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A MPC Based ESS Control Method for PV
Power Smoothing Applications

Mingyu Lei, Student Member, IEEE, Zilong Yang, Yibo Wang, Honghua Xu, Lexuan Meng, Member, IEEE,
Juan C. Vasquez, Senior Member, IEEE, Josep M. Guerrero, Fellow, IEEE

Abstract-Random fluctuation in photovoltaic (PV) power
plants is becoming a serious problem affecting the power quality
and stability of the grid along with the increasing penetration of
PVs. In order to solve this problem, by the adding of energy
storage systems (ESS), a grid-connected microgrid system can be
performed. To make this system feasible, this paper proposes a
model predictive control (MPC) based on power/voltage
smoothing strategy. With the receding horizon optimization
performed by MPC, the system parameters can be estimated with
high accuracy, and at the same time the optimal ESS power
reference is obtained. The critical parameters, such as state of
charge (SoC), are also taken into account in order to ensure the
health and stability of the ESSs. In this proposed control strategy,
communication between PVs and ESS is not needed, since control
command can be calculated with local measured data. At the same
time, MPC can make a great contribution to the accuracy and
timeliness of the control. Finally, experimental results from a
grid-connected lab-scale microgrid system are presented to prove
effectiveness and robustness of the proposed approach.

Index Terms-Energy storage, photovoltaic, power quality,
model predictive control (MPC), power smoothing

. INTRODUCTION

During recent years, the number of grid-connected PV
systems is considerably increased around the world aiming
at establishing a sustainable energy system [1]-[3]. While in the
other hand, the stochastic fluctuating of PV power is becoming
a significant issue affecting the power quality and stability of
the grid [4]. As the maximum power point tracking (MPPT)
control is used in most of the PV systems, the output power
necessarily varies with the change of illumination intensity and
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some other environmental factors [5]. In addition, the control
of the PV system and the electrical parameters may also result
in the output power variations [6]. One of the major concerns
about PV power fluctuation is that it may lead to voltage
deviation exceeding related limits, for example, #5% of
nominal voltage as given by service voltage limits of IEEE Std
1547a-2014 [7]. This problem would be more serious when
PVs are connected in remote area where the grid is weak, or in
small scale low voltage distribution network, the capacity of
which is relatively small.

In this sense, energy storage systems (ESSs), being proved
in many research works and applications, can be an effective
solution to smooth fluctuation and to improve the stability of
the power grid [8]-[14]. Obviously, the control strategy of ESS
is one of the most important aspects to be considered. In [12] a
power management method for a combined PV-ESS system
was proposed, which keeps power balance within a microgrid
and maintains the state of health (SoH) of the ESS. The authors
of [13] propose a novel control strategy for smoothing the
output power fluctuation of renewable energy generation
system, consisting of SoC feedback control and the real-time
power allocation method. This strategy can keep SoC within a
specified range and make sure that the ESS units share the load
consistently. A ramp limiting based battery ESS control
strategy is proposed in [14] to smooth the PV power
fluctuation. By using this strategy, the size of the ESS can be
effectively reduced and the performance is also improved.

However, by using the aforementioned conventional control
methods, communication between ESS and PV is necessary,
which leads to system complexity and possibility of failures
due to packet losses and latencies. At the same time,
conventional methods usually use the data of past sampling
periods, resulting in delays in the ESS actions. These delays
may lead to decrease of efficiency and waste of ESS energy.

To enhance the performance of power smoothing control
and to avoid the communication dependency, this paper
proposes a model predictive control (MPC) strategy for PV-
ESS integrated system. MPC algorithms have been widely used
in process control from last century, recently they are also
applied to control of power converters and some switching
power supplies [15]-[18]. This paper finds its novel application
in energy management of renewable energy systems with ESS
units. Satisfying results are obtained because of the notable
advantage of MPC: MPC can make a great contribution to the
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accuracy and timeliness of the control system since it has the
ability to predict the future change of the control objective
[19]. At the same time, inputs and outputs constraints can be
handled in the MPC to ensure the security of the hybrid system.

The objective of the proposal is to maintain the power grid
voltage stability and reduce voltage fluctuation when the PV
system is working at MPPT. In this paper, the value predicted
in MPC is the equivalent input impedance of ESS. It can be
obtained the relatively accurate predictive value by a receding
horizon optimization, and the real value of this parameter will
not change over time. Using the predicted input impedance,
control command of ESS can be calculated. Another advantage
of this proposed control is that communication between PV and
ESS is not needed as the control command can be obtained
with local measured data. As a result, the stability of the
control is improved and the cost is reduced.

1. ENERGY STORAGE CONTROL OBJECTIVES

Stochastic change of weather and environment is the main
cause of fluctuation of PV output power [20], [21]. The
fluctuation may seriously affect the power quality of grid when
natural factors are changing sharply [22], [23]. Fig.1 shows a
30-days output power curve of a 100kWp PV system, which is
built in Jiaxing, a city of Zhejiang Province, China [24]. To
analyze its characteristics, the maximum power change with
10-minute resolution is extracted as shown in Fig.2. It can be
seen that the maximum value of 10-minute largest power
change is 59.5kW, accounting for nearly 60% of the maximum
power of the PV system. In this situation, the voltage change
would be great, especially when the rated power of a PV
system is larger or it is connected into the low voltage
networks. This paper addresses the power quality problem
caused by PV power fluctuation. To analyze the effect on
voltage by PV power fluctuation, a simulation is conducted by
using this power curve to emulate a PV system which is
connected to a 380V AC grid with a 0.2Qline resistance and
0.3mH inductance. Fig.3 shows the RMS voltage value of one
phase at the point of common coupling (PCC) during this
period of time. It can be observed that the maximum deviation
is larger than 10% rated voltage, which would affect the
stability and safety of the grid.

To solve this problem, large-capacity ESS can be
implemented to smooth the power and improve the power
quality. In this hybrid system, battery is chosen as the ESS
technology, as it presents following features: 1) the stability
and safety must be guaranteed and they can work well without
frequent maintenance [25]; 2) the cost of the energy storage
system has to be considered, since the storage capacity is rather
large to ensure long-term charging or discharging; 3) easy
implementation is required because many distributed
generation systems are located in remote areas [26].

The combined PV-ESS system is shown in Fig.4. This
system consists of PV generator, battery ESS, local load and
grid. The PV and ESSs are two separated systems and there is
no communication between them. The hybrid system is
regarded as a generating unit connected to the grid, and its total
output power is expected to be smooth. By controlling the ESS

charging and discharging power, the effect of PV power
fluctuation can be reduced and the power quality at the PCC
will be improved.

In this system, ESSs are connected to the AC bus together
with the PV. A remarkable advantage of this structure is that it
is not necessary to redesign and replace the PV inverters and
transformers when implementing ESSs. The online plug-and-
play ESS units can be realized without affecting the PV
generation. Accordingly the maintenance of PV-ESS system
becomes more convenient, the flexibility and safety of the
system is improved as well.
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Fig.1 30-days output power curve of a 100kWp PV system
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Fig.2 10-minute largest change curve of 30-days PV power
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Fig.3 30-days PCC voltage curve of a PV system
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Il. VOLTAGE DEVIATION CAUSED BY PV POWER

When a grid-connected PV system is working at the MPPT
mode without ESS, the output power will cause oscillation of
PCC voltage. Supposing that the equivalent impedance
between the PV and the grid is R+jX, the voltage deviation can
be expressed as:

0y = ppvR+qpvx
Vv
1)
SV = ppvx _qpvR
Vv

where pypy is the active power, gy is the reactive power and v is
the PCC voltage of the PV system. V- is the horizontal voltage

deviation which is parallel to the grid voltage, and OV s the
vertical voltage deviation which is perpendicular to the grid

voltage. The expression between voltage deviation and UV and

oV g
Ivgrid _VPCC |: \I(AV)2 + (5\/)2 (2)

The relation between grid voltage, PCC voltage and voltage
deviation vectors is shown in Fig.5.

Vgrid

Vpcc
Fig.5 The relation between grid voltage, PCC voltage and voltage deviation

In a PV system, the reactive power can be ignored as it is
much smaller than active power. So the above expression can
be simplified as

R

= 3
X

ov=2 @

The magnitude of PCC voltage can be described as

p,, -VR*+ X2 p,,-Z
V=V, + |0V HAVP =v, + L . =v, + pv (5)
where vq is the grid voltage, which is considered to be stable
and will not change over time. At PCC where PV connects the
grid, the voltage presents a weak feature because of the line
impedance. By this formula, it can be seen that the magnitude
of impedance Z is the only model parameter that needs to be
predicted at every step. When an ESS operates in this PV
system, the PCC voltage can be expressed as

Pess £
V:Vg + ESSV ESS (6)

where pess is the active power of ESS. Zgss is the equivalent
input impedance of ESS, including line impedance between
grid and hybrid system, and impedance of PV and load. The
simplified structure of the hybrid system is shown in Fig.6, in
which the components are represented by the equivalent
circuits. It can be observed that the equivalent input impedance
of ESS is a combination of Zg, Zpy and Zy, as well as its own
line impedance Z,. Thus the input impedance of the ESS can be
expressed as:
Lo =Ly +Zg I Z I Zyy, (7
In this system, the impedance value Zo, Z\, Zg, Zpyv are
determined by control mode of the converters [27], [28] and
not measurable. In the proposed control method, Zgss can be
estimated and corrected by receding horizon optimization.
Since the controller operates in discrete time, the PCC voltage
can be predicted as

Pess (k +l) i ZESS (k) ~V
v(k +1) g

+ Pess (K +1) - Zgs (K)

v(k+1) =v, + i

®)

where v(K) is the measured value of the voltage, and Zess(k) is
the predicted value of magnitude of equivalent input
impedance of ESS. Therefore the voltage difference between
v(k) and v(k+1) can be calculated.

v(k+1)-v(k) = APegs (K \‘:‘(]I;)) Zess (K)

The purpose of this proposed control is to reduce or
eliminate the difference between the PV voltage and the
reference voltage (v*) by controlling the charging and
discharging power of the ESS. So with this expression, the
optimal ESS power command can be calculated to stabilize
PCC voltage.

©)
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Fig.6 Simplified structure of ESS/PV hybrid system

V. CONTROL STRATEGY FOR ENERGY STORAGE SYSTEM

In this paper, the specific process of MPC consists of three
steps: predicting dynamic models of the controlled system,
calculating control commands, and correcting dynamic models
according to the measured data.

A. Predicting model parameter

In this control, the model parameter to be predicted is Zess,
which is the magnitude of equivalent input impedance of ESS.
The optimal ESS output power at the next operation step,
pess(k+1), can be calculated accordingly. At the beginning, an
initial value of the impedance Zgss(0) is randomly chosen. At
the following steps, it is corrected according to the PCC
voltage predicting error.

The control variable u and output variable Y are defined as
follows:

u(k) = Apggs (K)=Pess (K)-Pess (K-1)
Y (k) =v(k)

(10)
(11)

According to equations (9)-(11), the relationship between
these two variables can be expressed as:

Y(k+1) =Y (k) + Y€ +D

Y (k) (12)

Zess (K)

B. Calculating control command

In order to calculate pess(k+1), the cost function for the
MPC needs to be formulated, which is actually to reduce the
voltage deviation caused by PV power variation. In this case,
the optimization cost function is

J =min[w,(SoC —SoC")* +w,(v—v")*]  (13)
where SoC is the state of charge of the ESS, the reference value
of which is SoC*, and v is the measured voltage value of PCC.
The purpose of this control is to maintain a constant voltage
value v*. In industrial applications, the SoC of a group of
batteries is defined by the lowest SoC value among all the
batteries when discharging and by the highest SoC when
charging. Although this method may cause a deviation of SoC
calculating, it can prevent the over-discharging or over-
charging situation and guarantee system security. The value of

v* is decided by the grid nominal voltage, PV power and ESS
capacity. w1 and w» are the weight coefficients of these two
parts of cost functions respectively, which are determined by
the fluctuation characteristics of the PV power and the capacity
of the ESS. If the capacity of the ESS is rather large or the
fluctuation of the PV power is not dramatic, the value of w, can
be increased to improve the smoothing effect. Otherwise, the
value of w; should be increased to ensure the security and
health of energy storage units. The SoC of ESS can be
calculated as

Pess (k +1) 'Ts

SoC(k +1) = SoC(k) — (14)

ESS

Bringing (12) and (14) into (13), it can be obtained the
equation about cost function J(k+1) and control variable
u(k+1):

2 2

Ik +1) = wE2 k(e Woes (K)o,

Cless  V'(K)
" 2W,T.”Pegs (K) _2WTEgc (K) +2WZZESS (K)E, (k) ) u(k +1)

CZESS CESS V(k)
TP (K) 2T, Eqpe (K)Pegs (K

+W1(Ezsoc(k)+ s CzESS( )_ s SOCC( ) ESS( ))

ESS ESS

(15)

where Zgss (k) is the predicted magnitude of equivalent input
impedance of ESS at last step, v(k) is the measured voltage of
PCC, and Pess(k) is the power of ESS. Esoc is the deviation of
SoC and Evy is the deviation of voltage, and they are defined as
(16) and (17) respectively:

Eqoc (K) = SO0C (k) - SoC”

E, (k) =v(k)-V’

From equation (15), it can be obtained the power change of
ESS to minimize the value of cost function:
u(k +1) =

(16)

(A7)

B W, T, ?Pegs (K)VZ (K) —=W,T, Ego (K)Cegs V7 (K) + W, E, (K)Z (K)C g5 V(K)

WV (K) +W,Z (K)C s
(18)

Since the control variable u(k+1) is the change of ESS
power, the power of next step can be obtained as:

Pess (K +1) =u(K +1) + pegg (K)

When pess>0, batteries are discharging, and when pgss<0,
they are charging. If the capacity of batteries is large enough or
there is no need to consider the SoC of batteries, the coefficient
w1=0. In this condition, control variable u(k+1) is expressed as:

u(k +1) = ——("("Z) ""(L);’(k)

(19)

(20)

C. Correcting model parameters

In order to calculate the optimal power of the ESS, the
control system must get the accurate model parameters. In this
control method, an initial value of Zgss is provided at the



starting of the control. At every control step, the value of the
model parameter will be corrected by the error of the predicted
voltage. According to (9), the error of the predicted PV voltage
can be described as

v(k+1) v, (k +1) = LKL

—V(k) (22)

[ZESS (k) - ZESS_r (k)]

where vi(k+1) is the real value of the PV voltage measured at
step (k+1). Zess (k) is the real value of the impedance.
Therefore the relationship between the voltage predicting error
and impedance correction can be described as

Ze(K)~Zess ,(K)>0 if [V(k+1) -V, (K+D]/u(k +1) >0
Zeo (K)~Zess (K) <O if [W(k+1) -V, (k+D]/u(k +1) <O

(22)
At step k, the control command u(k+1) and expected voltage
v(k+1) are calculated according to (12) and (18), using
predicted magnitude of impedance Zgss(k). During the next
step, the PCC voltage is measured as vi(k+1), which is used to
compare with v(k+1) to correct Zess(K), according to (22). The
correction expression of the predicted model parameter is as
following:

ZESS (k+1)= ZESS (k) - Zo
ZESS (k+1)= ZESS (k) + Zo

if [Zgss (K) = Zgss (K)]>0
if [Zggs (K) - Zess o (k)]<0 (23)

The correction of model parameters will stop when the error
between the predicted voltage and the real voltage is small
enough:

V(k+1)-v, (k+1)| <& (24)
where £is the allowed maximum error of the predicted voltage
(e.g. 0.5Vrms). In this expression, v(k+1) is the expected
voltage to minimize the optimization cost function J, which is
obtained by (13). When the error between measured voltage
vr(k+1) and expected voltage v(k+1) is small enough, it means
the control is accurate and satisfying model parameters of the
hybrid system are obtained. The flow chart of this control
strategy is shown in Fig.7.

D. Constraint of the control

In this proposed control method, the SoC of battery system
is not only used to calculate the cost function, but also applied
as a constraint of the control. When a group of batteries are
implemented and operating together, the SoC of each battery
cell has be to be limited within a certain range, i.e. [0.2, 1]. In
addition, the limitation of ESS power should also be taken into
account. Take lead acid battery for example. To summarize, the
constraint function of this control is given by:

PIN—MAX* <[Pess (kK +D)] < POUT—MAX*

Pess (K+1)-T <1

ESS

(25)
0.2< SoC (k) — (26)

where Pin-max is the maximum charging power of ESS (<0),
and Pout-max is the maximum discharging power (>0).
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V. EXPERIMENTAL RESULT

In order to validate the effectiveness of the proposed control
algorithm, experimental result is provided here. A MG setup,
which consists of three Danfoss inverters, LC filters, line
impedances and a real-time dSPACE1006 platform is
established, as shown in Fig.8. Parameters of this lab-scale
PV/ESS system are listed in Table.1 [29]. The power rating of
each converter is 2.5kW. Two converters in this system works
as PV inverters and the other one as an ESS converter, which is
controlled by the proposed control strategy. During the
experimental process, the PV inverters follow a power
reference curve obtained from an industrial PV system, shown
in Fig.1.

Fig.9 shows the power of the two PV converters, which is
the same with each other, and the A-phase RMS voltage
waveform when this system operates without ESS power. It
can be seen the PCC voltage fluctuating with the PV power,
and the maximum voltage change is 4.8V. In this experiment,
PV power is limited by the converters, so the current injected
into grid is not large enough to lead to violation of voltage limit
[7]. But in PV system with high power ratings, the voltage
fluctuation would be much more severe, and the impact on
power quality and grid stability would be more serious.

TABLE |. THE PARAMETERS OF THE SIMULATION

Parameters Symbol Value Unit
AC bus voltage Vrid 380 \"
(phase-to-phase)

DC bus voltage Vbe 650 \Y
Rated frequency F 50 Hz
PV rated power Ppv 44 kw
Capacity of ESS Cc 10 kwWh
ESS rated power Phpat 25 kw
Line Resistance Riine 21 Q
Line Inductance Liine 1.6 mH




Inverter Inverter Inverter

Real Time Controller

dSPACE1006A 2 3
PV1 PV2 ESS
Inverterl
Inverter2
Inverter3
AC BUS
Grid

(b)

Fig.8 Experimental PV/ESS hybrid microgrid setup

The system performance with proposed control method is
shown in Fig.10. The weight coefficients of cost functions w;
and w; are set to 0.01 and 0.99 respectively. The SoC reference
SoC” is 0.75 and the initial value of SoC in the experiment is
0.85, which is enough to make sure the batteries healthy and
guarantee full compensation of power oscillation when the PV
power had a dramatic rise. The constant voltage reference is set
as v*(i)=221V, and there is no need to correct the predicted
value of line impedance in the next step if the measured PCC
voltage 220.7V< v(i) <221.3V.

It can be seen that ESS power is changing according to the
PV power fluctuation. The PCC voltage fluctuation is
smoothed effectively, and the maximum voltage change during
this period is around 1.2V. Fig.10 (c) shows the curve of
predicted magnitude of equivalent input impedance of ESS. It
can be observed that the predicted impedance is varying during
0~100s, while it becomes constant after 100s indicating an
accurate estimation. It means that the filtering result is better
during 100~200s and the receding horizon control of MPC
helps improving the accuracy of the control. Once the accurate
model parameters are obtained, the control result will be stable
and accurate. Moreover, the SoC curve of ESS is shown in
Fig.10 (d). It can be observed that the change of SOC is very
slow as the capacity is enough, and it will decrease when the
PV power is very low at night or in bad weather.
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In order to analyze the effect of weight coefficients w; and
Wy, another experiment is conducted, as shown in Fig.11, with
w1=0.1 and w»=0.9, in order to compare with the results in
Fig.10. It can be seen that the SoC is changing more slowly
compared with Fig.10, resulting in a smaller deviation between
ideal SoC and the real value. While on the other hand, the
effect of smoothing control is weakened and the PCC voltage
fluctuation is larger. In summary, the trade-off between
smoothing result and the health of ESS can be well balanced by
controlling the weight coefficients w; and w.. During the
experiment, ESS continues charging energy since the PCC
voltage keeps higher than the voltage reference. But in an
actual PV system, when PV power is lower than local load
power, or PV stops generating power at night, ESS would start
discharging energy, leading to SoC reduction.

A number of experiments are carried out to validate the
robustness of the proposed control strategy. The sudden
disconnection of PV system is emulated in the experiment. In
this case, the equivalent input impedance of ESS is changed, as
it consists of PV inverters impedance (impedance of filters,
transformers) and grid line impedance. The curves of ESS and
PV power, PCC voltage and predicted input impedance of ESS
are shown in Fig.12. It can be seen that there is a sudden
change of the predicted value of equivalent input impedance
when the loss of PV system occurs. But a new predicted value
is obtained within 10s after the disconnection ensuring the
stable operation of the system. During 150~200s, the maximum
change of the voltage is within 0.7V. Fig.12 (b) shows the
detailed actual phase current of ESS after the change of the
hybrid system. It can be seen that ESS operating mode changes

from charging to discharging. This experiment proves that the
proposed control strategy is considered highly robust even
under fault conditions. The ESS starts to release power to the
grid after PV has shut down, because at this time, SoC of ESS
is higher than the SoC reference and the PCC voltage is not
completely the same with the voltage reference. As a result,
there is a decrease of the ESS SoC, as shown in Fig.12 (e).
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Fig.12 Waveforms of converters power, PCC voltage, and predicted impedance
when ESS is controlled by proposed strategy and PV inverters are suddenly
tripped. (a) power of PV and ESS (b) current of ESS in 2.5s when PV is
tripped (c) phase RMS voltage (d) predicted equivalent input impedance of
ESS (e) SoC

VI. CONCLUSION

In this paper, a novel ESS control strategy based on MPC is
proposed, aiming to smooth the power fluctuation and to
improve the power quality of a PV generation system. In this
approach, no communication between PV and ESS is needed,



since control can be performed by using local measurements
only. Furthermore, by receding horizon optimization, this
control method can predict the model parameter more and
more accurately, which is used to determine the ESS control
command. When the accurate equivalent input impedance is
obtained during the control process, the optimal control
command can be given to ESS. Experimental results shows the
effectiveness proposed control to improve the power quality of
PV power plants, showing also good robustness when input
impedance of ESS is changed
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