Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

Model Predictive Control of the AC voltage of an Electric-Vehicle
Charging Station with ESS

Dae-Jin Kim *, Young Il Lee**

*Jeju Global Research Center, Korea Institute of Energy Research, Jeju, Korea
(e-mail: dik@kier.re.kr)
** Seoul National University of Science and Technology, Seoul, Korea (e-mail: yilee@seoultech.ac.kr)

Abstract: With the recent rapid expansion of electric vehicles, a large number of Electric Vehicle Supply
Equipment (EVSE) have been installed. As a result, the impact of EV chargers on the power system is
being significantly increased. In particular, the EVSE connected to the distribution network line may act
as a peak load, which can adversely affect the voltage stability of the distribution network system when the
electric vehicle is quickly charged. In this paper, a Model Predictive Control (MPC) algorithm with
disturbance observer (DOB) is proposed for stabilizing voltage of EVs Charging Station which is composed
of EV chargers, Photovoltaic (PV), Energy Storage System (ESS) and Loads. The proposed DOB estimate
the sum of total current which is the source of voltage fluctuations due to line impedance in the EV charging
station. The grid voltage remains stable under the various operating condition including the extreme
scenarios by proposed methods. Simulations are performed by means of MATLAB/SIMULINK and result
shows the effectiveness of the proposed DOB and MPC control scheme.
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1. INTRODUCTION

The EVSE connected to the distribution network line may act
as a peak load, which can adversely affect the voltage stability
of the distribution network system when the electric vehicle is
quickly charged. For this reason, it is necessary to operate the
EVSE while maintaining the stability of the power distribution
system.

There are studies based on electric vehicle charging pricing
strategies to keep the voltage stable in power systems
integrated with EVSE [2-3]. First, EV mobility is generated by
the travel characteristics of the EV user and predicts the
electric vehicle charging load. Then double-layer optimization
model which considers both charging cost and voltage
deviation was developed to optimize the charging pricing
strategy and minimize the total voltage magnitude deviation in
the power distribution networks [2]. And a time-of-use (TOU)
pricing scheme was proposed and it discussed shifting the EV
load demand to off-peak time by the TOU schedule based on
EV load demand, residential customer load profile, and service
transformer loading constraints [3]. These electric vehicle
charging cost strategies do not require additional equipment
and are easy to apply. However, the above methods cannot
maintain a stable voltage if the instantaneous voltage
fluctuation is occurred due to the charging load of the EVSE.

To solve this problem, an DC-link based Electric-Vehicle
Charging Station models combined with renewable energy and
energy storage system (ESS) and loads as shown in Fig. 1 was
introduced in [4-5]. It is an approach to alleviate the charging
load of electric vehicle charger connected to power system
using energy of ESS and PV. In [4], a decentralized strategy
was proposed to control the Medium Voltage DC (MVDC)
Bus EV Charging Station. Despite the irregular EV charging
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Fig. 1. EV Charging Station with PV and ESS

load, the voltage on the MVDC bus is maintained reliably by
PV, ESS with DC/DC converter, and grid-connected three-
phase inverters. In this DC link based EV charging station, the
EV charger was individually controlled in Constant-Current
and Constant-Voltage mode according to the voltage and the
optimal power flow scheme was performed [5]. This strategy
aims to use the minimum energy from the grid, and EV is
considered not only a charging load, but also a source of
energy that can be discharged (V2G). The method of operating
EV charging stations using the common DC link proposed in
these studies is limited to commercial products that meet the
operating DC voltage range of the system, thus the flexibility
in configuring components of the EV charging station is
limited. The inverter-BESS (Battery Energy Storage System)
primary control scheme is introduced to support voltage-
frequency in AC Microgrids (MG) not only in grid-connected
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mode but also in islanded mode [6]. It presented a cascade
control type that performs frequency and voltage regulation
through Droop control and PI current control. However, since
the voltage is controlled by reactive power, it is not suitable
for distribution networks with a low X/R ratio. Recently,
Artificial Neural Networks (ANN) PI control strategy is
proposed to improve the power quality using inverter with
BESS in AC MG and it carry out an optimal online tuning of
the controller parameters [7].

In this paper, a Model Predictive Control (MPC) algorithm
with disturbance observer (DOB) is proposed for stabilizing
voltage of EVs Charging Station. The voltage remains stable
under the various operating condition including the extreme
load condition of the PV, EV and other loads by means of
controlling the bi-directional inverter combined with the ESS.
In particular, the DOB estimate the total amount of current in
the EV charging station, it is not necessary to install additional
current sensors and communication lines. A Low Voltage AC
(LVAC) of the power distribution system is used to increase
the flexibility of component configuration, and the line
impedance between the common coupling points of the power
distribution system and EV Charging Station is considered.

2. System Description and Modeling
2.1 Bi-directional three phase Inverter with ESS

Fig. 2 shows the topology of three-phase bi-directional
inverter with LC filter, where the V;,abc(Va, I@b ,I@C) ,
VAP EWVEVEVE)  VERR(VE Y VE) L i80S, 18,18)
iabe(i8,ib,if), L;, C are the three phase grid voltage, output
voltage (capacitor voltage), input voltage, inverter output
current, inductor current, filter inductors and capacitors
respectively. The parasitic resistances are ignored and system
parameters are given in Table I. The ESS is connected directly
to de-link of inverter and the voltage of dc-link is varied as the
value of state-of-charge (SOC).
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Fig. 2. Three phase grid-connected inverter with LC filter

The switching frequency of the inverter is sufficiently high,
so the pulse width modulated elements can be simplified as
proportional elements using average switching model. A three-
phase system in the stationary frame can be transformed into
the synchronous dq frame, and the mathematical model of the
LC filter can be represented as follows.
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The input voltage Vidq =[V¢ Vl.q]T are determined by state
of the switching devices S; ~S3 including its inverse state
S1~85 and dc-link voltage V.. This can be expressed as

V¥l 112 -1 -17[s¢
'l=g|m1 2 1] |8 Vae 3)
Ve -1 -1 211s°¢

where, the S¢, S?and S€ are value of the switching device. In
‘ON’ state of S;, the S becomes ‘1’ and ‘0’ in the ‘OFF’ state
of S;. The rest values of S? and S°¢ are also determined in the
same manner as S on the states of the switches S, and S5.

2.2 Distribution Network with Line Impedance

The EV Charging Station is commonly integrated with
distribution networks to provide the charging service to
customers. In contrast to transmission line, distribution line
has low X/R ratio, therefore the voltage of distribution network
is sensitive to active power transfer. And thus, the line
impedance should be considered in EV Charging Station
model as shown in Fig. 3, where Ly, R, are distribution line
reactance and resistance respectively. Assuming that the line
impedance is determined in design step of the EV Charging
station, it is known parameter.
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Fig. 3. EV Charging Station with Line Impedance

The line impedance integrated with EV Charging Station can
be modeled as

i’
_éL_z.__wf

1 dq
- 4
dt I, K “)

R
q 9~.dq
+ (wM —E)lg _Lg 4
As it shown in Fig. 3, the if,i" is the output current of the
inverter and output current igq is the total sum of whole
component current in EV Charging Station. Defining the
disturbance dgq caused by the PV, Loads and EV chargers
except the inverter, the output current L'; 4 can be written as
ig7 =7 +dJ (%)

Combining (1)-(5), it can be obtained the state-space matrices
in (6), including disturbance d;q and line impedance R, and L.
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The state vector is X = [iid Vcdq i;q]T and u = [Vidq]T is
control input vector. In addition, two measurements are
available in form of output vector y = [i? 1 Vcdq], inductor

.d .
current i;'?, capacitor voltage V.2 and are expressed as

x94(t) = Ax%9(t) + Bud(t) + B.dU(t) + B,V(t), vt (6)

y%(t) = €x9(v), vt @)
where
1
wM _;12x2 02x2 1
1 ¢ 1 L_iIZXZ
A=z, WM —chxe |B:= 02
1 R
0252 L_12x2 wM — L_912x2 022
1 J 1 9
L_iIZXZ L_iIZXZ
B := Lo B, := Lo C = [lsxa Ozl
12x2 IZXZ

The continuous-time space state model in (6)-(7) can be
transformed into the following discrete-time space state model
with the sampling time T.

x(k + 1) = Ax(k) + Bu(k) + Bqd(k) + BgVy(k), Vk ®)
y(k) = Cx(t), vt 9)
where

T T
IT\ = e4T,B = [ eA"dtB.,Bq = [, e?"dTBy, By =
a —
J, e?"dtB,, C=C.

3. Observer Design

In this section, observer design methods to estimate the state
x and disturbance d are proposed. The observed state and the
observed disturbances are denoted by X and d, respectively.

The unmeasured value iZq is the source of voltage fluctuations

due to line impedance. In order to compensate the effect iZq,
it will be estimated using a disturbance observer.

The discrete-time space state model of (8)-(9) can be
expressed follows with the disturbance d

dk+1) =d(k), vk (10)
gk + 1) = A.g(k) + Beu(k) + BeVy (k) an
y(k+1) = Cog(®) (12)
Where,
gk) = ();EB] Ae = [Oia 1123:[2]’]3e = [Oz{z]’Bf = [Olzjz]
Ce = [C 04y,

In order to verify the observability of the system in (11)-(12),
the observability matrix O is defined as

0 :=[C, CcAs CeAe? C.A>T.

The state observer is constructed to estimates the full state of
the inverter model with line impedance. Since this system has
two measurements, inductor current i2? and capacitor voltage
V%4, the state observer % can be represented by means of state

observer gain L, and disturbance observer d. The Luenberger
type observer is used to make the prediction of state x(k+1) as
follows:

Rk+1)= i (13)
AR(k) + Bu(k) + Ly (y — CR) + Bgd(k) + ByVy(k),

Where, Vg(k) is the grid voltage and assumes that the
secondary feeder is connected to strong grid, the voltage on
PCC is stable condition.

Also, the disturbance observer d can be represented with the
disturbance observer gain L, and integral action as shown
below:

dk+1) = dk) + L(y(k) —9(k)), Vk (14)

The error of state observer x and the error of disturbance
observer d are defined as % and d, respectively, and can be
expressed as follows:

gfk+1) =x(k+1)—-kEk+1)
dk+ 1D =dk+1)—-d&+1).

(15)
(16)
Then, substituting (8), (13) into the state observer error in (15)

and (10), (14) into the disturbance observer error in (16) yields
the augmented state space model as

gk+1) = [Ae — LCc]g(k) (17)
Where,
PN b-(0: 9] I | 7
gl = [d(k) L= [Lz]

The system matrix [A, — LC.] of augmented model should
be Hurwitz matrix to converge to zero value of the state
observer error and disturbance observer error in (15), (16). In
order to determine the observer gain matrix L of augmented
model, suppose that a Lyapunov function defined as

V(k) = gPg(k) (18)
with P a symmetric positive definite matrix.
Vk+1) = V(k) (19)

= g(k)([Ae - Lce]TP[Ae —LC.] — P)g(k) <0

If there exist a symmetric positive definite matrix P in (19),
the [A, — LC,.] is stable and it means the Lyapunov function
of (18) is converged to zero with monotonically decreasing.
The equation (19) is ensured if

P>0,[A, - LC,)"P[A,— LC,]—P <0 (20)
holds. Thus, if there exists the symmetric positive definite

matrix P satisfying (20), the L is the gain matrix. To guarantee
having stability in the sense of Lyapunov:

P, — [PA. — PLC.]"P~1[PA, — PLC,] >0
where, P, > 0 and P > P,.

21
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The inequality (21) can be expressed as a linear matrix
inequality (LMI) by applying Schur complement lemma [8]:

P, [PA, — YC,]T
[PA. — YC,] P
Where, Y := PL.

>0 22)

4. Controller Design

This section presents the design of MPC scheme with full
state observer and disturbance observer to regulate the voltage
within limits in EV Charging Station. The steady state
condition of X, satisfy the following:

Xg = Axg(k) + Bugy(k) + Bgd(k) + BgV,(k)
where the uy is steady state input. and the disturbance

observer error d(k) will be converge to zero, equation (23)
can be represent using the disturbance observer d(k) as:

(23)

Xg = AXO(k) + BuO(k) + Bda(k) + Bng(k) (24)

The steady state Xy can be derived using the reference grid
dq*
voltage V., .

jda jda
10 All A12 A13 10*
Xg = vfoq = A1 Ay Ay Vfoq
igg A3y Az Az igg
Biy Bai Bgl (23)
+ B2y | V39 4 [Bgy | @77 + |Bgz | VS
B3y Bas Bgys

Where i} and i§d are the steady state output current of
inverter and sum of total current of EV Charging Station. And

Viiq is the control input of uy to inverter in steady state

condition.

.dq .dq
iy » 1go -and

the control input Viiq, the state space model of X in (25) will
be rearranged as:

In order to determine the steady state values of

.dq

ll; Ay o Ba1] By 4

igd | = G|A22 — L | V" + G |Baz|d¥ + G |Bg2| V" (26)
yda Az, Bas Bys

Lo -
where

[12x2 — A11 —As3 —Bu™!
G:=| —Ay —Az;3 =By,
—Az; Ixp = Azz  —Bys

The one-step ahead prediction error state €(k + 1) to steady
state can be defined as:

e(k+1) = &(k + 1) — Xo(K)

— AR(K) + Bu(k) + L;(y — C%) — Ax,y(K) — Bug(k) 7

A cost index is defined in (28) to minimize the estimated state
error against steady state X and penalize the control input to
steady state input ug. Therefore, it is optimization problem as
presented in (29).

J(®(D,u) = llek + Dllp + lu) —up(®llr ~ (28)
min(%(), u() (29)

where, P is error state cost weight matrix and R is error input
weight matrix.

Then, the cost index is derived as followed.
J(REK), u(k)) = [wE)[lp + IBuk)|lp +
2u" (K)BTPW(K) + [lu(k) — ug(K)llr

= wT(K)Pw(k) + uT(k)(BTPB(k) + R)u(k)
+ 2uT (k) (BTPw(k) — Ruy(k)) + Ru3(k)
where w(k) = A%(K) + L; (y(k) — C&(K)) — Axo(k) — Bugy (k).

(30)

Therefore, the proposed MPC scheme with disturbance
observer is configured as shown in Fig. 3.

Taq (k) SVPWM
o Inverter

udd V
- v . Y .
1yl with LC Filter

ﬁ(k) (EV, RES, Loads)

Disturbance
Observer

Proposed MPC
Algorithm

Vﬂ'ﬁ‘

Fig. 3. Block diagram of proposed control scheme

The cost index has a convex form and the input u can be
determined by the following equation [9].

0J(&(k), u(k))

o =0, Vk (31)
u(k) = —(BTPB + R)"1(BTPw(k) — Ruy(K))
= MBTPA&(k) — (MB"PB + MR)u, (k) (32)

+MBTPL, (y(k) — C&(k))
where, M .= —(BTPB + R)~!
Here, the weight matrices P and Q should be satisfying the

stability of the system as control input in (27). Let assume that
the P and R are satisfied as follows:

BTPB = al, (33)
R = BI, (34)
The above equation (32) can be express as:

Au(k) = MBTPA&(k) + MBTPL, (y(k) — C&(k)) (35)
where, Au(k) :==u(k) —uy(k) and M = —(a + B)7I,

which is redefined using assumption (28) and (29),
respectively.
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In the case of state observer R(k) follows state x(k) while
satisfying equation (36), the above equation can be
represented as:

Ix(k) —&(k)| = 0 (36)
Au(k) = Ké(k) (37)
where, K := MBTPA.

The cost function defined in (28) should be monotonically
decreasing to satisfy Lyapunov stability as:

J) = J(k—1)
= &(k)"[(A + BK)TP(A + BK) + K"RK]&(k)
- {®TPe(k) + Au(k — 1)"RAu(k — 1)} (38)

~&(k)T[(A + BK)TP(A + BK) + KTRK — P]&(k) —
Au(k — 1)TRAu(k—1) <0

Since Au(k — 1)TRAu(k — 1) in equation (38) always has a
positive value, it can be rewritten as follows:

é®T[(A+BK)TP(A + BK) + KTRK — P]é(k) < 0 (39)
The equation (39) is ensured if

P — (A+BK)"P(A + BK) — KTRK > 0 (40)
holds, K is a stabilizing gain matrix if there exists a positive
definite matrix P which is satisfying (40). By multiplying Q
(:= P71) on the left- and right-hand sides of (40) and applying
Schur complement lemma [8], we obtain

_yT T
S\ngg [AQ BBY] >0,Q>0 (41)
where, Y := KQ.

Since R is positive definite, it can be assumed that

aQ=Q, 0<ax<1) (42)
where, a is design parameter.

Finally, LMI problem presented in Equation (43) can be
represented as:

Qo [AQ + BY]"
(AQ + BY] Q >0, 43)

5. Simulation Result

In this section, the simulation result is presented to compare
the performance of proposed algorithm against conventional

[y Grid frequency 60Hz
Vae DC-link voltage (Nominal) 600V
L¢be Inverter side inductance 10mH
cabe Filter capacitance 0.1uF
T Switching time 100us
Ry, L, Line impedance R, L 00315 r(I)lli-Im

Fig. 4 shows the simulation result of proposed controller and
conventional PI controller. The AC voltage measured at the
EV charging station fluctuates by a rapid EV charging load in
0.2 seconds and Photovoltaic power generation in 0.4 seconds.
As it can see the grid voltage recovers to nominal voltage in a
short time, the transient behavior of the proposed MPC
controller is better performance than the PI controller

MPC Controller

.
=1
=3

500 | [ Pi Contralier ‘

Voltage : Ved
g &

Vollage : Ved

. : . o : . .
Fig. 4. Comparison data of simulation result in dq-axis grid
voltage with proposed MPC and PI. (a) grid voltage in d-axis.
(b) grid voltage in g-axis.

The transient response of the both controllers is represented
in ABC three phase system. In Fig. 5. (a), the black line
indicates three phase voltage in case of no load condition and
red line means the voltage which shows EV charging load
injected grid with PI controller. Under the same conditions as
above, (b) shows the result of the voltage to which MPC was
applied. Obviously, this simulation results presents that the
voltage of EV Charging Station with proposed MPC algorithm
is stabilized quickly.

PI controller using MATLAB/SIMULINK. And the EV  _.t" ./ ./ £ 5 Em
Charging Station used for the simulation consists of EV e A\ /A =ESEL S
Charger, PV, ESS, and the detailed parameters are shown in & ° SErEELES P SES TR
Table 1 below. - X X X X
o b ! bt _'/ \ LS il R
Table 1 _‘“:;1H o185 19 o @ 1 o2y
SYSTEM PAREMETERS
Symbol Description Value
ngc Grid voltage (Phase-Neutral) 220V
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L
018 01885 018 0.185 0.2 0.208 0.21 0.216

Fig. 5. Simulation result of no load condition and EV load
condition in ABC grid voltage coordinate system (a) No load
condition (dotted line) and EV load with PI Controller (red
line) (b) No load condition (dotted line) and EV load with
proposed MPC Controller (blue line)

Fig. 6 shows the voltage fluctuations caused by PV power
generation with an electric current flow opposite to the EV
Charging load. In (a) and (b) of Fig. 6, the dotted line
represents the ideal voltage of three phases when there is no
load condition, and the red and blue lines represent the results
of voltage control by the PI Controller and proposed MPC,
respectively.
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~1 MPC Controlier — —— e =y
HA F . s L T
200 o —gZ e o et Py N
X X X %
= 7 /% N VN / £ N,
% o 70 b e i e i ., e
-4 Loy / Nt N TR \ \\ / v
= V4 / /
= b \ﬂ b ¥
200 | / A bl Vit N, N,
[P \\\ Wl BN NI N A N A N A
4 0
400 | {Il
] | i i |
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Fig. 6. Simulation result of no load condition and PV power
generation condition in ABC grid voltage coordinate system
(a) No load condition (dotted line) and PV power generation
with PI Controller (red line) (b) No load condition (dotted line)
and PV power generation with proposed MPC Controller (blue
line)

6. Conclusion

This study proposed a model predictive control to stabilize
the grid voltage in EV Charging Station within limits while the
EV charging loads are activated. This control scheme is based
on regulating the amount of total current, which is estimated
by the disturbance observer. A Lyapunov stability was used to

determine the estimation gain matrix by means of LMI method.

The improvement of proposed algorithm compared to
conventional algorithm has been demonstrated through the
simulation in MATLAB/SIMULINK. The proposed control
scheme provides stable operation of EV Charging Station
without an additional device to measure total current. The

simulation shows that the proposed scheme provides the stable
voltage under EV Charging condition and is able to adapt to
practical applications.
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