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A Model Predictive Controlled Bidirectional Four
Quadrant Flying Capacitor DC/DC Converter
Applied in Energy Storage System

Kaitao Bi
Wentao Huang

Abstract—Energy storage system (ESS) has been widely used in
photovoltaic system to ensure stable power generation. This arti-
cle proposes a flying capacitor bidirectional buck-boost converter
(FCBBC), aiming at making the ESS work with bidirectional four
quadrant in the wide dc+bus voltage variation condition. With
the symmetrical modulation strategy, the proposed FCBBC can
achieve seamless switching between buck and boost mode to match
the voltage changes at energy storage and dc bus side. Meanwhile,
considering the ESS application requirements, a fixed frequency
model predictive control (MPC) strategy based on binary search
algorithm is proposed to achieve the control purpose. The decou-
pling relationship between flying capacitor (FC) and output voltage
is derived so that the proposed MPC strategy can control the voltage
of two FCs simultaneously. In addition, the adoption of binary
search algorithm effectively reduces the computation load of the
proposed MPC strategy. Finally, the effectiveness of the proposed
converter and MPC strategy are verified with a downscaled ESS
experimental platform.

Index Terms—Bidirectional four quadrant, energy storage
system (ESS), flying capacitor (FC) dc/dc converter, model
predictive control (MPC) strategy.

I. INTRODUCTION

ITH the rapid development of power electronics, renew-
W able energy represented by photovoltaic (PV) and wind
power will become the dominated energy in the future [1], [2].
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Fig. 1. Microgrid based on ESS on dc side.

Energy storage technology, as the effective solution to solve the
power fluctuation in microigrid, has drawn a lot of attention
in recent years, and the electrochemical energy storage system
(ESS) constructed by lithium battery has been used in many
applications [3], [4].

Fig. 1 shows the grid structure with PV as the generation, in
which ESS is placed at the dc side [5]. The energy generated
by PV is aggregated into dc bus and fed into ac grid centrally
through the grid-connected inverter. ESS in the microgrid is
used to control the energy on dc bus according to PV generation
and load conditions, suppress power fluctuations, and ensure the
stability of ac grid, so bidirectional dc/dc converter is the key
equipmentin ESS. In order to improve system efficiency, noniso-
lated converter is often adopted, and three-level topology is the
commonly used one [6], [7]. Compared with the two-level half
bridge converter, three-level topology can reduce switch voltage
stress by half, and the current ripple frequency can be doubled
without changing switching frequency, helping to reduce the
volume of filters. Currently, the nonisolated three-level topology
mainly includes neutral point clamp (NPC) type and flying
capacitor (FC) type [8], [9]. The NPC topology is composed
of two half bridge converters in series. The basic principle
and control scheme was studied in [10]. Actually, the NPC
topology is similar to the half bridge converter in system control,
however since the input and output ground of the converter is
not common, NPC topology is difficult to operate in parallel.
FC dc/dc converter realizes three-level operation through the
parallel capacitor in the midpoint of upper and lower arms, and
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the common ground structure is beneficial to expand system
capacity in parallel [11], [12]. In contrast, the FC topology has
obvious advantages applied in ESS.

However, the commonly studied FC dc/dc converter only
works in two quadrant, which means that the converter can
only work in buck or boost mode when energy is transmitted
in one direction. As the microgrid shown in Fig. 1, since the
power generation is PV, both the voltage on dc bus and energy
storage side will have a wide changing range. At this time,
the dc/dc converter shall have bidirectional four quadrant en-
ergy transmission capacity to meet the wide voltage variation
condition on both sides. Callegaro er al. [13], [14] studied the
two-level bidirectional four quadrant dc/dc converter applied
in the PV system. On this basis, an interleaved modulation
strategy with optimized phase shifting is proposed in [15] to
decease inductor ripple current. However, the above research
is only carried out for the two-level topology. Facing the ap-
plication demand of higher voltage in ESS, it is necessary to
expand the research to three-level bidirectional four quadrant FC
topology.

In order to make the FC converter work reliably with three
voltage level, the FC voltage should be controlled to half of
the port voltage [9]. However, the differences in hardware pa-
rameters and system control will lead to FC voltage deviation,
resulting in uneven voltage stress on switching devices. [16]
and [17] studied the self-balancing property of FC converter and
stated that the adverse effect of disturbance on the FC capacitor
voltage can be offset in the circuit, as long as the disturbance is
very small. However, the sources of disturbance have not been
extensively investigated and the derived results are not common.
The FC voltage control method based on RLC circuit is proposed
in [18] and [19], which has acceptable reliability. However,
the auxiliary circuit weakens system reliability and increases
system cost. In addition, the phase disposition pulsewidth mod-
ulation (PD-PWM) and phase-shifted pulsewidth modulation
(PS-PWM) methods are proposed in [20]-[24]. PS-PWM can
achieve self-voltage control without auxiliary control methods,
yet the voltage control performance is determined by switching
frequency. In contrast, PD-PWM scheme has better control
performance, but its implementation is much more complex.
Model predictive control (MPC) is an attractive control strategy
because of its inherent speed and simplicity. In recent years,
MPC strategy has been extensively studied for dc—dc topologies
[25]-[28]. However, the control performance depends on the
converter model and predictive data. Therefore, understanding
the control law between the predictive algorithm and FC volt-
age is crucial to the implementation of MPC in the FC dc/dc
converter.

In order to meet the application requirements of ESS under
the wide voltage conditions, this article proposes a FC bidirec-
tional buck—boost converter, which has the ability to operate in
bidirectional four quadrant. The proposed FCBBC consists of
two FC arms and has an H-type topology. In Addition, based
on the converter model, the predictive control law between
bidirectional power control and FC voltage control is studied
and a fixed frequency MPC strategy for the proposed converter
applied in ESS is proposed. The control strategy can realize the
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Fig.2. Topology of FCBBC.

system power and double FC voltage control at the same time.
The salient contributions of this article are as follows.

1) Proposing a FC dc/dc topology with bidirectional four
quadrant operation capacity.

2) Detailed operation principle of FCBBC has been studied
and presented.

3) Proposing a fixed frequency MPC strategy with the ability
to achieve the decoupling control between dc bus voltage
and double FC voltage.

4) Proposing an MPC optimization scheme based on binary
search algorithm for FCBBC, helping to effectively reduce
the computing load.

The rest of this article is organized as follows. Section II
presents the basic principle of the proposed converter. Section IIT
studies the converter model and proposes the MPC strategy,
solving the bidirectional power and double FC control issues.
The experimental results to verify the effectiveness of the pro-
posed converter and MPC strategy are presented in Section I'V.
Finally, Section V concludes this article.

II. FC BIDIRECTIONAL BUCK-B0OOST DC/DC CONVERTER

The topology of proposed FCBBC is shown in Fig. 2, with
a symmetrical H-structure. Two FC arms are located in the
input side and output side, respectively, and the two arms
are connected through inductor L. Cy; and Cyo represent the
FCs. Ry, is the equivalent resistance of L. v; and vo are used
to describe the input and output voltages of the converter,
respectively.

In order to make FCBBC operate with three voltage level, the
drive signals of §11 and S14, S12, and S13 are complementary, and
S71 and S12 has the same duty ratio, but their carrier shifts 180 °.
Similarly, S21—S24 have the same driving principle. Because of
the symmetrical structure, FCBBC has buck, boost, and buck—
boost three operation modes. Taking energy flowing from v to
vy as the example. When the converter operates in buck mode,
S11 and Sio are turned ON by turns, other switches are closed,
and the body diodes of S9; and S22 provide the energy flowing
path. The circuit states are shown in Fig. 3.

When the FCBBC operates in the boost mode, S1; and S12
are turned ON continuously, Se3 and S34 conduct by turns, and
other switches are turned OFF. Thus, the circuit states are shown
in Fig. 4.

The driving principle in buck—boost mode are relatively com-
plex. S11 and S, operate complementary, So3 and Sa4 operate
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Fig. 3. Operating states under buck mode. (a) State one. (b) State two.
(c) State three. (d) State four.

(©) (d)

Fig. 4. Operating states under boost mode. (a) State one. (b) State two.
(c) State three. (d) State four.

complementary, and the carriers of S1; and Sa4 are the same. At
this time, the circuit states are shown in Fig. 5.

Because of the symmetrical structure, the overall operating
mode of FCBBC can be shown in Fig. 6. It can be seen that
FCBBC can work with buck and boost modes during bidirec-
tional energy conversion, so it has bidirectional four quadrant
energy transmission capability.

As shown in Figs. 3-5 that there are four states for FCBBC
in each operation mode. The definite operating states in each
switching period are determined by the duty ratio, and the telling
rules are given in Table I, where d1; and ds4 represent the duty
ratios of Sq; and Sa4, respectively.
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Fig. 5. Operating states under buck-boost mode. (a) State one. (b) State two.
(c) State three. (d) State four.
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Fig. 6. Operation modes of FCBBC with bidirectional four quadrant.

TABLE I
OPERATING STATES OF FCBBC UNDER DIFFERENT DUTY RATIOS

Operation mode Duty ratio Operation state

Buck d1<0.5, d»y=0 Fig.3(a), Fig.3(c), Fig.3(d)
Buck d11>0.5, d»y=0 Fig.3(a), Fig.3(b), Fig.3(c)
Buck d1=0.5, d»s=0 Fig.3(a), Fig.3(c)
Boost dy=1,d»>0.5 Fig.4(a), Fig.4(b), Fig.4(c)
Boost di=1, d»<0.5 Fig.4(a), Fig.4(c), Fig.4(d)
Boost dn=1, d»=0.5 Fig.4(a), Fig.4(c)

Buck-Boost (di1=dr4)>0.5 Fig.5(a), Fig.5(c), Fig.5(d)

Buck-Boost (di1= d4)<0.5 Fig.5(b), Fig.5(c), Fig.5(d)

Buck-Boost (dii= d)=0.5 Fig.5(c), Fig.5(d)

According to Fig. 5 and Table I, the driving signals and current
ripple waveform in buck-boost mode can derived, which is
shown in Fig. 7.

As can be seen from Fig. 7, except that the duty ratio is 0.5, the
current ripple frequency is twice of switching frequency. Thus,
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Fig. 7. Driving signals and current ripple under buck—boost mode.
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Fig. 8. Operation characteristics of FCBBC. (a) Voltage gain. (b) Mode

switching from Buck mode to Boost.

FCBBC can always be controlled to work under three-level with
such driving principle.

According to the circuit state equation shown in Appendix and
Table I, the voltage gain of the FCBBC can be derived, as shown
in (1), and the detailed derivation process of (1) is presented in
the Appendix

Vo =di - vy Buck

_ 1
V2 =gV Boost 0
V) = 1§+¢l’11 v Buck-boost.

Actually, the voltage gain of FCBBC shown in (1) is basically
the same as that of the traditional FC dc/dc converter, so the
hardware parameter design principle of FCBBC can refer to the
traditional one [29]. Thus, the inductor and FC design rules are
expressed as

L. —= "

min 2AIL max fs 2
Cri — —

fmin 2Avymax fy

where Al 1S the maximum current ripple, f; is the switching
frequency, AVgymax is the maximum voltage ripple of FC. The
detailed derivation of (2) is shown in the Appendix.

According to (1), we can have the voltage gain curves of
FCBBC in three modes, as shown in Fig. 8(a). It can be seen that
the mode switching between buck and boost is discontinuous.
Taking discharge operation as an example, when the operation
mode of FCBBC is changed from buck to boost, it is necessary to
ensure that the voltage at energy storage side is less than or equal
to the dc bus voltage for the control of system current. However,
when the voltage difference between dc bus and energy storage
side is small, the current response will be slow, which will affect
the system response speed. The detailed response curves are
shown in Fig. 8(b).
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In contrast, as shown in Fig. 8(a), the voltage gain curve of
FCBBC in the buck—boost mode is continuous, which means that
the mode switching will not be affected by the voltage difference
on the converter input and output side. Therefore, the converter
will have favorable response performance under a wide range
of voltage range. So, the FCBBC is more suitable to work with
buck—boost mode in the ESS. The following research on control
strategy mainly focuses on the buck—boost mode.

III. MPC STRATEGY FOR FCBBC

The following control requirements have to be considered
when designing the MPC strategy for FCBBC applied in ESS.
1) Having the ability to achieve bidirectional power conver-
sation and stabilize the dc bus voltage.
2) Having the ability to control the dual FCs voltage.
3) Having favorable dynamic response to meet the rapid
response requirements of ESS.
Based on these requirements, an improved fixed frequency
MPC strategy is proposed in this section. First, the model of
FCBBC is analyzed.

A. Mathematical Model of FCBBC

As shown in Fig. 5(a), S11, S12, S24, and Ss3 are turned ON
simultaneously, and there are no charge or discharge circuits
for Cy; and Cyp. Thus, the state equation of Fig. 5(a) can be
expressed as

. R . 1
d L -7 00 L L vl
o vl | = 0 00 vir |+ 0 |:V2j| .
Vi2 0 0 0 Vr2 0

3)

In Fig. 5(b), S11, S12, S24, and So3 are turned OFF. And there

are also no charge or discharge circuits for Cy; and Cy. The
state equation of Fig. 5(b) is expressed as

. R . 1
d |t -7 00 Us 0 — vl
I Vel | = 0 00 vir |+ 0 0 |:V2]
vf2 0 0 0 Vr2 0 0

4)

As shown in Fig. 5(c), S11 and Sa4 are turned ON, S12 and So3

are turned OFF, and Cy; and Cyp are charged by system current.
At this time, the state equation is written as

. R 1 1 1
d| oot 0y
E V1 = a 0 0 V£l + 0 0 |:V2
v Cl 0 0 Vr2 0 0
12

®)

S11 and Sa4 are turned OFF in Fig. 5(d), S12 and S»3 are turned

ON. The energy stored in Cy; and Cyo is released. The state
equation is expressed as

_R

]

11
d i L L L ir, 0 _% vl
E Vil | = _CL/‘I 0 O V£l + 0 0 |:V2i| .
Vr2 L 0 o0 V2 0 0
Cj‘z
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When the FCBBC operates under steady state, the voltage of
the two FCs should be equal to half of the port voltage on their
respective sides to ensure the stable operation, thus we can have

1
v = 5vl
{ e (7)
Vfr = §V2
Substituting (7) into (5) and (6), respectively. The modified
(5) and (6) are shown in

By -1 L 1]
d |« B i I 2L 2L v
E Vil o ver |+ 0 0 2
V2 CL LVr2 0 0
2 _ o -
3)
i — Ir 1l [ % —% |
d L 1 L 3L 2L v
E Vel | = —ch ver |+ 0 0 I:V2:|.
V2 _CL L Vr2 | 0 0
2 _ - -

€))

Assuming djo and dos as the duty ratio of S12 and Sos,
respectively. According the operation states given in Table I
and (3), (4), (8), and (9), the equivalent steady-state equation
of FCBBC can be derived as

R
PR -z 00 ir,
dll—=d12
E Vil = C—fl 0 0 Vil
v d24—d23 v
f2 o 0 0 f2
dll4+d12  dl14+d12-2
2L 2L vl
+| o 0 [vz} .0
0 0

Generally speaking, dc bus voltage, inductance current and
the two FCs voltage must to be controlled when FCBBC ap-
plied in ESS. Taking the inductance current and FC voltage
as the internal control variables, it can be seen from (10) that
the current control depends on the port voltage difference and
the duty ratio of S1; and S;2, and the FC voltage control depends
on the inductance current and duty ratio difference on the upper
arm. These relationships show that current control is the premise
for the converter to achieve normal operation. In other words,
when the current control is achieved, the voltage control of FC
will be obtained naturally.

B. MPC Strategy Design

To design the MPC strategy, the FC voltage and system current
is treated as the control variables. Equation (10) is discretized
with Euler discretization method, and the discretized equation
is shown as follows:

i = (14 Byl 4+ L ((dyy + dio)Vh
+(di1 + dip — 2)V%)
Vﬁ_l = v{?l + CL;l(dll - dlz)if

k1 & T, &
Vip =Vt C—ﬂ(dzzt —dp)i]

(11

where Ty is the switching period, the symbol marked with & is
the sampling value at current time, and the symbol with k+1 is
the predicted value for the next period.
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The cost function in the traditional MPC algorithm can be
obtained by (11), which is expressed as

TE =06 — Y 0205, = Vi 430, =i’

(12)
where the symbols marked with % are the reference variables,
A1, Ao, and A3 are the weight factors of system current and FC
voltage, respectively.

It can be seen from (11) that the traditional MPC algorithm
should consider all the possible combinations of dy1, di2, da4,
and ds3 to get the optimal control performance, which brings a
heavy computational burden for the controller. Second, multiple
weight factors have to be designed as shown in (12). However, it
is hard to design the weight factors because there is no standard
design rules at present. Third, the prediction of switching state
is often used in power electronic control, which is easy to cause
the switch to operate in variable frequency, increasing power
loss.

To solve the above issues, the duty ratio in (11) is rewritten as

g = AU _ 2 o<y <

gn = 4342 —0.5<gp <0.5 (13)

82 = % —05=<gn=<05
Substituting (13) into (11), we can have

i = (4 BRI+ B (et + (g — 1)

vt =i+ 2858nil (14)

v%fl = v;ﬁz + ZCL;zgfgiﬁ

As shown in (14), the system current and FC voltage can be
predicted through duty ratios. In addition, the most important is
that there is no coupling relationship between the three predictive
variables, which means that iﬁ“, vﬁ“l ,and vl};l are decoupled.
Thus, the cost function can be designed as

. ) 2
JE =G —ith .
ko k+1
T =0p =vi )
ko _ k+1
T =0 =vip)

15)

where J.F, J flk, and J fgk are the cost function of system current
and the two FCs, respectively.

It can be known form (15) that it is feasible to build inde-
pendent closed-loops to control system current and FC voltage.
At the same time, the weight factors are eliminated and all the
switches can operate with a fixed switching frequency. However,
it has to be admitted that the higher accuracy of predicting the
duty ratio helps to get better control performance, but it will
result a larger computation load. In order to improve computing
efficiency, the binary search algorithm is adopted in this article
to optimize the duty ratio search.

The basic principle of binary search is to compare the target
element with the element in the middle of the linear sequence,
thus the regional position of the target element can be obtained.
Then with recursion in turn, the optimal solution can be found.
As shown in (14), each variable has a linear relationship with
the duty ratio, so the regional position of the target value can
be obtained according to the difference between the target value
and the predicted value. So, assuming B (;) and T, ;) represent
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the bottom and top boundary of duty ratio for the ith computing
interval in one switching period, respectively. The subscript x
indicates the three symbols: L; f1; and f5. Thus, the equations
to select gr,(4), &n1(4)» and gga(4) according to the binary search
algorithm can be expressed as

_ Brpyt+Tiiy

8Ly = — 5
_ BnotThe

8r16) = 5 (16)
_ Bpot+Tpao

8r26i) = 2

The preliminarily duty ratio can be derived using the boundary
value based on (16). Substituting the obtained duty ratio into
(14), we can have the predicted values. Then, the difference
between the predicted value and the reference value is derived
according to

bl
Priy = iy — i
k1
Priiy = Vel — V}"l a7
k1
Praiy = Vi) — "}“2

The difference values derived in (16) are used to update the
boundary B, ;) and T(,) for the next computational interval, as
shown in

(18)

By(it1) = &x(iy i (Pyiy = 0)
Tiiv1) = &) I (Peiy < 0) °

Repeat the operations expressed by (16)—(18) successively
until the optimal variables satisfying the cost function. Thus,
we can get the optimal duty ratios gz, g7, and g2, and then
transform g7, gr1, and gy using the equation shown in (19), the
expression of the final output duty ratios can be obtained

di =g+ gn
dip = gL — g1

. 19
dr = gL+ 852 (19)
dyy = 8L —8n

Since the main function of ESS is to control dc bus voltage,
output voltage control must be added in the proposed MPC
strategy.

According to the operating principle of the converter in ESS,
the relationship between system current and output voltage can
be expressed as

vo =i (1 — Dy)R,

— LR (20)

where R is the load resistance, Dy is the equivalent steady-state
duty ratio, and i is the load current.

The current reference can be derived based on (1) and (20),
which is shown as follows:

. _ VO34V
Iy = -

21
R @1)

As shown in (21), the current reference is determined by Ro,
which means that the load current is inevitable to estimate Ro.
Thus, the expression of i} can be rewritten as follows:

) vi(v; + v’f)v’z‘

i =
L— k -k
Vil

(22)
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As mentioned earlier, the two FC voltage should be controlled
to half of the voltage on each side to ensure that the converter
operates in three-level mode. Therefore, the voltage reference
of the FC voltage can be obtained by direct sampling of the
voltages on both sides, which can be expressed as

ve =4
n=z (23)
v;‘iz =2

2

Thus, the final MPC strategy can be obtained by combining
the equations from (14) to (23), and the control block diagram
is shown in Fig. 9.

The MPC strategy predicts the optimal control variables us-
ing the current sampling information, different duty ratios and
reference values. All the predicted values are filtered by the cost
function, and the optimal variable g, which minimizes the cost
function, is selected as the output control variable. The duty ratio
for each switch is derived through the inverse transformation of
&opt» and then the PWM driving signal is obtained. The detailed
flow chart of the proposed MPC strategy based on binary search
algorithm is shown in Fig. 10.

C. Calculation Efficiency Analysis of the
Proposed MPC Strategy

Considering the four duty ratios in (11), the optimiza-tion
calculation times of traditional MPC strategy in one switching
period can be expressed as

(24)

where Ag is the duty ratio division precision.
According the binary search algorithm, the optimization cal-
culation times of the proposed MPC strategy is

1
Cn = ceil (10g2 (A_ + 1))
8

where ceil () is the upward rounding function.

Thus, the computation comparison diagram between the tra-
ditional MPC strategy and the proposed MPC can be derived
based on (24) and (25), as shown in Fig. 11. Compared with
the traditional method, the proposed MPC strategy significantly
reduces the computational burden, helps to reduce the require-
ments for the controller, and is easier to be applied in practice.

(25)
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D. Stability Analysis

The stability of the control strategy is important for the reliable
operation of the system. Direct Lyapunov method is used in
this article to proof the stability of the proposed MPC strategy.
The direct Lyapunov method of stability shows that if a positive
definite Lyapunov function L(x) related to the system states x
exists, the stability of the system can be ensured if the following
conditions can be satisfied.

1) L(x) is a positive definite.

2) L(x) is a negative definite.
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3) L(x) tends to oo if ||x|| — oo.

Lyapunov function can be treated as an “energy-like” func-
tion. The increase in the function means the increase of state
norm, and the decrease of function means the decrease of state
norm. When L(x) is zero, the state is stable at the origin x = 0
[30].

According to the cost function shown in (15), the discrete
Lyapunov function is written as

Lo = 5[ 6]
where x can be expressed as [if, vy1 vy2

According to the MPC prediction results, the system current
and FC voltage errors are defined as follows:

(26)

1"

h+1 k1 .k
e =10 — 1L
k+1 _ k+1 *
Viler = Vi1 ~ Vi1 (27

k+1 k1 *
Virer = V2 — Vg2

The change rate of Lyapunov function of system current and

FC voltage can be derived based on (26) and (27), which is
shown as follows:

AL(i) = LG )™ — L)

1 T.R T,
=—[(1+ : L)if+i<gLv’f+<gL—1>v’5>—iz}

2 L L
TRy \ 1 »
x| (1 275 ) i+ gk + (g — VA — i}
L L
1
= 5 ] X [ en] (28)
ALvs)* = L)™' = L)
1 k TS -k *
=3 |:vfl- + 2agﬂll‘ — vfi]
T,
k s -k *
X |:vfi + 2C—ﬂgﬂ1L — vfi]
Ly k
- 5 [Vf[_err] S [Vfi_err] (29)

where i indicates (i = 12).

In order to make the tracking error converge to zero in the
proposed MPC strategy, it is necessary to ensure that the change
rate of Lyapunov function is always negative. Considering the
tracking characteristics of MPC strategy, we can have following
approximation according (14) and (15)

" LR\ 4 | T
iy ~ (1+ LL)lf+Z(gLv]1‘+(gL—l)V§) (30)
I .
Vi~V 4 ZcTﬁgfﬂf- @D

Substituting (30) and (31) into (28) and (29), respectively, the
following equations can be derived:

{ ALGL ) = =L@ )2

32
AL(Vfi)k = _%(v]]("ij:rr)2 4
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Fig. 12.  Experimental platform.
TABLE I
EXPERIMENTAL PARAMETERS

Item Value Unit

Energy storage side voltage 24 A%
Switching frequency 10k Hz
System inductance 1.6 mH
Flying capacitor 220 unF
Filter capacitor 500 pnF

Load adjustable resistor 4 Q

Thus, according to (26) and (32) and the determine principle
of Lyapunov direct method, the stability of the proposed MPC
strategy in this article can be ensured.

IV. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the proposed FCBBC
and MPC strategy, a downscaled energy storage experimental
platform is built in the laboratory. The digital signal proces-
sor (DSP) TMS320F28335 and field programmable gate array
(FPGA) XC3S500E are employed as the controller. DSP is
responsible for sampling and data processing, and FPGA is
used to generate driving signals and achieve protection. The
platform picture is shown in Fig. 12. Supercapacitor module
with the capacity of 9.6F/16V are adopted as the energy storage
device. The dc sources in Fig. 12 are employed to precharge
super capacitor modules and FCs to 24 V before the experiment
based on the experimental settings. A power resistor is used
at the grid side to simulate dc load. The detailed experimental
parameters are given in Table II.

A. Experimental Results

The current ripple curves with different duty ratios are shown
in Fig. 13. It can be seen that the ripple frequency is always two
times of the switching frequency, which means that the FCBBC
operates with three voltage level in the buck—boost mode.

The verification results for the FCBBC and MPC strategy
are shown in Figs. 14 and 15. Fig. 14 shows the experimental
results under buck operation. With the proposed MPC strategy,
the initial output voltage is 12 V and then the output voltage
reference steps to 20 V. The response curves of inductance
current and output voltage are shown in Fig. 14(a). Since a digital
filter is used in sampling processing, the inductance current and
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Fig. 13. Drive signals and current ripple. (a) Duty ratio larger than 0.5.
(b) Duty ratio smaller than 0.5.

output voltage reach the steady state after a short oscillation.
The FC voltage curves are shown in Fig. 14(b). Since the input
voltage is 24 V, with the proposed MPC strategy, vy is always
stable at 12 V and does not change, and vy follows the change
of output voltage, increases from 6 to 10 V. When the output
voltage reference is declined from 20 to 12 V, the experimental
results are shown in Fig. 14(c) and (d). At this time, the output
voltage of the converter still strictly tracks the reference, and
also has favorable control ability of FC voltage.

Fig. 15 shows the experimental results in the buck—boost
mode. Fig. 15(a) and (b) shows the response curves when the
voltage reference steps from 20 to 30 V. In this period, the
inductance current rises from 10 to 22 A after a short oscillation,
and the output voltage finally stabilizes to 30 V, tracking the
voltage reference.

The voltage response curves of FC are shown in Fig. 15(b). At
this time, vy remains unchanged at 12V, and the voltage of vy
rises from 10 to 15 V, which remains half of the output voltage.
When the output voltage reference steps from 30 to 20 V, the
response curves are shown in Fig. 15(c) and (d). At this time,
the output voltage and FC voltage can still be well controlled.

The dynamic response results of the proposed FCBBC and
MPC strategy are shown in Fig. 16. Fig. 16(a) shows the abruptly
loaded response results. It can be seen from Fig. 16(a) that the
output voltage vo drops by 2 V when another resistor is cut into
the system and the FC voltage at output side fluctuates slightly.
The fluctuation time of v, lasts about 4 ms and the final system
current increases by 40%. The abruptly unloaded curves are
shown in Fig. 16(b). At this moment, the resistor is cut OFF from
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Fig. 16. Dynamic response results. (a) Load increasing. (b) Load decreasing.

the system. It can be seen that the voltage of v rises briefly, and
returns to normal after 4 ms. The system current is stabilized
to 10A after a short fluctuation. According to the curves shown
in Fig. 16, we can know that the proposed FCBBC and MPC
strategy have good control performance in case of abruptly load
change.

According to the above results, the FCBBC can transmit
energy with buck and boost operation from v; to vo. Due to
the symmetrical structure, when the energy flows in the op-
posite direction, the FCBBC has the same power conversion
capability. So, the FCBBC can operate in bidirectional four
quadrant. At the same time, the proposed MPC strategy can
achieve favorable voltage control performance, including output
voltage, and dual FC voltages. Therefore, the proposed model
predictive controlled FCBBC is suitable for the application of
ESS in the wide dc bus voltage range condition.

B. Comparison With Other Topologies

In order to highlight the characteristics of FCBBC, two bidi-
rectional four quadrant topologies are selected for comparative
analysis, which are shown in Fig. 17. The two-level topology
is shown in Fig. 17(a), which has an H-bridge structure to
realize power bidirectional four quadrant operation. Fig. 17(b)
shows the currently used three-level bidirectional four quadrant
topology in industry, which is evolved from the neutral point
clamped three-level topology.
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Fig. 17.  Traditional bidirectional four quadrant dc/dc topology. (a) Two level

[14], [15]. (b) Three level [31].

Both of the two topologies in Fig. 17 have three operating
modes: buck; boost; and buck—boost. Due to the voltage stress of
switching device, the two-level topology in Fig. 17(a) is hard to
be applied in high-voltage occasions, and the two-level topology
requires larger filters under the same working conditions. The
three-level topology shown in Fig. 17(b) has the same driving
principle with FCBBC. The voltage level of switching device
and filter elements are almost the same. The main difference
between FCBBC and the topology shown in Fig. 17(b) are as
follows.

1) Compared with FCBBC, the input and output ground
of the three-level topology shown in Fig. 17(b) is not
common, so FCBBC is easy to work in parallel and is
more suitable for the high-power occasions.

2) The control of FCBBC is relatively difficult. First, itis nec-
essary to solve the precharging issue of FC, and secondly,
the FC voltage has to be balanced during operation.

In contrast, FCBBC is more suitable for the high-power oc-
casions with multiple converters in parallel, while the topology
shown in Fig. 17(b) is suitable for the low-power occasions.

For the efficiency of the two topologies, since the driving prin-
ciple is the same, FCBBC and the topology shown in Fig. 17(b)
have the same switching loss. So, only the efficiency of FCBBC
is analyzed in the following article.

The switching device loss includes insulated gate bipolar
transistor (IGBT) loss and body diode loss, in which IGBT loss
includes switching loss and conduction loss, which is expressed
as follows:

Pery = (ow + Veeosey + TG, - (T; —25%)))
+ 12, (ree@soy + TCy - ((T; — 25°)))Dr

V(v VY (33)
sw(T) fs 0n+off G (7
(1 + TCgyy - (Tl — Tet))

where Iy is the effective value of load current; D7y is the
duty ratio of IGBT; T¢y and T¢, are the temperature factors
of the conduction characteristic curve; I of, Vier, and Trp are
the device rated parameters; K; is the loss factor varying with
current; K, is the loss factor varying with voltage; TCrg,, is the
loss temperature factor; Eqy 4o 1S the sum of the energy losses
of the device turn ON and OFF.
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TABLE III
PARAMETERS FOR EFFICIENCY ANALYSIS

Item Value Item Value
Lot 150A Eon 0.0043J
Dty 0.7 TC, 0.0012
in 650V Lier 200A
Veeors 1.38 Vier 450V
Fee(25°) 0.004 TCEsw 0.003
Eos 0.0073J T; 125
TCgir 0.006 Trer 25
Kip 0.6 K 1.0
K.p 0.6 K, 1.35
TCyp 0.002 E. 0.0045
Lem 200 Viet 450
Prated 125kW K, 4

The body diode loss includes conduction loss and turn OFF
loss, which is expressed as

P.py = (out - (VEeo252) + TC, - (T — 25°)))
+ Iy (rrasoy + TG - (T; — 25°))Dp)

Ki .\ Kv (34)
Lout Vin
sw(T) f? rr” <E) ’ (@)
(1 4+ TCgy - (Tj — Tier))

where D) is the duty ratio of body diode; TCg,, is the tem-
perature factor of body diode; E,, is the turn OFF energy loss of
diode; K;p and K,,p are the factors of diode current and voltage
varying with temperature, respectively. All the parameters of
IGBT and its body diode can be found in the datasheet.

Thus, according to (33) and (34), the efficiency of FCBBC
can be expressed as

E=1-

[(Pecry + Powry) - K + (Pepy + Powi)) - Ka ]
(35)

where Pgygiem 18 the system rated power, and K, is the number
of switching device in operation.

Taking the Infineon F3L.400R10W3S7 IGBT module as the
example, the efficiency of the proposed FCBBC are analyzed
according to (35), and the detailed parameters are given in
Table I11.

According to the parameters given in Table III, the effi-
ciency of FCBBC with different conditions is shown in Fig. 18.
Fig. 18(a) shows the efficiency of FCBBC when the duty ratio is
set to be 0.7 and the switching frequency gradually increases
from 10 to 19 kHz. It can be seen that the power loss in-
creases gradually with the increase of switching frequency. The
minimum efficiency of the FCBBC is still larger than 98.6%.
Fig. 18(b) shows the efficiency curve when the duty ratio grad-
ually increases from 0.1 to 0.9 when the switching frequency
is 10kHz. Based on the two efficiency curves shown in Fig. 18,
we can see that when FCBBC works with 1300 V/150 A under
buck-boost mode, the efficiency is larger than 98.5%.

system

IV. CONCLUSION

In this article, an FC dc/dc converter with bidirectional four
quadrant operation capability is proposed, which can solve the
power conversion issue of ESS under the wide dc bus voltage
range. The operating principle of the converter is analyzed
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CIRCUIT STATE OPERATION TIME

Operation time
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Fig. 18. Efficiency of FCBBC. (a) With different switching frequency.
(b) With different duty ratios.
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in detail, and the mathematical model of FCBBC is studied.
According to the ESS operation requirements, a fixed frequency
MPC strategy is proposed. The cost function is optimized and
the binary search algorithm is adopted to improve the strategy
computational efficiency, effectively reduce the computation
load, making the proposed MPC strategy more practical. The
experimental results show that the ESS based on the proposed
converter and MPC strategy can realize bidirectional power
conversation with four quadrant, and has favorable control per-
formance. Overall, the proposed FCBBC and MPC strategy have
a certain application prospect in the PV station with ESS.

APPENDIX
A. Voltage Gain of FCBBC

According to Fig. 3, the converter state equations under Buck
mode can be expressed as follows:

Fig. 3@ %L — YL _ v _ R, 2 (Ala)
ig. —_— == - - — — —
8 T T L T Tt T a
. dlL vl RL v2
Fig. 3(b) 2L = 12 _ 2L, = Alb
ig. 3( )dt I TLTT (Alb)
. dip, _vpi Ry, V2
Fig. 3(c) 2L _ Y AL, ¥2 Al
ig.3(c) I T LT (Alc)
Fig. 3(d) 2L = R, 12 (A1d)
ig. — = —ip— —.
B T T T

According to Fig. 4, we can have the converter state equations
under boost mode, which are expressed as

Fig.4(a)% - % % - % L — % (A2a)
Fig.4(b)‘% - VL—I - I%iL (A2b)
Fig.4(c)il—itL - VL—I ~ % L % (A2¢)
Fig.4(d)% — VL—I - % - % (A2d)

Inbuck mode, taking the duty ratio less than 0.5 as an example,
the converter operating states given in Table I are Fig. 3(a),
Fig. 3(c) and (d). According to the switch driving principle,
the operation times of the three states are dy17s, d117s, and
(1-2d11)Ts, respectively. Thus, multiply the state times with
the corresponding (Ala), (Alc), and (Ald), and then add the
products to obtain (A3)

d11V1 :v2—RLiL. (A3)

Ignoring the equivalent resistance Ry, (A3) is the same as
voltage gain of Buck mode shown in (1).

The operation time of each circuit state under different opera-
tion modes is given in Table I'V. Thus, according to the operation
time and the state equation, the same converter voltage gain as
(1) can be obtained by using the derivation method of (A3).

B. Parameters Design

Because FCBB work with different states under different
duty ratio, it is necessary to design the parameters under two
conditions, respectively, for comprehendsive selection. Based
on the equations shown in (3)—(6) and the working time shown
in Table III, we can have the current ripple expression when 0
< dll < 0.5

2—vy/2 1 —2dy)d
AIL:vl/ v2/ Tonzvl( 1) U (A
L 2(I = du)Lfs
When 0.5 < di; < 1, the current ripple can be expressed as
2—vy/2 2dyy — 1
Al — vi/2—w/ T = vi(2doy — 1) (AS)
L 2L fs

It can be known from (A4) and (AS5) that when the duty ratio
is 1 —2/4/2 or 1, the current ripple can achieve the maximum
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value, and the maximum ripple is shown as

Vi

AILmax = E
K

(A6)

According to (A6), the minimum inductor value can be ob-
tained, which is the same as that shown in (2).
Similarly, when 0 < dy; < 0.5, the voltage ripple of FC is

ir ir
Avgy = — Ty = ——dj;. A7
Vily Cf on Cffv 11 (A7)
When 0.5 < dqi1 < 1, the voltage ripple of FC is
Avgy = LT = L (1 — doy) (A8)
fly Cf off Cffs 24)-

According to (A7) and (A8), when the duty ratio approaches

0.5,

the voltage ripple of FC reaches the maximum value, and

the maximum ripple can be expressed as

i

rfﬂ. (A9)

AVﬂymax =

Thus, the minimum value of FC can be obtained form (A9).
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