd + || Yqq < 1

|| Zqd ( )|| Ydd + || Ydq + || Zqq ( )|| Yqd + || Yqq < 1
(52)

Furthermore, (53) can be met if:

ì

í

î

ïï
ïï

( )|| Zdd + || Zdq max{ }( )|| Ydd + || Ydq ( )|| Yqd + || Yqq < 1

( )|| Zqd + || Zqq max{ }( )|| Ydd + || Ydq ( )|| Yqd + || Yqq < 1
(53)

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

max{ }( )|| Zdd + || Zdq ( )|| Zqd + || Zqq ´

max{ }( )|| Ydd + || Ydq ( )|| Yqd + || Yqq < 1
(54)

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

 Zout ( )s
¥
 Y in ( )s

¥
< 1 (55)

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

{ || ZddYdd + ZdqYqd + || ZqdYdd + ZqqYqd < 1

|| ZddYdq + ZdqYqq + || ZqdYdq + ZqqYqq < 1
(56)

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

{ || Zdd || Ydd + || Zdq || Yqd + || Zqd || Ydd + || Zqq || Yqd < 1

|| Zdd || Ydq + || Zdq || Yqq + || Zqd || Ydq + || Zqq || Yqq < 1
(57)

{( )|| Zdd + || Zqd || Ydd + ( )|| Zdq + || Zqq || Yqd < 1

( )|| Zdd + || Zqd || Ydq + ( )|| Zdq + || Zqq || Yqq < 1
(58)

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

ì

í

î

ïï
ïï

max{ }( )|| Zdd + || Zqd ( )|| Zdq + || Zqq ( )|| Ydd + || Yqd < 1

max{ }( )|| Zdd + || Zqd ( )|| Zdq + || Zqq ( )|| Ydq + || Yqq < 1
(59)

Further, (59) is met if the following inequality is satisfied:

max{ }( )|| Zdd + || Zqd ( )|| Zdq + || Zqq ´

max{ }( )|| Ydd + || Yqd ( )|| Ydq + || Yqq < 1
(60)

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

Vin,1 Vin,2Vin,1
Vout,1

Zout,1 Zin,2

Vout,1G1= Vin,2

Vout,2 Vout,2G1=

Fig. 5. Interconnection of two stable independent systems.
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assessment could be obtained through the one-norms of
Zout (s) and Y in (s):

 Zout ( )s
1
 Y in ( )s

1
< 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 Zout ( )s as well as the load subsystem input admittance
Y in ( )s and arithmetic product of the one-norms of the source
subsystem output impedance Zout ( )s as well as the load sub‐
system input admittance Y in ( )s is less than one.

min ( Zout ( )s
¥
 Y in ( )s

¥
 Zout ( )s

1
 Y in ( )s

1)< 1 (62)

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 1: 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 ωn and ζ, where k PLL

p = 2ζωn and
k PLL

i =ω2
n. The natural frequency ωn can be chosen as the in‐

dicator of the PLL bandwidth, and ζ 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 Zout is and the larger Y in is, the

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 Zout.

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.

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= SSC /SN) [28], where SSC is the short-circuit capacity at
the PCC, and SN 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

Grid strength SCR Line impedance Zg

Fig. 6. Relationship among grid strength, SCR and line impedance.
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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: ① 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, GPLL = 0.58 + 10/s,
Lrec = 10 mH, and main grid impedance is Lg = 0.8 mH, Cg =
10 mF, Rg = 0.11 Ω, Cdc = 20 mF, and Rload = 10 Ω. 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.

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 Rg = 1 Ω. 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.

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= 2´ 10-6 and
n= 3.4´ 10-4, respectively; the double-loop current and volt‐
age controllers are Ginv

v = 1+ 8/s and Ginv
i = 4+ 150/s, respec‐

tively. Meanwhile, the parameters of the PEV are shown as
follows: GPLL = 180+ 3200/s; and the double-loop current and
voltage controllers are Grec

v = 0.5+ 5/s, Grec
i = 3+ 100/s, respec‐

tively. Furthermore, the main grid impedance is Lg = 10 mH,
Cg = 1 mF, Rg = 1 Ω, 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 Lg = 10 mH, Cg = 100 μF, Rg = 0.11 Ω. 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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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.
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at the beginning of operation Mode 1. (b) Simulation results when main
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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.

V. EXPERIMENT

A 4.4 V, 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= 2´ 10-5 and n= 3.4´ 10-3, respec‐
tively; and the other parameters are same as that in the simu‐
lation. Furthermore, the main grid impedance is Lg = 10
mH, Cg = 1 mF, Rg = 0.1 Ω.

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 is 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 Lg = 1 mH, Cg = 100
μF, Rg = 0.1 Ω, 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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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. (c) Time-domain waveform in
operation Mode 3. (d) Time-domain waveform in operation Mode 4.
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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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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.
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