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Abstract: With the development of power switches and processor performance in recent years, the
control frequency of inverters has been significantly improved. However, limited by technology and
price, the sensor sampling frequency in large-scale industrial applications is much lower than the
inverter control frequency that can be realized. This frequency mismatch limits the performance
improvement of the inverter. In this article, the current and voltage at the non-sampling time are
reconstructed using the current prediction control principle and the input observer theory, allowing
a single-phase inverter to implement multi-sampling rate control with a low sampling frequency
and high control frequency. In addition, an improved adaptive controller is designed to solve the
effect of incorrect model parameters, which realizes adaptive control when the sampling frequency
and control frequency are mismatched. Finally, the effectiveness of the method is verified through a
simulation and experiments. The proposed method can solve the problem of high-speed switching for
inverters under low-sampling-frequency conditions, improving the inverter’s adaptive performance
and robustness.

Keywords: multi-sampling rate control; low sampling frequency; finite control set model predictive
control; adaptive control

1. Introduction

In recent years, the depletion of fossil energy sources has become more pronounced.
The extensive utilization of fossil energy has led to heightened environmental problems.
Hence, there is an urgent need to develop cleaner and more environmentally friendly
alternative sources of energy [1]. As the “hub” to which new energy-generating units, loads,
and electric networks are connected, the performance of a grid-connected inverter directly
affects the efficiency of power generation and the quality of grid-connected power [2].

The inverter’s control strategy has a direct impact on its operating conditions and
performance variations. Intricate application scenarios and conditions have compelled
researchers to investigate and enhance the control technology. The main control meth-
ods for inverters are proportional integral (PI) control [3–5], proportional resonant (PR)
control [6,7], fuzzy control (FC) [8,9], sliding mode control (SMC) [10,11], neural network
control (NNC) [12–14] and model predictive control (MPC) [15]. MPC is a frequently used
control technique in industrial process control. Depending on how many switching vectors
are controlled in one sample period, it can be divided into continuous control set model pre-
dictive control (CCS-MPC) and finite control set model predictive control (FCS-MPC) [16].
FCS-MPC has a straightforward process, no pulse width modulation, a fast response, and
good steady-state performance. It is easy to realize multi-objective cooperative control.
This technique has been widely used for inverter control [17]. The conventional FCS-MPC
algorithm is based on the system model and using voltage and current sampling values to
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predict the possible future behavior of the inverter, to select the optimal switching state;
thus, the control process requires sampling of the circuit state.

The use of GaN-based IGBTs in recent years has dramatically increased the operating
frequency of switching tubes. At the same time, the computing power of processors has also
been significantly improved, with the rapid development of DSP and FPGA technologies.
As a result, the control frequency of inverters has grown from the conventional maximum
of 20 kHz to more than 100 kHz, and even up to 100 MHz, potentially enhancing their
performance significantly. However, in large-scale industrial applications, the sampling
frequency of the sensors used is often lower than the control frequency achievable by the
inverter, due to technical and price limitations. This mismatch in frequency limits the
performance of the inverter. Additional research is required to address this frequency
mismatch issue. Conducting research on implementing high-speed switching control of
inverters at low sampling frequencies is of significant value for industrial applications.

Additionally, changes in temperature and other environmental factors, as well as the
saturation level of the magnetic circuit, can affect the values of inductance and resistance in
the circuit, leading to parameter mismatch. Parameter mismatch can result in deviations
from the predicted values, influencing the best switching vector choice. The study in [18]
concluded that the effect of inductor mismatch on the prediction error is greater than the
effect of resistance mismatch. The study in [19] took the deviation caused by the parameter
mismatch as a disturbance, estimated the disturbance using a Luenberger observer, and
then compensated the deviation back into the original model. However, this control strategy
was designed under the fixed-frequency MPC algorithm and cannot be directly used in
FCS-MPC. The study in [20] introduced an inductance disturbance observer into the current
prediction process, enhancing the robustness against system parameter mismatch. The
study in [21] took the deviation caused by parameter mismatch as a sinusoidal signal. Two
different observer design methods were used to estimate the circuit’s actual resistance and
inductance, by observing the signal’s instantaneous value, amplitude, and phase angle. In
addition to using an observer-based method to compensate for disturbances, the online
parameter identification method can also be used to eliminate the influence of parameter
mismatches. The study in [22] proposed an adaptive online parameter identification
method based on gradient descent optimization, which achieved a high precision and fast
estimation of filter parameters. The study in [23] proposed a data-driven real-time recursive
least squares estimation method, to obtain accurate parameters of the circuit, taking into
account the dependency of FCS-MPC on precise modeling.

There are many corresponding methods for parameter mismatch. All these control
methods have their corresponding advantages and disadvantages. However, one thing
worth noting is that these methods are dependent on the current input and output for
parameter identification, and the control frequency is equal to the sampling frequency at
this time. However, when the sampling frequency is lower than the control frequency,
it is impossible to perform parameter identification at the non-sampling moment. A sig-
nificant identification error will exist if the original parameter identification method is
used. When the mismatch between the sampling frequency and control frequency becomes
more serious, the current tracking error becomes larger and the current THD is higher.
When the sampling frequency is mismatched with the control frequency, the advantages of
high-speed switching of switching tubes cannot be fully exploited. Therefore, further re-
search is required to determine how to achieve parameter identification when the frequency
mismatch remains a concern.

In summary, the research focus of this paper is primarily on two aspects. One is
to improve the conventional FCS-MPC using the current prediction control principle
and input observer theory. The current and voltage are reconstructed at non-sampling
moments, to eliminate the effect of frequency mismatch, to allow high-speed switching
control with a low sampling frequency. The other aspect is to extend the study of parameter
mismatch for the improved FCS-MPC, to enhance its parameter adaptiveness and improve
control stability.
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2. Conventional Unidirectional Inverter FCS-MPC Control Strategy
2.1. Single-Phase Inverter System Model

In this paper, a single-phase inverter is selected as the control object of FCS-MPC, as
shown in Figure 1. Where Udc is the equivalent DC-regulated power supply, L is the filter
inductor, R is the circuit line equivalent resistance, i is the output current, uab is the inverter
output voltage, and ug is the power grid voltage as the simulated load.

Figure 1. Single-phase inverter topology.

According to Kirchhoff’s law, the load current can be described as

L
di
dt

+ Ri = uab − ug (1)

Using first-order forward Euler approximation, the predicted current ip for the next
control cycle can be obtained as

ip(k + 1) =
(

1− RTs

L

)
i(k) +

Ts

L
(
uab(k)− ug(k)

)
(2)

2.2. Introduction to the Conventional FCS-MPC Strategy

The control strategy of the conventional FCS-MPC is shown in Figure 2, where ire f is
the reference current and ip is the predicted current. In order to achieve the same frequency
and phase for the output current and the power grid voltage, the voltage ug(k) can be
used as the input signal, and the phase of the voltage can be locked in real time through a
phase-locked loop θ(k) and then used as the phase of the reference current; therefore, the
reference current can be expressed as

iref (k) = Iref sin(θ(k)) (3)

where Ire f represents the amplitude of the reference current. There are four different
switching state combinations in the single-phase inverter. Each switching state combination
corresponds to a uab, where there are two types of switch state that correspond to the same
uab. Then, they are combined with Equation (2) to obtain three different current prediction
values. The value function is defined as follows:

g =
(

ip(k + 1)− ire f (k + 1)
)2

(4)

The output current tracks the reference current by minimizing the value function, to
obtain the optimal switching state for control in the next moment.

In summary, the controlling idea of FCS-MPC is as follows:

• Predicting the future situation of control variables under different control behaviors
according to the system model;
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• Calculating the value of the value function under different control behaviors, according
to the definition of the value function;

• Determining the optimal control behavior by minimizing the value function.

Figure 2. Schematic diagram of conventional FCS-MPC.

3. Improved FCS-MPC Strategy for High-Speed Switching Control at Low
Sampling Frequency

First, the effect of the conventional FCS-MPC control at low sampling frequency is
analyzed. Second, a method based on the current prediction principle is proposed, to solve
the current low sampling frequency problem. Finally, an input observer prediction method
is used to solve the voltage low sampling frequency problem.

3.1. Analysis of the Effect of Low Sampling Frequency

Implementing FCS-MPC control requires the real-time acquisition of the sampled
values of power grid voltage and output current. The control period needs to be consistent
with the sampling period. When the sampling frequency is lower than the control frequency,
assume that the mismatch ratio between the control frequency and the sampling frequency
is N, and the relationship between the two frequencies is as follows:

fc = N fs (5)

where fc represents the maximum switching control frequency, and fs represents the
sampling frequency of the sensor. Figure 3a,b show the maximum output current track-
ing error and THD variation for different mismatch ratios between the sampling fre-
quency and control frequency (the control frequency is 40 kHz, and the sampling frequency
varies), respectively.

As seen from Figure 3, when the frequency mismatch ratio increases, the sampling
frequency decreases, the output current’s tracking error and THD variation become more
extensive, and the single-phase inverter’s current tracking effect progressively worsens.
The sampling frequency limits the control effect, and the high switching frequency of the
new material switching tube and the processor’s computing power cannot be exploited.
Therefore, the FCS-MPC control method needs to be improved to achieve high-speed
switching control at a low sampling frequency, significantly lower hardware costs, and to
fully utilize the switching controller’s superior performance. The key to solving the low
sampling frequency problem is estimating the output current and power grid voltage at
non-sampling moments, so that the circuit can still achieve high-speed switching control.
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(a) (b)

Figure 3. Situation of output current when the frequency mismatch ratio changes: (a) Tracking error
variation of output current; (b) THD value variation of output current.

An improved FCS-MPC control method is proposed to overcome the low sample
frequency issue, and its schematic diagram is shown in Figure 4. This primarily includes
two parts to solve the low current sampling frequency and low voltage sampling frequency.

Figure 4. Schematic diagram of adaptive control for improved FCS-MPC current and voltage sampling .

3.2. Solving Current Low Sampling Frequency

In the improved FCS-MPC control, the predicted value ip(k + 1), closest to the refer-
ence current, is found by minimizing the value function at the time of kTs, to obtain the best
switching state combination Sk to control the switching tube on/off state.Therefore, during
the control period of kTs ∼ (k + 1)Ts, when the circuit switching tube operates according
to the corresponding state of Sk, ideally, the output current value at the moment (k + 1)Ts
can be approximated as

i(k + 1) ≈ ip(k + 1) (6)

Therefore, the output current is estimated at the non-sampling moment using the
current prediction value obtained in the last moment based on the value function closest to
the reference current, thus solving the current undersampling problem.

To improve the FCS-MPC control strategy such that it continues to work according to
the traditional FCS-MPC at sampling time, but at the non-sampling time, it can first use the
predicted current value ip obtained from the previous control time step, which is closest to
the reference current, to estimate the current output, and then input this into the model
current prediction control module to implement subsequent control processes.



Electronics 2023, 12, 2848 6 of 21

3.3. Solving Low-Voltage Sampling Frequency

As for the output current, it is necessary to collect the reverse electric potential ug in
each control cycle for model prediction. This paper uses an observer to obtain the reverse
electric potential ug in the non-sampling moments.The basic principle of the observer is
as follows: For a system with output variable y and state variable x, the estimated value
of the state x̂ can be directly measured. Based on this, the estimation model of the state is
corrected using the output error (ŷ− y), so that the estimated value of the state x̂ tends
towards the true state of the system.

Denote ug as

ug = a cos(θ(k)) + b sin(θ(k)) (7)

where θ(k) is the phase of the power grid voltage obtained by the phase-locked loop. a
and b are the grid voltage wave fundamental parameters, respectively. As long as the
coefficients a and b are observed, the back electromotive force value at any given time can
be calculated. Take the state variable as

x =
[

x1 x2 x3
]T

=

[∫
ug(t)dtab

]T (8)

Establish the following dynamic system{
ẋ = Ax
y = Cx

(9)

where

A =

 0 cos θ sin θ
0 0 0
0 0 0

 (10)

C =
[

1 0 0
]

(11)

According to Equation (9), the following observer is constructed:{ ˆ̇x = Ax̂ + l(y− ŷ)
ŷ = Cx̂

(12)

l =
[

lob1
0 lob1

a cos θ lob1
b sin θ

]T
(13)

where l is the error feedback matrix, and lob1
0 , lob1

a , lob1
b is the error feedback coefficient to be

set. The error feedback coefficient is selected empirically in this study. If x̂ approaches x as
time t approaches infinity, this means that the state x of the system can be estimated in real
time by using the observer, which means that the information of the grid voltage a, b can be
estimated in real time.

At the sampling moment, the observer can obtain the power grid voltage information
â(k) and b̂(k), combined with the phase-locked loop output θ(k) and ω(k), the voltage
information at the non-sampling moment can be expressed as

ui
g =â cos(θ(k) + i∗ Ts ∗ω(k)) + b̂ sin(θ(k)+i∗ Ts ∗ω(k)) (14)

where i = 1 . . . N − 1, the reverse electric potential at the non-sampling moment can be
observed at ui

g.
The overall process is as follows:

• Derive the iteration equations for each state variable of the observer;
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• Initialize the state variables and set the iteration period, observer parameters, and the
initial phase during the simulation;

• Use sensors to collect the reverse electromotive force values at sampling moments and
input them into the integration section, to calculate the state variables for each period,
thereby obtaining the output of the real system model;

• Continuously iterate to make the state variables of the observer approach the values
of the real system;

• Use the ug sampling values as input to the observer and calculate the observed value
of the reverse electromotive force at non-sampling moments.

The problem of under-sampling the output current i and grid voltage ug at non-
sampling moments has been solved in the improved FCS-MPC to achieve high-speed
switching control at a low sampling frequency.

4. Study on Improved FCS-MPC Strategy Model Parameter Mismatch

Due to complex applications and environmental factors, a single-phase inverter’s
grid-connected operation is susceptible to parameter changes. As a result, the single-phase
inverter’s control performance may be negatively impacted by the model’s inaccuracy and
reduced prediction accuracy when performing current model prediction control. Therefore,
a prediction observer for the actual parameters of the circuit is added to the improved FCS-
MPC in the case of frequency mismatch, to achieve adaptive control, and a control schematic
diagram is shown in Figure 4. Where L̂ and R̂ are the actual inductor-resistance estimates
of the circuit. How to design an observer based on the proposed improved FCS-MPC
algorithm, to estimate the circuit’s actual inductor resistance when the sampling frequency
is different from the control frequency, will be the focus of the work in this section.

4.1. Impact of Inaccurate Parameters

Assuming that the nominal values of the model inductor resistance are L0 and R0, and
the values of the inductor resistance in the actual circuit are L and R, the error in defining
the model parameters is

∆L = L− L0, ∆R = R− R0 (15)

According to Equation (2), the current prediction equation after the parameter correc-
tion is

ip(k + 1) =
(

1− (R0 + ∆R)Ts

L0 + ∆L

)
i(k) +

Ts
(
uab(k)− ug(k)

)
L0 + ∆L

(16)

Therefore, the current prediction error arising from the parameter mismatch is

∆ip =
[
(∆RL0 − R0∆L)i(k) + ∆L

(
uab(k)− ug(k)

)]
× Ts

L0(L0 + ∆L)
(17)

From Equation (17), it can be seen that the current prediction error is closely related to
the parameter error of the inductor-resistor and also proportional to the control period of
the circuit. Hence, the parameter adaption of the model is better when the control frequency
is higher. Defining the deviation as d due to parameter mismatch [21], the system model is
described as follows:

L0
di
dt

+ R0i = uab − ug + d (18)

By subtracting Equation (18) for Equation (1), the expression for the deviation d
is obtained

d = ∆L
di
dt

+ ∆Ri (19)
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Since an outstanding advantage of the MPC algorithm is its superior robustness, the
output current can track the reference current well; then, Equation (19) can be written as

d ≈ ∆RIre f sin(ωt) + ωNIre f cos(ωt) (20)

From Equation (20), the deviation d is also a sinusoidal quantity, the deviation d can
also be expressed in the generic form of a sinusoidal signal, as follows:

d = A sin(ωt) + B cos(ωt) (21)

Comparing Equations (20) and (21), the actual parameters of the circuit L and R can
be expressed as follows: {

L = L0 − A
ωIre f

R = R0 − B
Ire f

(22)

By estimating the coefficients A and B of the bias d by designing an observer, we can
obtain the actual inductance and resistance values of the circuit through Equation (22).

4.2. Conventional Adaptive Control Observer

Combining Equations (18) and (21), we can obtain

i̇ =
di
dt

=
1
L0

(−R0i + A cos(ωt) + B sin(ωt)) +
1
L0

(
uab − ug

)
(23)

Define the state quantity z = [z1, z2, z3]
T = [i, A, B]T and combine it with Equation (23)

to create the following dynamic system:{
ż = Fz + Hu
y = Gz

(24)

Among them

F =

 − R0
L0

cos(ωt)
L0

sin(ωt)
L0

0 0 0
0 0 0

 (25)

H =

 1
L0
0
0

 (26)

u = uab − ug (27)

According to the state space equations, a time-varying observer can be constructed
as follows: { ˆ̇z = Fẑ + H

(
uab − ug

)
− l(v̂− v)

v = Gz
(28)

where l is the weighted coefficient matrix of the error signal,

l =
[

lab2
0 lob2

A cos(ωt) lo2
B sin(ωt)

]T
(29)

where lab2
0 , lob2

A , and lo2
B are constants. If x̂ approaches x as time t approaches infinity, this

means that the state x of the system can be estimated in real time by using the observer;
that is, to be able to estimate in real time the relevant information that represents the bias d
caused by parameter mismatches A, B.
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The observer is discretized using Euler’s method, to make it easier to implement on a
digital processor, and the results are as follows:

î(k + 1) = Ti
L0

[
−R0 î(k) + Â cos(θ(k)) + B̂ sin(θ(k))

+
(
uab(k)− ug(k)

)]
− l0(î(k)− i(k)) + î(k)

Â(k + 1) = −TilA cos(θ(k))(î(k)− i(k)) + Â(k)
B̂(k + 1) = −TilB sin(θ(k))(î(k)− i(k)) + B̂(k)

(30)

where Ti is the prediction period of the observer, which coincides with the circuit sampling
period and control period, i.e., Ti = Tc = Ts . Combining Equation (22), the actual inductor-
resistance estimates of the circuit L̂ and R̂ are obtained as follows: L̂ = L0 − Â

ωIre f

R̂ = R0 − B̂
Ire f

(31)

4.3. Adaptive Control Strategy in Case of Frequency Mismatch

This subsection deals with the design of an adaptive observer, when the sampling
frequency is lower than the control frequency. The estimated value of the output current î
is related to the output voltage uab and the grid voltage ug of the inverter. We find that the
observer at frequency mismatch is not only the change of the iteration period Ti = Tc = NTs.
More importantly, the control variable uab-ug varies within the sampling period. If the
observer using frequency matching operates iteratively according to the sampling period,
it assumes that uab and ug are constant throughout the entire sampling period. In this case,
the observed state variable error will be relatively large. Therefore, we need to establish
a new estimation model for the parameter mismatch problem when there is a frequency
mismatch. Thus, the effect of the state change of the state variable at the non-sampling
point on the state variable at the sampling moment point is the key to constructing the
observer.

When the frequencies do not match, if the kTs moment is the sampling moment,
the following sampling moment is the (k + N)Ts moment. From the system state space
Equation (24), the expression of the system state quantity i at the first non-sampling moment
(k + 1)Ts can be obtained.

i(k + 1) =
(

1− R0Ts

L0

)
i(k) +

Ts

L0
[A cos(θ(k)) + B sin(θ(k))+uab(k)− ug(k)

]
(32)

Denote k1 = 1− R0Ts
L0

, k2 = Ts
L0

, and d = A cos(θ) + B sin(θ). Then Equation (32) can
be written as

i(k + 1) =k1i(k) + k2[d(k) + uab(k)− ug(k)] (33)

From Equation (33), it can be seen that the output current i is related to the inverter
AC side output voltage uab and the reverse electric potential ug, while the control vector
(uab − ug) is varied within each control cycle Ts , then the expression of the state variable i
at the second non-sampling moment (k + 2)Ts is

i(k + 2) =k1i(k + 1) + k2
[
d(k + 1) + uab(k + 1)− ug(k + 1)

]
=k2

1i(k) + k1k2
(
d(k) + uab(k)− ug(k)

)
+ k2

(
d(k + 1) + uab(k + 1)− ug(k + 1)

) (34)

For the non-sampling moment (k + N − 1)Ts, the state variable is denoted as

i(k + N − 1) = k1i(k + N − 2) + k2[d(k + N − 2)+uab(k + N − 2)− ug(k + N − 2)
]

= kN−1
1 i(k) + kN−2

1 k2
(
d(k) + uab(k)− ug(k)

)
+ kN−3

1 k2
(
d(k + 1) + uab(k + 1)− ug(k + 1)

)
+ . . .

+ k2(d(k + N − 2) + uab(k + N − 2) −ug(k + N − 2)
) (35)
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where the state of the control variable uab at each non-sampling moment point can be
obtained using Equation (1), and the state of the control variable ug at non-sampling
moment points needs to be obtained using the method presented in Section 3. When both
the frequency mismatch and model parameters are not accurate, an observer is used to
simultaneously estimate the values of ug and deviation d. Define the sinusoidal quantity as

ue = d− ug = e cos θ + f sin θ (36)

uab is the output voltage that can store data during each control cycle. This assumes
that

ue(k + 3) ≈ ue(k + 2) ≈ ue(k + 1) ≈ ue(k) = e cos(θ(k)) + f sin(θ(k)) (37)

Based on the above system state equation, the discrete form of the improved observer
can be expressed as follows:

î(k + 4) =k4
1 î(k + 1) + k3

1k2uab(k) + k2
1k2uab(k + 1)

+ k1k2uab(k + 2) + k2uab(k + 3)

+
(

k3
1k2 + k1k2

2 + k1k2 + k2

)
(ê cos(θ(k)) + f̂ sin(θ(k)))

− l′(î(k)− i(k))

ê(k + 4) =− Tsl′e cos(θ(k)(î(k)− i(k)) + ê(k)

f̂ (k + 4) =− Tsl′f sin(θ(k)(î(k)− i(k)) + f̂ (k)

(38)

where l′, l′e, l′f are constants and Ts is the control period. Combining Equation (36) with the
non-sampling points obtained from Equation (14), the actual inductor-resistance estimates
L̂ and R̂ of the circuit can be obtained. L̂ = L0 − â+ê

ωIre f

R̂ = R0 − b̂+ f̂
Ire f

(39)

The improved FCS-MPC control strategy with the addition of the parameter observer
is shown in Figure 5. The implementation steps for identifying the observer parameters in
the case of a frequency mismatch and parameter mismatch are as follows:

• Initialize the various state variables of the ue observer; and set the iteration period,
observer parameters, and the initial phase in the simulation. The phase is locked by a
phase-locked loop to ug;

• Using sensors to collect the output current from the AC side of the circuit, compare it
with the estimated current value of the model, and provide real-time feedback of the
error to the estimation model;

• Iterate according to Equation (38), to make the estimated model’s state variable ap-
proach the true coefficient ue;

• Obtain the coefficient of the deviation d;

Finally, according to the relationship between the true parameters of the model and
the coefficient of the deviation d, the true parameters of the system model are calculated.
After obtaining the true parameters of the model, the original model can be corrected in real
time, thereby improving the parameter adaptive performance of the improved FCS-MPC.
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Figure 5. Schematic diagram of adaptive control for improved FCS-MPC in the case of frequency
mismatch and parameter mismatch.

5. Simulation
5.1. Improved Low Current Sampling Simulation Results

This modified FCS-MPC that solves the problem of low current sampling and predicts
the current at non-sampling moments based on the current prediction control principle is
called single multi-rate sampling improved FCS-MPC. The simulation of the single multi-
rate sampling improved FCS-MPC was divided into two parts. The first part controlled the
single-phase inverter with the conventional FCS-MPC and the improved FCS-MPC at the
frequency mismatch ratio N = 4.

Total harmonic distortion(THD) is the ratio of the root mean square value of each
harmonic (2nd, 3rd to nth) of the signal to the root mean square value of the fundamental
waveform and is an important indicator of the quality of a sine waveform. The current
THD is an important performance parameter, as grid-tie converters must follow legislation
limits to be connected to the grid [24,25]. The output current waveform and THD are
shown in Figure 6.

Compared with Figure 6a,c, when the single multi-rate sampling improved FCS-
MPC was used, the waveform of the tracking current was significantly improved, the
current tracking error was reduced by about 60%, and the current ripple was also reduced.
Comparing with Figure 6b,d, it can also be seen that the current THD was reduced by
5.82%, the tracking performance was greatly increased, and the waveform quality of the
output current was enhanced using the improved FCS-MPC.

In the second part of the simulation, the ideal FCS-MPC, the conventional FCS-MPC,
and the modified FCS-MPC were used to control the single-phase inverter under different
frequency mismatches, and then the current tracking error and current THD were compared.
The results are displayed in Figure 7.

As shown in Figure 7, the improved FCS-MPC could significantly improve the effect
of low sampling frequency compared with the conventional FCS-MPC algorithm. It could
also achieve high-speed switching control by predicting the current at non-sampling
moments at a low sampling frequency, which could improve the effect of different degrees
of frequency mismatch. The more serious the frequency mismatch, the more pronounced
the improvement effect.

However, when comparing the curves using the improved FCS-MPC with the ideal
case, it can be seen that when the frequency mismatch was more severe, the gap between
the tracking effect of the current and the ideal case became bigger and bigger. The low
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sampling frequency problem of reverse electric potential is one of the main influencing
factors, so it is also essential to resolve this issue.

(a) (b)

(c) (d)

Figure 6. Results of the output current when the frequency mismatch ratio N = 4: (a,b) Output
current waveform and FFT analysis of conventional FCS-MPC; (c,d) output current waveform and
FFT analysis of single multi-rate sampling improved FCS-MPC.

(a) (b)

Figure 7. Conventional, improved, and ideal FCS-MPC control effect simulation results when the
frequency mismatch ratio changed: (a) tracking error comparison result of output current; (b) THD
comparison result of output current.

5.2. Improved Low-Voltage Sampling Simulation Results

Dual multi-rate sampling improved FCS-MPC is like the single multi-rate sampling
improved FCS-MPC, adding one ug observer, which can solve the problem of both low-
current sampling and low-voltage sampling. In order to verify the effect of the dual multi-
rate sampling improved FCS-MPC, a simulation of single-phase inverter control was
performed and compared with the single multi-rate sampling improved FCS-MPC. This
simulation was also divided into two parts. The first part was a simulation comparing the
output current waveform and THD under single multi-rate sampling improved FCS-MPC
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and dual multi-rate sampling improved FCS-MPC control at a frequency mismatch ratio
N = 4. First, the observation of the ug observer is shown in Figure 8.

Figure 8. Simulation result of ug observation with frequency mismatch ratio N = 4.

From Figure 8, it can be seen that the ug observation curve and the ug actual value
curve coincide entirely. The relative error was small, as seen from the enlarged plot of
the observation error. It gradually converged to zero with the increase in the iteration
period, indicating that the ug observer’s observation of the reverse electric potential with
this method is accurate and that the non-sampling point voltage information was better
reconstructed. Next, the output current waveforms and FFT analysis under single multi-
rate sampling improved FCS-MPC and dual multi-rate sampling improved FCS-MPC
control are shown in Figure 9.

(a) (b)

(c) (d)

Figure 9. Results of output current with the frequency mismatch ratio N = 4: (a,b) Output current
waveform and FFT analysis of single multi-rate sampling improved FCS-MPC; (c,d) output current
waveform and FFT analysis of current and voltage dual multi-rate sampling improved FCS-MPC.
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Figure 9 shows that the current tracking effect was improved with the dual multi-rate
sampling improved FCS-MPC control at the frequency mismatch ratio N = 4. The current
THD was reduced by 0.14% compared with the single multi-rate sampling improved FCS-
MPC control, which achieved the ideal control effect only when the control frequency was
40 kHz, and the frequency had to be matched.

The second part was a simulation comparing the current tracking error and THD
under the control of conventional FCS-MPC, the single multi-rate sampling improved FCS-
MPC, the dual multi-rate sampling improved FCS-MPC, and ideal FCS-MPC at varying
frequency mismatches. The results are shown in Figure 10.

Comparing the current tracking error and THD of the dual multi-rate sampling im-
proved FCS-MPC and the single multi-rate sampling improved FCS-MPC in Figure 10,
the former had a specific improvement effect for the low sampling of ug. The more severe
the frequency mismatch, the more pronounced the improvement effect. Comparing the
control effect of dual multi-rate sampling improved FCS-MPC with the ideal case, we can
see that the current tracking error and THD curves under the dual multi-rate sampling
improved FCS-MPC basically coincided with the ideal curves and that the sampling fre-
quency matched the control frequency. The dual multi-rate sampling improved FCS-MPC
could eliminate the low sampling frequency of voltage and current and achieved the effect
of high-speed switching control at a low sampling frequency.

(a) (b)

Figure 10. Conventional, single multi-rate sampling, dual multi-rate sampling, and ideal FCS-MPC
control simulation results when the frequency mismatch ratio changed: (a) tracking error comparison
result for output current; (b) THD comparison result for output current

5.3. Simulation Results of Adaptive Control during Frequency Mismatch

In order to verify the parameter identification results of the LR observer, as well as the
adaptivity and control effect of the improved FCS-MPC when the sampling frequency is
lower than the control frequency, a corresponding simulation was conducted, which was
divided into three main parts.

The first part of the simulation was to verify the effectiveness of the observer in
recognizing parameters when the circuit parameters L and R were dynamically changing,
including rising and falling, abruptly from 4.5 mH, 0.5Ω to 6 mH, and then back to 4.5 mH,
0.5 Ω after the circuit had stabilized.

Figure 11 shows that the observer’s dynamic response time to identify the parameters
was between 65ms and 71ms, which is fast. The accuracy of the LR observer in identifying
the parameters under the condition that the sampling frequency was lower than the control
frequency could be confirmed by the overlap of the actual parameter curve and the observed
parameter curve.

The second part of the simulation was to compare the control effect of the improved
FCS-MPC with and without the LR parameter observer and to verify the adaptive capability
of the controller when the sampling frequency was lower than the control frequency. The
circuit inductor resistance parameter was changed from 6 mH, 0.5 Ω to 10 mH, 2 Ω at 0.06 s,
and the parameter observer was added at 0.4 s, to realize the adaptive control when the
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sampling frequency was lower than the control frequency, and the simulation results are
shown in Figure 12.

Figure 11. Schematic diagram of adaptive control for improved FCS-MPC current and voltage sampling.

(a) (b)

(c)

Figure 12. Adaptive simulation result for improved FCS-MPC: (a) the effect of parameter mis-
match on output current; (b) L, R parameter observation result; (c) adaptive control effect with
parameter observer

The observed values of L, R in Figure 12b are consistent with the actual values. From
Figure 12c, it can be seen that after adding the parameter observer, the current tracking error
and THD of the circuit were reduced when the circuit was stable. Comparing Figure 12a,b,
it can be seen that, after adding the parameter observer when the parameters were not
matched, the current tracking effect was consistent with the ideal situation when the
parameters were matched. The effect caused by the parameter change was successfully
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resolved, and the improved FCS-MPC’s adaptive capability was verified when the sampling
frequency was lower than the control frequency.

6. Experiment

In order to further verify the effectiveness of the proposed control scheme, an experi-
mental hardware platform was built, as shown in Figure 13. The power level single-phase
inverter used a silicon carbide power MOSFET C2M0080120 for the selection of the switch-
ing transistor, NI CompactRIO 9033 embedded Xilinx Kintex-7 160T FPGA as the controller,
and an electric grid simulator Tewerd TPV7003T as the load. The current and voltage
signals were collected by sensors LAH 50P, CHV-25P/50, and CHV-25P/200. The sensor
signals were received by the analog input module NI9025, and the control signals were
sent by the digital I/O module NI9401. When the sampling frequency was not mismatched
with the control frequency, the sampling frequency was also 40 kHz. A buck experiment
was performed to ensure safety, and the system parameters are shown in Table 1.

Figure 13. Schematic diagram of adaptive control for improved FCS-MPC current and voltage sampling.

Table 1. Experimental parameter table.

Symbols Parameters Numerical Value

Udc Input DC voltage 18 V
Ug Grid voltage amplitude 10 V
f Grid voltage frequency 50 Hz

Ire f Reference current amplitude 2.5 A
L Filter Inductors 4.1 mH

R Equivalent resistance of the
filter inductor 1.2 Ω

fc Control frequency 40 kHz

6.1. Experimental Verification of the Improved FCS-MPC

The current tracking waveform and FFT analysis were compared at the frequency
mismatch ratio N = 4 under the control of the conventional FCS-MPC, the single multi-rate
sampling improved FCS-MPC, and the dual multi-rate sampling improved FCS-MPC.
As seen in Figure 14, the improved FCS-MPC current tracking error was significantly
reduced. The current THD was decreased by 76% under the single multi-rate sampling
improved FCS-MPC and by 3.19% under the dual multi-rate sampling improved FCS-MPC,
respectively. The control effect was significantly enhanced.
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(a) (b)

(c) (d)

(e) (f)

Figure 14. Experimental results of the output current with the frequency mismatch ratio N = 4:
(a,b) Output current waveform and FFT analysis of conventional FCS-MPC; (c,d) output current
waveform and FFT analysis of single multi-rate sampling improved FCS-MPC; (e,f) output current
waveform and FFT analysis of current and voltage dual multi-rate sampling improved FCS-MPC.

A comparison of the control effects under the conventional FCS-MPC, the single multi-
rate sampling improved FCS-MPC, and the dual multi-rate sampling improved FCS-MPC
at varying frequency mismatch ratios is shown in Figure 15.

Similarly to the simulation, the improved FCS-MPC effectively improved the current
tracking effect compared to the conventional FCS-MPC. The curve of the dual multi-rate
sampling improved FCS-MPC coincided with the curve of the ideal case where the sampling
frequency matched the control frequency. This shows that the proposed control method
could achieve high-speed switching control at a low sampling frequency under different
frequency mismatches.
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Figure 15. Comparison of current THD under the conventional FCS-MPC, single multi-rate sam-
pling improved FCS-MPC, and dual multi-rate sampling improved FCS-MPC when the frequency
mismatch ratio was changed.

6.2. Experimental Verification of Adaptive Control Effect at Low Sampling Frequency

In order to verify the observation effect of the parameter observer under low sampling
frequency conditions, a sudden change of the circuit operating parameters was realized by
switching a 10 mH inductor in parallel. The observation results of the adaptive observer are
shown in Figure 16. The dynamic response time of the observed parameters was 43 ms and
60 ms when the inductor value was suddenly increased and decreased, respectively, which
is a fast response. However, due to the sensor accuracy, calculation delay, and complexity
of the actual circuit, there was an observation error of 4.5% in the experimental observation
results, which is within the error allowance.

Figure 16. Traditional, single multi-rate sampling improved, current and voltage dual multi-rate
sampling improved FCS-MPC control output current THD comparison results when the frequency
mismatch ratio changed.

In order to verify the adaptive control effect of the improved control strategy at a
low sampling rate, the experimental results with and without the parameter observer are
shown in Figure 17. The controller could quickly respond to the parameter changes after
the circuit parameters were changed. The current tracking error and current THD were
better reduced after stabilization than without the parameter observer. This indicates that
the proposed method enhanced the control effect and realized the adaptive control of the
dual multi-rate sampling improved FCS-MPC at a low sampling frequency.
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(a) (b)

Figure 17. Experimental result with the parameter observer: (a) L, R parameter observation result;
(b) output current result.

7. Discussion

FCS-MPC requires frequent sampling, and the control performance of the tradi-
tional FCS-MPC under different frequency mismatch situations was simulated. The re-
sults showed that the tracking error and THD of the current increase continuously as the
sampling frequency decreases, indicating a decrease in control performance. However,
the current sensor’s sampling frequency improvement lagged behind the increase in the
controller’s control frequency. To eliminate the adverse effects caused by the frequency
mismatch and enable the inverter to achieve high-speed switching control, even at low
sampling frequencies, we proposed an improved FCS-MPC with multi-rate sampling.
The key to solving the low sampling frequency problem lies in predicting the values at
non-sampling moments.

This research initially used MATLAB/Simulink for simulation verification. By compar-
ing it with the current tracking situation of traditional FCS-MPC, the results show that the
improved FCS-MPC had a significant improvement effect on current tracking. It achieved
the control effect of frequency matching (i.e., both the sampling frequency and the control
frequency were relatively high), showing that the improved FCS-MPC eliminated the
influence caused by the frequency mismatch. Afterward, the program was loaded into an
NI CompactRIO 9033 controller using LabVIEW to perform physical switching control. By
comparing the current tracking situation under the three control methods: the traditional
FCS-MPC, single multi-rate sampling improved FCS-MPC, and double multi-rate sampling
improved FCS-MPC, it was seen that the low-sampling-frequency effect on current was
significantly improved under different mismatch conditions, and the calculation did not
increase the computational burden too much, as shown in Table 2. In comparison, the
effect of the double multi-rate sampling improved FCS-MPC was not obvious, which was
due to the experimental conditions and other factors, leading to some errors in the ug
input observer.

When comparing the tracking performance of the current before and after the intro-
duction of the parameter observer, it was observed that there was a dip in the identification
of model parameters at the moment the observer was introduced. This was because the
observer estimation of the model required a certain convergence time, and further research
is required to resolve this issue. Moreover, the effectiveness of the observer was affected
when encountering interharmonics or when there were unmodeled parts in the system.

The results of this study can be applied to an FCS-MPC with high control frequency
and low sampling frequency, solving the problem of the decreased control performance
caused by frequency mismatch. In this study, the effectiveness of the improved FCS-MPC
was demonstrated by comparing it with the traditional FCS-MPC. However, due to limited
research on frequency mismatch conditions, it was not compared with other solutions,
which would provide a more comprehensive understanding of its effectiveness.
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Table 2. Comparison table of computational resources required by the three different methods.

Method Percentage of
Logic Gates Used

Proportion of
Logic Slice

Registers Used

Proportion of
Logic Slice LUT

Used

Proportion of
RAM Blocks Used

Proportion of
DSP48 Used

Conventional
FCS-MPC 64.2% 20% 44.5% 8.3% 48.7%

Single Multi-rate
Sampling
improved
FCS-MPC

64.6% 20% 44.5% 8.3% 48.7%

Dual Multi-rate
Sampling
improved
FCS-MPC

65.3% 20% 44.5% 8.3% 48.7%

8. Conclusions

This article first proposed an improved FCS-MPC strategy based on the principle
of current model predictive control. By using the current prediction value closest to the
reference current obtained from the previous time step’s value function, the current at
the non-sampling time is estimated. An integral input observer is used to estimate the
voltage at the non-sampling time, allowing the inverter to achieve high-speed switching
control, even at low sampling frequencies. The effectiveness of the improved FCS-MPC
strategy was verified through simulations and experiments. Additionally, considering
the mismatch of the inductance and resistance parameters, a sine signal observer was
designed, to identify the true circuit parameters under frequency mismatch conditions.
The experimental results showed that the observer identification results were accurate and
could improve the control effectiveness of the improved FCS-MPC.

The proposed method overcomes the limitations of traditional research on parameter
mismatch issues and improves the FCS-MPC from the perspective of frequency mismatch. It
can be applied to inverter control with high control frequency and low sampling frequency,
solving the problem of the decreased control performance caused by frequency mismatch.
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