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ABSTRACT The fuel cell grid-tied power generation system usually includes a dc-dc converter and a dc-ac
inverter. In a single-phase system, inherent low-order current pulsations are introduced into the system, which
can have harmful effects on the fuel cell stack. For example, reducing the output voltage and output efficiency,
a reduction in service life, and even accelerates the degradation rate of the membrane electrode of a proton
exchange membrane fuel cell (PEMFC). In addition, dc/ac coupling power can cause distortion in the dc input
current and ac grid current. To eliminate the input ripple and ensure high ac power quality on the grid side,
this paper proposes a novel power decoupling control for single-phase grid-tied PEMFC systems, which uses
an improved model predictive control (MPC) algorithm. With the help of the virtual vector methods, which
are realized by a two-stage optimization method, excellent tracking effect and robustness can be ensured.
Simulations and experimental results show that the proposed algorithm can not only completely eliminate
the input current ripple and reduce the total harmonic distortion (THD) of ac current on the grid side, but

also improve the transient performance of the system.

INDEX TERMS Fuel cell, low frequency current ripple, model predictive control, ripple elimination.

I. INTRODUCTION

With the rapid development of portable devices, automo-
tive applications and new energy power generation technolo-
gies [1]-[5], PEMFC has wide range of applications due to its
outstanding characteristics. The main advantages of PEMFC
are: 1) high power generation efficiency, 2) low environmen-
tal pollution, 3) less restrictions on installation sites, 4) low
noise, 5) modular structure [6].

Given these advantages, PEMFC has also been widely used
in grid-tied power generation systems [7]. However, due to
the low dc voltage generated by PEMFC, a dc-dc converter is
required in the fuel cell power generation system, to boost
the low dc voltage to a higher voltage, and then acquires
an ac voltage through the dc-ac inverter. Therefore, the fuel
cell power generation system usually consists of a two-stage
structure [8].
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The design of fuel cell power generation system not only
requires basic operating performance, but also requires high
reliability, good safety performance and long service life [9].
When the fuel cell power converter is connected to the utility
single-phase grid, the inherent rectification effect will cause
low frequency current ripple contents on the output side of
PEMFC [10]. References [11] and [12] pointed out that when
the amplitude of the low frequency current ripple exceeds
4%, it will have the following adverse effects on the system:
1) make the cathode surface responses slower, 2) reduce the
output capacity of the power converter, 3) deactivate the Pt
electrode on the catalyst layer, 4) accelerate the degradation
rate of the membrane electrode, and 5) incur nuisances such
as overload situation. For these reasons, the performance and
service life of the fuel cell stack and the entire system are still
uncertain. Therefore, the limitation of low frequency current
ripple is very important for the efficient utilization of fuel cell
power generation.

Since the control strategies of low current ripple play a
significant role in the reliability and durability of the power
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generation system [13], many scholars have proposed some
mitigation methods of low-current ripples [14]-[18]. How-
ever, the frequency of the ripple is too low, and the pas-
sive filter has weak suppression of the inherent ripple [19].
To effectively reduce current ripple on the low-voltage dc
side, various active ripple decoupling techniques using active
power filter (APF) have been explored. Reference [20] pro-
posed a concept of active-filter integration for single-phase
ac/dc converters. The resultant converters can provide power
factor correction, dc voltage regulation, and active power
decoupling functions simultaneously to reduce low frequency
dc voltage ripple. However, the APF only buffers twice of
fundamental frequency power ripple, while other low fre-
quency power ripples still exist on the dc side. Reference [21]
proposed an active filtering method, which provides an alter-
native path for 120 Hz current to prevent it from flowing
through the fuel cell. In reference [22], an energy-saving fuel
cell power regulation system is optimized by using a new
zero-ripple filter. The filter comprises a coupled inductor-
based filter for minimizing high frequency switching ripple
and an APF for mitigating low frequency ripple, thereby
potentially improving the durability of the stack. However,
adding additional peripheral circuits or independent energy
storage devices will greatly increase the complexity and total
cost of the system.

In order to reduce the number of devices and simplify
the system, active control algorithms were discussed in ref-
erences [23], [24] by using average filter and voltage and
current dual closed-loop control method. Although, these
technologies can effectively reduce low frequency ripple
without adding supplementary components, due to the com-
plexity of the voltage controller bandwidth setting and obvi-
ous overshoot, it is difficult to completely eliminate the low
frequency ripple during load transients. To address this prob-
lem, reference [25] proposed an instantaneous ripple power
control method based on model predictive control. It over-
comes the disadvantage of poor dynamic performance during
load transients. The proposed method tracks the instanta-
neous ripple power and can make full use of the storage
capacitor. It can also achieve fast dynamics and perfectly
compensate ripple power during transients or steady states.
Nevertheless, when the control responds frequently, the MPC
has a heavy computational load and cannot track the con-
trolled process accurately enough. Bearing this mind, many
researchers have made efforts to improve MPC algorithms
in recent years. In [26], the equivalent transformation and
special fan-shaped distribution method were used to reduce
the calculation frequency of current prediction in a sampling
period from 8 to 1, thereby reducing the computational load
of current prediction and cost function. In [27], an optimal
duty cycle calculation method was proposed, and a vector
sequence was constructed to minimize the switching jump
and obtain a better control effect. However, only a limited
number of voltage vectors can be selected in traditional MPC,
which will lead to inaccurate tracking and large current rip-
ple [28]. In order to solve this problem, some scholars have
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proposed a method of constructing virtual vectors, which
equally distributes the basic voltage vectors and increases
the number of voltage vectors [29], [30]. Nevertheless, this
method also involves a lot of calculations and cannot com-
pletely match the operation of the system.

Aiming at a series of drawbacks existing in the above ref-
erences, a power decoupling control method for single-phase
grid-tied PEMFC system based on improved model predictive
control is proposed in this paper. The main contributions of
this paper are as follows:

(1) The introduction of the generation and propagation
mechanism of low frequency current ripple, and the configu-
ration of the grid-tied PEMFC power generation system can
eliminate current ripple without adding additional circuit.

(2) A novel power decoupling control method based on
power balance technology is proposed, which can eliminate
the ripple of the fuel cell current at the output and ensure the
high ac power quality.

(3) The improvement of the virtual-vector-based MPC
method further improves the accuracy of the virtual vector
construction, and therefore can reduced the THD of the ac
current on the grid side.

(4) The experimental results verify the effectiveness of the
proposed power decoupling control method.

The structure of this paper is as follows: Section II intro-
duces the model of grid-tied PEMFC power generation sys-
tem and the proposed power decoupling control method;
Section III details the active decoupling control algorithm
with virtual-vector-based MPC; Section IV provides simu-
lation and experimental studies, and discusses the results.
Finally, Section V concludes in relation to this overall study
are drawn.

Il. MATHEMATICAL PROBLEM STATEMENT

A. SYSTEM CONFIGURATION OF GRID-TIED FUEL CELL
GENERATION

The topology of the fuel cell grid-tied power generation
system is shown in Fig.1. This system consists of a dc-dc
converter and a single-phase full-bridge dc-ac inverter. The
dc-dc converter is used to boost the low fuel cell voltage
up to a higher value. It is composed of input capacitor C,
inductor L, IGBT Ss, and diode D. The single-phase full-
bridge dc-ac inverter is connected to the grid, which consists
of adc-link capacitor Cy. and four switches S1—S4. Assuming
ic is the current flowing through the fuel cell, iy is the grid
current flowing through the L-type filter inductance L and
the equivalent resistance R of line.

B. EGENERATION AND PROPAGATION MECHANISM OF
COUPLING POWER

As shown in Fig. 1, the dc-ac inverter is connected in parallel
with grid, thus the output voltage is exactly the same as the
grid voltage. The output current of the inverter is in phase
with the grid voltage. Accordingly, the instantaneous value
of the output voltage and current of the dc-ac inverter can be
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FIGURE 1. The topology of grid-tied PEMFC power generation system.

expressed respectively by (1):

{ g (t) = /2 Upy sin (1) W

ig (1) = V2 Iy sin (1) ,

where Up and Iy, are respectively expressed as the root
mean square (rms) values, w is the angular frequency of the
grid. The instantaneous output power of the inverter can be
expressed as:

Pout (t) = V2Up sin (wt) x 21y sin (wt)
= Unln [1 — cos Qwt)]. 2

It can be seen that the output power contains the fluctua-
tion power of twice the frequency. The instantaneous output
power of the PEMFC can be expressed as:

prc (1) = urc (1) irc (1) , 3

where, upc(t) and ipc(¢) are the output voltage and current of
the fuel cell respectively.

Assume that there is no power loss in the system. The
entire power generation system and the load satisfy the law
of conservation of energy, and then the output current of the
fuel cell can be obtained as:

i (1) = Ul [1 — cos (Zwt)]' @
ugc (1)
Consequently, 2w current ripple is reflected to the fuel cell
stack, which will cause harmful effects on fuel cell voltage
and current.

C. PROPOSED DECOUPLING CONTROL METHOD
In this section, the proposed decoupling control method is
analyzed. Conventionally, a capacitor with large capacitance
is used to smooth the 2w ripple on the output side of the dc-dc
converter. However, when the energy of the 2w ripple is high,
it is hard to handle it completely only with a capacitor. Some
of the 2w ripple will still exist and even spread into the fuel
cell stack. In order to mitigate the current ripple of the fuel
cell, this paper proposes a novel power decoupling control for
single-phase grid-tied PEMFC systems, with power balanc-
ing technique. The control block diagram is shown in Fig. 2.
With the help of the proposed control algorithm, the dc-
dc converter takes charge of power control through a model
predictive controller. In this controller, the current reference
of the fuel cell ipc*™(k) can be obtained by dividing the
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FIGURE 2. The control block diagram of the proposed power decoupling
control.

constant power command ppc* with the measured fuel cell
voltage upc(k). Owing to the slow decrease of upc(k), ipc* (k)
is invariant during one sampling period, so irc*(k) is almost
equal to ipc*(k + 1). With the good tracking performance
and robustness of MPC, the fuel cell power can be controlled
as constant. The output current ripple of the fuel cell can be
mitigated directly.

The proposed dc-ac converter controller is consists of a dc-
link voltage controller and a grid current controller, which
is implemented by MPC algorithm. The dc-link voltage ugc
can be controlled by the power balancing technique of input
and output power. The power balancing technique can be
expressed as: the energy on the dc-link capacitor is propor-
tional to the square of the voltage. Therefore, when the input
energy is greater than the output energy, the dc-link voltage
rises, and vice versa. It means that the energy generated by
the fuel cell is transmitted to the grid in real time by using the
dc-link capacitor as an energy transfer station. In other words,
the output signal /* of the voltage control loop is multiplied
by the phase of grid to generate the reference current iﬁg‘(k)
for the inverter. Since the sampling frequency is high enough,
ig* (k) is approximately equal to ig*(k + 1).

IIl. ACTIVE DECOUPLING CONTROL METHOD WITH
VIRTUAL-VECTOR-BASED MPC

A. WORKING PRINCIPLE OF VIRTUAL-VECTOR-BASED
MPC

The design and implementation of model predictive control
includes the following three steps:

1) Building a model to predict the behavior of control
variables for the next time step.

2) Construct an appropriate cost function which includes
control objectives and expected behavior of the system.

3) Extract the appropriate command to minimize the cost
function value.

The discrete model to predict the next step can be shown
in the following equations:

x(k+1)=ax (k) + bu (k)

5
y (k) = cx (k) , ©
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where x(k) is the current value of the system state variables,
x(k + 1) is the next value of x(k), u(k) is the current value
of the system input variables, y(k) is the current value of the
system output variables, a is the system coefficient, b is the
control coefficient, and c is the output coefficient. In next
step, according to the following equation, the cost function
can be obtained as:

J=f@k),uk), - uk+n). (6)

However, the application of a single switching state in
traditional MPC during the whole sampling period inevitably
leads to inaccurate tracking, and the performance deteriora-
tion of the converter. Owing to the limited number of voltage
vectors, the accuracy of this method is compromised and
higher sampling frequency is required to improve the perfor-
mance. Aiming to solve this problem, this paper employs the
virtual vectors and integrates them into the MPC structure
to increase the number of the switching states. The virtual
vectors are formulated by equally dividing the real voltage
vectors Viea1 Of the converters:

m
Vyir = ;Vrealv (7)

where, n is the number of vectors and m varies from 1 to n.

[k-1]T kT
<t T, £
l— m —>l— —>

L= I,=T,-T,

FIGURE 3. Switching period in virtual-vector-based MPC.

The construction of virtual vector increases the number of
predictive values of control variables. After rolling optimiza-
tion by cost function, the selected optimal vector is applied
to the converter. As shown in Fig. 3, in one sampling period,
the real vectors and virtual vectors are used to maintain the
on-time Ty, and the off-time Ty is supplemented by the zero
vectors.

Ty = —T, ®)
n

where T is the switching period.

B. DIRECT INPUT CURRENT RIPPLE MITIGATION
CONTROL METHOD WITH VIRTUAL-VECTOR-BASED MPC
FOR BOOST CONVERTER

Based on the above analysis, the output current of fuel cell
irc contains 2w ripple. To address this problem, a direct input
current ripple mitigation control method with virtual-vector-
based MPC is used in the boost converter.

In order to achieve a unified form of the converter under
different working states, the switching function () is intro-
duced in this paper. When the switch S5 is on, ¢(r) = 1, and
when the switch S5 is off, () = 0. That is:

1 0<rt<dT.
£(t) = == ©)
0 diy<t<Ts,
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where d is the duty cycle of boost converter, it is a variable
between O to 1.

The state equations of boost circuit can be obtained,
according to the topology of dc-dc converter in Fig. 1:

digc (¢
LY@ o 0<1<dl,
dt
. (10)
digc (2)
L 7 i () —uge ) dIs <t <T;.

Since the boost circuit is a time-varying nonlinear circuit,
the state space average method is used to linearize the boost
circuit. Equation (10) can be written in a unified form within
0<t<Tsg:

I dirc (1)
dt

Average ¢(t) in a switching period:

=urc (1) — [1 — & ()] uqc (1) . (1D

1 qu deJFTS
[eO]r, = = </ 1dr +/ Odt)
Ts \Jo dT
dT,
= — =d(. 12
T (12)

Replacing e(¢) with d in (11), the state space average
expression can be obtained:

digc (1)
dt

L =upc (1) — (1 —d) ugc (1) . (13)

The forward difference of (13) is performed, the prediction
equation of the output current of the fuel cell irc(k + 1) can
be obtained:

T, (1 —-d k T. k
irc (k 4+ 1) = ipc (k) — s ( ) ugc (k) SMFC()‘
L L
(14)
The cost function can be created as follows:
Ji = (ikc (k + 1) — ige (k+ 1)), (15)

where, ipc*(k + 1) is the current reference of the fuel cell at
the next moment.

The switch S5 only has two working states in a switching
period: on and off. To obtain good tracking performance, the
virtual vector construction method analyzed in the previous
section is adopted. The rolling optimization of the predictive
current igc is shown in Fig. 4.

Through the modeling analysis above, the control block
diagram of the virtual-vector-based MPC for boost converter
can be given in Fig. 2. The optimal vector is selected by cost
function optimization, then the duty cycle d is adjusted to
control igc(k + 1) to track the reference current igc*(k + 1).
According to the analysis above in this paper, this method
controls the fuel cell power to become constant. In other
words, a purely constant reference value is fed into the
controller, so that the 2w current ripple can be eliminated
effectively.
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FIGURE 4. Rolling optimization of fuel cell current prediction based on
virtual-vector-based MPC.

C. IMPROVED VIRTUAL-VECTOR-BASED MPC FOR THE
GRID-TIED DC/AC CONTROL

This section analyzes the improved virtual-vector-based MPC
for the grid-tied dc-ac inverter. The model of the inverter in
Fig. 1 can be described by:

dig (t)
dt
Thus, the differential of the grid current iy can be approxi-

mately expressed as:
dig (1) _ ig(k+ 1) —ig (k)
dar Ts ’

The predicted current value at the next sampling instant,
ig(k + 1) can be given by substituting (17) into (16):

g (1) = Rig + Lt +ug (1) . (16)

17)

ig (k+1) = T L [Liig (k) + Tsuan(k) — Tsug(k)] .
(18)
Design the cost function can be created as follows:
Iy = lig (k+1) = i (k + 1) (19)

where, ig*(k + 1) is the current reference of the grid at the
(k + 1th instant.

According to the different states of the four switches
S1 — S4, the inverter has only three possible output states
in each switching time with traditional MPC, as shown
in Fig. 5(a). A large number of the virtual states that can be
constructed and utilized are ignored between 0 to ug. and O to
—ugc. This will lead to much harmonics in the grid current i.

When the virtual-vector-based MPC which analyzed in
section A is adopted in the inverter, the number of the voltage
vector will be increased, as shown in Fig. 5(b), these vectors
include four real vectors (the circle symbols in red) and
several constructed virtual vectors (the square symbols in
black).

Obviously, the larger the n, the better tracking perfor-
mance of the grid current iz, but the computational load will
also increase. The huge amount of calculation increases the
computational load of the digital signal processor (DSP).
Therefore, it is only a theoretically possible to find a perfect
virtual vector for every actual value in the whole control
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FIGURE 5. Voltage vectors generated by the single-phase inverter.
(a) With the traditional MPC. (b) With the virtual-vector-based MPC.
(c) With the improved virtual-vector-based MPC.

space. For meeting the computing load, and make it feasible
to implement by a digital microcontroller unit, the number
of vectors n, cannot be too high, there will be non-ignorable
error between the actual operation of the system and the
virtual vector. As the ideal grid voltage and current converted
to the @B axis of the two-phase static coordinate system is a
vector circle rotating at angular frequency w, the control tar-
get of the grid-tied inverter is to approach this circle infinitely.
Therefore, this paper proposes an improved method of con-
structing virtual vector, with two steps. Initially, the sector
information of the ideal grid voltage and current is used for
the preselection of the reference vector. After the calculation
of the reference vector for the first step, the improved virtual
vectors are constructed in the second step. Finally, the optimal
vector is selected by the cost function. This method is more
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FIGURE 6. Rolling optimization of inverter output current prediction
based on improved virtual-vector-based MPC.

in line with the actual operation of the system, while reducing
the amount of calculation.

The improved method of constructing virtual vector can be
described as two parts:

1) Calculate reference vectors: dividing the vector circle
into z sectors equally, and then calculates the cosine
value corresponding to radian angle of each sector.

2) Construct the improved virtual vectors: dividing the
vector reference of each sector into n parts equally.

Taking a quarter cycles as an example, divide a quarter

vector circles into z sectors as shown in the Fig. 5(c). Where
h; is the reference vector corresponding to different sectors.
It can be expressed as:

90°\ .
By = cos [(-) (i — 1)} , (20)
Z

where i is an integer between 1 to z.

Therefore, the improved virtual vector Vp;,, can be
obtained by dividing the reference vector h; equally within
each sector:

Viem = m 1)

where m is an integer between 1 to n.

The vectors in Fig. 5(c) include four real vectors (the circle
symbols in red) and several constructed virtual vectors (the
square symbols in black).

In the improved virtual-vector-based MPC, the output
inverter voltage can be given as:

m
Uab = i;hiudc- (22)

The predictive current process of rolling optimization is
shown in Fig. 6. All the states of u,}, in (22) will be placed
in (18) and ig(k + 1) can be calculated. Then, ig(k + 1) is
substituted in the cost function J>. The amount of iy(k + 1),
which minimizes the cost function, determines the reference
voltage u,,* of the inverter. The duty cycle can be obtained
as:

%
u
Ty = -2,

or, Ty= "hT.. (23)
Ude n
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TABLE 1. Switching table for applying vectors in the proposed
virtual-vector-based MPC.

Detected Selected T
sectors vector T T
Vi (m/m)7(1,0)
Sector 1 ., m/n)V:,(l,O)
Vo (m/n)¥, (h,0)

Sector 2

Vn (m/n)V., (0.1)

71(0,0)

Vi (m/n)¥,, (hy,0) Va(1,1)
Sector 3 Vo (m / Vl)V,h (O, hz)

Vi (m/ ”)Vh‘,,,] (h(kl)ao)
Sector z v

(/¥ (04

Sampling wua(k), is(k)
and wu.(k)
Uy,== = haty,
3
iy (k+1)= H[Lfig (k) + Tt (k) — T, (k) |
i
Jy =i, (k+1)=i; (k+1)
No
m=n?
Yes

Select the voltage vector of
minimum J: value

End

FIGURE 7. The control flow chart of the improved virtual-vector-based
MPC.

After the determination of the inverter voltage reference
uap™, this vector will be applied by switching table shown
in Table 1. In this case, the optimal vector selected by the
cost function is applied during Ty, and then the rest of the
switching time Ty is compensated by the zero vector (V1, V),
where:

To=Ts — Tq. (24)

The control flow chart of the improved virtual-vector-
based MPC is shown in Fig. 7.

The control block diagram of single-phase grid-tied dc-
ac inverter is shown in Fig. 2. This control method adjusts
the dc-link voltage and controls the output current at the
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FIGURE 8. Simulation results of fuel cell current at steady-state. (a) With
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FIGURE 9. The FFT analysis of fuel cell current.

TABLE 2. Parameters for simulation.

Parameters Symbols Values Unit
Input voltage Upc 85 v
dc-link voltage Uge 180 A\
Grid voltage Uy 110 \%
Frequency of the grid f 50 Hz
Input capacitor C 20 uF
dc-link capacitor Cae 200 uF
de-link inductor L 2 mH
Filter inductance L¢ 2 mH
Filter leakage resistance R 0.001 Q

same time. The MPC algorithm based on virtual vector is
reasonably improved to enhance the tracking effect, and it has
high accuracy but without much computational demand. This
will cause a good performance in terms of THD.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS

To verify the efficacy of the proposed method, simulation
has been carried out in the MATLAB-Simulink environ-
ment. The parameters used in the simulations are presented
in Table 2. Fig. 8 shows the steady-state analysis of the boost
circuit in the grid-tied PEMFC power generation system.
As shown in Fig. 8(a), when PI controller is used, it can
be seen that the fuel cell current has a large ripple, 11A

55138

Le=1mH

25

098 0982 0984 098 0988 099 0992 099 099 0998 1
(@
Li=2mH

=25

098 0982 0984 0986 00988 099 0992 0994 0.99 0998 1
(b)
Ls=3mH

-250,98 0982 0984 0.986 0988 099 0992 0994 099 0998 1
(©)
FIGURE 10. Grid current by the improved virtual-vector-based MPC in
various grid impedance condition. (a) L = 1mH. (b) L = 2mH. (c) L = 3mH.

(peak-peak value) is observed. When the virtual-vector-based
MPC is adopted, the 2w fuel cell output current ripple can
be effectively mitigated, as shown in Fig. 8(b). The cur-
rent ripple can be mitigated from 11A to 1.7A (peak-peak
value). Fig. 9 shows the fast Fourier transform (FFT) analysis
results under the two control methods. When traditional PI
control is adopted, the amplitude of the 2w current ripple
reaches 4.75A. However, with the virtual-vector-based MPC,
the 2w ripple decreased from 4.75A to 0.078A. This result
effectively shows the 2w current ripple on the dc side is
significantly inhibited.

The proposed control method is based on a switching table
in Table 1, where the algorithm searches the best voltage
vector to track the current reference. Therefore, the change of
inductor Ly has little effect on the proposed controller. As the
predictive control of the current is carried out in this paper,
the system parameter capacitance C does not affect the pre-
dictive control process when the model is established, and the
resistance R is so small that it can be ignored. So we only carry
out simulation analysis on the change of the inverter output
current ig when the inductance Lf changes. Fig. 10 shows the
comparison of grid current when the grid impedance changes
from 1mH to 3mH. It can be seen that the proposed MPC
controller is robust against the variation and keeps the grid
current stable. Meanwhile, the change of grid impedance does
not bring obvious oscillation.

The transient responses to load step change from 1500W
to 3000W are plotted in Fig. 11 and Fig. 12 under identi-
cal conditions with the simulation results in Fig. 8. In the
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FIGURE 11. Step response at transient-state of traditional PI control.
(a) Fuel cell current. (b) Inverter output voltage and current.
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FIGURE 12. Step response at transient-state of virtual-vector-based MPC.
(a) Fuel cell current. (b) Inverter output voltage and current.

case of using the PI control, there is a huge overshoot of
approximately 45% and the settling time is 40ms, as shown
in Fig. 11(a). However, when using the virtual-vector-based
MPC, the transient response is greatly improved. As a result,
the overshoot is suppressed to 4%, as shown in Fig. 12(a),
only 1.5ms settling time is needed.

Under the same condition, the simulation results of tradi-
tional MPC, virtual-vector-based MPC and improved virtual-
vector-based MPC are compared. The waveforms of dc-link
voltage, the inverter output current and grid voltage are shown
in Fig. 13. As shown in Fig. 13(a), when traditional MPC
is used, the output current waveform of inverter is seriously
distorted, which cannot meet the requirements of power
quality. However, as shown in Fig. 13(b) and Fig. 13(c),
the waveforms show that the quality of the inverter output
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FIGURE 13. Simulation results of dc-link voltage and inverter output
voltage and current. (a) With traditional MPC. (b) With
virtual-vector-based MPC. (c) With improved virtual-vector-based MPC.

current is continuously improved, when the improvement
of MPC is adopted. Obviously, with the improved virtual-
vector-based MPC, the quality of the grid current is improved
to meet the requirement of grid-connected standards. For easy
comparison, the inverter current scale is magnified by 5 times
as the original value.

The THD of the output current under the three methods
are compared through the FFT analysis. With traditional
MPC, 18.09% of THD in the grid current has been measured,
as shown in Fig. 14. When the virtual-vector-based MPC is
adopted, its THD decreased to 3.98%, and when the improved
virtual-vector-based MPC is adopted, only 2.59% of THD has
been measured. It is easy to see that the proposed method in
this paper effectively reduces the THD.

B. EXPERIMENTAL RESULTS

To verify the theoretical analysis, an experimental prototype
of a fuel cell power generation system with a rated power
of 1.5k VA is built and tested, with 20kHz sampling frequency
and switching frequency, as shown in Fig. 15. A Chroma
programmable dc source simulator (62150H) is used, with
the I-V Current Edit function, for the fuel cell imitating.
L¢ is 2mH, the capacitance of the dc-link capacitor Cgy is
200uF. The parameters of the prototype are shown in Table 3.
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FIGURE 14. FFT analysis results of output current. (a) With traditional
MPC. (b) With virtual-vector-based MPC. (c) With improved
virtual-vector-based MPC.

TABLE 3. Parameters of the prototype.

Parameters Symbols Values Unit
Fuel cell voltage Urc 75~92 A\
Bus voltage Uge 180 \%
Grid voltage Uy 110 v
Sampling frequency fs 20 kHz
Switching frequency f 20 kHz
de-link capacitor Cye 200 uF
Filter inductance L¢ 2 mH
Filter leakage resistance R 0.001 Q

The control algorithm of the converter is realized
on a universal control board (digital signal processor
TMS320F28335 and CPLD XC9536XL).

The steady-state experimental waveforms are shown
in Fig. 16. In this working state, the grid current i, is sinu-
soidal and in phase with the grid voltage us. Fig. 16(a) shows
the experimental results of using the traditional PI algorithm
at rated power, the 6.2A (peak-peak value) current ripple
of the fuel cell current ipc is measured in the input side.
On the other hand, Fig. 16(b) shows the ripple of the fuel
cell current is suppressed by the proposed improved MPC
method. The low frequency current ripple, especially the 2w
ripple, is approximately eliminated to zero, which effectively
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FIGURE 16. Experimental results at steady-state. (a) With traditional Pl
control. (b) With the proposed improved MPC.

solves the adverse effect of excessive current ripple on the
fuel cell. In order to observe the change of the fuel cell voltage
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FIGURE 18. Experimental results at transient-condition.

more intuitively, the waveform of the fuel cell voltage ugc is
shown in Fig. 17.

It is noticed that, since the studied prototype in this paper
has no energy storage element, the oscillation energy at 2w
will still exist in the system. Therefore, while the low fre-
quency current ripple on the dc side is eliminated, the coupled
power ripple is transferred from the fuel cell current to the
dc-link voltage, and there is an increase in the voltage ripple,
which will bring some drawbacks to the system. First, it may
cause the instability in the system. Second, it may increase
the distortion of output current, which will affect the output
power quality. As the improved virtual-vector-based MPC
method is adopted in this paper, the drawbacks above can be
effectively addressed. The dynamic response of the system
and the output power quality can be improved, and meet the
requirement of grid-connected standards.

In addition, the decoupling control method proposed in this
paper was used to analyze the abnormal step response when
the power changes sharply from 1000W to 2000W, as shown
in Fig. 18, overshoot and undershoot occur during the rise and
fall of the transient load, respectively. The settling time under
step-up and step-down conditions is within one fundamental
frequency cycle. With the proposed control algorithm of the
boost circuit, the transient response of the system is very fast
and robust. In addition, even if the load step changes sud-
denly (such as an abnormal situation), the proposed scheme
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FIGURE 19. Experimental results for different power factor with the
proposed improved MPC. (a) cosy = 0.95. (b) cosp = —0.95.
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FIGURE 20. Experimental results of virtual-vector-based MPC.
(a) Waveform of grid voltage and current. (b) THD.

can effectively eliminate the 2w current ripple. Experimental
results are in good agreement with the simulation results.

In order to further illustrate the feasibility of the decou-
pling control method proposed in this paper, the experimen-
tal results of different power factors are given. According
to the new international standards for grid-connected dis-
tributed generation system, when the power level is between
3.68kVA and 13.8kVA, the commended power factor of a
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FIGURE 21. Experimental results of improved virtual-vector-based MPC.
(a) Waveform of grid voltage and current. (b) THD.

grid-connected inverter is from 0.95 leading to 0.95 lag-
ging [31]. Furthermore, reactive power should be provided
to the power grid to improve the power quality of the grid.
As shown in Fig. 19(a), it can be seen that the grid current
ig lays grid voltage ug, with power factor cosp = 0.95.
As shown in Fig. 19(b), the grid current i, is ahead of the grid
voltage ug, with cosp = —0.95. Where, ¢ is the phase angle
between grid voltage and current. It can be clearly seen from
the experimental waveforms that the low frequency current
ripple on the fuel cell current igc is effectively suppressed in
the above two cases.

Fig. 20 shows the waveforms of grid voltage and current
when a traditional MPC is used in a dc-ac inverter. The THD
of the grid current iy is 3.4%. In addition, the improved
virtual-vector-based MPC method proposed in this paper
improves the ac output power quality. The THD of the grid
current iy is reduced from 3.4% to 2.1%, as shown in Fig. 21.

V. CONCLUSION

This paper proposes a novel power decoupling control
for single-phase grid-tied PEMFC systems, which uses an
improved model predictive control algorithm. This method
can reduce the input ripple without extra hardware and cost,
it has outstanding performance at steady-state as well as
a transient-state. In application, due to the limited number
of voltage vectors in the traditional MPC method, it will
bring about defects such as inaccurate tracking, large rip-
ple and high THD. This paper proposes an improved vir-
tual vectors construction method, with two-step optimization.
This method can ensure high dc and ac power quality. The
experimental results verified the reliability of the proposed
algorithm.
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In real world, since the converter operates different from
its ideal theoretical condition, we will add an observer to the
MPC controller in the subsequent work to operate the MPC
through online measurement of the output power, so as to
achieve better control accuracy.
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