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Finite control set model predictive control (FCSMPC) is a highly attractive and potential control method for grid-tied converters.
However, there are several challenges when employing FCSMPC in an LCL filter-based T-type three-level power conversion
system (PCS) for battery energy storage applications. 'ese challenges mainly include the increasing complexity of control
algorithm and excessive cost of additional sensors, which deteriorate the performance of PCS and limit the application of
FCSMPC. In order to overcome these issues, this paper proposes a simplified FCSMPC algorithm to reduce the computation
complexity. Furthermore, full-dimensional state observers are adopted and implemented to estimate the instantaneous values of
grid-side current and capacitor voltage for purpose of removing unnecessary electrical sensors. 'e implementation of proposed
FCSMPC algorithm is described step by step in detail. Simulation results are provided as a verification for the correctness of
theoretical analysis. Finally, a three-phase T-type three-level PCS prototype rated at 2.30 kVA/110V is built up. Experimental
results extracted from the prototype can verify the effectiveness of the proposed control strategy.

1. Introduction

Sustainable energy sources widely utilized in the power
system leads to instability issues due to their undispatchable
generating features [1, 2]. For this reason, the demand for
energy storage system is growing remarkably for decades
[3–5]. Battery energy storage system (BESS), highlighted by
its fast response, economic acceptable, long cycle life, high
density, and low installation requirement, is believed to be
one of the best choices to provide a series of reliable elec-
tricity services among various kinds of energy storage
techniques [6].

PCS plays an important role as a specific bidirectional
AC-DC converter in the BESS to interface battery units with
the grid based on power electronics semiconductor tech-
niques [7]. 'ree-phase two-level voltage source converter
(2L-VSC) is commonly used in grid-tied converter applied
in photovoltaic generation or wind turbines. However, its
drawbacks, mainly including high voltage stress and poor
harmonic performance, limit the further development of
2L-VSC especially in large-scale energy storage scenario.

'ree-level voltage source converter (3L-VSC) topologies
are much more advantageous than 2L-VSC in this appli-
cation for its beneficiations of lower output harmonics,
higher efficiency, more compact structure, and reduced
voltage changing rate [8]. A lot of 3L-VSC topologies have
been reported and studied recently, such as neutral-point-
clamped VSC [9], active NPC VSC [10], cascaded H-bridge
topology [11], flying capacitor VSC [12], and T-type 3L-VSC
[13]. T-type 3L-VSC is now receiving high priority to the
development because six clamped diodes are removed
compared to traditional NPC. On the other hand, T-type 3L-
VSC owns less conduction loss, which means it is able to
promote the efficiency if switching frequency is below
30 kHz [13]. Aside from the active components in the PCS,
passive filter based on LCL structure tends to be adopted
since it provides superior performance in high-order har-
monics attenuation [14].

It is significant to select a convenient control strategy for
the PCS to obtain high-quality current injected to the grid.
Various kinds of linear and nonlinear control methods are
all verified choices to solve the control problem. Model
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predictive control (MPC) is an attractive model-based
nonlinear optimal control strategy widely used in industrial
areas [15, 16]. MPC applied in power electronics control area
can be roughly divided into two categories: one is contin-
uous control setMPC and the other is finite control set MPC.
By comparing these twomethods, FCSMPC uses the discrete
nature of PCS which means the number of available
switching states is finite. By evaluating them in terms of cost
function and control restrictions, the most suitable
switching state will be determined to be active later. As
reported in [17], high performance of FCSMPC algorithm
which is successfully implemented in an LCL-based grid-tied
2L-VSC has been confirmed by both simulation and ex-
perimental investigations.

Although FCSMPC can also be adopted in a 3L-VSC,
further improvement and extra strategy need to be studied
because of the increased complexity of 3L-VSC and DC-link
voltage balancing problem [18]. In practice, the calculation
time of control algorithm will unavoidably become longer
because repeating times for transferring predictive model
and calculating cost function increase apparently along with
the number of switching states, which is equal to 27 for 3L-
VSC compared to 8 for 2L-VSC. In order to resolve this
contradiction, researchers have proposed several methods to
extenuate the computational burden of FCSMPC.

In [19], a simplified computational method was pro-
posed by introducing the Lyapunov principle into the design
of sector distribution method based on space vector mod-
ulation technique for a nested neutral-point-clamped con-
verter. By using the proposed method, the unwanted
switching states can be eliminated and only 9 vectors, rather
than for all the 64 vectors, need to be evaluated in total. In
[20], an effective approach with equivalent transformation
and specialized sector distribution was presented to reduce
the running time without affecting the control performance.
'e proposed method can be used in various circuit to-
pologies with multiple constraints. In [21], a simplified al-
gorithm based on a new direct torque control switching table
was presented. Based on this method, only three voltage
vectors instead of eight are used for prediction and actua-
tion. Moreover, the number of prediction vectors is reduced
without any complex calculations.

Removing the nonessential sensors is also an important
topic to compare hardware cost and further exploit the
merits of FCSMPC. In [22], a model calculationmethod with
inverter voltage and current was proposed to estimate the
capacitor voltage and grid current by ignoring the capacitor
current. However, the assumption of ignoring capacitor
current is only valid for the case that the impedance of the
capacitor branch is much higher than the inductor branch.
In [23], an effective method was presented to decrease the
sensors of state variables. In the proposed method, the
capacitor current loop was merged with the grid-injected
current loop by transforming the block diagram; thus a kind
of capacitor current sensor could be saved. Furthermore,
full-order state observer [24] and Kalman filter [25] based on
state-space model were investigated, which were both uti-
lized to estimate the state variables of filter via the closed-
loop system.

'erefore, this paper proposes a simplified FCSMPC for
a three-phase PCS based on T-type three-level topology to
reduce its computational burden. Compared with the MPC
strategy in [17], full-dimensional state observers are adopted
for estimating the grid-side current and capacitor voltage
within LCL filter for purpose of saving the unnecessary
sensors. 'e remainder of this paper is organized as follows.
Section 2 briefly introduces the system configuration and
basic principle of FCSMPC. In Section 3, a detailed discrete
predictive model of PCS is deduced. Based on this model, a
description of the proposed simplified FCSMPC strategy is
given from the view of reference generation, control set
optimization, cost function, and state observers. Section 4
shows the simulation and experimental results for purpose
of verifying the control algorithm in this paper. Finally, a
brief conclusion is summarized in Section 5.

2. System Configuration and Description

Figure 1 shows the basic structure of PCS for BESS appli-
cation. 'e battery pack which performs as the main elec-
trochemical reaction-based energy storage component
characterized by its high density and flexibility is coupled to
the grid using PCS composed of a bidirectional three-phase
T-type three-level AC-DC converter and LCL filter. 'ree-
level power conversion topologies usually exhibit out-
standing performances including total harmonic distortion
(THD) and efficiency compared to traditional two-level
converter, while high-order passive filter is able to attenuate
high frequency harmonics more effectively than a single L
filter.

As general definitions of common variables, ia1, ib1, and
ic1 represent the phase current flowing through inverter-side
inductor L1a, L1b, L1c. ia2, ib2, and ic2 are phase current
flowing through grid-side inductor L2a, L2b, and L2c. uca, ucb,
and ucc represent the filtering capacitor voltages. ua, ub, and
uc represent the output voltage of each phase legs, respec-
tively. uga, ugb, and ugc are grid voltages. Voltage and current
sensors are installed properly for signal acquisition. udc1
represents the voltage across the top-side capacitor, and udc2
represents voltage of bottom-side capacitor. Moreover,
when analysing the instantaneous power control of PCS, the
battery pack can be assumed as a stiff DC voltage source
because its output voltage ubat varies slowly enough com-
pared to the microsecond time-scale of PCS’s real-time
control in most cases. 'e PCS is supervised by the superior
energy management system, which decides the output
feature of BESS by sending the active power reference p∗ and
reactive power reference q∗ instructions to the PCS.

Each phase leg of T-type 3L-VSC in the PCS depicted in
Figure 1 consists of four semiconductor switches named as
Sx1∼ Sx4 (x� a, b, c), which can be divided into two groups:
two main switches Sx1 and Sx4, and two auxiliary switches Sx2
and Sx3. Among these switches, driver signal of Sx1 is
complementary to Sx3, and driver signal of Sx2 is comple-
mentary to Sx4, respectively. 'ere are three output states in
every phase leg: (1) “P” state: if Sx1 and Sx2 turn on si-
multaneously, in the same time Sx3 and Sx4 turn off. 'e
output voltage of phase leg is equal to ubat/2 with reference to
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the neutral point (NP) of the DC-link upon the assumption
that NP is balanced in steady state which means
udc1 � udc2 �+ubat/2. (2) “0” state: if Sx2 and Sx3 turn on
simultaneously, while Sx1 and Sx4 turn off in the same time,
the midpoint of the phase leg connects to NP directly. 'e
output voltage is zero in this state. (3) “N” state: if Sx3 and Sx4
turn on simultaneously, while Sx1 and Sx2 turn off in the
same time. Similar to P state, the output voltage of phase leg
is −ubat/2.

'erefore, the PCS is able to generate totally 27 space
vectors in stationary reference frame. 'e control set of
PCS is defined to include all the combinations of switching
states illustrated in Figure 2. It is also named as space vector
distribution diagram, which aims to describe their mag-
nitudes and positions. According to the lengths of voltage
vectors, there are 6 large, 6 medium, 12 small, and three
zero vectors possibly generated by the PCS. It can be seen
that small vectors, for instance, vectors P00 and 0NN, exert
an identical effect on the output current of PCS. 'erefore,
these pairs of small vectors can be used to balance the
neutral point voltage which will be discussed later. 'e

detailed relations between space vector and switching
status are depicted in Figure 3.

'e FCSMPC algorithm is needless to involve a mod-
ulation stage like traditional control method such as pro-
portional-integrator control widely applied in grid-tied
converter. Modified FCSMPC scheme in this paper is carried
out in the αβ reference frame including six steps as follows:

(1) Signal regulation and acquisition, using A/D con-
verter of the digital processor to obtain the instan-
taneous value of ix1, ugx (x� a, b, c), udc1 and udc2.
Mind that unlike conventional FCSMPC method, ucx
and ix2 are not necessary to be sampled because
observer technique is adopted afterwards.

(2) Calculate the references in the next sampling period
according to the external references p∗ and q∗

commanded by the upstream supervisor system.
(3) Estimate ucx and ix2 based on full-dimensional state

observers.
(4) Construct the prediction model. 'is is a two-step

process. First, make the vector search span smaller
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Figure 1: Structure of T-type three-level power conversion system for battery energy storage application.
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based on an approximate prediction model. 'en,
use an accurate prediction model to predict the exact
values of state variables in the next instant for all
possible vectors within the down-sized control set.

(5) Choose an appropriate cost function. Calculate the
evaluation results for every possible vector.

(6) Find the optimized value of cost function and the
corresponding vector. Finally, set the semiconductor
switches to the desired states according to the op-
timization result.

'e beneficiations of proposed FCSMPC strategy
compared to conventional method mainly include two as-
pects. First, the values of ucx and ix2 are estimated based on
state observer in Step 2. As a result, the corresponding
sensors and sampling circuits can be omitted for purpose of
decreasing the overall hardware cost. Second, the attempting

times decreases to no more than 7 after adopting the sim-
plified calculation procedure proposed in this paper. As a
comparison, 27 attempts must be made to find out the
optimized vector in conventional FCSMPC implementa-
tions, which increase the calculation time-cost of processor.
In Section 3, the implementation procedure of the proposed
FCSMPC strategy will be introduced in detail.

3. Implementation Procedure of
Proposed FCSMPC

3.1.ReferenceGeneration. 'e control method of PCS can be
carried out in αβ reference frame based on the application of
Clark transform. In most cases, active and reactive power are
major instructions given by the upstream monitoring sys-
tem. After receiving these instructions, they should be
transferred to instantaneous voltage and current references
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Figure 3: Control set definition for a T-type three-level PCS.
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in αβ frame first. For a three-phase system, active power P
and reactive Q are expressed as

p �
3
2

ugα × igα + ugβ × igβ ,

q �
3
2

ugβ × igα − ugα × igβ .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(1)

Hence, the reference of grid-injected current can be
inversely deduced according to equation (2).'e superscript
of p∗ and q∗ denotes that those variables are reference
signals.

i
∗
gα(k + 1)

i
∗
gβ(k + 1)

⎡⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎦ �

2
3 u

2
gα(k + 1) + u

2
gβ(k + 1) 

ugα(k + 1) ugβ(k + 1)

ugβ(k + 1) −ugα(k + 1)

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

p
∗

q
∗

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦. (2)

It is easy to deduce the reference value of ucx and ix1
(x� αα, β) using the following equations:

u
∗
cα

u
∗
cβ

⎡⎢⎣ ⎤⎥⎦ �
ugα

ugβ

⎡⎣ ⎤⎦ + ωresL2

−i
∗
gβ

i
∗
gα

⎡⎢⎢⎣ ⎤⎥⎥⎦, (3)

i
∗
α1

i
∗
β1

⎡⎣ ⎤⎦ � 1 − ω2
resL2C 

i
∗
α2

i
∗
β2

⎡⎣ ⎤⎦. (4)

Unfortunately, ugα (k+ 1) and ugβ (k+ 1) are not explicit
variables in the k-th instant. It will lead to a delay for cal-
culating the reference value if ugα (k) and ugβ (k) are directly
substituted into equation (2) for an alternative choice. 'is
delay will degrade the performance of PCS. To overcome this
drawback, it is advisable to compensate the unit delay of grid
voltage sampling conveniently based on predicting the
voltage in the next instant using Lagrange extrapolation
theorem [26]. ugx (k+ 1) calculated based on three-order
Lagrange extrapolation is expressed as

ugx(k + 1) � 3ugx(k) − 3ugx(k − 1) + ugx(k − 2) x � α, β.

(5)

3.2. Discrete-Time Prediction Model of LCL Filter-Based PCS.
After accomplishing the reference calculation step, estab-
lishing the prediction model is also an important part for the
control algorithm. It is apparent that the α-axis subsystem
and ß-axis subsystem are fully decoupled. 'erefore, the
model of the PCS based on LCL filter can be described by the
state-space model given in the following equation:

_xα � Axα + Biuα + Bgugα,

_xβ � Axβ + Biuβ + Bgugβ,

⎧⎨

⎩ (6)

where the state spaces xα and xβ are selected as

xα � iα1 iα2 ucα 
T
, xβ � iβ1 iβ2 ucβ 

T
. (7)

Expressions of matrix A, input matrix Bi, and Bg are
given in the appendix. As the control method is

usually implemented in a digital signal processor, the
continuous-time state-space model needs to be converted to
a discrete-time model by calculating the state transition
equation first. By substituting sampling step time Ts into the
continuous model, the PCS can be modelled as equation (8).
'e prediction step will be done using this discrete-time

xα(k + 1) � Adx(k) + Bi duα(k) + Bgdugα(k),

xβ(k + 1) � Adxβ(k) + Bi duβ(k) + Bgdugβ(k).

⎧⎨

⎩ (8)

Matrices Ad, Bid, and Bgd are also given in the appendix.
Furthermore, DC-link voltage balance is another important
point in a three-level converter. Control algorithm should be
adopted to guarantee the voltage balance of neutral point
[27]. 'e difference between udc1 and udc2 should be con-
sidered to eliminate its negative impact on the power quality,
especially for even-order harmonic performance of PCS.
udc1 and udc2 can be expressed as follows:

Cdc
dudc1
dt

� idc1,

Cdc
dudc2
dt

� idc2.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

Cdc represents the capacitance of individual side ca-
pacitor. 'e difference of udc1 and udc2, denoted as Δudc,
varies according to

Cdc
dΔudc

dt
� Cdc

d udc1 − udc2( 

dt
� idc1 − idc2. (10)

'e difference between idc1 and idc2 is denoted as ineu.
'en, we can deduce the relationship between Δudc and ineu as

Δudc � 
idc1 − idc2( 

C
dt � 

ineu

C
dt. (11)

At last, ineu can be obtained according to the switch state
Sa, Sb, and Sc.

ineu � 1 − Sa


 ia + 1 − Sb


 ib + 1 − Sc


 ic � −Sa


ia − Sb


ib − Sc


ic,

(12)

Journal of Control Science and Engineering 5



where Sx equals 1 when phase x (x� a, b, c) of the converter
outputs positive voltage in “P” state, Sx equals 0 in “0” state,
and Sx equals −1 in “N” state. For example, if operation state
of converter is “P0N” as shown in Figure 4(a), ineu equals
−ia1−ic1 �+ib1, if ib1> 0, udc1 will increase, and udc2 will
decrease; in contrast, udc1 will increase and udc2 will decrease
if ib1< 0. Figures 4(b) and 4(c) also illustrate the corre-
sponding conditions when PCS generates “P00” and “0NN”
vectors. It can be seen that P00 and 0NN vectors exert an
opposite effect on Δudc.

Finally, we can get the following equation to predict Δudc
in the next period as

Δudc(k + 1) � Δudc(k) −
Ts

Cdc
Sa(k)


ia(k) + Sb(k)


ib(k) + Sc(k)


ic(k) .

(13)

3.3. Simplified Optimization Strategy. For conventional
FCSMPC strategy, 27 different vectors need to be substituted
separately to the aforementioned mathematical model.
However, only a minor part of the complete control set is
possible to be the candidate vectors and should participate in
the cost function calculation step in one specific control
period. In order to reduce the computation burden, most
vectors far from the optimized vector can be excluded easily
by a rough estimation before the accurate prediction model
is executed.

For this reason, if the capacitors in the LCL filter are
assumed to be nonexisted first, a rough estimation of output
vector can be deduced in the same way as continuous control
state model predictive control in a single L filter (assuming
L� L1 + L2) based converter. In this case, the approximately
estimated output voltage of PCS, denoted as uαE and uβE, can
be obtained as given in equation (14).

uαE(k + 1) � L × i
∗
α2(k + 1) − iα1(k)(  + Ts ×

ugα(k)

Ts
,

uβE(k + 1) �
L × i
∗
β2(k + 1) − iβ1(k)  + Ts × ugβ(k) 

Ts
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(14)

Apparently, the values of uαE and uβE are very likely
unequal to any vector that the converter can generate
directly. However, the optimized vector must locate in the
vicinity of uαE and uβE. 'at is to say, only the vectors near
(uαE, uβE) are possible candidates for the next switch
period. 'e other vectors can be discarded in the further
optimization process. For example, if uαE � 0.5ubat,
uβE � 0.1ubat, the optimized vector will only be selected
from the subset of PNN, P0N PPN and 00P according to
Figure 2. 'erefore, how to judge which vectors are the
nearest ones to the (uαE, uβE) as fast as possible is essential
to simplify the algorithm to reduce the computation
burden of digital controller. For this purpose, interme-
diate integers a, b, and c are defined as

a � sign uαE( ,

b � sign
�
3

√
uβE − uαE ,

c � sign −
�
3

√
uβE − uαE .

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(15)

Function sign (y) returns the polarity of input number y.
If y> 0, sign (y) equals 1; otherwise, sign (x) returns 0. After
that, the origin of αβ plane can be referenced to one of the six
vertices of small vectors. Based on this method, complicated
three-level modulation can be reduced to a two-level one.
We can get the relationship between modified uαm, uβm, and
original signals as

uαm � uαE − uα0,

uβm � uβE − uβ0.

⎧⎨

⎩ (16)

From the above equations, uα0 and uβ0 can be obtained:

uα0 �
1
3

a −
1
6

b −
1
6

c,

uβ0 �

�
3

√

6
(b − c).

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(17)

After redefining the virtual origin point, the vector
location in one hexagon should be deduced. In order to
achieve this goal, auxiliary integers d, e, and f are defined
as

d � sign uβm ,

e � sign
�
3

√
uαm − uβm ,

f � sign −
�
3

√
uαm − uβm .

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(18)

On the basis of equation (18), a new integer N is defined
as

N � d + 2e + 4f. (19)

By calculating the value of a, b, c, and N, the location of
(uαm, uβm) in a hexagon can be deduced as shown in Fig-
ure 5. Meanwhile, Table 1 lists the possible candidate vectors
for exhaustive conditions.

'en, the respective vectors are substituted to the ac-
curate predictive model given from equation (6) to equation
(13), aiming to choose the best vector which will become
active in the next period. After using this method, only 5–7
vectors are necessary to be considered in the accurate cal-
culation step. 'is is helpful to largely decrease the calcu-
lation time consumption of the PCS compared to traditional
model predictive control algorithm. Note that, in fact, it is
needless to calculate all three zero vectors in prediction. If
the possibly chosen vector in the next period is zero vector,
these zero vectors impact the grid current and DC voltage in
the sameway.'erefore, the optimized vector is chosen to be
the one which can decrease the switching frequency to the
lowest. For example, if the last state is “PP0”, “PPP” will be
chosen since only Sc1 and Sc3 participate in switching over
process in this case.
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3.4. Full-Dimensional State Observer. To avoid the
additional nonessential sensors, full-dimensional state
observers are adopted. 'e configuration of continuous-
time based state observer for α-axis components is shown
in Figure 6. 'e ß-axis observer has the same structure as
α-axis. 'e α-axis state observer is modelled in contin-
uous-time domain as

_xα � Axα + Biuα + Bgugα + KC xα − xα( . (20)

Because iα1 and iβ1 are indispensable variables directly
probed by current sensors in PCS control, they are chosen
to construct the feedback loop of state observer by setting
output matrix C to [1 0 0]T. In order to verify the feasibility
of state observer, the observability should be certified first.

As can be seen in equation (21), the rank of observability
matrix equals 3, which is full ranked, indicating that it is
possible to estimate all the state variables in the α-axis
subsystem. Based on the same principle, the variables in the
ß-axis subsystem are also estimated in the same way as
α-axis subsystem.

rank C CA CA2 
T

� 3. (21)

Matrix K performs as the feedback gain matrix to cal-
ibrate the observed values to the real values in the physical
system. By adjusting K, the eigenvalues of observer can be
arbitrarily designed.

K � K1 K2 K3 
T
. (22)
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'e response of observation error Δxα will vary
according to the calibration parameters setting.

Δxα(t) � e
(A−KC)tΔxα(0). (23)

To guarantee the convergence of observation error, the
eigenvalue of A−KC is very important. 'e characteristic
polynomial of A−KC is given by

det(sI − A + KC) � s
3

+ K1s
2

+
L1 + L2 − L2CK3

L1L2C
s

+
K1L1 + K2L2

L1L2C
� 0.

(24)

'e root of characteristic polynomial should all
locate in the left half complex plane to avoid an unstable
condition; otherwise, the observation error will di-
verge to infinity. By applying Routh criterion, we can
deduce the parameter K1 ∼K3 should satisfy the rule as
follows:

K1 > 0,

K1L1 + K2L2 > 0,

K3 <
L1 + L2

L2C
,

K1 − K1K3C>K2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(25)

After the feedback parameters are determined, it is easy
to implement the state observer in a digital controller by
utilizing a general discretization solution such as backward-
Euler method.

3.5. Cost Function. Finally, the cost function should be
chosen properly to finish the whole algorithm. 'is is the
vital step in FCSMPC. In order to approach the control of
both output current and NP balance, the cost function in this
paper is chosen to be

J � ε2i1 + λi2ε
2
i2 + λuε

2
u + λudcΔUdc(k + 1)

2
, (26)

where λi1, λi2, λu, and λudc represent the weighing factors
to adjust the priority of control objective. εi1, εi2,
and εu represent the errors between reference and pre-
dicted value in the next instant. 'eir expressions are
given by

εi1 � i
∗
α1(k + 1) − iα1(k + 1)( 

2
+ i
∗
β1(k + 1) − iβ1(k + 1) 

2
,

εi2 � i
∗
α2(k + 1) − iα2(k + 1)( 

2
+ i
∗
β2(k + 1) − iβ2(k + 1) 

2
,

εu � u
∗
cα(k + 1) − ucα(k + 1)( 

2
+ u
∗
cβ(k + 1) − ucβ(k + 1) 

2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(27)

By substituting the predictive results in the cost function,
the appropriate vector corresponding to the minimum value
of J can be selected to be sent out by the PCS to form the
optimized grid-injected current.

4. Simulation and Experimental Results

In order to evaluate the feasibility of PCS applied in BESS
based on the simplified control algorithm proposed in
this paper, simulation study is performed based on
MATLAB/Simulink. 'en, experimental research studies
are also carried out. 'e diagram of simulation model is
shown in Figure 7. Its main electric parameters are listed
in Table 2.

First, the steady state performance of PCS is verified by
setting active power reference to 2300W. Meanwhile, re-
active power reference is forced to be zero to achieve unity
power operation. 'e simulation waveforms are shown in
Figures 8(a)–8(c). It can be seen that the output voltage per
one phase leg of 3L-VSC has three states and line voltage has
five states according to Figure 8(a).'e grid-injected current
possesses the same frequency and phase angle with grid
voltage, which certifies that power factor (PF) is equal to 1.0.
'e three-phase waveforms of grid-side voltage and current

Table 1: Selection guide for candidate vectors based on a, b, c, and
N.

[a, b, c, N] Candidate vector
1001 P0N P00 0NN PP0 00N
1002 PNN PN0 P00 0NN
1003 PNN P0N P00 0NN
1004 P00 0NN P0P 0N0 (PPP 000 NNN)
1005 P00 0NN PP0 0NN (PPP 000 NNN)
1006 PN0 P00 0NN P0P 0N0
1101 PPN 0PN PP0 00N
1102 P0N P00 0NN PP0 00N
1103 P0N PPN PP0 00N
1104 PP0 00N 0P0 N0N (PPP 000 NNN)
1105 PP0 00N 0PN 0P0 N0N
1106 P00 0NN PP0 00N (PPP 000 NNN)
0101 0PN NPN 0P0 N0N
0102 PP0 00N 0P0 N0N (PPP 000 NNN)
0103 0PN PP0 00N 0P0 N0N
0104 NP0 0P0 N0N 0PP N00
0105 NPN NP0 0P0 N0N
0106 0P0 N0N 0PP N00 (PPP 000 NNN)
0111 NP0 0P0 N0N 0PP N00
0112 0PP N00 00P NN0 (PPP 000 NNN)
0113 0P0 N0N 0PP N00 (PPP 000 NNN)
0114 NPP N0P 0PP N00
0115 NP0 NPP 0PP N00
0116 N0P 0PP N00 00P NN0
0011 0PP N00 00P NN0 (PPP 000 NNN)
0012 0NP 00P NN0 P0P 0N0
0013 00P NN0 P0P 0N0 (PPP 000 NNN)
0014 N0P NNP 00P NN0
0015 N0P 0PP N00 00P NN0
0016 NNP 0NP 00P NN0
1011 P00 0NN P0P 0N0 (PPP 000 NNN)
1012 PNP PN0 P0P 0N0
1013 PN0 P00 0NN P0P 0N0
1014 0NP 00P NN0 P0P 0N0
1015 00P NN0 P0P 0N0 (PPP 000 NNN)
1016 0NP PNP P0P 0N0
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are illustrated in Figure 8(b). 'e amplitude of symmetric
grid current is 10A. 'is corresponds exactly to the power
reference. Moreover, it is possible to adjust the power factor
by setting reactive power to different values. In Figure 8(c),
the grid voltage is leading to current by approximately 25°

after setting reactive power reference to 1100 Var. PF is 0.9 in
this case. Power factor can accurately follow the command.
As a supplement, the similar test is carried out for battery-
charging operation. Figures 9(a)–9(c) show the simulation
waveforms.
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Figure 6: Structure of α-axis full-dimensional state observer.
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Figure 7: Simulation model diagram of PCS based on MATLAB/Simulink.

Table 2: Main electric parameters for the simulation model of PCS.

Parameter Value Unit
Rated power 2300 VA
Nominal total DC-link voltage 360 Vdc
Nominal grid voltage (phase to phase) 110 Vrms
Nominal grid frequency 50.0 Hz
Sampling frequency 30.0 kHz
Inductance of L1 3.6 mH
Inductance of L2 1.2 mH
Filtering capacitance of C 3.3 μF
DC-link capacitance of Cdc 4.7 mF
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'e dynamic performance of the proposed control
strategy is tested by executing a full power transition be-
tween charging and discharging conditions. Figure 10(a)
shows the simulated transient response when PCS changes
from discharging operation to charging operation at rated
power. Furthermore, Figure 10(b) shows the simulated
transient response when PCS changes from charging to
discharging condition. It can be seen that both dynamic
processes end in about 5ms, which can meet the responding
speed requirement in most situations.

For the three-level energy conversion topology with split
dc-link capacitors, the balance of dc-link is very important.
'erefore, the effect of the DC voltage equalization control
implemented integrated within FCSMPC is also tested based
on the simulation model. Figure 11 shows the simulation
results to make a comparison of control algorithm with and
without NP balance strategy. At the beginning of simulation,
the balance algorithm is shut down by setting λudc to zero
until 200ms. After activating the balance algorithm, we can
find that the diverging DC voltages udc1 and udc2 start to
converge again. Finally, udc1 approximately equals udc2. On

the basis of simulation results, we can conclude that the DC-
link is well balanced.

'en, the performance of state observer is further tested.
Figure 12(a) compares the actual and estimated value of igα
and igβ in discharging situation. Meanwhile, Figure 12(b)
compares the estimated and actual value of filter capacitor’s
voltage in αβ reference frame. Figures 12(c) and 12(d) give
similar simulation results during charging operation state.
On the basis of these simulation results, the convergence of
observer can be confirmed. Because of the numerical sim-
ilarity between actual and estimated values, it is feasible to
replace the actual values with the estimated values extracted
from the observer.

Finally, in some specific applications, PCS needs to deal
with the issue to connect into unbalanced grid. 'erefore, it
is necessary to verify the ability of the proposed control
method to resist the negative impact of nonideal grid.
Figures 13(a) and 13(b) show the simulation results for PCS
when it is connected to unbalanced grid. Both discharging
and charging conditions are taken into account in the
simulation. We can see that the PCS works normally in this
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Figure 8: Simulation results of PCS in full load battery-discharging condition. (a) Waveforms of uga, iga, ua, and uab (PF� 1.0).
(b) Waveforms of three-phase grid voltage and current (PF� 1.0). (c) Waveforms of three-phase grid voltage and current (PF� 0.9).
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case. Power quality of the grid-injected current is acceptable
even if three-phase grid voltage is asymmetric.

For purpose of further verifying the correctness of
theoretical analysis and control algorithm, a T-type 3L PCS

experimental platform is constructed in the laboratory and
a series of tests are carried out based on the prototype. 'e
parameters of prototype are identical to the simulation
model which has been given in Table 2. Figure 14 shows the
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Figure 10: Simulation results of PCS in dynamic Process. (a) Waveforms of grid current both in dq and abc reference frame for transition
from full load discharging to charging operation. (b) Waveforms of grid current both in dq and abc reference frame for transition from full
load charging to discharging operation.
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Figure 9: Simulation results of PCS in full load battery-charging condition. (a) Waveforms of uga, iga, ua, and uab (PF� 1.0). (b) Waveforms
of three-phase grid voltage and current (PF� 1.0). (c) Waveforms of three-phase grid voltage and current (PF� 0.9).
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photo of prototype. IKW40T120 IGBTs are chosen to be the
main switches (Sx1 and Sx4). FGA40N65SMD IGBTs are
chosen to be the auxiliary switches (Sx2 and Sx3). Driving
circuits of these semiconductor switches are based on
1EDI20I12AF. TMS320F28335 performs as the main dig-
ital controller. DC terminals of the prototype are connected
to the programmable DC power supply Chroma

62150H–600S. 'e grid voltage is emulated by program-
mable AC power supply Chroma 61830 and provided to the
AC terminals of the prototype. A GWinstek MDO2204ES
oscilloscope is used to capture the voltage and current
signals.

First, the steady state performance of T-type 3L PCS is
tested and verified. 'e waveforms obtained based on the
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Figure 12: Simulation results of full-dimensional state observers. (a) Waveforms of actual and estimated grid current when PCS is
discharging. (b) Waveforms of actual and estimated capacitor voltage when PCS is discharging. (c) Waveforms of actual and estimated grid
current when PCS is charging. (d) Waveforms of actual and estimated capacitor voltage when PCS is charging.
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prototype are shown in Figure 15. Figures 15(a) and 15(b)
show the testing results for nominal battery discharging
and charging operation at rated power. We can see that
the grid-injected current is mostly sinusoidal and main-
tains the same phase angle and frequency as grid voltage to
guarantee a unity power factor operation. If the power
factor is not equal to 1.0, the PCS is able to provide or
absorb reactive power as required to/from the grid.
Figures 15(c) and 15(d) depict the measured waveforms in
such cases by setting commanded reactive power to
±1100 VA. It can be seen that an apparent phase difference
(approximately 25°) arises between the voltage and cur-
rent signals. Figure 15(e) shows the output line voltage of
T-type 3L PCS. 'e line voltage has five levels. 'erefore,
it contains fewer voltage harmonics compared to 2L PCS.
'e experimental results in Figure 15 are evident to
confirm the correctness and feasibility of the control al-
gorithm discussed in this paper.

After that, a series of experiments to verify the dynamic
performance of PCS prototype based on the proposed
control method are carried out. Figure 16(a) shows the
acquired grid voltage and current waveforms when PCS
starts to discharge at rated power. Similarly, Figure 16(b)
illustrates the measured grid voltage and current waveforms
when PCS starts to charge at rated power. It can be deduced
that the start-up process of PCS is stable and fast without
significant oscillation or overshoot. Figure 16(c) depicts the
transient response when PCS suddenly changes from dis-
charging operation to charging operation both at rated
power. Figure 16(d) shows the transient response for a
reverse transition. It can be found the transient affairs end up
within less than half a grid cycle, which is acceptable for most
industrial energy storage applications. We can see that the
experimental results are in good agreement with the sim-
ulation results, which can verify the correctness of the al-
gorithm proposed in this paper.
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condition. (b) 'ree-phase grid voltage and current in battery-charging condition.
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5. Conclusions

'is paper proposes a simplified FCSMPC strategy for
T-type three-level PCS applied in BESS.'e simplification is
reflected in two aspects: (1) simplify the algorithm by a two-
step predictive calculation to decrease the overall calculation
complexity; (2) simplify the sensors and sampling circuits by
adopting full-dimensional state observer to estimate ca-
pacitor voltage and grid current. Moreover, the observer is
able to estimate the variables correctly, which makes it

possible to save several sensors in the main circuit.
According to the simulation and experimental results, we
can conclude that the proposed control strategy is feasible
and effective. 'e steady state and dynamic performance of
PCS based on the modified control method is reliable for
either charging or discharging operating conditions.

Appendix

'e matrices in Section 3 are defined as follows:

A �
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