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Abstract: In the finite control set model predictive control (FCS-MPC) strategy of the
grid-tied inverter, the current ripple (CR) affects the selection of optimal voltage vectors,
which leads to the increase of output current ripples. In order to solve this problem, this
paper proposes a CR reduction method based on reference current compensation (RCC)
for the FCS-MPC strategy of grid-tied inverters. Firstly, the influence of the CR on optimal
voltage vector selection is analyzed. The conventional CR prediction method is improved,
which uses inverter output voltage and grid voltage to calculate current ripples based on the
space state equation. It makes up for the shortcomings that the conventional CR prediction
method cannot predict in some switching states. The improved CR method is more suitable
for the FCS-MPC strategy. In addition, the differences between the two cost functions are
compared through visual analysis. It is found that the sensitivity of the square cost function
to small errors is better than that of the absolute value function. Finally, the predicted CR is
used to compensate the reference current. The compensated reference current is substituted
into the square cost function to reduce the CR. The experimental results show that the
proposed method reduces the CR by 47.3%. The total harmonic distortion (THD) of output
current is reduced from 3.86% to 2.96%.

Key words: cost function, current ripple reduction, finite control set model predictive
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Nomenclature
Symbol Implication Symbol  Implication
CR Current ripple g1 Type A cost function
RCC Reference current compensation g2 Type B cost function
VSI Voltage source inverter Vgi Gradient of g
Ugbe Output voltage Vg Gradient of go
€abe Grid voltage 0 Cost function error
iabe Output current i ’; B_com Compensated reference current
Uge DC voltage ig 5. rip Predictive current ripple
Filter inductance d Voltage vector duration
Stray resistance Um Modulation amplitude
i Z B Predictive current Ui Triangular carrier amplitude
i Z 8 Reference current Aig, Inverter output current error
Au Inductance fluctuating voltage X (k) Value of X at (k)-th instant
T Control period X(k+1) Value of X at (k + 1)-th instant

1. Introduction

With the increasing scale of renewable energy represented by photovoltaic and wind energy
in the modern power system, the requirements for the efficiency and reliability of grid-tied
inverters are gradually improved [1]. Three-phase inverters were widely used in renewable energy
power generation [2-4]. As a connection between renewable energy and the power grid, the
output current of inverters controlled by conventional finite control set model predictive control
(FCS-MPC) causes a large ripple due to the limitation of the switching frequency. The current
ripple (CR) affects the selection of the optimal voltage vector at the (k + 1)-th instant so that the
optimal voltage vector is inaccurately selected. Eventually, it reduces the performance of grid-tied
inverters. With the high penetration of large-scale renewable energy into the grid, the stability of
the grid was reduced. Therefore, it is necessary to improve the FCS-MPC strategy.

The CR of grid-tied inverters is one of the main factors for the total harmonic distortion (THD)
of grid-tied inverter output current. The FCS-MPC strategy of voltage source inverters (VSI) [5-9]
has been studied. The optimal voltage vector is selected by comparing the predicted value and
the reference value without pulse width modulation (PWM), phase-locked loop (PLL) and other
controllers. For the FCS-MPC strategy, only one voltage vector is applied during a switching
period. The CR can be reduced by increasing the switching frequency. However, it will lead to
a large number of switching losses. If the switching loss is reduced by lowering the switching
frequency, the CR of the inverter output will increase.

Many studies have been devoted to eliminating the CR of grid-tied inverters. A current ripple
compensation technique has been proposed [10]. The error between the average control current
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and the reference current was compensated by a certain compensation signal. The problems of
inaccuracy inverter output current, average current tracking and current waveform distortion were
solved. To minimize line current ripple, each 60° sector was divided into six sub-sectors in [11].
Each sub-sector applied the latest three vectors to ensure the minimum line current ripple. A ripple
steering method in [12] was applied to reduce high-frequency CR of the inverter. This method
can provide soft switching for power semiconductors.

In addition, researchers have studied the multi-vector FCS-MPC modulation method in [13].
Two or three voltage vectors are applied in each control cycle. It can effectively reduce the CR
of inverter output current. Multiple voltage vectors are required for each control cycle in the
multi-vector FCS-MPC modulation strategy. The duration of each voltage vector needs to be
calculated. There are usually two methods to calculate the duration of each base vector in the
multi-vector FCS-MPC strategy. The first is based on the deadbeat control principle [14], while
the second is based on the principle that the basic voltage vector is inversely proportional to
the duration [15, 16]. Multi-vector MPC modulation can effectively reduce the inverter output
CR. However, due to the multi-vector MPC modulation strategy, more than one voltage vector
is applied in each control cycle. Compared with the conventional MPC modulation strategy, the
inverter switches the switching state more times at the same time. The switching loss is increased.

The ripple of inverter output current is caused by many factors, such as input low-frequency
ripples, high-frequency ripples, parasitic parameters and ultra-high frequency resonance noise
during power equipment switching. The CR of grid-tied inverters has been regarded as an im-
portant research object [17—-19]. Although there are many related studies on CR characteristics
in [20,21], an accurate prediction method for real-time CR has not been proposed yet. In [22],
a real-time CR prediction method based on a three-level T-type converter was proposed. In [23],
a dead-time effect compensation method based on CR prediction for voltage-source inverters was
proposed. The CR prediction method in [22,23] calculates the CR slope through the Thevenin
equivalent circuit diagram corresponding to each voltage vector. Finally, the real-time CR is cal-
culated. However, since only one voltage vector is applied in each control cycle in the FCS-MPC
strategy, the method by Thevenin’s theorem cannot accurately predict the CR in the FCS-MPC
strategy. This CR prediction method in [22, 23] is not suitable for the FCS-MPC strategy. In
order to solve this problem, this paper improves the conventional CR prediction method for the
FCS-MPC strategy.

This paper proposes a current ripple reduction method based on reference current compen-
sation (RCC). In order to realize the reference current compensation, the conventional current
ripple prediction method is improved. The improved method uses inverter output voltage and grid
voltage to predict current ripples. It makes up for the shortcomings that the conventional current
prediction method cannot predict in some switching states. In addition, the differences between
two cost functions are compared through visual analysis. It is found that the sensitivity of the
square cost function to small errors is better than that of the absolute value function. Finally, the
compensated reference current is substituted into the square cost function to reduce the current
ripple.

The influence of current ripples on a two-level voltage source inverter is analyzed in section 2.
In section 3, the improved CR prediction method is introduced, and the difference between the
two cost functions is analyzed by visualization. Section 4 introduces the principle of RCC. Finally,
section 5 shows the experimental results.
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2. Analysis of current ripple using FCS-MPC

This section introduces the structure of two-level voltage source grid-tied inverter and the
control principle of the conventional FCS-MPC strategy. In the FCS-MPC strategy, the influence
of current ripple on optimal voltage vector selection of two-level voltage source inverter is
analyzed.

2.1. FCS-MPC strategy for grid-tied inverter

The structure of a three-phase two-level VSI is shown in Fig. 1. u,, up and u. are the
output voltages of the VSI. e,p. and iyp. are the grid voltages and the inverter output currents,
respectively. Uy, is the voltage on the DC side. L is the filter inductance, and R is its stray

resistance.
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Fig. 1. Structure of two-level voltage source grid-tied inverter

The mathematical model of the two-level VSI in the 8 coordinate system can be expressed as

di R
da A 20
dr L la L Ug — €
.| = Lt , (1
dig 0 _Rilis 0 Li|ug—ep
dr L

where: u, and ug are the output voltages of the two-level VSI, i, and ig are the output currents
of the two-level VSI, e, and eg are the grid voltages, L is the filter inductance and R is the stray
resistance.

As the sampling frequency is much higher than the grid voltage frequency, the discretization
of (1) by Euler’s forward approximation can approximate the predicted current at the (k + 1)-th
instant. The a8 components of the predictive current i5, and ig can be expressed as

R
1-— 0

d 0
il(: L Lo Z Ug — €q
NE I : @)
l/i’ 0 1= 7] 0 L ug —ep
L L

where T is the control period.
Then the cost function g of conventional FCS-MPC can be given as

; 3)

)
lﬁ l,B

g =|is, —ih|+

where i, and i; are the reference currents.
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The eight predicted currents are substituted into (3). The voltage vector that minimizes the
cost function is selected as the optimal vector and applied to the next period.

2.2. Influence analysis of current ripple

For constant-switching frequency FCS-MPC, each switch state corresponds to a current ripple.
The difference between the DC-link voltage and instantaneous AC-voltage determines the CR.

According to (1), ignoring the effect of the resistance R, it can be deduced that
ik +1) ~ ibg(k+1) = iap(k) + Al 4)

where Ai = T{uqp(k) — eqp(k)]/L, tap = [Ua, ug]”

reference current at the (k + 1)-th instant.

and eqp = [ea, eg]” . i5(k + 1) is the
According to (4), the current error Ai can be expressed as

Ai ~ilg(k+1) —iqp(k) = Ai*. 5)

When Ai depends on u4p(k) and ep(k) in the @ coordinate system, the amplitude of A is
constant and the phase is consistent with igﬁ( k +1). The amplitude and phase of Ai are consistent
with Ai by selecting u (k).

Due to the influence of switching characteristics, the actual output voltage of the inverter
cannot reach the theoretical value. As shown in Fig. 2, uqy represents the actual output voltage
of the inverter, and Au represents the fluctuating voltage across the inductor. The time d, during
which the optimal voltage vector acts in each cycle, can be expressed as

T Um
d==|1+"22], 6
2( Ulri) ()

where u,, is the modulation amplitude and Uy represents the triangular carrier amplitude.

Vw2 At
7 \
V < T:

Fig. 2. Analysis of current ripple influence
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The fluctuating current Aiy, through the inductance of the filter in the time d is expressed as

Yac _,
Ai :& :—2 OxZX—Um—'_um
L= L 2 Usi

Udc Um Uge
2 Ua 2 T Usitunm UaT(Ug—u3)
2 Utri 4LU2

tri

According to (7), when the optimal voltage vector is applied at the (k + 1)-th instant, there is
an error Aiy between the actual output current and ideal output current. The FCS-MPC strategy
selects the optimal vector by comparing each voltage vector with the reference value. The cost
function includes not only the difference between the predicted value and the reference value, but
also the error between actual output value and ideal output value.

As only one voltage vector is applied in every control period in the conventional FCS-MPC
strategy, the CR is large. The CR affects the selection of the optimal voltage vector. In order to
suppress the CR, it is necessary to predict the real-time CR. First, the influence of current ripples
on the optimal voltage vector selection in the conventional MPC strategy is analyzed. Then, the
conventional current ripple prediction method is improved to make it more suitable for the MPC
strategy.

3. Proposed current ripple prediction method for FCS-MPC strategy

3.1. Proposed current ripples prediction

Taking a two-level VSI as an example, the structure is shown in Fig. 1. According to the inverter
output voltage and grid voltage, the inverter output current in one control cycle is calculated, as
shown in (8).

t

B
i) =i (1) - A0 4 / eA(’_T)Bu(T)dT:i(tO)-eA(t_’°)+Xu(eAA’—l), ®)

1o

where: A = diag (~R/L,-R/L), B = diag (1/L,1/L), 119 = T,i(t) = [ia(1) ig(1)]", ia(t) and
i o (t) are the output currents of the inverter at the ¢ instant in the a8-axis, i(¢y) = [i o(t0) i (to)] T,
io(to) and ig(to) are the output currents of the inverter at the 7o instant in the a/5-axis.

According to (8), the output current of the inverter at the k—th instant can be represented by

ia(k+ D] _lia0)| _ar 1- e tT ug(k) = eq(k) ©)
ig(k+1)|  |ig(h) R |ug(k)—ep(k) |
According to the above analysis, the CR is expressed as
.p . . . _ —%T —
[l.g_ripl _ [l.a/(k +1) _ lla(k)l _ la/(k)l (e—%T _ 1) n leT Uuq (k) ea(k)l . (10)
it il sk D] |ig(o)]  |ip(k) up(k) = ep(k)
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The proposed CR prediction method for the FCS-MPC strategy of grid-tied inverters makes
up for the shortcomings of the conventional CR prediction method that the CR cannot predict
in some switching states. The proposed method calculates the real-time CR by i,g(k), uap(k)
and eqp(k). It is not necessary to calculate the CR slopes under each voltage vector through
Thevenin’s equivalent circuit.

3.2. Visualization of cost function

In the conventional FCS-MPC modulation strategy, the cost function is mainly divided into
two types. One is the absolute value of the difference between the reference value and the predicted
current value. This type of cost function is collectively referred to as type A in this paper, and it
is given by

iy - it (11)
The other is the sum of the difference square between the reference value and the predicted
current value. In this paper, this kind of value function is called type B, which leads to

g1 =iy, —ih|+

T
gzz[f(‘t—zf’, l;—lg] [lf,—lf, 12,—1;;] ) (12)

The cost function g is less stable than the cost function g, [24]. According to [25] and [26],
the output current error of the cost function g; is greater than g;.

In order to display the change trend of the two cost functions, the partial derivatives of u,
and ug are calculated for the two cost functions, respectively. The gradient of g; (named Vgy) is
written as

081 081 T oi?
\v/ _ == o) _ e .p a .
gl(uasuﬁ) = (614(, Ju ) = —ila—la|—ua -

T
ail
_ﬁ’) ) (13)
The gradient of the g; (named Vg5) cost function is expressed as

Vgl ) O dm)' . _.p) dia L) i ' 14
82U Ug) = due  Oug = —Z(ZB—I(Z) ou, —Z(Zﬁ—lﬁ)M . (14)

The difference between the two types of cost functions shown in Fig. 3 and Fig. 4 is obtained
by the method of visualized analysis.

Figure 3(a) and Fig. 4(a) represent the cost function values of type A and B under different
reference currents, respectively. Figure 3(b) and Fig. 4(b) represent the trend and isoline of the
corresponding cost function changes, respectively. It can be seen that the type A cost function
(named g;) changes relatively smoothly and is relatively sensitive to different errors. The type B
cost function (named g) is more sensitive to large errors. When the error is less than 0.4, g»
changes slowly.

In order to analyze the effects of the two cost functions more specifically, a cost function error
¢ is defined as

T
5 = min|i*, — 0| + —min[ij,—i{; i;—i;;] [f;,—if; i —if|" . (15)

s P
lﬁ’ l,B
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Fig. 3. Type A visual analysis graphs of cost function and gradient map: (a) visual analysis graphs;
(b) gradient map

Fig. 4. Type B visual analysis graphs of cost function and gradient map: (a) visual analysis graphs
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Fig. 4. Type B visual analysis graphs of cost function and gradient map: (a) visual analysis graphs;
(b) gradient map

The three-dimensional graph of the error § is shown in Fig. 5. ¢ is greater than or equal
to 0 throughout the three-dimensional graph, which means that g; is always smaller than g, for
different basic voltage vectors. Therefore, it can be concluded that the type B cost function is
more effective in reducing the control error than the type A cost function. For small errors, the
sensitivity can be improved by the RCC method proposed in this paper. The optimal voltage
vector is accurately selected without the influence of the CR.

/
\ :
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08
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o 04

203 i*
08 06 Iy

Fig. 5. Three-dimensional graph of two cost functions error ¢

According to the above analysis, the difference between type A and B cost functions are
summarized.

1. According to Fig. 3(b) and Fig. 4(b), the type A cost function is more sensitive to small
errors. The type B cost function is more sensitive to large errors.

2. According to Fig. 5, the error of the type B cost function is smaller than the errors of type A.
The type B cost function is selected to reduce the control error. The RCC method is used to
improve its sensitivity to small errors.
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4. Reference current compensation method of FCS-MPC strategy
grid-tied inverter

According to the above analysis, the CR in certain areas of the sector has a great influence on
vector selection. The inverter output CR causes the inaccurate selection of some optimal voltage
vectors. As a result, the THD of the output current waveform is larger. In order to eliminate
the influence of the CR on the selection of voltage vectors, the CR suppression method based
on RCC is proposed in this paper. By predicting the real-time CR at the (k + 1)-th instant, the
reference current is corrected in advance to compensate for the impact of the CR. The voltage
vector predicted based on the reference current after compensation can better fit the reference
current before compensation. The schematic diagram of RCC is depicted in Fig. 6. The influence
caused by the CR can be effectively compensated. The compensated formula for the reference
current is given in (16).

ok -5 l'f’
la/_com Lo @_rip ( 16)
it i L
B_com B B_rip
T
where: i, 5 o = |ia_com B_Com] +iq_com andig . stand for the component of the compensated

reference current in the aS-axis.

— Ideal reference current

---- Current ripple
—— Compensated reference current

/\/\/\ A A /\f\/\ AAN ANAASA
VANV VAR

Fig. 6. Reference current compensation diagram

The cost function is obtained by substituting the compensated reference current into the type B
cost function. The cost function is

T
] _ P o _ D o _ D o _ D
8= |la_com ~la Ig com lﬁ] [laicom la g com ~lg| - a7

The control schematic of the proposed RCC method is shown in Fig. 7. The flow chart of the
proposed RCC method is shown in Fig. 8.

Step 1: Collect the grid side voltage e(k) and three-phase output currents of the two-level VSI
i(k).

Step 2: Predict the output current i ’; 5 and the real-time CRi” , . of the inverter under each voltage

: af_rip

vector, respectively.

Step 3: Compensate the reference current based on the predicted current ripple.

Step 4: The compensated reference current i, 5 com
i ’;ﬁ to construct a cost function.

Step 5: Calculate the cost function g and select the optimal voltage vector.

is substituted for the original reference current
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Fig. 8. Algorithm flow chart of the proposed method

The proposed method reduces the CR by compensating the reference current for the FCS-
MPC strategy of grid-tied inverters. First, the real-time CR is predicted by inverter output current,
inverter output voltage and grid voltage. Then, the reference current is compensated by the
predicted real-time CR. The basic control principle of the proposed method is similar to the
conventional MPC strategy. So, the proposed control method belongs to open-loop optimal
control. The stability of MPC has been verified in detail in [27]. This paper does not give detailed
proof.
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Table 1 shows the effect comparison of different control methods. It can be seen from Table 1
that the double-vector in [16] and triple-vector MPC in [28] are multiple voltage vectors in
a control period. The CR is reduced by improving the accuracy of predicted value. But its
switching frequency also increases. The proposed method reduces the CR from the perspective
of reference value. Switching frequency will not increase.

Table 1. Comparison between the proposed method and multi-vector MPC strategy

Conventional Double-vector Triple-vector Proposed
MPC MPC MPC method
Current ripple large Smaller Small Smaller
Voltage vector ¥n | ’ 3 |
each control period
Switching frequency Low Medium High Low
Algf)rlthm Small Medium Large Medium
calculation burden

According to the above analysis, the conclusions for CR reduction for the FCS-MPC strategy
of grid-tied inverters with RCC can be drawn as follows:
1. The CR will affect the selection of the optimal voltage vector at the next instant in the

FCS-MPC strategy.
2. The influence of the CR on the selection of the optimal vector can be eliminated by
compensating the reference current.

5. Experimental results

In order to verify the effectiveness of the proposed method, the experimental waveforms are
illustrated in this section. The experiment platform for a two-level voltage source grid-tied inverter
is shown in Fig. 9. The main control chip of the inverter is DSP28335. The parameters are shown
in Table 2.

Table 2. Experimental parameters

Parameter name Symbol Value Unit
DC voltage Uge 250 \'%
Peak of grid line voltage e 150 v
Filter inductance L 10 mH
Parasitic resistance R 50 mQ
Grid frequency f 50 Hz
Sampling frequency fs 10 kHz
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Experimental waveforms include static experimental waveforms and dynamic experimental
waveforms. The steady-state experiment includes the comparison of inverter output current and
parameters mismatch experiments. The dynamic experiment includes inverter output current and
the current CR when the reference current changes from 6 A to 10 A.

(RO .
i J"‘]“WH‘

DC voltage source

[ Oscilloscopé

Host computer

Fig. 9. Experiment platform of two-level voltage source grid-tied inverter

5.1. Steady state experimental results

InFig. 10, the CR of the proposed method is compared with that of the conventional FCS-MPC
strategy. When the reference current is 10 A, the maximum CR of the conventional FCS-MPC
strategy is 1.9 A. The maximum CR is reduced to 1 A. The amplitude and effective value of the
real-time CR are reduced. The variation of output current before and after the ripple at the peak
is more obvious. The THD of the conventional FCS-MPC is 3.86%. After adopting the proposed
method, the THD is reduced to 2.96%. According to the data of the analysis experiment, the
higher harmonic content of the inverter output current is suppressed after using the proposed
method.

The conventional MPC

< | =3
§ 05«x > 58 THD=3.86%
= | o4
) " v Pl o 20
8 (0] - | i ! ig
i DwE {1
L o5 ! 1A © o
. 1.9A | =S ol i
- "o 5 1 45 2 25
15k I The proposed method Frequency (kHz ) x10*
< = ) = . The proposed method
s 10 |\ /-\/ = 3
= D [ TR K- X - THD=2.96%
5 ! :\ \ / \ o g 2k
E \ T ) ]S
3 -5H/ o L N =St
3 10 { L W @S
2 / W ! A T T ——
S 15 = 0 05 1 15 2 25
) ; i i L . . L L Frequency (kHz ) x10*

Time (10ms/div)

Fig. 10. Inverter output current and current error

Figure 11 shows the THDs under different reference currents. It can be concluded that the
proposed method can reduce the current THD under different reference currents.
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4%
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4A 6A 8A 10A

Reference current

Fig. 11. The current THDs with different currents

In order to verify the robustness of the proposed method to parameter variations, the ex-
perimental study is carried out with inaccurate model parameters. The actual inductance in the
inverter is 10 mH. Two experiments are carried out according to the parameters set in [14]. The
inductance value in the controller is greater (20 mH) or less (5 mH) than the actual inductance
value. The experimental results are shown in Fig. 12 and Fig. 13.

It can be seen from Fig. 12 that when the inductance in the controller is greater than the
actual inductance, the CR becomes larger. The proposed method has an obvious effect on ripple

The conventional MPC

THD=4.08%

0 05 1 15 2 25
Frequency (kHz) x10*

The proposed method

THD=2.98%

suppression.
~ 15}  The conventional MPC 5
< ~ £
= u— @©
3 100 5216
= 5 X 1.2
5 <Eo.8
£ 0 D ©
5 T35 0.4
o .5 sc
RN >0
a-
3-15
< 15 —~ 2
510 [sE16
£ 5 ® g 1
% 0 §m0‘8
8 Seo4
5 s ole ly .
£-10 0 05 1
=
O 151

1 1 1 1 1 1 1 1 1
Time (10ms/div)

Fig. 12. Inverter output current when the inductance in the controller is 20 mH

2 28
Frequency (kHz ) x10*

It can be seen from Fig. 13 that when the inductance in the controller is smaller than the
actual inductance, the current waveform is distorted. The effect of the proposed method on CR
suppression is weakened. But the proposed method is still effective when the parameters are

mismatched.
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Fig. 13. Inverter output current when the inductance in the controller is 5 mH

5.2. Dynamic state experimental results

The performance of the proposed method is further verified by dynamic experiments. Figure 14
shows the dynamic three-phase current waveform and CR of phase a when the reference current

changes from 6 A to 10 A.

When the reference current changes from 6 A to 10 A, the inverter output current can quickly
track the change of the reference current. The inverter output current error does not increase with
the change of the reference current. When the reference current is 6 A, the THD is 4.25%. When
the reference current increases to 10 A, THD decreases to 2.96%. The amplitude of the inverter
output CR remains at 1 A. The proposed method does not show the overshoot phenomenon, which
further verifies the effectiveness of the proposed method.
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Fig. 14. Dynamic experimental results of the proposed method when three-phase current rises
from 6 Ato 10 A
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6. Conclusions

The conventional FCS-MPC strategy of the voltage source grid-tied inverter can be affected
by the CR when selecting the optimal voltage vector and lead to an inaccurate selection of the
optimal voltage vector. This paper analyzes the influence of current ripples on the optimal voltage
vector selection of a two-level voltage source inverter. The current ripple prediction method is
improved. The improved method uses inverter output voltage and grid voltage to calculate current
ripples based on the space state equation. It makes up for the shortcomings that the conventional
current prediction method cannot predict in some switching states. The improved current ripple
predictive method is more suitable for the FCS-MPC strategy. In addition, the differences between
the two cost functions are compared through visual analysis. It is found that the sensitivity of the
square cost function to small errors is better than that of the absolute value function. Finally, the
predicted current ripple is used to compensate the reference current. The current ripple is reduced
by compensating the reference current.

The experimental results show that the proposed method is effective for two-level voltage
source inverters. However, the feasibility of the proposed reference current compensation method
in other inverter structures can also be studied, for example, in a T-type inverter and NPC (Neutral
Point Clamped) three-level inverter. In the future, we will study the application of the proposed
reference current compensation method in other structural inverters.
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