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Abstract: This paper presents a robust control technique for three-phase chargers under unbalanced
grid conditions. The control method consists of inner-loop robust grid-current control and
outer-loop proportional integral control for constant current (CC) and constant voltage (CV) control.
A dual-current control for the inner-loop positive and negative sequence is employed to eliminate
the unbalanced current caused by the grid so that a constant current and voltage can be provided
to the batteries. The inner-loop robust controllers utilize state feedback with integral action in the
dg-synchronous frame. A linear matrix inequality-based optimization scheme is used to determine
stabilizing gains of the controllers to maximize the convergence rate to steady state in the presence of
uncertainties. The uncertainties of the system are described as the potential variation range of the
inductance and resistance in the L-filter.

Keywords: battery charger; fast charging; unbalanced grid; linear matrix inequality (LMI); robust control

1. Introduction

With the emergence of enormous amounts of plug-in hybrid electric vehicles (PHEVs) and electric
vehicles (EVs) and the flourishing of renewable energy, the development of power storage has become
an interesting topic. Therefore, the technology related to battery charging has drawn a lot of attention
from governments, auto-makers, and researchers. In order to answer the demands for fast and efficient
battery chargers, many control strategies have been proposed.

Classical Proportional Integral (PI) control has been proposed for single-phase chargers [1,2].
The charging scheme was designed based on constant-current (CC) and constant-voltage (CV) charging
mode which provides shorter charging times compare to those of fixed voltage charging methods.
However, the main drawback of PI controllers is gain tuning for both inner-loop and outer-loop
controller. Furthermore, since the topology of these proposed methods is based on single-phase
converters, the charging current limit is smaller compared to those of three-phase chargers.

Model predictive control (MPC) has been proposed in [3] for a bidirectional three-phase charger.
This method could provide bidirectional power transfer with instantaneous mode charging capability
and fast dynamic response. Even so, the charging method from power grid to vehicle is based on
fixed voltage mode therefore the batteries need a longer time to be fully charged. In [4], another
MPC-based control has also been proposed for a three-phase charger to charge Li-ion batteries. The
controller outputs the optimum pulse width modulation (PWM) switching signal to provide the
nearest output reference with fast convergence rate to the equilibrium point whose power factor is
unity. However, this method requires a DC/DC converter to maintain the CC/CV charging stage.
Furthermore, in unbalanced grid conditions these methods [3,4], fail to provide a constant voltage to
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the batteries due to the lack of negative sequence compensator. The MPC-based control method for a
three-level single-phase charger described in [5] provides a smooth and low total harmonic distortion
output to the battery. However, a single-phase based topology charger cannot supply as much output
current as three-phase ones.

In [6], a PI control method was used in the AC/DC converter side to maintain dc-link voltage
constant while deadbeat control is used in the DC/DC converter to regulate the charging current to
battery. The deadbeat control provides really fast transient response which setting time reaches the
steady state in just a few sampling instants. However, it is really sensitive to the parametric uncertainty
of the system and measurement noise, particularly for high sampling rates.

Most of the abovementioned methods [1,2,4,6] are using bi-directional DC/DC converters for
CC/CV operation along with DC/AC inverters for power factor control and DC-link voltage control.
DC/DC converter topologies have been proposed for single-phase [7,8] and three-phase chargers [9,10]
to improve the charging efficiency. In [7,10], three operational modes for bidirectional chargers i.e.,
grid-to-vehicle (G2V), vehicle-to-grid (V2G), and vehicle-to-home (V2H) were considered to provide
a full bidirectional charger capability for electric vehicles. These methods adopt classical controllers
such as PI which require multi-loop gain tunings. Moreover, they did not consider how to handle
unbalanced grid conditions.

In this paper, a robust tracking control of a three-phase charger under unbalanced grid conditions
is proposed without using DC/DC converter as an interface between the three-phase AC/DC converter
and the batteries. Therefore, the charger is smaller in size and with less component expense. The battery
is charged with a constant current until the voltage reaches the recommended maximum voltage,
then the voltage is maintained constant until the current consumed by battery falls to a residual value.
The control method consists of inner-loop robust grid-current control and outer-loop proportional
integral control for constant current (CC) and constant voltage (CV) control. A dual-current control for
the inner-loop positive and negative sequence is employed to eliminate the unbalanced current caused
by the grid so that a constant current and voltage can be provided to the batteries. The inner-loop
robust controllers utilize state feedback with integral action in the dg-synchronous frame. A linear
matrix inequality-based optimization scheme is used to determine stabilizing gains of the controllers
to maximize the convergence rate to steady state in the presence of uncertainties. The uncertainties
of the system are described as the potential variation range of the inductance and resistance in the
L-filter. The conventional phase-locked loop (PLL) method is considered in this paper to obtain the
grid voltage phase angle.

2. Battery Chargers for EVs or PHEVs

Here, a detailed charger classification is presented. As discussed in the previous section, there are
a few types of battery charger topologies such as a single-phase charger, three-phase charger with front
end AC/DC converter and isolated DC/DC topologies, and only three-phase AC/DC topology. EVs
or PHEVs can be recharged by connecting a plug to an external power source through an AC or DC
charging system. The DC charging station is an off-board charger mounted at fixed place providing
required DC power directly to the batteries inside the vehicle. The charging AC outlet can be single
or three-phase and inevitably needs an on-board AC/DC charger with a power factor correction.
The charger classification according to Society of Automotive Engineers (SAE) EV AC Charging Power
Levels is summarized in Tables 1-3 for single-phase, three-phase and DC chargers, respectively [11,12].
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Table 1. Single-phase Automotive Engineers (SAE) EV AC charging power level
Output Power Level (kW)

Maximum Current (A)

Nominal Supplied Voltage (V)
120V AC, single-phase 12 1.08
120V AC, single-phase 16 1.44
208-240 V AC, single-phase 16 3.3
208-240 V AC, single-phase 32 6.6
208-240 V AC, single-phase <80 <144

Table 2. Three-phase SAE EV AC charging power level.

Output Power Level (kW)

Nominal Supplied Voltage (V) Maximum Current (A)
480 V AC, three-phase 16 11
480 V AC, three-phase 80 65
480 V AC, three-phase 160 133
600 V AC, three-phase 160 166

Table 3. SAE EV DC charging power level.

Output Power Level (kW)

Nominal Supplied Voltage (V) Maximum Current (A)
200-450 V DC <80 36
200-450 V DC <200 90
200-600 V DC <400 240

3. System Description
A three-phase charger is shown in Figure 1.

|
[
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Vb.i

Figure 1. Three-phase bidirectional charger with L-filter.

The dynamics of the line current is expressed in the abc-axis as follows
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The switches operate in continuous conduction mode, where two switches in each leg of the
AC/DC charger should be operated in a complementary mode to avoid short circuits. The switching
states of the charger is determined by u,, u;, or u. as:

o 1, when S, is on and S, is off
71 —1, when S, is off and S, is on

®)

DI ¢ when S; is on and Sy, is off
"7 —1, when S, is off and S is on

b= 1, when S, is on and S, is off
© 7] —1, when S.is off and S, is on

It is quite challenging to control a three-phase converter in abc-frame due to its time-variant
behavior, so the dg transformation is used to obtain DC like signal in dg-frame. Therefore, the dynamics
(1) in abc-axis can be transformed to dg-axis as follows [13]:

didq(t) .
o Acigy(t) + Bevo (H)u(t) +dc(t) 4)
; | a(®) _ | ma(®) _| 0 _|-f w _
where 1dq(t) = [ i (1 ], u(t) = [ ugt) | d.(t) = _ET'" , A = o _% , B, =
_1
5L 1 |,and w is the angular frequency of the AC voltage source.

T 2L
Any unbalanced three-phase voltage can be expressed by the sum of positive, negative and

zero sequence [14]. However, the three-phase charger system has only three wires therefore the zero
sequence is does not exist. Hence, the unbalanced current and voltage can be expressed as:

eabe = esbc +el. (5a)

ipe = ihy + iy (5b)
The positive and negative sequence of the grid voltage are assumed to be:

el , 1 a a2 ea

rpo_ p _ 2

Cpc =1 ¢ | T3] % 1 « ep (6a)
el a a2 1 ec

_eZ_ 1_1 wza__eu_
_ _ 2

e = | e | = 3| 1 « ep (6b)

el o a1 ec

where « and a? are phase-shifting operators and defined as:

1 V3 1 V3

« 5 +j 5 and o 515 (7)
Substituting Equation (7) into Equation (6) yields:
.1 1l -3 —% eq 1 0 1 -11]] e
e =3 | 72 1 —3 ep +]m -1 0 1 ep (8a)
-1 -1 1 ec 1 -1 0 ec
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1 1
e" 11 _12 i Zu j ! 01 3) _11 Eu (8b)
abc — 2| T2 ) b | Tl 45| T b
3 23
_% _% 1 €c \f 1 -1 0 ec

An all-pass filter allows all range of frequencies to pass, however it is used to obtain the imaginary
part of Equation (8) by shifting 90° from the original phase. The characteristic of the all-pass filter is
validated in Figure 2a using a Bode plot and the schematic of an all-pass filter is shown in Figure 2b.

Bode Diagram

Magnitude (dB)
s
"

CF R
3157 System: APF

Frequency (rad/s): 377
Phase (deg): 270

Phase (deg)
I
3

180 ¢
10! 102 103 10
Frequency (rad/s)

(@) (b)
Figure 2. (a) Bode plot of an all-pass filter (b) an all-pass filter schematic.

The transfer function of the all-pass filter can be expressed as follows:

o 1-— RFCFS

HE) = 15 R ©)

The same process is used to extract positive and negative sequence of grid current and
voltage. The block diagrams of positive and negative sequence extraction are shown in Figures 3
and 4, respectively.

IRTZE
|1/3I

eé
- Hi e ol -
> | 243 e
, All-pass 4~ | 1
Filter N W3 B
e All-pass j(eb - ec) %
¢ Filter

Figure 3. Positive sequence extraction block diagram.
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Figure 4. Negative sequence extraction block diagram.

From Equation (5), the current dynamics (4) can be rewritten as a combination of positive and
negative sequence. The dynamic of both sequences is almost identical; however, the only difference is
the sign of w due to the inverse direction of the negative sequence vector rotation [15]. Then, we have:

dit (t)
dq\" _ apap P i
rranke Al 1dq(t) + Bcvg(t)udq —d;(t) (10a)
di (t
0 _ avig (1) + Beoa ), — 2 (1) (10b)
_R _R _ _1 0
where A :—[ L a)R , A :—l L clg , B, :—l 2L 01 ],df :—[gv 1,1}1? =
—w -7 w -7 0 -7 =

o iy and uy, are the grid current and control input in dg-frame, respectively. The output voltage
L
v,(t) is governed by the following dynamic equation:

do, (t)

CT = icon(t) - ibat(t) (11)
where: 3
fcon (t) = g (H)u(t) (12)

and i¢, is the converter current and iy, is an output current to the battery.
Model (10) can be transformed in the following discrete-time system with sampling time h:

P (k+1) = APxP (k) + Boo (K)uP (k) — d” (k) (13a)

" (k+1) = A"x" (k) + Bo, (k)u" (k) — d" (k) (13b)

where Apn = I4><4 —|—A€n, B = Bch, dpn = dcpnh/ xp” == lg:;

4. Robust Controller Design

In this section, the uncertainties model of the system, offset-free control and robust optimal gain
are discussed. Suppose that the value of L and R in each phase are equal but vary in certain ranges as
indicated below:

L1 <L<L (14a)

Ry <R<R, (14b)
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Here, we denote the matrices (A, B) corresponding to the four possible combinations of the
immoderate value of 1/L and 1/R as (4;, B;) (i =1, 2, 3, 4) and suppose that the matrices (A, B) belongs
to the polytopic uncertain set ¥ below:

4
Y = { Z ‘Z/ln(Ai, Bl)

n=1

4
Z Un = 1/,1171 > 0} (15)

n=1

The uncertainties of the system can be any kind of variation, but should lies within the range (14).
The system uncertain range can be determined as:

Lnom/]/l <L< ,'l/anom (16a)

Ruom/p < R < pRyom (16b)

where Ryorm and Ly, are nominal value of the filter resistance and inductance, respectively, and y
(>1) can be considered as a tuning parameter.

In consideration of compensating the offset error despite the system’s uncertainty model, the
control law based on [16] is employed for Equation (13):

{ g (k) =g (k+1) + (57 (k — 1)) -
uP (k) = KPxP (k) + LPgP (k)

§'(0) =g (k+1) + (&, —*"(k— 1))
{ u(k) = K" (k) + L'g" (k) (170)

where K" and LP" are state feedback and integrator gains, respectively. Because of the integrator in
Equation (17), the steady-state error between the reference state xf ;} and the grid-current x”" will be
compensated provided that the closed-loop system is stable.

In order to eliminate the unbalanced current caused by negative sequence and provide a constant
charging current and voltage to the batteries, the reference state should be given as:

p
xdref 0
xP i
= | | = (18)
xdref
Xyref
where xsre ;o= if;re £ is generated by the outer-loop controller depending on its CC and CV

control objectives.

The same process is used to find optimal gains for positive and negative sequence, so the procedure
is unified. A systematic design method was proposed in [17] to obtain stabilizing state feedback gain
K and integral gain L of Relation (17) using LMI. From relation (13) and (17), we get:

z(k+1) = Agz(k) + Bau(k) + D(k) (19)
L x(k) L A 02><2 L B _ 1 0 L d(k)
where z(k) := [ 2(k) LA = C Do, ,B, = [ Orr ,C = 0 1 ,D(k) := [ Xnof 1

The control input u(k) can be rewritten as:

u(k) = Fz(k)F := { K L } (20)
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Assume that D(k) = 0 to determine stabilizing gain F, then the closed-loop system can be obtained
as follows:
z(k+1) = (A; + ByF)z(k) (21)

The closed-loop dynamic (21) stable if there exists a positive-definite matrix W such that:

W — (A, + B,F)"W(A, + B,F) >0 (22)
It is obvious that the condition (22) holds for some Wy > 0(Wy < W)

Wy — (As + B.F)"W(A, + B,F) > 0 (23)

By applying Schur complement and uncertain set Equation (15) to Equation (22), we get [17]

So S¢AL +H'BL, ,
>0 (i =1,...,4), 24
A,iSo + B,iH S ( ) @4
A; B; .
where H:=FS), S = W1, 8y := §;1, A, := i D22 B, = L (=1,234).
—-C 12><2 O2><2

To summarize, closed-loop system Equation (22) is asymptotically stable if there exist symmetric
positive definite matrices S and Sp and a matrix H such that Equation (24) holds and the stabilizing
gain is given as:

F=HS;" (25)

Assume that W < aW or equivalent to
S<aS(0<a<l) (26)

It can be expected that a small « would give a fast convergence of z to the origin. Therefore,
to obtain optimal gain F such that the convergence time is minimized, the following optimization
problem should be solved:

Minimize « subject to (24) and (26) (27)
5,50 >0,
a>0H

This optimization scheme is a generalized eigenvalue problem [18] which can be solve
efficiently by the MATLAB 2014a LMI Toolbox YALMIP solver (MathWorks, Natick, MA, USA).
The implementation of (27) can be done by following the YALMIP manual and it can be found on the
YALMIP website (www.yalmip.github.io).

5. Dual-Loop Charging Control

In order to perform the battery charging process, most of the battery manufacturers recommend
two charging stage i.e., constant current (CC) mode followed by constant voltage (CV) mode.
The battery is charged with constant current until the voltage reaches the recommended maximum
voltage, then the voltage is maintained constant until the current consumed by the battery falls
to a residual value. The dual-loop control strategy will be adopted for these two charging states
i.e., an outer-loop controller generates proper xf; ref = if; ref depending on its CV or CC control objectives

and the inner-loop controller (17) drives the state of x”” in (13) to follow xfgr}
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5.1. Constant Voltage (CV) Charging Mode

Here, the outer-loop PI control for constant voltage charging is discussed. Let I, be the output of
the outer-loop control, i.e.:

L (1) = Ky (ol — 0,(1)) +1</ (0 — vy(£))dt (28)

where v(rff is the constant voltage reference for battery charge and v, (f) is the output voltage. Suppose
that the dynamics of the inner-loop control in previous section is considerably fast so that we can
assume:

icon(t) ~ L (t) (29)

for some current reference I,(t). From Equations (11) and (29), we get:

cd”;t(t) — Kp(ef — 00(5) + K [ (057 = 0ult))dt ~ ipur(1) (30)
or: 0
P00 | g, 200 | Koyt = K. (31)

The K; and K, gain can be determined by considering the characteristic polynomial of
Equation (31) and can be given as:

A(s) = 8% + 20wys + w? (32)
or some appropriate value of { and w?; we get:
Ki = w; (33)

Ky = 20w (34)

The control diagram of the constant voltage control of the three-phase charger is shown if
Figure 5. The battery voltage is fed-back to the out-loop controller, which produces a reference current

PP
Xgref = qref-

~.

iP
6{0% ldref= =0 = u, =
ba} —  Pos. Ugyp | & 0, J_ 3
CV: vy P Robust z J Chargcr y, g
qref Control > | U 'I' =
\—;?- PI ontro. = 3
) 5 i’ab('
I(IQ ) Cobe
CC:uy,y
i Analog to
i Digital
[ of= - n Converter
drer=0 ; g dg Uap
—|  Neg. —
T Robust b
Iq“f - P abe
Control .| 5.9
3 Sequence
tda 7 l il | Extraction

Figure 5. Control structure of the proposed method.

5.2. Constant Current (CC) Charging Mode

In constant current charging stage, the battery pack is charged with a fixed current until the
voltage reaches the recommended maximum voltage, then switches to a constant voltage charging
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stage. For the control of this constant current charging mode, an outer-loop Pl is utilized to generate
a reference signal xs ref = isr of for inner-loop robust control with the same concept as CV charging
discussed in previous section. The control structure of the proposed CC charging control is validated
as shown in Figure 5.

6. Simulation Results

This section presents the results of the simulation to verify the proposed method. The simulation
is implemented using MATLAB 2014a LMI toolbox (YALMIP solver) to obtain robust gain for the
inner-loop controller. After receiving the optimal gains from MATLAB, the controllers were applied
using PSIM simulation tool. The parameters of the system are shown in Table 4. The control algorithm
is conducted using a DLL block from Microsoft Visual Studio and the sampling rate is set to 10
kHz. The 3-RC equivalent circuit of Figure 6 [18,19] is used for the simulation studies. The values of
parameters are determined as Rg = 0.01 ), Rj1 = Rp = Ry3 =0.001Q), and Cjy = Cpp = Cy3 =
1000 F with Vp,; =420 V.

Can | Car| | Cas|
I [

Figure 6. Battery equivalent circuit.

The implementation of the proposed control strategy can be summarized as follows:

Step1: Derive the discrete-time model for based on Relation (13) using nominal value of inductance
L and resistance R.

Step2: Choose an initial uncertainty range of the parameters Relation (14), e.g., u = 1.1,
and corresponding set ¥.

Step3: Compute the state feedback gain KP" and integrator gain L" for both positive and negative
sequences by solving the optimization problem (26) using YALMIP LMI solver.

Step4: Implement the inner-loop current control Relation (17) to the charger.

Step5: If the closed-loop system shows serious overshoot or becomes unstable, then adjust the
uncertainty range; i.e., raise the value of y and repeat the procedure from Step 3.

Step 6:  After the closed-loop system becomes stable, then apply the outer-loop control for CC or CV.

Table 4. Simulation parameters.

Parameter Value
DC-Link capacitor 4700 uF
Filter resistance 010
Filter inductance 5mH
Sampling rate 10 kHz
Constant current reference 5A
Constant voltage reference 450 V

Here, the simulation performances of the proposed charger are discussed. Figure 7a shows an
unbalanced input three-phase grid-voltage supplied to charger in CC charging mode. In Figure 7b,
the charger is still able to provide a considerable constant current even under unbalanced grid-voltage
thanks to the its negative sequence compensator.
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The CV charging mode is validated in Figure 8. We can see that the transient response of the
battery voltage in CV mode is fast and constant even the three-phase input is unbalance as shown in
Figure 8b.

100 /\/
o
3 TV

3LV

VY=
AAAAAAAA
AN
MU

> |
="
> |
t="]
=
="
> |

e
[
B
e e

M 4l
200 f—V \f / \/
-3005 0.05 0.1 0.15
(a)
6
5 /
4
=] /
%3
£ /
1/
1
0

0 0.05 0.1 0.15
(b)

Figure 7. (a) Unbalanced input voltage (b) transient performance of battery current in constant current
(CC) charging mode.
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400

300
=
>D
200
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0
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Figure 8. (a) Unbalanced input voltage (b) transient performance of battery voltage in constant voltage
(CV) charging mode.

Let us discuss the comparison between the controller with and without negative sequence
compensator in Figures 9 and 10, respectively. It can be noted that the controller with negative
sequence compensator performs well under unbalanced input grid-voltage conditions. Both the
battery current and three-phase grid-current are remarkably acceptable, as shown in Figure 9b,c,
respectively. In Figure 10, the simulation performance of the controller without negative sequence
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compensator is shown. Its performances, however, are not good compared to those of controller with
sequence controller. It can be noted that the battery is has high oscillation and the grid-current does
not show an appropriate waveform.

300

AT AT AT A AT A
= A I A AR A —
RSN AT A A A A A AL TAY e
PP PP P Y PP MU
(a)
305 0.1 0.15 0.2 0.25
(b)
- 5 YAYAYATAYAYATAYAYAYAYAYATAYAYAYAYAYAYAYAYA —
2 AN A AR ALK — o
R A IR TATAL DAV SRR TARRARRAN VAR AN A s,
0 VAVAVAVAVAVLVAVAV, VAVAVAVLVAVLVAVAV, VAVAVIVAVAVLVAVAV, VAVLVIVAVAVIV V)

805 0.1 0.15 0.2 0.25

Figure 9. Steady-state performances of (a) input voltage, (b) battery current and (c) grid current; with
negative sequence compensator in CC mode.
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8
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6

Tpat 11
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15,
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SV VY YNV VN VIV IV Y Y VXYPMH
VUWIUWITTW \/[ VWUWWTW \/[

.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
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iabc Al

]
—
bt
ey

L N,
on_o & o w

Figure 10. Steady-state performances of (a) input voltage, (b) battery current and (c) grid current;
without negative sequence compensator in CC mode.

Figure 11 compares the output power of the proposed method with negative sequence
compensator (Figure 11c), and without negative sequence compensator (Figure 11b). It is obvious
to see that the proposed method provides a considerably constant output power to the batteries
even under unbalanced grid conditions. On the other hand, it can be seen that without negative
sequence compensator the charger fails to provide a constant power to the batteries. The output
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power is oscillating with double the system frequency which is not good considering the battery
health conditions.

1000 | | | |
0.2 0.22 0.24 0.26 0.28 0.3
(c)

Figure 11. Steady-state performances of (a) input voltage, (b) output power without negative sequence
compensator (c) output power with negative sequence compensator in CC mode.

In Figure 12, the robustness of the proposed control method is validated. As it is shown in
Figure 12a—c, the control method is implemented using a nominal value of the L-filter as shown in
Table 4. The grid and charger output current perform really well, with real smoothness and symmetry
although the phase-a grid-voltage drops to a certain level. To test the robustness of the proposed
controller, the nominal value of L-filter is changed but works under the same robust stabilizing gains.
The value of the inductance and resistance are reduced by half (x 0.5) which are 2.5 mH and 0.05 (),
respectively. From Figure 12df, it can be seen that the charger provides almost identical constant

output current as the one with nominal value. It can be assumed that the controller works pretty well
under the uncertainty of the L-filter’s parameters.

— 11 & 200 NN
\ a
§ 0 ) 9% § B — %
" 2001/ e Y © -200}/ A e,

02 021 022 023 024 02 021 022 023 024

(a) (d)
10 =
g =g
8§ 0 —y
o
. !
-10
02 021 022 023 024 02 021 022 023 024

(b) ®)

Ipat 1A]
o
|
Ihat 1A]

o©°
N

02 021 022 023 024 021 022 023 024

() (C)]
Figure 12. Steady-state performances of (a) input voltage, (b) grid current and (c) battery current with
nominal L-filter value; and (a) input voltage, (b) grid current and (c) battery current with 0.5x of
nominal L-filter value.

7. Conclusions
This paper proposes a robust control strategy for a three-phase charger under unbalanced grid

conditions. The control method consists of inner-loop robust grid-current control and outer-loop
proportional integral control for constant current (CC) and constant voltage (CV) control. A paralleled
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current control for the inner-loop positive and negative sequence is employed to eliminate the
unbalanced current caused by the grid so that a constant current and voltage can be provided to
the batteries. The simulation results show that the proposed controller can provide a remarkable
charging performance to the battery under unbalanced grid conditions. Moreover, the charger is able
to supply a constant output power to the battery which results in better health conditions, even with
an unsymmetrical voltage source. The robustness of the proposed method has been verified using
parametric uncertainty of the L-filter. From an economic viewpoint, the proposed charger topology
does not require an isolated DC/DC converter which leads to less component expense and a smaller
installation size.
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Abbreviations

PLL phase locked loop

CcC constant current

Ccv constant voltage

LMI linear matrix inequality
EV electric vehicle

PHEV  plug-in hybrid electric vehicle
PWM  pulse width modulation

PI proportional integral control
MPC  model predictive control

Subscripts

abc  signal in abc-frame
dq signal in dg-frame

c continuous time signal
Superscripts

P signal of positive sequence
n signal of negative sequence
T transpose of matrix

ref reference signal

Notations

L filter inductance

R filter resistance

Vo output voltage

icon converter current

ipat output current

ic capacitor current

Vabe,i pole-voltage in abc-frame
Ly lower range of inductance

L, upper range of inductance
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Ry lower range of resistance

R, upper range of resistance

h sampling time

g integrator state

z augmented state of x and g

u control input

W weighting matrix

K4 integrator gain

Kp proportional gain

Cr all-pass filter capacitance

Rp all-pass filter resistance

Ry all-pass filter feedback resistance

Lnom nominal value of L-filter inductance

Riom nominal value of L-filter resistance

s uncertainty range

Y uncertainty set

K state feedback gain

L integrator gain

F stabilizing gain

X state of the system
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