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Abstract: The disadvantages of the conventional model predictive current control method
for the grid-connected converter (GCC) with an inductance-capacitance-inductance (LCL)
filter are a large amount of calculation and poor parameter robustness. Once parameters of
the model are mismatched, the control accuracy of model predictive control (MPC) will be
reduced, which will seriously affect the power quality of the GCC. The article intuitively
analyzes the sensitivity of parameter mismatch on the current predictive control of the
conventional LCL-filtered GCC. In order to solve these issues, a model-free predictive
current control (MFPCC) method for the LCL-filtered GCC is proposed in this paper.
The contribution of this work is that a novel current predictive robust controller for the
LCL-filtered GCC is designed based on the principle of the ultra-local model of a single
input single output system. The proposed control method does not require using any model
parameters in the controller, which can effectively suppress the disturbances of the uncertain
parameter variations. Compared with conventional MPC, the proposed MFPCC has smaller
current total harmonic distortion (THD). When the filter parameters are mismatched, the
control error of the proposed method is smaller. Finally, a comparative experimental study
is carried out on the platform of Typhoon and PE-Expert4 to verify the superiority and
effectiveness of the proposed MFPCC method for the LCL-filtered GCC.

Key words: grid-connected converter (GCC), model-free predictive current control (MF-
PCC), parameter mismatch, robustness
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1. Introduction

In recent years, with the rapid development of renewable energy distributed power generation
systems, the grid-connected converter (GCC) has become a research hotspot in the field of power
electronics [1,2]. The GCC can efficiently convert direct current (DC) energy into alternating
current (AC) energy, which is very important for renewable energy and microgrid systems.
However, it is necessary to limit the harmonic of grid-connected current. Therefore, the converter
needs to be connected to the power grid through a filter. Compared to the conventional inductance
(L) filter, the inductance-capacitance-inductance (LCL) filter is widely used because it has higher
high-frequency attenuation characteristics and can better suppress grid-current harmonics [3].
However, the LCL filter needs to have an option of an additional resonance suppression strategy
because of the resonance spike problem [4-8].

At the same time, the improved computational speed of modern digital signal processors
(DSPs) enables some modern control strategies, such as deadbeat control [9], adaptive con-
trol [10], sliding mode control [11], model predictive control (MPC) [5, 12] and so on, which
have been applied to control GCCs. Among them, MPC is widely used in power converters due
to the following advantages: simple and intuitive system design, a fast dynamic response system
and multiple nonlinear target control [13, 14]. MPC has emerged as a useful algorithm for imple-
menting LCL-filtered GCC control with considerable potential. A multi-step MPC method for
a three-phase GCC with LCL-filter is proposed in [15]. The state variable error and switching
state variation at multiple sampling times are added to the cost function at the same time, which
plays a crucial role in tracking the state variable and reducing the switching frequency. Similarly,
the multivariable approaches to MPCiiru. and MPCijiru,. — 2 steps are proposed in [4]. To
ensure the excellent control effect of MPC, it is also essential to increase the stability of the
system. The different state feedback methods for three-phase GCCs with LCL filters are studied
deeply in [5]. This paper not only achieves multivariable control and low switching loss, but also
introduces different active damping (AD) methods. However, none of these studies considered
the influences of the model parameter mismatches.

As is well-known, the future prediction behavior of the GCC control system is based on the
system specific model. So, the control performance of MPC is vulnerable to parameter changes
and model uncertainty [16]. Especially in the steady state, reactor saturation, temperature change
or aging of electrical elements will affect the prediction accuracy of the prediction model. The
model parameter error will distort the grid- current under the MPC strategy [16—18]. Therefore,
many scholars have also carried out relevant research to improve the parameter robustness of
MPC in recent years.

A model error compensation scheme suitable for the MPC of three-phase converters is
proposed in [19], it improves the control performance of the system rapidly. In order to further
improve the dynamic and steady-state performance of the control system, an integrator is added to
the output system to modify the dynamic performance and ensure zero steady-state errors under
parameter errors in [20]. Though this approach overcomes the disadvantage that the conventional
MPC strategy relies on a model with precise parameters, its application range is limited due to the
introduction of a linear controller. In [21], an adaptive reference MPC scheme is proposed, which
can significantly attenuate the steady-state deviation in the system and the performance is better
than MPC with an integrator under the condition of model mismatches. Similarly, an adaptive
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discrete time MPC system is also proposed based on the model reference adaptive method, which
further improves the control performance of the system in [22].

To thoroughly enhance the parameter robustness of MPC when the load model is uncertain,
model-free predictive control has attracted extensive attention in recent years. Model-free pre-
dictive current control (MFPCC) was proposed for the first time in [23], it is simple and easy to
implement. Considering the system parameter uncertainty and converter nonlinearity, the idea of
a data-driven ultra-local model has been widely used in converter control in recent years [24-26].
In [26], model-free predictive control is applied to doubly-fed wind turbines, which can also
achieve a good control effect. However, the above literature only studies the model-free predictive
control of single input-output first-order systems [23-26]. At present, the model-free direct pre-
dictive grid-current control of GCCs based on LCL filters has not been studied, which is a high
order system.

To improve the dynamic performance and steady-state control accuracy of the LCL-filtered
GCC, and enhance the robustness against the change of model parameters, this paper innovatively
combines model-free control with current predictive control to establish a third-order MFPCC
controller. Moreover, an active damping scheme is studied to suppress the inherent resonance
peak of the system. The proposed method can not only realize model-free predictive control
of grid current and enhance parameter robustness, but also reduce grid-current harmonics and
improve grid connected power quality. The experimental results verify the effectiveness of the
proposed method.

2. Conventional model predictive grid-current control

This section introduces the system model of the LCL-filtered GCC and the conventional MPC
method. The influence of filter parameter mismatches on the grid-current control is discussed in
the next section.

2.1. Topology of the GCC with LCL filter
Figure 1 shows the typical topology of a GCC with a LCL filter. Here, Uy, is the input DC
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Fig. 1. Typical topology of a GCC with LCL filter
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voltage, S1~S¢ are the six IGBT switches of the three-phase converter, R; is the internal resistance
of the filter inductor L on the converter side, R, is the internal resistance of the filter inductor L,
on the grid side, and R, is the passive damping resistance. L, L, and C constitute the LCL filter.
Van, Von and v, represent the converter side voltage. v.4, v¢p and v, represent the capacitor
voltage of the filter. vg,, vgp and vg. stand for the grid voltage. 714, i15, and ij. represent the
converter side current, and iz, igp and ig. stand for the grid current.

2.2. Discrete prediction model of LCL-filtered GCC

Assuming that the three-phase grid voltage is balanced, according to Kirchhoff’s law of
voltage and current, the circuit equation of the three-phase LCL-filtered GCC is established, as
well as the continuous-time state-space model form of a three-phase circuit as shown in (1), using
the state matrix ®, input matrix 7'c and interference matrix T'g.. The state variables of the system
are selected as x = [iy, ve, ig]”

dx (1)
“ar :q)fx(t)+chinv(t)+Tchg(t) (D
with
R.+R; 1 R,
L  -Li L 1 0
1 1 Ly 0
(I)f— E 0 I s Tc— 01’ Tgc— _L > (2)
R, 1 R.+ R, 0 L,
L, L, -L,

where iy, ig, Viny, V. and v, are the vectors for three-phase converter-side current, grid-side output
current, converter output voltage, filter capacitor voltage and grid voltage, respectively.

The continuous state equation of the system can be discretized accurately. Then, the discrete
equation of the system is obtained as follows:

x(k+1)= (Dfdx(k) + Teaviny (k) + Tgchg(k) 3)
with
T T
@y =T, Ty = / e 0T do, Ty = / e® 0T, do, 4)
0 0

where @y, Teq, and Tgeq are the constant predictive matrices. 7' is the sampling period. Equa-
tion (3) means that the state x(k + 1) = [ij(k+1),vc(k +1),ig(k + 1)]T of the system at the
(k + 1)-th instant can be determined by the state x(k), the interference v, (k) and the system
input viny (k).

The control objective of an MPC algorithm is expressed by the cost function, which evaluates
the control errors of each voltage vector. Finally, the voltage vector corresponding to the minimum
g value is selected as the optimal voltage vector in the optimization process, and it is used to control
the GCC. The cost function of conventional model predictive current control for a three-phase
GCC with an LCL filter in the @8 coordinate system can be defined as follows.

g =liga(k+1) —iga(k+1)|+

it (k+1) —iga(k +1)|, )
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where igo(k + 1), igg(k + 1) are the grid-current state predictions by the predictive model (3).
igo(k +1), i;ﬁ(k + 1) are the reference grid current at (k + 1)-th in the stationary coordinate
system, respectively.

However, Eq. (3) can’t describe the system accurately. One of the main disadvantages is that
there may be control errors when the filter parameters Ly, Ly and C in ®, T, Ty, are inaccurate,
and that will seriously affect the grid-connected power quality. To solve above problems, a model-
free predictive grid-current control method is proposed in this paper.

3. Parameter sensitivity analysis

The above MPC method depends on the precision of the model. In other words, when the filter
model parameters do not match the actual filter parameters, the control error will be increased. In
terms of uncertainty of LCL filter parameters, the changes of the resistance R, R, and R. have
little effect compared with filter inductance and filter capacitance. Therefore, only the error of
filter inductance on the converter side L., filter capacitance error C, and filter inductance error
L, on the grid side are considered, which can be expressed as

Lie=L -1,
C.=C"-C, (6)
Ly =L}~ Ly

where: the converter side inductor L, the filter capacitor C and the grid-side inductor L, are the
actual filter parameters, respectively. L}, C* and L7 indicate the converter side inductance, filter
capacitor and grid-side inductance used in the controller, respectively.

Equation (3) is formulated as (7) in the case of parameter mismatch.

%(k +1) = Dpgx (k) + Teaviny (k) + Tgeavg (), (7)
where

T T
Oy = T T.a = / ed)f‘sTcda', Toea = / eq)f‘STgch',
0 0

R. +R, 1 R,
—(Li+Ly) —(Li+Lie) (Li+Ly)
—~ 1 1
& = 0 S —
I C+C, —(Cc+C,) |’
R, 1 R, +R,
(Ly + Lae) (Ly+Lye) —(La+Lae)
1 0
™ (Ll +Lle) = 0
T, = 0 P gc = 1
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When the filter parameters are mismatched, the control error of system state variables can be
defined as

ex=x(k+1) —x(k+1). 8)

Since the control target is the grid current i,, we will mainly analyze the prediction error of
the grid current. The filter parameter L, C, and L, have influence on the control performance of
grid current. In order to analyze the current predictive control error more intuitively, three types
of error mismatch are selected for analysis [16].

Firstly, when the converter side inductance and filter capacitor in the controller deviate from
Ly and C in the actual filter circuit, the grid-current predictive control error &, is defined as
£g1 =g (k+1) —ig(k+1).

Secondly, when the converter side inductance and grid-side inductance in the model deviate
from L and L, in the actual filter circuit, the prediction error of the grid-current &, in the second
case can be given by g45 = ggz(k +1) —ig(k+1).

Last, when the filter capacitor and grid-side inductance in the model deviate from C and L,
in the actual filter circuit, the grid-current predictive control error &g3 is shown as
£g3 =lga(k+1) —ig(k +1).

It is worth highlighting that the prediction error is a complex vector that depends on instanta-
neous values of the converter side voltage viny (k) and current i1 (k), filter capacitor voltage v (k),
grid-side voltage v4(k) and current iy (k). In each sampling period, the load voltage source re-
mains unchanged, but it needs to evaluate multiple voltage vectors of the converter output, which
will produce different prediction errors. For single-vector MPC, there are eight different output
voltages on each sampling period. The magnitude of voltage and current vectors and their relative
directions in the complex plane, as well as the parameter errors of load resistance and inductance
will lead to a variety of situations. Here, the output voltage vector vy, = 2U,4. /3 is selected as an
example to analyze the prediction error. Figure 2 shows the prediction error for a range of load
inductance and capacitance mismatch.

It can be seen from Fig. 2(a) that when L1, = 0, C, = 0, the absolute value of the prediction
error |gg1| = 0. Itindicates that there is no prediction current control error when the converter side
inductance and filter capacitor parameters match. However, with the increase or decrease of L,
and C,, the predictive current control error will increase. Especially, when L, and C, decrease,
the current predictive control error is larger. In Fig. 2(b), when the error between the converter
side inductanceL;, and the grid-side inductance L, is zero, the predictive current control error
|eg2| = 0. Similarly, when the converter side inductance and the grid-side inductance are different
from the actual value, the current prediction and control error will increase further. The influence
of filter capacitance error C, and grid-side inductance error Lj, on current predictive control
error are depicted in Fig. 2(c). It can be observed that the variation of the grid-side inductance
has a great influence on the current prediction error. The smaller the grid-side inductance is, the
larger the prediction error is. Through the above analysis, it can be found that when the filter
parameters are less than the actual circuit value (L., C, and L, are less than zero, respectively),
the influence on the prediction current error is more obvious.

If other voltage vectors are selected as an example to analyze the prediction error, same
conclusions can be drawn.
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©

Fig. 2. Predictive control error of grid current: (a) the converter side inductance and filter capacitance deviate
from the actual value; (b) the inductance of converter side and grid-side deviate from the actual value; (c) the
filter capacitance and the grid-side inductance deviate from the actual value

4. MFPCC of GCC with LCL filter

To enhance the robustness of the control parameters of the LCL-filtered GCC, and obtain
considerable performance in the case of parameter misalignment, a model-free grid-current
predictive control method is proposed and described as follows. The control diagram of the
proposed MFPCC is shown in Fig. 3.
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Fig. 3. MFPCC control structure of LCL-filtered GCC

Meanwhile, the designed virtual damping is also implemented concretely in MFPCC structure
as shown in Fig. 3. On the basis of the original capacitor voltage predictive control, an inner
capacitor current loop is added. The additional virtual resistance R, will be realized in the form
of an algorithm in the controller without increasing the circuit loss. At each sampling time, the
capacitance current is obtained by the difference between the measured inverter current and grid
current. When capacitor current crosses the virtual resistance R,,, the virtual capacitor voltage
is output and applicates to capacitor voltage predictive control. Finally, the predicted results are
input to the MFPCC cost function, and the optimal switching sequence corresponding to the
predicted value that minimizes the cost function is selected and directly acts on the LCL-filtered
GCC as the control signals.

4.1. MFPCC of Grid current for LCL-filtered GCC

One of the main disadvantages of conventional MPC is its dependence on parameters (that
is, the control accuracy of predictive current is closely related to the control parameters of load
circuits). Once the parameters of the control model do not match the actual circuit parameters, the
predictive control error will be generated and the power quality of grid current will be reduced.
Therefore, it is necessary to study the predictive current robust control of the LCL-filtered GCC.
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Based on the conventional MPC for the LCL-filtered GCC, the robust predictive control of grid-
connected current is realized with the idea of an ultra-local model. In the case of parameter
mismatch, the load dynamic equation of the three-phase LCL-filtered GCC based on the ultra-
local model can be described as

dx
T = @y + TemViny + TgemVg +Am, )
Im
with
R: + Ry 1 R,
-(Li+Li) —(Li+Ly) (Li+Ly)
1 1
@, = - 0 -
m=| cve, P —(C+C.) |’
R. 1 y R.+R,
Ly + Ly, Ly + Ly, —(La + La)
# - 07 O 0 0
1 1
Tem = 0 ¢ , A=10 B 01, Tgcm = 01 P
0 00 (’[/ _Lz + Lo,

where m, = [Viny, i1, vC]T. a, B, ¥ are designed as non-physical scale factors. Normally, «, 5, ¥
are 1/Ly, 1/C, 1/L,, respectively.

To simplify the input and output of the load dynamic equation of the GCC with a LCL filter
based on the ultra-local model, I', = [F, D, H]T is defined. It subsumes little known parts of
the plant as well as of the various possible system disturbances. Then, Eq. (9) can be rewritten as

dx
N =T, +Am, . (10)

For the whole system, v,y and i, represent the input and output variables of the controller,
respectively, while F, D and H refer to the known and unknown parts of the system. The proposed
MFPCC state equation of the system can be discretized accurately. Then, the discrete equation of
the system is obtained as follows:

x(k +1) = Ty + Amy (k) +x(K). (11)

Equation (11) will contain the discretized predictive control equation used in Fig. 3. The
detailed prediction process steps are as follows: firstly, the inductance current i; (k + 1) shall be
calculated according to the inverter output voltage vector v,y (k) and the sampled current iy (k)
at the inverter side; then, according to the predicted inductance current i (k + 1) and the sampled
output capacitor voltage v. (k) and the virtual capacitor voltage v, (k) at the current time, the
predicted capacitor voltage v.(k + 1) is calculated; finally, according to the predicted capacitor
voltage v.(k + 1) and the sampled grid current i, (k), the predicted grid current i, (k + 1) is
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calculated. The concrete prediction equation is given as (12).
i1k + 1) =T (F(k) + aviny (6)) +i1.(K)
velk+1) =T (Bk) + Bir (e + 1)) +ve (k) + vy (k) (12)
ig(k+1)=T (ﬁ(k) +uve(k + 1)) +ig (k)

where v, (k) = (i1 (k + 1) —ig(k))R,.

There is a sampling step delay in the actual predictive control process. To obtain grid current
at (k +2)-th, the discretized model free predictive control equation of the grid current is predicted
again using the predictive model, (12), and reorganized as:

ig(k+2) =T 412 Vi (k + 1), i1 (k + 1), ve(k + 1), ig(k+ D], (13)

where: viny (k + 1), 81 (k + 1), ve(k +1),i,(k + 1) are the output voltage of the converter side, the
output current of the converter side, the filter capacitance voltage and the grid current at the k + 1
time, n, = [BY/T>,¥/T?,1/T], n, = [aB¥/T3, B¥Y/T?, ¥/T, 1], T is the control period. fm in
the above formula will be discussed in detail in the next section.

4.2. Online estimation of fm

Based on the algebraic parameter identification technique, it is assumed that the constant
function I',,, with short time intervals is used to approximate I',,. Equation (9) can be rewritten
in the operation domain by the Laplace transform as

1~
sX = =T + AM, +x(0), (14)
S

where x(0) = [i1(0), vc(0), ig(0)] are the initial conditions that can be eliminated by taking
a derivative with respect to s.

dX 1~ d(AM
xeodX Ly, a0
S

1
ds 52 (13)

In order to improve the system type and attenuate the noise, the two sides of Formula (15) are
multiplied by s72.

= d d(AM
s m=—-sX-s"—X+ s_zu. (16)
ds ds
Equation (16) in short interval [0, 7] is simplified by the inverse Laplace transform
TY
= 3!
T =25 [ (0 2008(0) + 20(T, = Dom()] . (17)
S
0

where: Ts = ngT, ng is the window sequence length and 7 is the sampling time.
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Then, the numerical solution of the first-order integrator in (17) is realized by using the
compound trapezoid formula, and its digital implementation is given as

:_312 (1 =206 - 1) xx[€ ~ 1]
(=

+A(E = DT (ng = (€ = 1) xmy[€ = 1] + (ng = 26) X x[£] + AT (ns — E)my[£]),  (18)

“ Lt}

where § = [m, n, h]. “m” represents the (m)-th sampling points,
points, “h” represents the (4)-th sampling points.

All the above are the control design of the LCL-filtered GCC based on the ultra-local model.
The nonlinear and parameter mismatch of the converter are considered in the drive system. At
the same time, the proposed I',, = [F,D, H]T makes the input-output relationship of the (9)
simple and intuitive. More importantly, it has strong robustness when the model parameters do
not match.

n” represents the (n)-th sampling

For the normal MFPCC interrupt service routine, firstly, the parameters of the controller are
initialized. Secondly, it is necessary to measure the current instant electrical variables such as
Viny(k), 11(k), ve(k),ig(k), (For simplicity, these variables are represented in vector form). These
voltage and current variables are input into the established ultra-local model dynamic equation
shown in (9). Next, the grid current is predicted by using the instantaneous voltage and current
values. The estimated model fm is updated continuously using (18) to keep track of any changes
in the physical system, and it is used to predict the grid current at the future sampling period
k + 2 using (13). Finally, Fig. 4 shows the estimation results of Fm = [F H] in the static af8
coordinate system, where F = F,, + ]Fﬁ, D=Dg,+ ]D,g, H=H,+ JHB

T T
—» 10ms/div «—

o
‘
T
fiﬁ; ;

g/)

NS
(,a
()
D

Fig. 4. Online algebraic parameter identification results

4.3. Damping method for GCC with LCL filter

According to the block diagram of the LCL filter with a series damping resistance control
system in Fig. 3, the transfer function of the LCL filter with the damping resistance R, is shown
in (19).
ig(s) sCR. +1

Gy(s) = = .
a(s) Vi (s)  S3L1CLa + s2CRo (L1 + Ly) + s(Ly + L»)

19)
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Since the LCL filter is a third-order system, there is a resonance peak, which is easy to
cause system oscillation [27]. To solve this problem, most of the resonance damping strategies
that have been proposed to date use voltage or current feedback-based setups [4—6]. Generally,
these methods need to calculate the converter current reference value and capacitor voltage
reference value by using the grid-current reference value. The active damping is implemented in
the calculation of the reference value. Additionally, the circuit model parameters need to be used
in the process of calculating the reference value. Therefore, these damping schemes are affected
by the uncertainty of model parameters, which are not directly applicable to MFPCC.

The concept of virtual resistance is very common in the harmonic suppression scheme of
the LCL-filtered GCC [8]. We can use an appropriate control algorithm, and introduce virtual
resistance from the control loop to improve the system robustness. To maintain a balance between
high-frequency stability margin and damping loss, a small passive damping resistance (R, = 2 Q)
is retained [7]. The derivation of this hybrid damping method is shown in (20)—(22).

As can be seen from the s-domain block diagram for the LCL filter, the transfer function of
(18) is valid.

. . sCve(s)
— =<7 2
() = ig(5) = e 0)
From (20) it can be deduced that
1. .
—ic(s) +ic(s)Re = ve(s), (21
sC

where the capacitor current i.(s) = i1(s) — ig(s).

It is found from (21) that the effect of the term including the damping resistance R. can be
equivalent by an additional virtual capacitor voltage v, (s). The equivalent result is presented in
(22).

1. _
EZC(S) + er(s) = Vc(s) (22)

with
Vyr (S) = eric(s)7

where the damping resistance R, = R, + R, which means that the virtual resistance R,, is added
under the condition of retaining a small resistance, R, to enhance the damping effect and reduce
the circuit loss.

Figure 5 expresses the main structure of the additive virtual resistance in the s-domain.
The transfer function from the grid current i, (s) to the converter output voltage vin (s) can be
expressed as

ig (s ) _ G, P (s)
Vin(s)  s2LiLy +SRe(L1 + Lo) + (L1 + L2)/C

where the transfer function from capacitor voltage to capacitor current can be expressed as
G,p(s) = (sCR,, +1)/sC.

The damping effect after adding the virtual damping resistance is shown by the Bode diagram
in Fig. 6. It can be seen from the plan that the LCL filter presents a resonance peak higher than
0 dB at the resonance frequency and the phase jumps from —90° to —270°, which very easy causes
the system instability in the undamped state. Although the small passive damping resistance can

Gya(s) = (23)
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Fig. 5. Block diagram of LCL filter with a virtual damping resistance

reduce the energy loss, its damping effect is not noticeable. When the virtual resistance R, is
added to the controller, the resonance peak value can be greatly reduced. As a result, the system
can operate safely and stably and the resonance problem can be well solved.
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Fig. 6. Bode plots of LCL filter transfer functions with a virtual resistance

For the MFPCC of the LCL-filtered GCC, this paper designs the damping scheme of the
system from the point of view of the controller to avoid the resonance of the system. This method
is simple and effective, and enhance the stability of the system. The detailed implementation
method of the proposed damping scheme is depicted in Fig. 3. In a word, the proposed method
can not only suppress the resonance of the filter, but also solve the dependence of model predictive
control on parameters, and realize the MFPCC of the LCL-filtered GCC.

5. Experimental results

To evaluate the performance of the proposed method and the power quality of the grid-side
current, an experimental platform is designed as shown in Fig. 7, which includes a simulator of
Typhoon602+ and a controller of PE-Expert4. The proposed control algorithm is implemented
using the PE-Expert4 processor board, which consists of DSP and FPGA control chips. The
parameters of the experimental platform are tabulated in Table 1.
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Table 1. Simulation and experimental parameters

Symbol Parameters Values
Ugce DC voltage 500 V
Vg Grid phase voltage (RMS) 120 V
Ly Converter side filter inductor 2.4 mH
C Filter capacitor 60 pF
Ly Grid-side filter inductor 5 mH
R, Virtual resistance 18 Q
Sampling time 25 ps
Grid frequency 50 Hz

]
™

VA

Fig. 7. Photograph of the experimental setup

5.1. Performance testing with matched model parameters

According to the theoretical analysis in section 4.3, the experimental results of grid current
with and without a virtual damping resistance are shown in Fig. 8. It can be observed from
Fig. 8(a) that the grid current immediately resonates when the virtual resistance suddenly fails.
From Fig. 8(b), it can be found that the resonance of the grid connected current disappears and
reaches a stable operating state when the virtual resistance is suddenly added. This shows that the
proposed virtual damping method eliminates the high-frequency component of grid current and
suppresses the system resonance.

When the model parameters are matched, the conventional predictive grid-current control
and the proposed model-free predictive grid current are dynamically tested. Then the harmonic
spectrum of grid current is compared and analyzed.

Figure 9 shows the dynamic experimental waveform of three-phase grid current and S phase
current when the reference current changes suddenly from 6 A to 10 A. It can be seen from
Fig. 9(a)—(b) that both methods can quickly track the reference current, meaning that both of the
two methods have good dynamic characteristics.

The fast Fourier transform (FFT) analysis results corresponding to Fig. 9 are shown in Fig. 10.
When the grid current is 6 A and 10 A, respectively, the current THD of conventional MPC is
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Fig. 8. The experimental results of grid connected current with and without a virtual damping resistance:
(a) virtual damping resistance from presence to absence; (b) virtual damping resistance from absence to
presence
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Fig. 9. Experimental comparisons of dynamic performance (6 A/10 A): (a) conventional grid-connected
current MPC; (b) proposed MFPCC

4.63% and 2.99%, respectively, as shown in Fig. 10(a). However, Fig. 10(b) shows that the
THD of the grid current decreases to 3.24% and 2.65% by using the proposed MFPCC method,
respectively. That means the proposed MFPCC method has smaller THD under different grid-
current amplitudes.
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Fig. 10. Experimental comparisons of FFT analysis: (a) conventional MPC (6 A/10 A);
(b) proposed MFPCC (6 A/10 A)
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5.2. Performance testing with mismatched model parameters

To verify the parameter robustness of the proposed control method, the control performance
of the MFPCC method and conventional MPC method is compared and analyzed when the
model parameters are mismatched. Figures 11(a)—(f) show the comparison results of the phase
B grid-current error and FFT analysis when inductance parameters and capacitance parameters
are mismatched. The system starts with the conventional MPC method, and then switches to the
MFPCC method.

What is clearly presented in Fig. 11 is that the THD of the conventional MPC method is larger
than the proposed control method when the model parameters are mismatched. This is because
the increase of current error will affect the selection of the optimal voltage vector in MPC. If the
switching state corresponding to the optimal voltage vector is not selected, the current waveform
will deteriorate. In some cases of parameter mismatch, the current error of conventional MPC
becomes larger.

Figures 11(a), (c), (e) show the B phase current error and FFT analysis results when the
model parameters are small. It can be seen from the chart that the small model parameters have
a great impact on the current error for conventional MPC, especially the grid-side inductance L,
becomes smaller. Figures 11(b), (d), (f) show the 8 phase current error and FFT analysis results
when the model parameters are large. It can be seen from the chart that the large model parameters
have a great impact on the current THD for conventional MPC, while the MFPCC method is not
affected by parameter changes.

For the sake of clarity, Table 2 is given to show the current THD and error under different
parameter conditions.

Table 2. Test result of the current quality in parameters variation condition

Model Total harmonic distortion (THD) Current error (RMS)

parameter Conlw\'/([:;l)t(ijonal MFPCC Con;;;t(ijonal MFPCC
L]C::13.(2) Lnlf{ 2.94% 2.65% 0.42 A 039 A
L1C==49§ EIFH 3.42% 2.65% 0.45 A 039 A
ilz :: 1225 1111111;11 3.01% 2.65% 0.49 A 039 A
LLIZ :zééi_ TITPII 4.02% 2.65% 0.44 A 0.39 A
LS : ;O’SL::H 3.46% 2.65% 0.63 A 039 A
Lf : z()siH 4.32% 2.65% 0.46 A 039 A

It can be found that the conventional MPC control method is greatly affected by the change of
model parameters. The maximum error root mean square (RMS) of steady-state current is 0.63 A
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Experimental comparison of grid-current control performance between two control methods when
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and the maximum THD of grid current achieves 4.32% for conventional MPC, while the MFPCC
method proposed in this paper is not affected by the change of model parameters. Experiments
results indicate that the proposed method has strong parameter robustness.

6. Conclusion

This paper proposed a MFPCC algorithm based on an ultra-local model for an LCL-filtered
GCC, which presents strong parameter robustness. First, the LCL filter circuit model and the con-
ventional grid-current MPC method are introduced. When the filter parameters are mismatched,
the influence of the filter parameters on the current prediction error is analyzed. In view of
this, based on the established ultra-local model, a model-free grid-current prediction controller
is designed. Meanwhile, an active damping scheme is studied to suppress the system inherent
resonance. The proposed MFPCC scheme has smaller current THD than the conventional MPC
with matched model parameters. Moreover, when the LCL filter parameters do not match, the
proposed control method can still reduce the grid-side current error and THD obviously compared
with the conventional MPC control method. Experimental results have verified the effectiveness
of the proposed method.
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