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Finite control set model predictive control (FCS-MPC) for three-phase power converters uses a discrete mathematical model of
the power converter to predict the future current value for all possible switching states. �e circuit parameters and measured input
currents are necessary components. For this reason, parameter error and time delay of current signalsmay degrade the performance
of the control system. In the previous studies of the FCS-MPC, few articles study these aspects in detail and almost no method is
proposed to avoid these negative in	uences. �is paper, 
rst, investigates the negative impacts of inductance inaccuracy and AC-
side current distortion due to the time delay caused by 
lter on FCS-MPC system. �en, it proposes an observer-based FCS-MPC
approach with which the inductance error can be corrected, the current signal’s time delay caused by 
lter can be compensated,
and therefore the performance of FCS-MPC will be improved. At last, as an example, it illustrates the e�ectiveness of the proposed
approach with experimental testing results for a power converter.

1. Introduction

Power converters based on pulse-width modulation (PWM)
technology have beenwidely applied inmodern industry 
eld
[1–3]. PWMconverters are becomingmore andmore popular
in recent years. Comparing with the traditional diode-based
recti
ers, the PWM converters have many advantages such
as unity power factor, bidirectional power 	ow, and low
harmonic distortion [4]. Finite control set model predictive
control (FCS-MPC) is an alternative control strategy for
power converters and drives. �is method has developed
rapidly in the past few years [5–8]. Taking into account the
discrete nature of power converters, FCS-MPC predicts the
future behaviors for all possible switching states over a time
frame (
nite sampling instants), and the optimal one that
minimizes the cost function is selected to obtain the desired
output. FCS-MPC has attracted experimental applications
due to its advantages such as 	exibility to control di�er-
ent variables, inherent decoupling behavior, fast dynamic
response, and easy inclusion of nonlinearities and constraints
[9–14].

In FCS-MPC based system, parameter uncertainty and
measurement noise may a�ect the behaviors of the control
system. �e negative in	uences of the errors of equivalent
series resistance and input inductance have been addressed
in several publications [15, 16], but extensive studies on
this issue were not performed and method to avoid the
negative in	uence introduced by parameter error has not
been addressed so far.

�e classical FCS-MPC algorithm only chooses one
switching state in each sampling period, so the switching
frequency is not constant. Although the transient response
is better, it demands high sampling frequency and the
impact of control system time delay is more obvious on the
operating performance. In practical applications, time delays
can be caused by signal measurement, 
ltering, calculation,
and actuation. Among them the calculation and 
ltering
have an obvious impact on the performance of the control
system. A two-step-ahead prediction has been proposed to
compensate the calculation time delay [15, 17, 18]. Article [18]
provides a clear and detailed explanation of the two-step-
ahead prediction.
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Figure 1: Block diagram of the FCS-MPC based power converter.

Filtering is another factor which will cause the time
delay of the control system. To remove the unwanted high-
frequency noise, the current signals need to be 
ltered
before the A/D conversion. �e signal 
ltering introduces
time delay and causes deviation on sampling signals, which
consequently cause a high current ripple of the power con-
verter. Finally, the performance of the system is signi
cantly
deteriorated.

Although the calculation time delay has been discussed
in some articles, the time delay caused by 
lter almost
has not been discussed in the FCS-MPC strategy. In the
classical linear control methods for power converters, such
as PI current controllers with pulse-width modulation based
methods, the 
lter time delay can be solved by adjusting the
parameters in the PI or other linear controllers, but, in FCS-
MPC system, the situation is di�erent. �e FCS-MPC is a
nonlinear control algorithmwithout modulation, so it has no
parameters similarwith those in PI controller. For this reason,
it is necessary to 
nd a new method to avoid the negative
in	uence caused by 
lter time delay.

In this paper, the impacts of the input inductance error
and 
lter time delay are analyzed in detail, respectively. A
novel observer-based FCS-MPC strategy is proposed in the
2-level power converter. �is algorithm can compensate AC-
side inductance error and time delay caused by the 
lter.
Finally, experimental results are presented to validate the
theoretical studies.

2. Operating Principle of Classical FCS-MPC

Like classical control strategy of power converters, the FCS-
MPC based power converter, as shown in Figure 1, has
two control loops. �e voltage control loop includes a PI
controller to minimize the di�erence between the output
DC bus voltage and its reference, while the current control
loop is based on FCS-MPC strategy, which keeps the ��-
axis currents tracking its references. In the controller, the
reference angle of the source voltage can be estimated by the
phase-locked-loop (PLL).

Below begins with the development of the discrete-time
model of a power converter circuit, shown in Figure 2, and
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Figure 2:�e topological structure ofmain circuit of a 2-level power
converter.

then brings up the factors which a�ect the performance of
corresponding FCS-MPC strategy.

According to the circuit topology of the 2-level power
converter shown in Figure 2, the voltage equations of the 2-
level power converter can be written as

�d��
d� = �� − �� − 	��,

�d��
d� = �� − �� − 	��,

�d��
d� = �� − �� − 	��,

(1)

where ��, ��, and �� are the input currents; ��, ��, and �� are
the source voltages; ��, ��, and �� are the converter voltages;
	 is the equivalent series resistance; and � is the AC-side
inductance.

Performing Clarke transformation on (1), the voltage
equations in stationary �-� reference frame can be obtained
as

�d��
d� = �� − �� − 	��,

�
d��
d� = �� − �� − 	��,

(2)

where �� and �� are the input currents; �� and �� are the source
voltages; and ��, �� are the converter voltages.

Using the 
nite di�erence approximation, the derivative
term d�/d� in (2) can be expressed by

d�
d� ≈ � (� + 1) − � (�)

� (� + 1) − � (�) = � (� + 1) − � (�)
� , (3)

where �(� + 1) and �(�) are the current at time instant �(� + 1)
and �(�), respectively. � is the sampling time of the current
control loop.
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Table 1: Voltage space vectors.

 �� �� �� [��� ���]
0 0 0 0 [0, 0]
1 1 0 0 [2�dc/3, 0]
2 0 1 0 [−�dc/3, √3�dc/3]
3 1 1 0 [�dc/3, √3�dc/3]
4 0 0 1 [−�dc/3, −√3�dc/3]
5 1 0 1 [�dc/3, −√3�dc/3]
6 0 1 1 [−2�dc/3, 0]
7 1 1 1 [0, 0]

Substituting (3) into (2) and rearranging the equations
give the discrete-time expression for currents in the power
converter

�� (� + 1) = �
� [�� (�) − �� (�) − 	�� (�)] + �� (�) ,

�� (� + 1) = �
� [�� (�) − �� (�) − 	�� (�)] + �� (�) .

(4)

From (4), then, the formula used for current prediction
can be obtained as

��� (� + 1) = �
� [�� (�) − ��� (�) − 	�� (�)] + �� (�) ,

��� (� + 1) = �
� [�� (�) − ��� (�) − 	�� (�)] + �� (�)

 = 0, 1, . . . , 7,

(5)

where  denotes the switching state of IGBTs, which has eight
options; ���(�) and ���(�) are the converter’s input voltages at
time instant �, under IGBT switching state ; ���(� + 1) and
���(� + 1) are the input currents predicted for the next time

instant, � + 1, under the same IGBT switching state .
Table 1 gives the determination of ��� and ���, correspond-

ing to each IGBT switching state  = (0, . . . , 7), where �� �� ��
denotes the switching signals at three IGBTs at top of power
converter circuit, shown in Figure 2, while the other three
IGBTs at the bottom are the inverse signals of �� �� ��.

To achieve an optimal prediction, a cost function needs to
be de
ned.�e cost functionsmay take di�erent forms based
on di�erent purposes [15]. Here in this paper, the summation
of the square of the di�erence between the predicted currents
and the reference currents in �-axis and �-axis, respectively,
is adopted:

�� (� + 1) = [�∗�(� + 1) − ���(� + 1)]2

+ [�∗� (� + 1) − ��� (� + 1)]2

 = 0, 1, . . . , 7,

(6)

where �∗�(�+1) and �∗�(�+1) are the reference currents at time

instant � + 1.
Finally, the optimal prediction is considered to be

achieved by applying the corresponding switching state

which gives the smallest ��(� + 1) over the time range from
�(�) to �(� + 1).

Figure 1 and the current prediction (5) indicate that the
performance of the FCS-MPC presented above depends on
the accuracy of parameters (such as � and 	) and input
currents �� and ��. � varies with the saturation status of
the inductor core due to the magnetization nonlinearity; the
accuracy of input currents is unavoidably a�ected by the
signal 
ltering process. In the following section, impacts of
parameter variation and 
ltering-resulted time delay on the
FCS-MPC are studied.

3. Observer-Based FCS-MPC for
Power Converters

3.1. Inductance Observer. Inductance error, discussed here,
is the di�erence between the inductance value used by FCS-
MPC strategy and the actual inductance value of the physical
inductor. In this paper, the inductance value used by FCS-
MPC strategy is called “model inductance,” and the actual
value of the physical inductor is called “actual inductance.”
Inductance error, resulted in such a way, may deteriorate the
performance of FCS-MPC. Experimental results in Figure
3 are an example to illustrate this concern. It can be seen
that the input current waveform distortion becomes obvious
when model inductance �	 used by the current prediction
calculation becomes 40% of its actual value.

�e function of the proposed inductance observer is to
estimate the actual value of the inductance in the power
converter.

Considering (4), one can obtain the expression of the �-
axis current at time instant �

�� (�) =
�
� [�� (� − 1) − �� (� − 1) − 	�� (� − 1)]

+ �� (� − 1) .
(7)

�e estimated value of the inductance can be de
ned as �̂.
With the estimated inductance �̂, the estimated current �̂�(�)
is

�̂� (�) =
�

�̂ (� − 1)
[�� (� − 1) − �� (� − 1) − 	�� (� − 1)]

+ �� (� − 1) .
(8)

Subtracting (7) from (8), one can obtain the reciprocal of
actual inductance � as

1
� = 1

�̂ (� − 1)
+ �� (�) − �̂� (�)

� [�� (� − 1) − �� (� − 1) − 	�� (� − 1)] .
(9)
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Figure 3: �e negative impacts caused by inductance error in the current prediction.

With the step value �, the equation for estimating the
value of inductance � can be

1
�̂ (�)

=

{{{{{{{{
{{{{{{{{
{

1
�̂ (� − 1)

+ � �� (�) − �̂� (�)
� [�� (� − 1) − �� (� − 1) − 	�� (� − 1)]

if �� (� − 1) − �� (� − 1) − 	�� (� − 1) ̸= 0
1

�̂ (� − 1)
if �� (� − 1) − �� (� − 1) − 	�� (� − 1) = 0.

(10)

Substituting (8) into (10) and rearranging the equations,
the inductance observer is 
nally obtained as

1
�̂ (�)

=

{{{{{{{{
{{{{{{{{
{

(1 − �)
�̂ (� − 1)

+ � �� (�) − �� (� − 1)
� [�� (� − 1) − �� (� − 1) − 	�� (� − 1)]

if �� (� − 1) − �� (� − 1) − 	�� (� − 1) ̸= 0
1

�̂ (� − 1)
if �� (� − 1) − �� (� − 1) − 	�� (� − 1) = 0.

(11)

Since the 1/�̂(�) can be directly applied into the current

prediction in (5), the calculation for �̂(�) is not needed. �is
will avoid the ampli
cation of noise in the division operation.
By changing the parameter �, the dynamic response speed of
the observer can be adjusted.

3.2. Filter Time Delay Observer. FCS-MPC is a control
algorithm which uses current signal to perform the current
prediction then voltage vector selection for IGBT switching
control. In possible future applications, the implementation
of FCS-MPC requires a 
ltering operation on the measured
current signals to ensure FCS-MPC functions as expected. In
Figure 1, the 
lter block is usually placed in front of ���/��
transformation block to serve such a purpose. A properly
designed 
lter does help to take the unwanted high frequency
harmonic noises o� the measured current signals. However,
the 
ltering operation results in a time delay between the
current signal before 
ltering and the current signal a�er

ltering. �e time delay of the current signal plays a negative

role in FCS-MPC. �e in	uence of time delay distortion of
currents on FCS-MPC is investigated and some results are
presented below.

Figure 4(a) shows that the current signal time delay
increases with the decrease of the 
lter cut-o� frequency.
�e utilization of 
lter of lower cut-o� frequency cleans the
harmonics noise better, but it results in a longer time delay of
the current signal, in other words, more time delay distortion
of the current signal.

As a result, Figure 4(b) gives the comparison of the
three-phase current waveforms obtained by using a 1-order
low-pass 
lter of cut-o� frequency of 1 kHz and 20 kHz,
respectively. It shows that the current waveform obtained
with the use of 1 kHz cut-o� frequency 
ltering containsmore
low frequency harmonics than the one obtained with the use
of the 20 kHz cut-o� frequency 
ltering. Such a result tells us
that low-pass 
ltering removes the unwanted high frequency
noises but brings in low frequency harmonics due to the time
delay distortion of the current signal.

�e identi
cation of the problems promotes 
nding
approaches to solve them. A 
lter time delay observer is
proposed to eliminate the corresponding negative impacts of
the 
ltering-resulted time delay on FCS-MPC. It is presented
below starting with the mathematical description of the
power converter circuit.

According to (2), the state equation of the power con-
verter can be obtained as

d��
d� = −	

� �� +
1
��� −

1
���,

d��
d� = −	

� �� +
1
��� −

1
���.

(12)

Taking consideration of the 1-order low-pass 
lter opera-
tion on the current signals, one has

� (�) =
 � (�)
 (�) = 1

1 + �� , (13)

where  (�) is the current signal before 
ltering;  �(�) is the
current signal a�er 
ltering; �(�) is transfer function of 
lter;
� = 1/(2!"�); and "� is the cut-o� frequency of the 
lter; this
equation is shown in frequency domain.
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Figure 4: �e negative impacts caused by 
ltering-resulted time delay on FCS-MPC.

Equation (13) can be rewritten into the state equation
form. Considering the current signals 
ltering in the FCS-
MPC based power converters, one has

d���
d� = 1

� �� −
1
� ���,

d���
d� = 1

� �� −
1
� ���,

(14)

where �� and �� are the current signals before 
ltering and ���
and ��� are the current signals a�er 
ltering.

With the consideration of (12) and (14), the proposed

lter time delay observer is presented as follows:

d�̂�
d� = 1

��� −
1
��� −

	
� �̂� + # (��� − �̂��) ,

d�̂�
d� = 1

��� −
1
��� −

	
� �̂� + # (��� − �̂��) ,

d�̂��
d� = 1

� �̂� −
1
� �̂��,

d�̂��
d� = 1

� �̂� −
1
� �̂��,

(15)

where �̂� and �̂� are the estimated current signals before


ltering; �̂�� and �̂�� are the estimated current signals a�er

ltering; and # is the proportional parameter of the observer.

�e function of the proposed 
lter time delay observer is
to provide FCS-MPC with the currents which do not contain
unwanted high frequency noise and without time delay. In
other words, the purpose of the 
lter time delay observer is to
eliminate the impacts of the current signals time delay caused
by 
lters. �e 
lters can also cause time delay on the source
voltage signals, but the source voltages can be regarded as
system disturbance variables instead of state variables of the
system; the time delay on these variables (�� and ��) has lower
impact on the performance of the power converter, so, in this
paper, the source voltage signals �� and �� are thought to not
have changed a�er the process of 
ltering.
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î� î�1/L̂
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Figure 5: Block diagram of the proposed FCS-MPC scheme with
designed observer.

3.3. Observer-Based FCS-MPC. �e working principle of
proposed observers and their integration with the FCS-MPC
are presented in the following section.

�e inductance observer and the 
lter timedelay observer
interact with each other to enhance their performance.

Inductance observer uses the estimated currents �̂� and �̂�
(without 
ltering-resulted time delay) provided by the 
lter
time delay observer to obtain a closer estimation for �;

lter time delay observer uses �̂ estimated by the inductance

observer to obtain currents �̂� and �̂� to be more desirable for
FCS-MPC.

Finally, integration of the combined observer block with
the FCS-MPC of power converter shown in Figure 1 gives the
control diagram of the observer-based FCS-MPC of power
converter, which is shown in Figure 5.
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Table 2: �e main experiment parameters.

Parameters Values

Rated voltage (line-line) 110V (Rms)

Equivalent series resistance 1.20Ω
AC-side inductance 5.0mH

Load resistance 41.4Ω
DC voltage 180V

Comparing the control diagram in Figure 5 with the one
in Figure 1, one can restate the advantages of the observed-
based FCS-MPC over the previous FCS-MPC. With the use
of the proposed observer, FCS-MPC performs the IGBTs
switching state determination by using the estimated value
of inductance instead of a supposed 
xed value and the input
currents without unwanted noise and 
ltering-resulted time
delay instead of currents with 
ltering-resulted time delay.
As a result, the observer-based FCS-MPC power converter
is expected to provide a better control performance than the
previous FCS-MPC power converter.

�e e�ectiveness of the proposed inductance observer
and the 
lter time delay observer is veri
ed by the experi-
mental testing. Details are presented below.

4. Experimental Verification

An experimental platform (shown in Figure 6) was devel-
oped using TI 	oating point digital signal processing (DSP)
TMS320F28335.�e sensor signals are 
ltered by 1-order low-
pass 
lter. �e experimental parameters are shown in Table
2. �e sampling time of the current control loop is 50's
(� = 50 's).

4.1. Inductance Error Compensation. Figure 7 shows perfor-
mance of the inductance observer in the FCS-MPC based
power converter. To minimize the in	uence of the time delay
caused by 
lters, the cut-o� frequency of 1-order 
lter is
20 kHz.

Figure 7(a) shows the accuracy and dynamic perfor-
mance of the inductance observer. �e actual inductance �
can change rapidly between 5.0mH and 6.2mHby cutting-in
or cutting-o� an additional inductor (1.2mH). In the 
gure,

it can be seen that the output result �̂ of the inductance

Table 3: Time dependencies for the proposed algorithm.

Module
Execution
time ['s]

Total algorithm 33

Sampling and A/D conversion 5

FCS-MPC strategy (including voltage loop and PLL) 12.5

Calculation delay compensation 2

Proposed observer 3.5

Others (protection, DAC, etc.) 10

observer traces the actual inductance � with high speed and
well accuracy.

In Figure 7(b), the model inductance �	 used by the
current prediction calculation is 40% of its actual value, that
is, �	 = 2.0mH and � = 5.0mH. It can be seen that, because
of the inductance error, the current distortion of �� is obvious.
When the estimated value of the inductance observer is added
into the control system, the current distortion of �� becomes
much smaller.

4.2. Filter Time Delay Compensation. Figures 8 and 9
show the experimental performance of the 
lter time delay
observer. �e cut-o� frequency of the low-pass 
lter is 1 kHz.
�e model inductance �	 is 5.0mH and the same as actual
value � in the physical system.

In Figure 8, the power converter operates in the intense
background noises environment. It can be seen that, because
of the time delay caused by 
lter, the current distortion is
more obvious. Moreover, the actual current �� contains a lot
of high frequency noise. With the process of the 
lter, the
current �af a�er 
ltering is smoother than �� but with the time

delay, while the estimated current �̂� is not only smooth but
also with no time delay compared to the actual current ��.

In Figures 9(a) and 9(b), it can be seen that, a�er

the addition of the estimated results (�̂� and �̂�) of the
observer, the ripple of the currents becomes much lower.�e
performance of power converter system has been improved
with the observer. In the experiment, the background noises
have been weakened to make current waveforms easy to be
distinguished.

4.3. Startup Sequence of the Observers. Figure 10 presents the
current waveforms with di�erent startup sequence of the
inductance observer and 
lter time delay observer. It can be
seen that the observers operate stably and well in the follow-
ing two types of situations. �is shows well 	exibility and
stability of the proposed observer-based FCS-MPC for power
converters. �e background noises have been weakened to
make current waveforms easy to be distinguished.

4.4. Execution Time of the Observer. �e detail execution
time of the proposed observer-based FCS-MPC is given
in Table 3. It can be seen that, compared with the entire
execution time of the FCS-MPC algorithm, the cost time
(3.5 's) of the observer program is relatively small.
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Figure 9: Experimental waveforms of the 
lter time delay observer.

5. Conclusions

A three-phase power converter system based on FCS-MPC
is built in this paper. Considering existing model parameter
error and
lter timedelay in the FCS-MPC strategy, this paper
analyzes the impacts of the input inductance error and 
lter
time delay, respectively. �e input inductance error and 
lter
time delay produced obvious impacts on the performance of
power converters.

�e designed model-based observer can estimate the
actual value of inductance and the currents without 
lter time
delay. With the addition of the observer, the robustness and
performance of FCS-MPC strategy have been improved. �e
experimental results show that, comparedwith the traditional

FCS-MPC algorithm, the proposed algorithm can e�ectively
eliminate the in	uences produced by inductance error and

lter time delay, such as the distortion and harmonic of the
input current. �e proposed FCS-MPC based power con-
verter has lower current THD andmore concentrated switch-
ing frequency distribution with the addition of the observer.
�e cost time of the observer program is relatively small.
�ese aspects are good for the practical implementation.
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Figure 10: Waveforms of the currents �� and �̂� (3.0 A/div) with di�erent startup sequence of the observers. (a) Filter time delay observer
starts 
rst, then the inductance observer starts (A: 
lter time delay observer starts;B: the estimated values of 
lter time delay observer are
passed to the current prediction of FCS-MPC; andC: the inductance observer starts and passes its estimated value to the current prediction
of FCS-MPC). (b) Inductance observer starts 
rst, and then the 
lter time delay observer starts (A: the inductance observer starts and passes
its estimated value to the current prediction of FCS-MPC;B: 
lter time delay observer starts; andC: the estimated values of 
lter time delay
observer are passed to the current prediction of FCS-MPC).
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“Model predictive control—a simple and powerful Method



Mathematical Problems in Engineering 9

to control power converters,” IEEE Transactions on Industrial
Electronics, vol. 56, no. 6, pp. 1826–1838, 2009.
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