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Abstract—This paper presents a controller for fast and ultra-
fast electric vehicle (EV) charging stations. Without affecting
the charging efficiency, the proposed controller enables the
charger to provide support to the interconnection voltage to
counter and damp its transients. Existing solutions are either
hardware-based such as using supercapacitors and flywheels
which increase the cost and bulkiness of the charging station,
or software-based such as P/V droop methods which are still un-
able to provide a robust and strong voltage support. This paper
proposes an emulated supercapacitor concept in the control sys-
tem of the ultra-fast EV charger in an islanded DC microgrid.
Thus, it converts the EV from a static load to a bus voltage sup-
portive load, leading to reduced bus voltage oscillations during
single and multiple ultra-fast EV charging operations, and rides
through and provides supports during extreme external distur-
bances. Detailed analysis and design guidelines of the proposed
controller are presented, and its effectiveness and improved per-
formance compared with conventional techniques are shown for
different case studies.

Index Terms—Electric vehicle (EV), charging station, ultra-
fast charging, DC microgrid, voltage support, capacitor emula-
tion.

1. INTRODUCTION

HE replacement of internal combustion engine vehicles

with electric vehicles (EVs) is attracting increasing at-
tention from research institutes and industrial sectors. One of
the global challenges of EV transportation is their charging
time, which can take up to 10 hours using Level-1 and Lev-
el-2 charging modes [1]. The charging time can be signifi-
cantly reduced (down to about one hour) by employing ultra-
fast chargers that use Level-3 charging mode [1]. Since the
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battery capacity of a typical EV is between 20 kWh and 670
kWh [2], ultra-fast charging corresponds to a large load that
is almost twenty times that of a typical house [3]. This can
cause serious issues such as voltage drops [4], grid equip-
ment overloading [5], [6], and current harmonic distortion
[7], [8] for the power grid.

To deal with such challenges, various solutions have been
proposed in the existing literature. For example, [9] proposes
to connect a large battery to the DC bus of a fast-charging
station to support the DC-bus voltage during the charging
process. In [10], a super-conducting magnetic energy storage
(SMES) system is connected to the DC bus of a fast EV
charging station. The use of a flywheel energy storage sys-
tem (ESS) is proposed in [11]. In [12], a hybrid battery, fly-
wheel, and supercapacitor are used in a DC microgrid (DC-
MG) to reduce the transients of the DC-bus voltage. In [13]
and [14], a unidirectional 12-pulse diode rectifier is pro-
posed to reduce the oscillations of the DC-bus voltage as
well as the harmonics of the AC-bus current. In [15], a bat-
tery is used as a buffer between an AC grid and a charging
station, where the buffer charges slowly from the power grid
and discharges fast to meet the energy demanded by fast EV
chargers. The main drawback of this method is the delay
caused by charging the buffer before the arrival of the next
EV. Such existing solutions are hardware-based approaches
that inevitably increase the cost and bulkiness of the charg-
ing station.

There are some software-based solutions as well. In [16],
a wide-area controller is used for a 12-bus microgrid to mini-
mize voltage fluctuations during the charging of 800 EVs in
eight parking lots. It collects the output data of the power
system stabilizers of all generators and uses an automatic
voltage regulator (AVR) to minimize the grid voltage oscilla-
tions via regulating the output power of the generators. This
method has the drawbacks of complex data collection and
high dependency on the communication network. In [17], a
bidirectional EV fast-charging station is proposed to solve
the voltage drop problem wherein the EVs are connected to
the DC bus through DC/DC converters and can be fast
charged using a constant current or reduced current control
approach. The DC bus is connected to the AC grid through a
3-phase inverter, which can regulate the DC-bus voltage as
well as the AC grid voltage by providing reactive power
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compensation and correcting the power factor. However, this
method relies on the presence of an AC grid. In [18], the
EVs operate as a voltage regulator for the AC microgrid, by
providing reactive power, operating as economical solutions
compared with capacitor banks and static var compensators.
In [19], the reactive power command is generated locally by
using Q/V droop control approach. In [20], EV chargers are
used for voltage regulation and loss reduction in AC mi-
crogrids via managing active and reactive power through
some optimization techniques such as genetic algorithm
(GA), water cycle algorithm (WCA), and Benders decompo-
sition (BD). The approach of using the P/} droop control
method in an EV to improve the balance between generation
and load is proposed in [21]. The P/V droop provides a “stat-
ic” support and has a slow dynamics, while proper selection
of its droop coefficient can become a challenge [22], and as
we will show in this paper, it is not able to strongly dampen
the transients of the DC-bus voltage. To mitigate the draw-
backs and limitations of the existing solutions, this paper
proposes a software-based method for each EV charger in
the charging station. In the proposed controller, the conven-
tional P/V droop control method is neatly combined with a
virtual capacitor concept. The result is to turn the EV from a
static passive load into a dynamic voltage-supportive load
without requiring any additional equipment, i.e., ESS, super-
capacitor, SMES. It is shown that compared with existing
methods, the proposed method exhibits a faster and stronger
DC-bus voltage support without impacting the charging rate.
The proposed method is able to reduce the bus voltage oscil-
lations caused by single and multiple ultra-fast charging pro-
cesses, and extreme external disturbances such as sudden
voltage drops in the DCMG. The proposed controller has a
simple structure which is analyzed and its parameters are de-
signed systematically in this paper. This paper presents multi-
ple case studies to illustrate the performances of the pro-
posed controller under various conditions.

II. ISLANDED DCMG MODEL

The overall configuration of an islanded DCMG with a lo-
cal charging station is shown in Fig. 1. The DCMG includes
four 50 kW PVs (PV,-PV,), four 32 kWh battery energy
storage systems (BESSs) (BESS,-BESS,), and a local EV
charging station. The charging station has three ultra-fast
chargers and a local 15 kW PV (PVj), all of which are con-
nected through a circuit breaker to the 650 V DC bus. Sun-
Power 315 NE series solar panels with 30 strings of five
panels are used for 50 kW PVs, and the same model with 10
strings and five panels is used for the 15 kW PV of the
charging station. All PVs are connected to buses via DC/DC
boost converters that operate in the maximum power point
tracking (MPPT) control mode. The solar irradiance profile
presented in [23] is used for PV, and it is shifted by —1 s,
—0.5's, 0.5 s, and 1 s and applied to PV ,-PV,, respectively,
to create different irradiance patterns for the PVs. The
BESSs and EVs are modelled with lithium-ion batteries with
350 V nominal voltage and a rated capacity of 90 Ah. Table
I presents the system parameters of the DCMG model.

Main grid (11 kV)

=

32kWh 32kWh 32kWh

Local charging station

@ AC/DC 650 V
650 V (DC/DC} ‘ 650 V
(e Pepd j7 BESS, | | (Dcoc
32 kWh
PV, [(BESS, @ 650v PVl

SOkW 32kWh  (DC/DO) J7 30KV | es0v
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Fig. 1. Configuration of islanded DCMG with a local charging station.

TABLE I
SYSTEM PARAMETERS OF DCMG MODEL

Circuit parameter Item Value
L, Inductance of PV converter 5 mH

Ly Inductance of EV/BESS converter 5 mH

C DC-bus capacitor 4 mF
fo S ol o

Lsamp Simulation sampling time 1 us

All the BESSs and PVs use the conventional control meth-
ods presented in [23]-[25]. The EV charger, which is the fo-
cus of this paper, uses the proposed method. The role of the
BESS is to maintain the local DC-bus voltage at a desired
value of 650 V. In the BESS controller presented in [24], the
proportional gain and integral gain of the BESS current con-
troller are set at K,,=0.01 and K, =1, respectively; and the
proportional gain and integral gain of the BESS voltage con-
troller are set at K,.=0.8 and K,.=40, respectively, to
achieve a closed loop response with a settling time of 0.1 s
and overshoot of below 5% for the load variations of R=
10Q and R=100Q, respectively. The MPPT control algo-
rithms presented in [23] and [25] are used for all PVs with
the MPPT proportional gain K,, and the MPPT integral gain
K, set to be 0.0001 and 0.007, respectively.

III. PROPOSED CONTROLLER FOR EV CHARGER

This section investigates the alternatives for the local con-
troller of the ultra-fast EV charger shown in Fig. 1, where
no additional hardware (i.e., supercapacitors, SMES, fly-
wheels, etc.) is used. Three control methods are presented:
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(D a conventional current control (CC method), where the
EV becomes a static/passive load, as shown in Fig. 2(a); @
a conventional current control with droop-based strategy
(CCD method), as shown in Fig. 2(b); and 3 the proposed

current control with droop and capacitor emulation (CCDCE
method), as shown in Fig. 1(c). The last two turn the EV to a
bus voltage supportive load but with different dynamics. The
three control methods for EV charging are shown in Fig. 2.

N 7 . Current controller |
. e; i d L, max | | d |
I, -5e W S@—{PWM 1;,,a?—’»-- PWM]:
- - - ‘ Imin X - |
i * | |
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Fig. 2. Three different control methods for EV charging. (a) CC method. (b) CCD method. (¢) CCDCE method.

The CC method is a common controller that is used to
charge an EV in charging stations with the desired current
I,,. In this method, the control command d shown in Fig.
2(a) is generated by using the PI controller N. Note that the
proportional gain operates on the EV current /,,, not on the
error e, This allows direct application of the optimal state
feedback tools such as an optimal method called linear qua-
dratic regulator (LQR) and it achieves improvement in the
transient response. This would be explained in Section III-A.

The CCD method, as shown in Fig. 2(b), uses an addition-
al droop term K, (V,.—V,. ), where K, is droop gain, V,, is
the DC-bus volatge, and V. is the desired voltage. The CCD
controller changes the EV from a constant-current (static/pas-
sive) load to a bus voltage supportive load that can contrib-
ute to support the bus voltage while charging the EV. In this
method, a limiter is used before the current controller to lim-
it the charging current to an acceptable range. /., and [
are the maximum and minimum currents of the limiter, re-
spectively.

The proposed CCDCE method, as shown in Fig. 2(c),
neatly adds a virtual RC filter to the CCD method. The RC
filter, along with the desired charging current /,, and a
droop term of the DC-bus voltage error K, (V,.—V,.), gener-
ates a reference signal /,, for the inner current controller.
This method is an enhanced version of the CCD method that
changes an EV from a static bus voltage supportive load to
a dynamic bus voltage supportive load. In the CCD method,
only a droop term K, (V,.—V,.) is used to generate the refer-
ence signal /,, while in the CCDCE method, the EV re-
sponds to the derivative of the DC-bus voltage as well ac-
cording to the analysis and discussion given below.

To better understand the proposed method, we notice that
since the current control loop is fast, /;, is close to /,,, with-
in the timescale of voltage transients. Therefore, the virtual
RC filter in Fig. 2(c) establishes 7.,=1,,+K, (V= Vi)V~

set
V.=R,1,,~R, I, and I, —1,=C,V. where R, and C, are

m’ ¢

the control parameters of the virtual RC filter; V, is the volt-
age of the RC filter; and V, is the derivative of V.. Mean-

c

while, since /,, is an inductor current and is continuous, the

variable V¥, will copy the dynamics of V. Therefore, /,,=
I,+C,V.~I,+C,V,. In other words, the charger responds
to the rate of change of the DC bus voltage, hence a fast dy-
namic support similar to the inertia response of rotating ma-
chines. This behavior is equivalent to adding a capacitor C,,
in the charger, i.e., the controller emulates a capacitor, as
confirmed by the the circuit model of the proposed CCDCE
method shown in Fig. 3. This equivalent circuit model is de-
rived based on the above discussion. In the following sec-
tions, the design procedure of each individual control meth-
od presented in Fig. 3 is explained.

i
gy R, o L

R, 14
ot S Sruenn

Virtual RC filter |

Fig. 3. Equivalent circuit model of proposed CCDCE method.

A. Optimal Design of Gains in CC Method

This subsection presents an optimal design of gains in CC
method, which are used in all three controllers. The closed-
loop linear time-invariant (LTI) model of Fig. 2(a) is re-
drawn in Fig. 4.

R
Ty —& 5

Ly

Fig. 4. Closed-loop LTI model of CC method.

In Fig. 4, G, is the transfer function between the EV cur-
rent and the duty cycle given by:
5 e _ Ve
Gid_ J - LbS (1)
Based on the control model presented in Fig. 4 and using
(1), the state space representation of the system is expressed
as:
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X =e;=x,~Ipy,
. Vs (2)
X, = Tid

The LQR method is used to achieve the optimal design of
the control parameters K, and K, [26]. To do so, the model
presented by (2) is transformed to a model that can be recog-
nised by the LQR method. By applying the operator d/d¢ to
both sides of (2), we can obtain:

Z1=Z,
:
S v

P

where z,=x; z,=%,; and w=d. From Fig. 4, the duty cycle
d is equal to d=—K,x,— Kyx,=—Kx. Therefore, w becomes
w=—K,z,—Kpyz,=—Kz. Therefore, the control block dia-
gram of Fig. 4 can be replaced by the LTI model shown in

Fig. 5, where A= [O 1}, B=| V|
2

oL )
K=[K\y Kpy

Control block diagram of CC method using (3).

Fig. 5.

This model is fully controllable and the LQR is used to
minimize the function:

J=J (qlzf+qzz§+w2)dt=f (2" Qz+w)dr
0 0

where Q=diag([g,.4, .

Then, the state feedback vector K is obtained by using the
lgr command in MATLAB: K=Igr(A, B, Q,1). Notice that z, =
e; and z,=dIl;,/d¢. By including z, into the cost function J,
the derivative of the EV current is reduced.

Using the system parameters presented in Table I and V. =
650 V, the locus of the closed-loop poles (eigenvalues of 4 —
BK) is shown in Fig. 6. The blue lines show the effect of in-
creasing ¢, on the placement of the closed-loop poles while
q, is constant and the red lines show the effect of increasing
q, when ¢, is constant. As shown in Fig. 6, when [q,,q,]=
[0,0], two closed-loop poles are located in 4,,.

4)

FASTEST FASTER FAST SLOW

2500
2000} 4,
1500} e N?/”\ql
2 1000t ¥ p 4,
-
S 500] Ay,
- 7T
< OF B4‘ B;- BZ' BI' >A()
g : Ny E
B -500} A\ =>4
) A 5./ !
E -1000} N = 4,
-1500} A
0 3|4
22000} g
2500 : :
3000 -2500 -2000 -1500 -1000 -500 0
Real axis

Fig. 6. Closed-loop poles when ¢, is constant and ¢, increases, and when
g, is constant and ¢, increases.
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By keeping ¢,=0 and increasing g, to 10, the closed-loop
poles move to A4,. Then, by keeping ¢, fixed at 10 and in-
creasing ¢, to 5x 107, the closed-loop poles move to B,. Ta-
ble II presents the corresponding ¢, and ¢, of closed-loop
poles are shown with A4 -4, and B,-B, in Fig. 6.

TABLE I1
CORRESPONDING ¢, AND g, OF CLOSED-LOOP POLES

Location of [q . l]z] Location of [‘11 . ’]z]
closed-loop poles closed-loop poles
4, [0.0] B, [10,0.5x107]
4, [10,0] B, [165,2.0x 107*]
4, [165.0] B, [900.4.5x107]
4, [900.0] B, [3000,8.5x 107]
A4, [3000,0]

Based on the effects of ¢, and ¢, on the locations of the
closed-loop poles, four different settings of ¢, and ¢, are pre-
sented in the following to obtain different locations for the
closed-loop poles and consequently to design four control-
lers with different speeds in terms of tracking the reference
signal.

In the SLOW design, the desired real term of the closed-
loop poles is —500. To achieve this, ¢, and ¢, are set to be
10 and 1.1x 107, respectively, and the state-feedback gain is
obtained as K=[3.15,0.01]. To shift the closed-loop poles fur-
ther from the auxiliary axis and have a FAST design, 165
and 4 x 107 are selected for ¢, and g,, respectively. As a re-
sult, the closed-loop poles are shifted to —1000+;820 with
state-feedback gain of K=[12.85,0.01]. In the FASTER de-
sign, ¢, and ¢, are set to be 900 and 7 x 107, respectively,
and the state-feedback gain is obtained as K=[30,0.02]. This
design relocates the closed-loop poles of the current control-
ler to —1500+j1290 and makes the response of the control-
ler faster. For the FASTEST design, which aims to have the
quickest response, g, is increased to 3000 and 1.04x 107 is
selected for ¢, to place the closed-loop poles at —2000+
j1770. In this design, the state-feedback gain is achieved by
K=[54.8,0.03]. The locations of the closed-loop poles for
each design are shown in Fig. 6 using a green color, and the
results of the four designs are summarized in Table II1.

TABLE III
FOUR DESIGNS OF CURRENT CONTROLLER N

Design Pole place [qlqu] [Kp-Kpy ]

SLOW -500+j400  [10,1.10x107] [3.15,0.01]

FAST ~1000£j820  [165,4.00x10°]  [12.85,0.01]
FASTER ~1500+j1290  [900,7.00x10°]  [30.00,0.02]
FASTEST ~2000%j1770  [3000.1.04x10*]  [54.80,0.03]

The proposed method can be adjusted and used for differ-
ent types of the DC/DC converters including the isolated to-
pologies, e.g., the dual active bridge (DAB) converter. In
case of having a different topology, the transfer function G,
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in (1) needs to be updated, and then the control parameters
are selected based on the design procedure explained in this
section.

To find the best design for the current controller N, the
following tests are conducted.
1) Test A: Current Reference Tracking

The aim of this test is to compare the speed of four de-
signed current controllers in tracking the reference signal (de-
sired EV charging current). In this test, the EV is initially
charged at —90 A. At r=0.5 s, the charging current changes
from —90 A to —130 A. As shown in Fig. 7, if the FASTEST
design is used, a settling time of ¢#,=0.003 s and 4% under-
shoot are achieved; whereas using the SLOW design, the set-
tling time increases to #,=0.017 s and the undershoot de-
creases to 2%.

-80r
— SLOW
90 — FAST
— FASTER
__-100} — FASTEST
<
= -110}
S
3 | ‘
> 120 £=0.003 s !
= 130f
-l4or J135A -133A
-150 A s A s :
0.49 0.50 0.51 0.52 0.53 0.54
Time (s)

Fig. 7. Test A: dynamic of EV current by using different designs.

2) Test B: Transient Response to Sudden Changes of DC-
bus Voltage

At t=1.0 s, the DC-bus voltage is manually reduced by
—150 V from 650 V and returned to its normal value (650
V) at t=1.03 s. Figure 8 shows the dynamic of the EV cur-
rent during these transitions while comparing the operations
of the four designs. As shown in Fig. 8, by using the SLOW
design, the EV current experiences +25 A overshoot/under-
shoot at step changes of the DC-bus voltage. This value de-
creases to £12 A if the FAST design is used; while using the
FASTER and FASTEST designs, the overshoot/undershoot
of the EV current are further reduced to +8 A and +6 A, re-
spectively.

-100

—————— N — FAST
2alll — FASTER

— FASTEST

EV current (A)

1.06 1.08

0.98
Time (s)
Fig. 8. Test B: dynamic of EV current during DC-bus voltage drop by
150 V.
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Based on these tests, the FASTER and the FASTEST de-
signs provide low undershoot/overshoot on the EV current.
However, since shifting the closed-loop poles to be far from
the imaginary axis makes the control systems more sensitive
to delays and noises in the system, the FASTER design with
the closed-loop pole located at —1500+j1290 is selected as
the best design for the inner current controller N. This de-
sign is used for the rest of the analysis in this paper. In all
control methods, a limiter is used before the current control-
ler to limit the EV current to an acceptable range. The maxi-
mum and minimum currents of the limiter are set to be /
100 A and /,,,,=-300 A, respectively.

B. Design of CCD Method

The same design process for the inner current controller N
used in the CC method, presented in Section III-A, is used
to design the current controller of the CCD method. The de-
sign of the droop controller K, is done according to the fol-
lowing guideline. Increasing the droop gain K, could im-
prove the effect of the EV charger on supporting the bus
voltage. However, if K, is too large, the disturbances of the
DC-bus voltage are significantly sensed by the inner current
control loop. For instance, a small oscillation in the DC-bus
voltage causes a large fluctuation in the charging current and
can eventually make the system unstable. In this paper, a 1%
voltage drop in the DC-bus voltage corresponding to a 20%
increase in the EV current is selected as a desired range.
Therefore, by using K,(0.01V,,)=0.21,,, the droop gain is
calculated as K, =20 [Ef =20x 130 =4.

" v 650

dc

max

C. Design of CCDCE Method

The design procedure presented in Section III-A is used to
design the inner current controller N of the proposed meth-
od. The same design process for selecting the droop gain K,
in Section III-B, which is used in the CCD method, is used
to design K,, of the proposed method. The design of the vir-
tual RC filter is done according to the following guidelines.

The response of the outer RC filter control loop must be
slower than the inner current control loop. While ensuring
that the current controller is fast enough according to the de-
sign procedure presented in Section III-A, we can assume
that /;,~1,. As a result, the proposed method in Fig. 2(c)
can be simplified to the LTI model shown in Fig. 9.

Km(VdL'7 V;L)
+

* set —
Y EV N

Fig. 9. Simplified model of proposed method shown in Fig. 2(c).

Therefore, the transfer function between /,,, (1,,,~1;,) and
is 1/(z,,s+1) with its time constant 7, =R, C,. In this pa-
per, the RC parameters are selected such that this time con-
stant is 0.05 s, i.e., sufficiently larger than the current loop
time constant. Moreover, C,, is selected large enough to pro-
vide adequate damping (or inertia): C,,,Vc or CmV[,C. For the
desired variation rate of ¥, equal to 50 V/s, and to set the
variation rate of I, to be 50 A, C,, is calculated as 0.5 F.

1

set
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Now setting R,, at 0.1 Q, the closed-loop pole of the RC fil-
ter will be placed at —20.

Finally, Table IV summarizes the control parameters of
the BESS, PV, and EV control loops.

TABLE IV
CONTROL PARAMETERS OF BESS, PV, AND EV CONTROL LOOPS

Device Controller type Control parameters
BESS Current controller H Kp,=0.01, K,;,=1
Voltage controller C K,-=0.8, K,.=40
PV Voltage controller P K,p=0.0001, K,,=0.007
Current controller N K,y=0.02, K,,=30
EV Droop controller K,=4

Virtual RC filter R,=0.1Q,C, =0.1F

IV. STABILITY ANALYSIS OF PROPOSED CONTROLLER

In this section, a stability analysis for the proposed con-
troller is presented. Figure 10 shows an equivalent circuit
model of the DCMG and EV charger.

Viy

Fig. 10. Equivalent circuit model of DCMG and EV charger.

The dynamic equations of this circuit model are given by:

d
LbalEV:DVdc_ VEV

d
Ve Va=R I+ Ly 1,
d

C-yVa=l,=Dlyy

where R, and L, are the resistance and inductance of the DC-
MG model, respectively; V, is the DCMG voltage; V, is
the EV voltage; and D is the duty cycle of the EV charger.

)

After linearizing (5) at (Vd(,IEV, VE,,, V:,D"), (5) can be
written as:
bg VD =V +v D +V,d
* * d
Ve=Vi—Ve=R,I, +Rz +Lgdt o (6)
d A * * * 2 2 * * 3
Cavdczlg—IE,,D +i,—(igyD +1pd)

where ¥, i, fg, and d are the small AC variations of V oo
iz, 1, and d, respectively. After eliminating the constant
terms of (6), which are equal on both sides at the equilibri-
um point, (6) can be written in frequency domain as:

—D*Vdc (8)+ L, 5Ly, (5)= V. D(s)
Vi ($)+ R 1, (5)+L,sI,()=0
CsV 1o ()4 D" 1y ()~ I, (5)=~1;,D(s)

™)

901

where I}dc (), I £ (), 1;, (s), and ﬁ(s) are the Laplace trans-

forms of V., iy, i, and dA, respectively. Then, (7) can be
written in matrix format as:

EX(s)=HD(s) (®)
-D" L,s 0 Ve ()
where E=| 1 0 R+sL | X(5)=|l,(s)| and H=
cs D -1 .
) I,(s)
Vdc
0
_I;V

Besides, from the LTI model of the proposed controller
presented in Fig. 2(c), we have:

D)= K27 [ Kt K29
f,.ef<s)= €L REACHUAT)
©)
V (S)— ~ EV(S) m(s)
]se't (S):Km dc (S)

So, the duty cycle of the EV converter in frequency do-
main, i.e., D(s), is equal to:

KIN(CmS +Km )I}dc (S)_[[(PNTms2 +KIN(Tms + 1)]iEV(S)

D(s)= ;
7,8
(10)
In the matrix form, it is expressed as:
D(s)=FX(s) (11)

(£, Fio.Fis)l Fy=Ky(C,s+K,), F;=0,

m

where F= %
7,8
and F,=—(K,y1,,8*+ K, (z, s+ 1)).

Substituting (11) into (8) results in EX(s)=HFX(s) or (E—
HF)X(s)=0. Therefore, by solving |[E—-HF|=0, the closed-
loop poles of the proposed controller can be found. Trajecto-
ries of the three dominant roots of |[E—HF]| are shown in
Fig. 11 while R, changes from 0 to 0.5 Q and L, changes
from 0 to 3 mH. Besides, the system and control parameters
in Tables I and IV are used. The variation regions of R, and
L, are selected based on estlmatmg the microgrid 1mpedance
Z =R,+]L,, where 4 ——Avd /Al [27]. By considering dif-
ferent load -generation condmons for the microgrid, Z, is ob-
tained as (0.5+j0.003)Q2 . As shown in Fig. 11, for all combi-
nations of R, and L, the roots of |E—HF] (the closed-loop
poles of the proposed controller) are located in the left half
plane, which ensures the stability of the proposed controller.

Figure 12 shows the effect of changing control parameters
R,, C,, and K, on the trajectory of the closed-loop pole for
both the minimum and maximum values of R, and L, (R,=
0Q, Lg:O mH and Rg:O.S Q, Lg:3 mH, respectively).

By increasing R,, and C,, the dominant pole of the closed-
loop controller moves to the right. As a result, the closed-
loop system becomes slower. In addition, when K, increas-
es, the dominant pole of the controller is shifted toward left,
which makes the closed-loop controller faster.
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Fig. 11. Trajectories of three dominant roots when R, and L, change.
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Fig. 12.  Loci of dominant roots of |E-HF]| for R,=0 Q, L,=0 mH and
R,=0.5Q, L,=3 mH and different values of R,.C,, and K. (a) R, is be-
tween 0.1 to 5Q. (b) C,, is between 0.5 to 5 F. (c) K|, is between 4 to 10.

As can be observed, for variations of all the three control
parameters (R,.C,, and K,), the dominant pole of the sys-
tem remains in the left half plane, which ensures the stabili-
ty of the system using the proposed method.

V. RESULTS AND DISCUSSION

In this section, the control methods presented in Fig. 2 are
used for charging EV, at the local charging station of the is-
landed DCMG model (as shown in Fig. 1), and their perfor-
mances are compared in different case studies as follows: (1D
testing the dynamic response of the controllers during the ul-
tra-fast charging of EV, with the desired charging current of
~130 A; @ testing the robustness of the controllers against
the presence of high external disturbance including a line-to-
ground fault in the DCMG; @ analyzing the dynamic re-
sponse of the controllers in a charging station including
three ultra-fast EV chargers. It should be mentioned that all
case scenarios are conducted in constant current charging re-
gion of the battery, where the battery sate of charge (SoC) is
from 20% to 80%. In addition, lithium-ion batteries used for
EVs are suitable for frequent ultra-fast charging process and
the charging current can be increased by twice the rated ca-
pacity of the battery (2C) with small impact on the lifetime
of batteries [28], [29]. In all cases, the criterion of the DC-
bus voltage variation is to follow the standard limit, e.g.,
+6%, as recommended by the Australian Renewable Energy
Agency [30].

A. Case Study A: Charging an EV with Different Controllers

1) Case Study Al: Comparison of Software-based Solutions

This case study inspects and compares the effects of all
charging control methods presented in Fig. 2 on the dynam-
ics of the DC-bus voltage V, and the current of EV,. The
desired charging current for EV, is /,,=—130 A. The nega-
tive sign of I,, shows the charging state, and the positive
sign shows the discharging state. Figure 13 presents the dy-
namics of the DC-bus voltage and EV current. As can be ob-
served in Fig. 13(a), the CC method causes an undershoot of
16% in the DC-bus voltage, which is out of the standard
range 6%, and may activate the protection system and
cause an undesired shutdown in the DCMG. On the con-
trary, when using the CCD and CCDCE methods, EV, be-
comes a static bus voltage supportive load and a dynamic
bus voltage supportive load, respectively, and the responses
are improved. The CCD and CCDCE methods can regulate
the DC-bus voltage V. in the standard limit (£6% of nomi-
nal value) [30] with 3% and 1% undershoots, respectively.
This case study shows that the fine control of EV (in the
milliseconds range without compromising the charging pro-
cess) could significantly reduce the undershoot of the DC-
bus voltage.
2) Case Study A2: Comparison of Hardware-based Solution
and Proposed Software-based Solution

In case study Al, the proposed controller is compared
with two software-based methods and its enhanced perfor-
mance in terms of the DC-bus voltage support is validated.
As shown in case study Al, when the CC method is solely
used, the DC-bus voltage experiences a high transient during
fast charging operation.
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Fig. 13. Case study Al: dynamics of DC-bus voltage and EV current. (a)
DC-bus voltage. (b) EV current.

In one conventional approach, an external (hardware) su-
percapacitor is used to reduce the oscillations of the DC-bus
voltage [31]. In this case study, EV fast charging process is
shown while using both the proposed CCDCE method and
CC method with a 60 F/350 V supercapacitor connected to
bus 7 through a DC/DC converter. The supercapacitor con-
trolled by the same control system is used for the BESS,
while the EV uses the CC method. This supercapacitor can
provide a constant current of 40 A for the duration of 5 min.
The capacity of supercapacitor Cg. satisfies 0.5Cq.Vg.=
Vecisctses Where V. is the voltage of the supercapacitor; ig.
is the discharging current; and ¢4 is the discharging duration.

As shown in Fig. 14(a), when the conventional superca-
pacitor is used, the DC-bus voltage experiences a 5.5% un-
dershoot (down from 16% of that without using a superca-
pacitor). However, if the proposed CCDCE method is used,
the undershoot of the DC-bus voltage is reduced to 1%,
which illustrates the effectiveness of the proposed method
compared with the costly hardware-based method.

B. Case Study B: Line-to-ground Fault

This case study investigates the dynamic response of the
three control methods (CCDCE, CCD, and CC with SC sup-
port) during the presence of a line-to-ground fault in the DC-
MG. At t=1.5 s, a line-to-ground fault with the fault resis-
tance of 3 Q occurs at bus 6 of the DCMG, and it remains
for a period of 0.05 s. During this time period, the charging
current of EV, is =130 A. As shown in Fig. 15(a), if the EV
charger is controlled by the CC method with SC support, the
DC-bus voltage drops by 6%, which reaches the maximum
permitted voltage drop according to the standard of Austra-
lian Renewable Energy Agency [30]. At t=1.55 s, when the
fault is cleared, the DC-bus voltage experiences an 8.5%
overshoot that exceeds the standard limit 6%.
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Fig. 14. Case study A2: charging EV, with 7;,=—130 A. (a) DC-bus volt-
age. (b) EV, current.
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Fig. 15. Case study B: performance of system during a line-to-ground
fault. (a) DC-bus voltage. (b) EV, current.

However, if the voltage supportive methods (the CCD
method and the proposed CCDCE method) are used, since
lower power is taken by the EV during the fault (Fig. 15(b)),
the undershoot and overshoot of the DC-bus voltage main-
tain within the standard limit 6%, as shown in Fig. 15(a).
The undershoot and overshoot using CCD method are 4.5%
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and 6.5%, respectively, while those using the proposed
CCDCE method are 4% and 6%, respectively. This case
study validates the ability of the software-based solutions
(CCD and CCDCE methods) in supporting the DC-bus volt-
age, while also showing the stronger performance of the pro-
posed CCDCE method compared with CCD method.

C. Case Study C: Ultra-fast Charging of Three EVs

In this case study, a whole EV charging station including
three individual ultra-fast chargers is simulated and the per-
formances of the three control methods are compared. This
case study investigates the dynamic responses of the CC
method with SC support, CCD method, and the proposed
CCDCE method, while one EV, two EVs, and three EVs
connect/disconnect at different time intervals.

At t=0.5 s, BV, starts charging with the current of /,=
—130 A, and then stops charging at t=3 s. EV, is charging
from t=0.5 to t=3 s, EV, starts charging at t=1 s and then
stops at t=2.5 s, and EV; starts charging at r=1.5 s and
then stops at =2 s. As can be observed in Fig. 16(a), the
connection and disconnection of EV,, EV,, and EV, cause
some overshoots/undershoots on the DC-bus voltage, which
are different in magnitudes using different control methods.

In Fig. 16(a), the undershoot of the DC-bus voltage
caused by charging of one EV (EV)) at r=0.5 s is similar to
the results shown in case study A. At t=1 s, when the sec-
ond EV (EV,) is added, if the CC method with SC support
is used for charging of both EVs, the DC-bus voltage experi-
ences a 5% undershoot. It should be noted that using the CC
method with SC support, both EVs act as static loads for the
DCMG as they just demand power from the DC bus without
having support on regulating the DC-bus voltage. However,
if the CCD and CCDCE methods are used, both EVs be-
come static bus voltage supportive loads and dynamic bus
voltage supportive loads, respectively. As a result, the under-
shoots of the DC-bus voltage decrease to 2% and 1%, re-
spectively, as shown in Fig. 16(a). The dynamics of charging
currents for EV, and EV, using different control methods
are shown in Fig. 16(b) and (c), respectively. At t=1 s, the
variation of the charging current for EV, is 26 A if the pro-
posed CCDCE method is used, followed by 40 A if the
CCD method is used.

At t=1.5 s when the third EV (EV;) is added, the DC-bus
voltage experiences its maximum undershoot (6%) while the
CC method with SC support is used. Whereas, the under-
shoots on the DC-bus voltage are minimum at 1% and 0.5%,
respectively, while using the CCD and CCDCE methods.
This validates better results with more voltage-supportive
EV chargers connected to the grid.

At t=2 s, when EV, stops charging, an overshoot appears
on the DC-bus voltage, as shown in Fig. 16(a). Using the
CCDCE and CCD methods, the overshoots on the DC-bus
voltage are 0.4% and 1%, respectively, and the overshoot is
4% when the CC method with SC support is used. Similarly,
when EV, and EV, stop charging at 1=2.5 s and at =3 s,
respectively, the proposed CCDCE method exhibits the low-
est overshoot on the DC-bus voltage compared with the oth-
er two methods. According to the results of this test, the pro-

posed CCDCE method exhibits an improved dynamic re-
sponse compared with the other two methods during differ-
ent charging scenarios in a charging station.
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Fig. 16. Case study C: dynamic responses while one EV, two EVs, and

three EVs connect and disconnect at different time intervals. (a) DC-bus
voltage. (b) EV, current. (c) EV, current. (d) EV; current.

As shown in the presented results, although the charging
current slightly changes during both the ultra-fast charging
and the line-to-ground fault to support the DC-bus voltage,
this variation occurs during a very short time period
(=0.5s), which is negligible and does not have any notice-
able impact on the charging efficiency.

VI. CONCLUSION

A control method based on the idea of emulating a super-
capacitor is proposed for ultra-fast EV charging operation in
an islanded DCMG. Unlike the conventional constant charg-
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ing current method and the P/V droop-based control method,
the proposed method turns the EV into a dynamic bus volt-
age supportive load for the DCMG. As a result, the under-
shoot/overshoot of the DC-bus voltage caused by the ultra-
fast charging process are reduced without enlarging and com-
plicating the hardware of the charging station. The proposed
control method exhibits high robustness and better perfor-
mance against severe disturbances. A detailed design guide-
line is presented for the conventional as well as the pro-
posed methods, and the performances of the three methods
are compared using different case scenarios. The results
show that the proposed control method can be an effective
and reliable alternative for EV chargers in charging stations
of islanded DCMGs. A future work to continue this research
would be to experimentally implement the proposed control-
ler in a real islanded DCMG.
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