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Abstract—Aging and temperature changes in the passive
components of an LCL-filter grid connected converter
system (GCCs) may lead to parameter uncertainties, which
can in turn influence its modeling accuracy for Finite-
Control-Set Model Predictive Control (FCS-MPC). The
presence of model errors will change the resonance point
and deteriorate the power quality of the grid current, in
turn degrading the active damping (AD) performance. in
this situation, there is a serious possibility that the GCCs
may malfunction and automatically disconnect from the
grid, causing great challenges to the system stability. To
solve this problem, firstly, prediction error analysis in FCS-
MPC due to the model parameter errors is presented.
Secondly, to achieve high accuracy and fast filter parameter
estimation in utility, an adaptive online parameter
identification method based on gradient descent
optimization (GDO) has been proposed. Finally, to further
reduce the searching time needed by the optimal iteration
step, a variable iteration step searching method based on
the RMSprop (Root-Mean-Square-Prop) gradient descent
optimization (RMSprop-GDO) method is proposed.
Experimental studies of an LCL-GCCs prototype in the
laboratory have been conducted to validate the effectiveness
of the proposed method.

Index Terms—Model predictive control, gradient descent
optimization, predictive control, parameter identification.

I. INTRODUCTION

ver the last decade, the development of renewable
energy distributed generation systems (RE-DPGS) has
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attracted substantial interest because of the global energy crisis,
and grid connected converter system (GCCs) have been widely
used [1]. The GCCs is a key part of connecting RE-DPGS to
the power grid, and its robust performance directly affects the
grid stability, so it is imperative to conduct research on the
advanced control strategy of the power converter in high
penetration RE-DPGS [2].

To achieve great performance of the GCCs, besides the
classical linear control strategies [3, 4], a large number of
nonlinear control methods, e.g. sliding mode control (SMC) [5],
passivity-based control (PBC) [6], fuzzy control [7], neural
network control [8-10], H, robust control [11], and so on,
have been proposed. As one of the nonlinear control schemes,
model predictive control (MPC) has also attracted much
attention in recent years, since the problem of computational
burden has been preliminary solved by sphere decoding [12-15].

Generally, FCS-MPC has several advantages, such as a fast
dynamic response, simple implementation, and straightforward
handling of nonlinearities and flexible control objective
constraints [16]. This enables the simultaneous control of
various physical variables in the system, such as voltage [17],
current [ 18], torque and flux, switching frequency [19], etc. Due
to the high degree of flexibility in determining the cost function,
FCS-MPC has been widely used in power electronics [20, 21].
However, during normal operation, because of the aging
phenomena and the temperature increase caused by system
overload and magnetic coupling, parameters of the filter
inductance and capacitance may deviate from their nominal
values, which may lead to the model parameter errors in FCS-
MPC [22]. As aresult, the power quality of the grid current may
substantially deteriorate and the GCCs may malfunction, thus
endanger the system stability [23-25].

In recent years, due to the fast development of MPC in power
converters, solutions for parameter disturbance have attracted
substantial interest from many scholars. In [26, 27], the effect
of parameter mismatch on MPC control has been analyzed.
Generally, there are two common methods used for parameter
mismatch in the FC-MPC system.

(1) Parameter mismatch is seen as a disturbance in the system.
In [28], an adaptive reference model predictive control is
proposed for an LC-filter inverter with resistive load, wherein
the control constructs virtual references generated by a flexibly-
modeled virtual multiple-input-multiple-output (MIMO)
system to improve the system robustness. In addition, an
adaptive robust predictive current control is proposed for LCL-
GCCs that exhibits zero steady-state current error, and the error
correction is achieved by an adaptive strategy that works in
parallel with the deadbeat algorithm [29]. A more common
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solution is that the parameter mismatch of L-GCCs is treated as
a disturbance, and in this solution, the robustness of the control
system is enhanced by establishing a disturbance estimator to
compensate for the system disturbance [30, 31]. In [32], a novel
model-free predictive current control approach without filter
parameter for L-GCCs is proposed, which only measures the
input currents and calculates their differences under different
switching states. Moreover, a model-free method is also used in
the control of a multilevel converter and PMSM [33, 34].

(2) Parameter identification methods are applied in power
electronics for uncertain parameters. In [35], S. Kwak, U. Moon,
J. Park, etc. propose an adaptive online parameter identification
technique which is based on the least-square-estimation (LSE)
method for L-type active front ends to overcome model
mismatch and parameter uncertainties. In [36], an online
inductance estimation method is proposed for the virtual-flux
based direct power control (DPC) of an AC/DC converter. In
[37], a real-time identification method for the LCL-filter in
GCCs is presented, which is realized by a recursive estimation
algorithm. In addition, qualitative observers have established
practical guidelines for adjusting the modeled inductance to
reduce the possible mismatches [38, 39].

Currently, the LCL-filter has been widely used in GCCs due
to its better filtering effect and smaller size. However, the
existing research on parameter identification is mostly based on
L-type GCCs, which are substantially simpler. For multiple
parameter estimation, such as three-phase LCL-GCCs, there are
totally nine filter parameters to be estimated. However, not
many studies have been found examining multiple parameter
estimation in one system. In addition, fast and high accuracy
filter parameter estimation needs to be fully investigated for
FCS-MPC controlled LCL-GCCs. Motivated by the unsolved
issues, in this paper, an RMSprop-GDO gradient descent
method is used to solve the model parameter uncertainness,
which is particularly suitable for solving the unconstrained
optimization problem. In summary, the main contributions of
this paper are:

1) Analysis of the prediction error due to the model
parameter uncertainties is proposed. The results indicate that
the prediction errors are mainly influenced by variations in filter
parameters, the grid voltage, and the inverter voltage. The
prediction error is more serious when the actual value is smaller
than the modeled one.

2) To achieve fast and high accuracy parameter estimation, a
variable learning rate naming RMSprop-GDO is proposed.
Thus, the model parameters used in FCS-MPC are estimated
and updated periodically. In this way, the parameter
mismatches can be solved and power quality of the grid current
is enhanced.

This paper is arranged as follows. Section II describes the
prediction model and FCS-MPC control of the three-phase
LCL-GCCs. Section III analyzes the prediction errors of the
state variables due to the mismatched model parameters.
Section IV firstly presents the parameter identification method
with the RMSprop-GDO. Then, the online filter parameter
identification with the variable iteration step is described.
Furtherly, the block diagram and implementation flowchart of
the proposed method are elaborated. Finally, stability analysis

of the LCL-GCCs with RMSprop-GDO based FCS-MPC are
performed. To confirm the effectiveness of the proposed
method, Section V presents the experimental verification
results. The concluding remarks and future suggestions are
presented in Section VI.

II. SYSTEM MODEL AND FCS-MPC CONTROL

In this section, the topology and modeling of the LCL-GCCs
are described at first. Then, the FCS-MPC control method is
discussed.

A. Topology of the Three-phase LCL-GCCs

Fig. 1(a) depicts the system analyzed in this study. It consists
of a three-phase VSC (voltage-source-converter) connected to
the grid through an LCL filter, which is equivalent to three
parallel connected single-phase system (as shown in Fig.1 (b)).
The control algorithm is calculated in a digital signal processor
(DSP) in aff stationary-frame since all three-phase quantities
in the natural reference frame were changed to this basis. In Fig.
1, V4 is the DC-link voltage; v,, v,, and v, are the
converter-side voltages; v.,, Vs , and v, are the filter
capacitor voltages; Vgq, Vgp, and vy, are the grid voltages; i1,
i1p, and iy, are the converter-side currents; iyq, igp, and iy
are the grid currents; L; and L, are the converter and grid side
filter inductances; R, is the parasitic resistance of Ly; R, is
the parasitic resistance of L,; C is the filter capacitance; and
R, is the passive damping resistor.

(b)
Fig. 1.Topology of a three-phase two-level LCL-GCCs. (a) Three-phase model.
(b) per-phase model of the three-phase converter.

Assuming the switching components of the system are ideal,
at any given instance, each phase of the three-phase system may
only contain one of two possible switching states in the finite
control set as

Sabc = [sa' Sb'SC]T (1)
where Sg,s,,5. € (—1,1); “s=1" means that the upper-
bridge power transistor is in the ON state and the lower-bridge
power transistors are in the OFF state. “s = —1” means that the
lower-bridge switches are ON and the upper bridge switches are
OFF. The relationship between switching state S, and

inverter voltage v;,,, (k) is shown as.
v
& Sabc (2)

v =
mv 2
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B. Discrete Model

To get the discrete-time state-space model of the GCCs, the
state variable of the system x(t) in (3) is defined as x(t) =
[i1(®), i2(t), v ()]", where iy, i, and v, arethe vectors for
three-phase converter-side current, grid-side current, capacitor
voltage, respectively. Vi, and v, are converter voltage, and

grid voltage, respectively, which are defined as
(@) = li1a i1 irc]”
| i2(t) = [izq, izp) izc]”
'l?,_.(t) = [vca! Vcb» vCC]T (3)
T
[vg(t) = [Vga' ng'VQC]
Vinw (t) = [va, vy, 17c]T

According to Kirchhoff’s law, the circuit equation for Lq,
Ly, Cs, Ry, Ry, and R can be derived as:

di dv .
{le_tl + RCCfd_tC = _llRl - vc + ‘Ul-m,

4 LZIZ_l:_RCCf%: _isz +'I7C_vg (4)
dv . .
R L

where L1 = L113X3 . LZ = L213><3 . Cf = CfI3X3 . R1 =
R113><3 ,R2 =R213><3 N RC =RCI3><3 and IiXi iS the i-th
order unit matrix.

The continuous-time state-space model in (4) can be
simplified as

{ad);—(:) = Bx(t) + yu(t) + 6vy(t) )

y() = Ax(t)

where u=[T,T,T,]", a, B, vy and & are all constant
matrixes. T,, T, and T, are the duty-ratio of the upper three-
legs, respectively. Assume O,y ; is the empty matrix with i-
row and j-column. Therefore, a, B, Yy, and & can be
expressed as

L1 03><3 RCCf —R1 03><3 _I3><3
a=[03x3 L —RcCs), B= (03><3 —R; I3z ):
03x3 03><3 Cf I3xz  —Izx3 03x3

= (“ Ly 056) s 6= (O35 ~Lsns O5s)T
Y= 3x3 O3xg) » 0 = (0343 3x3 O3x3)’.

2
Equation (5) can be changed into the standard form of a state-
space equation given as

{dz_(tf) = Fx(t) + Gu(t) + Pvy(t) (6)

y() = Ax(t)

where F, G and P are the parameter matrixes of the circuit,
F=alxB, G=aly,P=a'6. y(t) is the weight
redistribution of the state variable x(t) , A=

[AI1x3  Ayl1x3] is the weight factor vector for the inverter-
side current i; and the grid current i, . Then y =
iy Aip 17

By using Du Hamel integral formula [40] to discretize (6),
the discretized-time state-space equation can be obtained as
{x(k + 1) = Ax(k) + Bu(k) + Tv, (k)

y(k) = Ax(k) 2

where A =efTs, B=—F (g — A)G,T = —F *(Igyg —
A)P. However, Equation (7) cannot accurately describe the
system for two reasons: first, there are sampling errors during
the discretization; secondly, the filter parameters L, L,, and
C in A B,andT may deviate from their nominal values,
which may lead to parameter mismatch and degrade the
performance of FCS-MPC control of the GCCs.

To simplify the calculation and avoid the coupling between
active and reactive current components, the three-phase state-
space equation in (7) are transformed into af3-coordinates, thus
the state-space equation (7) under of3-frame is written as

{xaﬁ (k + 1) = A“on‘ﬁ(k) + BaBu(k) + TO(B‘UQOCB (k)
y(xB(k) = AanaB *)

where Xqg, Aags Bags Taps Vgaps Yap @nd Aqg are the
matrix of x, A, B, T, v, y and 4 in (7) under af3-
coordinates. The discrete-model of (8) is implemented in FCS-
MPC controller.

C. FCS-MPC Control of the LCL-GCCs

The FCS-MPC uses the discrete nature of the power
electronic converters to reduce the computational burden of the
MPC algorithm [41]. The converter has a finite number of
switching states, so the optimization problem is solved only for
this set of operation points. The discrete model of the three-
phase LCL-GCCs, presented in (8), is used to predict the output
variables for the next sampling instant y,g(k+1). In this paper,
the LCL-GCCs is constituted by a three-phase two-level VSC
with an LCL-filter, which is commonly used in distributed
generation system. Nevertheless, one of the major advantages
of the FCS-MPC is its capability to easily extend the concepts
presented here for use in three-phase or multi-phase inverters.

The goal of GCCs control is to ensure that the power
converter provides high power quality of the grid current
integration with the grid. Meanwhile, the power consumption
generated due to the switching frequency of the power
transistors should be kept to the minimum. To avoid over
current protection of the relays on converter-side of the GCCs
and improve the transient response of the grid current, both
converter-side and grid-side current are controlled, the
converter-side current reference is calculated by the grid current
reference and capacitor voltage [42]. In steady-state, the grid-
side current should have only small tracking errors and minor
harmonic distortion. The dynamic response of the grid current
such as overshoot, fast time-response, and switching losses
should also be guaranteed. Considering the multi-object
optimization issues, the cost function (CF) g is designed as

®)

9= Lggllizrer K+ 1) —ipegCk+ D" +

. . 2
AZOLB”erefaB (k + 1) - lZaB (k + 1)” + Aullsabc(k) -
Sabc(k - 1)”2 (9)

where || - || stands for the Euclidean 2-norms of the vector,
A, is the weight factor for minimizing the switching loss,
Lirefap and Iyrefqp are the reference vector. ijqg and ipqg
are the predicted component under af -coordinates,
respectively. Aqg = [A1ap  A2ap] is the weight factor vector
for converter-side and grid-side current. The converter switch
state S, corresponding to the minimum objective function is
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defined as the optimal value, and the switching vector
corresponding to the minimal g is the optimal switching
vector, which directly acts on the inverter switching devices as
the control signal.

In practice, due to two reasons that converter-side current
needs are considered. Firstly, it is needed to consider the over-
current protection of the system when the over-load occurs.
Without limiting the converter-side current, the GCCs may
break down whenever an overcurrent fault occurs. This is
because the converter-side current has faster response time than
that of the grid current in case of an overcurrent fault. The over-
current may endanger the reliability of the system. Seriously,
the LCL-GCCs may break down. Secondly, theoretically
speaking, the dynamic response of the grid current can be
improved by the converter-side current. Thereby, both
converter-side and grid-side current control are considered in
CF. Thus, A543 = 434 =1 in (9) are applied to the cost
function [43, 44]. A, is the only weigh factor tuned in
experiment to achieve a compromise between the power quality
of the grid current and the switching losses.

III. PREDICTION ERROR ANALYSIS DUE TO FILTER
PARAMETER VARIATIONS

A. Prediction Error Equation Due to Model Parameter
Mismatch

Model parameter mismatch will affect the predicted value
and lead to prediction error. Previous research has shown that
resistance mismatch of the filter will influence the steady-state
error in the grid current prediction [27, 45]. However, the
inductance and capacitance mismatches will impact both the
steady-state and transient response of the grid current [46].
Therefore, this paper focuses on variations in the filter
inductance and the capacitance.

To analyze the variations of filter parameters on the impact
of the prediction errors in abc-coordinates and separate the
variable parameters from the constants, defining the diagonal
matrix L as

T,/L;y 0 0
L=| 0 Tg/L, O (10)
0 0 T./Cs

L should be a diagonal matrix so that the discrete-time state
space equation of (7) and (11) are equal. In addition, the
variable parameter matrix Ly, L, and Cy are separated from
the constant matrix F'. Then, by forward Euler method, the
predictive equation (11) can be derived as

Xest(k + 1) = (I + LF)x(k) + LG4, (k) + LPwy (k) (11)

where X4 (k + 1) is the state variable at instant k + 1, F' =
L™'FT,, G'= L™'GT,, and P'= L™ 'PT,, which are given as

_(Rc + Rl) Rc _I3><3
F = R, —(R;+ Ry) I3y
13><3 _13><3 03><3

G' = [I3><3 033 03><3]T, P = [03><3 —I3x3 03><3]T

For the parameter uncertainties in the LCL-filter, the
variations in the resistances R., R;, and R, have little

influence in prediction error compared to the inductance and
capacitance. Thus, only the variations of the inductances AL,
and AL, and the capacitance ACy are considered. Assuming
the changes in the diagonal parameter matrix L' are given as

Ty
|[(L1+AL1) 3x3 0353 ]|
T,
L'=]| O3x;3 (L2+SAL2) 3x3 | (12)
Ts
0353 0353 _(Cf+ACf)

Then, the prediction equation under parameter mismatch can
be written as

Xest(k+1) = I+ L'F')x(k) + L'G' vy, (k) + L'P' v, (k)

(13)

where x'.(k + 1) is the state variables with mismatched

parameters at time instant k + 1. Thus, the prediction error Ax
atinstant k + 1 can be written as

Ax(k + 1) = x o (k+1) — x. (k+1)

= (L'— L)(Fx(k) + Gvip, (k) + Pvg(k))  (14)

Equation (14) indicates that, for the given grid and converter
side voltages, the prediction errors of the state variable are
influenced by the deviations in the filter parameter.

B. Effects of Model Uncertainty

From Fig. 1, according to Kirchhoff’s law, to simplify the
analysis, taking phase-a of the three-phase system as an
example, the variables and filter parameters in this subsection
and Section IV are defined and used for phase-a. Compared
with the impedance of L; and L,, the resistance of R; and
R, are very small, which can be ignored. The gird current
i,(s) can be derived as:

. SCrRe+1

i(s) = s3L1L2cf+s2(L1f+L2)chc+s(L1+L2) Viny —
1

(15)

v,
$3Ly Ly Cp+s?(L1+L)CpRe+s(Ly+Lp) 9

Assuming Lqq, Lo and Cyy are the nominal values of the
LCL-filter. ALy, AL, and ACy are the parameter deviations of
the LCLAfilter. Thus, Ly = Lig + ALy, Lyg = Lyg + AL, Cf =
Cro + ACy. The deviation of i,(s) can be derived as

8ix(8) = i2(5) = i20(8) = (555 = -15) (GRe + Vi =

vy e (16)

D4(s)

where Dy(s), D;(s) and AD(s) are the denominators of
(15) with the nominal value, with the mismatched value, and
the difference of Dy(s) and D;(s), respectively, which is
given as
Do(s) = s3L1gLyoCro + 52(L1g+L20)CroRe + s(L1g + Lzg)
Dy(s) = s3L1L,Cr + s?(Ly+L)CeRe + s(Ly + L)
AD(s) = Dy(s) — Do(s) ~ s3(L1oCroALy + LpoCroALy +
L1oL2oACr) + 5% ((ALy + AL)Cro + (Lyo + Lao)ACs ) Re +
s(ALy + ALy).

1
Dy (s)

Thus, the ratio between Ai,(s) and i,,(s) can be derived
as
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SRcACro _AD(S)
Diy(s) _ AD(s)(vg=(SRcCro+1)Viny)+SRACsoDo(S) _ (sRcCro+1)viny=vg Dols)
i20()  (Po()+AD())(SReCro+1)vimy=vg) 14529
(17)
Where AD(s)/Dy(s) can be derived as
AD(s) _
Do(s)

52<AL2+AL1+ACf> S<(AL1+AL2)+(L10+L20) Acf>R (AL +ALp) 1
Lz20 Lio Cyo Lio+lzo = Liol20 Cro) ¢ Liol20 Cpo
(L1o+Ll20)p | (L1otLlz0) 1
Liolzo €' Liol20 Cfg

s2+s

Hence, the prediction error of i,(s) can be given by (17).
With the filter parameters in given Table I, Fig. 2 shows the
magnitude of the grid current prediction errors Aiy(s)/izo(s)
with uncertainty parameters. The mismatches of L, L, and Cf
are analyzed with the uncertainties K varying between -20%
and 20% of their nominal value. At 50 Hz, Ai,(s)/i(s) is
0.249 with negative deviation coefficient k = —0.2 compared
to 0.166 with positive deviation coefficient k = 0.2, indicating
that the prediction error is more serious when the actual filter
parameters are smaller than the modeled one. Meanwhile, the
prediction errors are also influenced by the inverter-side and
grid voltage. If the LCL-filter parameters can be observed with
high accuracy, the modeling errors in MPC can be reduced.
Thus, the tracking errors of the grid current with FCS-MPC
controller can be minimized.

Bode Diagram
0.25 T
K=02 System: K=-0.2
K=-0.1 Frequency (Hz): 50.3
021 K=0 Magnitude (abs): 0.249 T
g E=g.;
o 015 — System: K=0.2 7
2 Frequency (Hz): 50.2
-‘é Magnitude (abs): 0.166
- b System: K=-0.1
= Frequency (Hz): 50.1 System: K=0.1
0.05 F Magnitude (abs): 0.111 || Frequency (Hz): 50.2 i
Magnitude (abs): 0.0907
0 N SN SN NN S S S S T - I A A I O
30 40 50 60 70 80 90 100

Frequency (Hz)

Fig. 2. Prediction errors of the grid current influenced by filter parameter
mismatches.

IV. PARAMETER IDENTIFICATION REALIZATION AND
STABILITY ANALYSIS

A. Realization of GDO

Assuming Xx.. (k) is the estimated value at instant k — 1,
and because of the parameter mismatch, there must be some
errors between X (k) and x(k). The error vector E(k)
between the sampled and estimated values at instant k is
defined as

E(k)=x(k) — Xese (k) (18)

Ignoring the error caused by discretization, the error vector
E(k) is generated due to the variation of parameter matrix AL.
By calculating AL at each sampling time via adaptive
algorithm, the parameter matrix can approach the actual value.
The block diagram of the adaptive parameter identification
based on GDO is shown in Fig. 3.

x(ic )
M oy k)
v, (k-1

k)

Fig. 3. Parameter identification with GDO method.

The adaptive algorithm in Fig. 3 adopts GDO, meaning that
it descends in the opposite direction for the gradient of the
objective function and finds the corresponding parameter
matrix L when searching the minimum value of the objective
function.

The objective function is defined as:

Ja =1/2ET(K)E(k) (19)

The minimum J; can be found by calculating the gradient
of the objective function J; along with the parameter matrix L
direction, that is, finding the minimum E(k). If E(k) is
minimal, the change in the parameter matrix L is close to 0,
and the updated parameters are consistent with the real values.

The gradient matrix of J; along with the variable matrix L
is defined as follows

djq djq dJa [P
—_— == — — 0 0
0Lz 0Lip a’-13] |[5L11 ]l
g _|9Ja 9Ja OJa|_ 9Ja
e T i I T
Ya e a [0 0 a,_dJ
L3L31 ALz, aL33J dLss

where J, = 1/2ET(K)E(k) = 1/2(ei+ebi+el) , ey =
Aiy, e, = Ai, and e, = Av., which are the errors of the
filter parameters. Considering that all other elements except for
the diagonal elements of the gradient matrix dJ,;/dL are zero,
then, the gradient of J; along with L are given as

da _ 10ef —p. deun da _10ef _ depy
dLi;  20Lyy U oLy, ALy,  20Ly; 2 0Ly,
8Jq _ 10ed. _
dLss  20Lgz V€ oLas

Therefore, equation (20) can be rearranged as

€i1
Ja _ |e, [aen PE()T
oL : dL11

evc

oL

aeiz
0Ly,

e 1)

0dL33

where
0E(k)/OL = —[Ax(k — 1) + BWin,(k — 1) + T'vy (k — 1)]
Thus, the gradient matrix of the objective function J,; along
L can be expressed as
dE(k)
G (k) =0]q/0L = _E(k)T
= —E()[Ax(k — 1) + Bw(k — 1) + T'w,(k — D] 21)

The diagonal element of the gradient matrix G; is the
variation in the parameter matrix L, and the values of the off-
diagonal elements are meaningless. When the gradient descent
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is carried out and AL is selected as the iterative matrix, the rest
elements of AL are 0. AL can be written as

Gi1 0 0
AL=| 0 G, O ] (22)
The parameter matrix L at instant k is
L(k) =L(k—1) — AAL(k) (23)

where A is the iteration step length matrix of L, defined as

n, 0 O
0 0 ns

where 71, 71,, and 713 are the learning rates of the three
elements corresponding to the parameter matrix L, respectively.

After setting the learning rate, the parameter matrix L will
gradually approach its actual value. Thus, the observed results
of the three parameters (Lq, L,, and Cy) at instant k can be
obtained as

Linew (k) = Ts/Lq1 (k)
LZnew(k) = TS/LZZ (k)
Crnew (k) = Ts/L33(k)

It is needed to note that the proposed GDO method is also
applicable under weak grid conditions, this is because when the
grid impedance changes, the grid voltage and current at the
point of common coupling (PCC) will vary accordingly,
thereby parameter identification results of the proposed method
will not be influenced.

(24)

B.  RMSprop-GDO for Learning Rate Improvement

From the analysis of the iteration step-size in Section A,
learning rate is an important parameter in the gradient descent
algorithm. When it is very small, the filter parameter
identification time will last long time, but when it is too large,
it leads to the training oscillation and may diverge. An ideal
gradient descent algorithm should satisfy two requirements: fast
convergence speed and global convergence. In this paper, the
RMSprop-based variable learning rate is used, which mainly
solves the rapid attenuation problem of the learning rate.
Similar to the momentum idea, the introduction of a hyper
parameter in the accumulation of gradient square term
attenuation is given as

{s —y's+(1-y)-VJ)OVJ(L)
(25)

where s is the exponential weighted moving average of the
gradient square, y is generally chosen as 0.9. In addition, s is
more stable at this moment, which reduces the explosion
situation, so it helps to avoid the fast decline problem in the
learning rate. € is very small as to prevent a zero in the
denominator of (25), here € is setto 0.001.

C. FCS-MPC Control of the LCL-GCCs with RMSprop-
GDO Method

The block diagram and implementation of the FCS-MPC
controlled LCL-GCCs with RMSprop-GDO method is shown
in Fig. 4, which includes the blocks named as: cost function
calculation and optimal control sequence selection, GDO based
parameter identification method, learning rate improvement
based on RMSprop method, reference current calculation and
FCS-MPC controller.

DC/AC

LCL Filter

Transformer Grid

:— il o Frl N e / dnew | | Parameter identification :
re
! 7 k1 Referen.ce Loney : ! Leaming rate improvement based | |
: Dorerl ) Cegculatlon P Chiew._| : on RMSprop method Eq.(25) :
| Veref(k+1) 4.(13) [l v, 7 7 |
| e[S ] ] 1] !
: Cost Ioref (k)T o } Parameter identification |
| | Function e 7 with RMSprop-GDO method :
20) H - Refer Fig.3)
| Eq@ . el B Y ( &
| -(7) iy(k+1) Prediction 4;\'.’&11" | (I - :
| ir(k+1) |Model of LCL- T : P \ng irt) TM—HT\A fl¢ |
| GCCs - lnew. ¢ || Estimation of /(k+1) and vak+1) | |
: vkt1) Eq.(8) Ly |r : Eq.(26) |
Cs | |
| FCS-MPC i | : K(A)T: (k) Tl (k) TI,U\)T( ,{A)T |

Fig. 4. Block diagram of the FCS-MPC controlled LCL-GCCs with the
proposed RMSprop-GDO method.

To reduce the voltage and current sensors in Fig.3, the
sampling for v, and i; can be avoided, which can be
indirectly concluded by other variables. The expressions for v,
and i; can be concluded by vy, i, and Ty, which is given by
(26). With the help of Fig.3, the filter parameters (L1new» Lonew
and Cpp,y ) can be estimated by RMSprop-GDO method. Thus,
the filter parameters in FCS-MPC control and (26) can be
periodically updated by the estimated results given by

Ll(k +1) = Linew (K), Lz(k +1) = Lyn (k)
Cf(k +1) = Cfnew(k)

Fig.5 shows the implementation flowchart of Fig.4. There are
mainly two interrupt service routine, one is used for the normal
FCS-MPC control, the other is applied for the parameter
identification and updating.

27)

. _ L1 () Cr(K) ) T¢+RcCr()Ts . CrUOTs _
100 = Srhec tom o 4D F ziree o rntoc o 200 T2+RCcf(k)Ts+L1(k)Cf(k) (0-5VaeSave () = k) 26)
_ L) .o RcCr(k) ) L)
ve(k) = Ts+RcCr (k) o (k1) + Ts+RcCr (k) vk D+ cm Ts+RcCr (k) 2 (k) + Ts+Rch(k) vg (k)
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Fig. 5. Implementation flow chart of the proposed RMSprop-GDO method.

For the normal FCS-MPC interrupt service routine, firstly,
the parameters of the FCS-MPC controller are initialized.
Secondly, the three-phase voltage and current sampling signals
e.g., i, and v, are transmitted to the microprocessor. To
avoid the coupling between active and reactive current
components in dq-coordinate, alpha-beta transformation is
applied. Thereby, the sampled results under the of-frame are
obtained and served as the inputs of the prediction model in (8).
This traverses all switching states to obtain the predicted state
variables of i;,and i, atinstant k + 1, respectively. Finally,
the predicted and reference results are input to the cost function
defined in (9), and the optimal switching sequence
corresponding to the predicted value that minimizes the cost
function is selected and directly acts on the LCL-GCCs as the
control signals.

For the parameter identification and updating interrupt
service routine, the filter parameter identification results are
obtained by the RMSprop-GDO in (24), which periodically
updates the filter parameters in the prediction model and the
reference model. It is needed to note that LCL filter parameters
are not changing very fast, it is unnecessary to update the model
parameters in FCS-MPC controller at each control cycle. To
solve this issue, in practice, the interrupt routine of parameter
identification method with the proposed method should are set
to be slower than the main predictive control loop. The
parameter identification interrupt routine is executed only once
when the FCS-MPC control program is executed four times.

D. Stability Analysis

The general description of the state-space mode considering
model uncertainness is given as

{x(k +1) = Ax(k) + Bu(k) + Td(k)
ye(k) = Acx(k)

where x(k) € R™ is the state variable, u(k) € R™ is the
input control variable, y.(k) € R" is the output control
variable. d(k) is the disturbance. Note that here grid voltage
is seen as the disturbance.

To reduce the steady-state error, the system of (28) is rewritten
as an increment model given by

Ax(k + 1) = AAx(k) + BAu(k) + TAd(k)

(28)

(29)

Where Ax(k) = x(k) —x(k—1), Au(k) =u(k) —u(k —
1),Ad(k) = d(k) —d(k —1).
Since the prediction error of the system at instant k + 1 can
be given as
Ep(k+1lk) =R(k+1)-Y(k+1)
=R(k+ 1) — S, Ax(k) — Ty (k) — S3Ad(k) — S ,Au(k)
(30)
where
S, = [AA 1A% AA3 ... 2AN]T

T = nexne Tnexne - Incxnc]T
AB 0 e 0
_ | 44B AB e 0
Sa = : : :
[AAY-1B  14AY"?B .- AB
AT 0 e 0
(24T A4N7?T - AT

According to the operation principle of MPC, Only the first
element of the open-loop optimal control sequence will act on
the system, namely

Au = [Licxne 0 0]AU* (k) (1)
Where AU” is the optimal control sequence given as

AU*(k) = (SqTy TS, + DI L) ' STy Ep(k + 1]k)  (32)
Defining the control gain K, of the prediction controller as

Kmpc = [Incxnc 0 o]lxm(SEF;FySu +

TiL) ' SATyEp(k + 1]k) (33)

Thus, Au(k) can be derived by (32) and (33) as

Au(k) = Ky Ep(k + 1]k)

=Ky (R(k+1) — S, Ax(k) —TA.x(k) — SqAd(k)
:KmpCR(k +1)— Kmpc(Sx +74)Ax(k) —

Kmpc'f/lcx(k -1 - Kope S, Ad (k) (34)

Thus, the closed-loop system can be written as

Ax(k +1) = (A = BKyupc(S, +712.) ) Ax(k) +

BK ., R(k + DT — BKppp,cSq) Ad (k) —

BK T4 x(k — 1) (35)

Obviously, when all the characteristic roots of the matrix
A — BK (5, +74;) are located with the unit circle, the
closed-loop control system would be stable. For LCL-
GCCs, Ky is the optimal switching sequence that can

minimize the cost function, which can guarantee |A -
BK (S, +72.)| < 1.

V. EXPERIMENT RESULTS

A. Hardware Setup

To validate the correctness of the proposed method in utility,
a hardware prototype of a 10-kVA three-phase two-level LCL-
GCCs is setup in the laboratory. Fig.6 shows the hardware
configurations. Table II shows the experimental parameters.
Three groups of the LCL-filter parameters are shown in Table
II1. The control scheme is implemented with a 32-bit float-point
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digital-signal-processor (DSP) TMS320F28335 from Texas
Instruments, which has been widely used for complicated
mathematics calculations and control algorithm
implementation. The power converter is composed of six power
transistors with the IMZ120R045M1 from Infineon company.
All the power MOSFETs are driven by the isolation driver
1ED20112FA2. Six Hall current sensors (HCS-LTS-06A) are
used for inverter-side and grid-side current measurements.

For grid and filter capacitor voltage sampling, a high
precision series voltage divider and a full differential isolation
amplifier ACPL-C790 with 0.5% high gain accuracy, 0.05%
excellent linearity, and 200-kHz wide-bandwidth are used.
Since the output voltage ranges from -1.5 to 1.5V, a
forward-bias voltage circuit with a single-supply and rail-to-rail
operational amplifier OPA4340 is used to convert —1.5~1.5V
into 0~3 V. This allows the system to connect with the ADC
port of the microprocessor.

In  program  design for the  microprocessor
(TMS320F28335), the interrupt routine for normal FCS-MPC
control of the LCL-GCCs takes about 20 ps, considering that
the filter parameter does not change so rapidly comparing with
the converter-side and grid-side currents, thus the parameter
estimation interrupt routine for RMSprop-GDO method is
given by 100 ps. The modeling parameters in FCS-MPC are
periodically updated by the identified results from RMSprop-
GDO interrupt routine.

The learning rates are initialized as = 5:103, 72 = 5-107,
and 3= 5-1073, respectively. The main parameter specifications
of the system are listed in Table I.

TABLE I.
EXPERIMENTAL PARAMETERS

Symbol Parameter Value

Vae DC voltage 700V
v, Grid voltage 22082V

Ly Converter side inductance 4mH

L, Grid side inductance 2mH

Ry Parasitic resistance of L, 1mf

R, Parasitic resistance of L, 1mn

Cr Capacitance 10 uF

R¢ Passive damping resistor 250

T, Sample time 20 us

To verify the effectiveness of the proposed parameter
identification method under different scenarios, three sets of the
filter parameters are provided in Table II.

TABLE Il
DIFFERENT FILTER PARAMETER GROUPS FOR IDENTIFICATION
Group Ly L, Cr
A 4.0 mH 2.0 mH 10.0 uF
B 4.6 mH 2.3 mH 11.5 uF
C 3.4mH 1.7 mH 8.5 uF

The experiments are conducted for two main purposes: to
1) validate the correctness and effectiveness of the proposed
parameter identification method under steady-state, transient-
response, distorted grid voltage and grid impedance. 2) evaluate
the control effect of the FCS-MPC for LCL-GCCs with the
updated parameters.

Autotransformer

Oscilloscope
&

J Fa i
' LCL filter
e o LN capacitors

DSP control board

DC-link capactiors
Half bridge driver

0 ° |

Ak x s ok oy oo
4 3 S . -
SNNNNNBONNN NN NN

e y - | =~
Fig. 6. Experimental configurations and designed LCL-GCC.

DC power supply

Fig. 7 shows the implementation of the experimental LCL-
GCCs under different scenarios, which is used to verify the
performance of the proposed method under a step-up and step-
down of the filter parameter changes (with the help of S2 to
switch between different filter parameters). Performance of the
proposed method under different grid impedance is also
verified.

Vi [x

I laroe] Voltage and current sampling

FCS-MPC Control of the LCL-GCCs based on RMSprop-GDO method

Fig. 7. Block diagram of the experimental LCL-GCCs with the RMSprop-GDO
method.

B. Results and Analysis

The experimental verification contains the following
scenarios: (1) Power quality of the grid current under
mismatched parameters with the FCS-MPC controller. (2)
Parameter identification performance with the state-feedback
method and the proposed RMSprop-GDO method under the
step-up and step-down parameter variations. (3) Parameter
identification results under distorted grid voltage. (4) Tracking
performance and dynamic response of the grid current. (5)
Parameter identification performance under grid impedance
changes.

1) Tracking error of the Grid Current under Mismatched
Parameters

Fig. 8 shows the waveforms of the grid current with
mismatched filter parameters in FCS-MPC control, where no
parameter observers are applied. The working filter parameters
switch from Group A to C, which is used to emulate the
influence of a temperature rise in utility. Note that the model
parameters used in the FCS-MPC controller remains unchanged
(still Group A), and as a result a parameter mismatch occurs
between the working parameters and the model parameters. The
green-line in Fig. 8§ indicates that the average tracking error of
the grid current raises from 0.25 to 1.5 A, and THD of the grid
current increases from 5.43% to 8.42%.
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Fig. 8. Grid current under matched and mismatched filter parameters.

2) Identification Performance of the Observer under Filter
Parameter Variations

Fig. 9 shows that the filter parameter identification results for
when the step-up increase of LCL-filter parameters from Group
A to B. Fig.9 (a) uses the conventional state-feedback parameter
identification method, the dynamic time responses of state-
feedback method for Ly, L,, and C; are about 18, 19, and 19
ms, respectively. After entering steady state, their average
values are 4.46 mH, 2.23 mH, and 11.90 uF, respectively.
The average steady-state errors are 3.04%, 3.04%, and 3.48%.

Fig. 9 (b) shows the filter parameter identification results
with RMSprop-GDO method, the dynamic response times for
Ly, Lp, and G are 16, 25, and 24 ms, respectively. After
entering steady state, their average values are 4.58 mH, 2.36
mH, and 11.45 uF, respectively. The average filter parameter
estimation errors are 0.43%, 2.61% and 0.43%, respectively.
The proposed RMSprop-GDO method is superior to
conventional state-feedback method when the step-up
parameter variation occurs.
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Fig. 9. Parameter identification comparisons of the LCL-filter changing from
group A to B. (a) State-Feedback method. (b) RMSprop-GDO method.

To verify the effectiveness of the proposed parameter
identification method under a step-down parameter variation
(Group A to C), the working parameters of the LCL-filter
decrease from Group A to C. As shown in Fig. 10 (a), for
steady-state observer, the dynamic response time for L;, L,

and C; are 16, 16, and 15 ms, respectively. Their average
values are 3.36 mH, 1.64 mH, and 8.34 uF, respectively. The
average observation errors are 1.18%, 3.53%, and 1.88%,
respectively.

Fig.10 (b) shows the parameter observation results with
RMSprop-GDO method. The observed results for L;, L,, and
Cy are 47, 41, and 31 ms, respectively. Their average values
are 3.42 mH, 1.73 mH, and 8.48 uF, respectively and
average observation errors are 0.59 %, 1.76%, and 0.24%,
respectively. Thus, comparing (a) with (b) in Fig.9, the filter
parameter observation errors are improved by 0.5882%,1.7647%
and 1.6471%, respectively. The RMSprop-GDO method is
superior to state-feedback method in this case.
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Fig. 10. Parameter identification comparisons of the LCL-filter changing from
group A to C. (a) State-feedback method. (b) RMSprop-GDO method.

3) Parameter ldentification under Grid Voltage Distortions

To verify the robustness of the parameter identification
method under distorted grid voltage, the fifth-order harmonics
with 0.1 times amplitude of the fundamental frequency are
superposed in the grid voltage. Fig. 11 (a) shows the waveform
of the distorted grid voltage and current. The parameter
identification results when the filter parameters switch from
Group-A to B are shown in Fig. 11 (b) and (c). Fig. 11 (b) shows
that the dynamic response times of parameter identification for
Ly, L, and C; are 18, 19, and 19 ms, respectively. After
entering steady state, their average values are 4.46 mH, 2.24
mH and 11.90 pF, and the average steady-state errors of the
LCL-filter are 3.04%, 2.60% and 3.48%, respectively. Fig. 11(c)
shows that the dynamic response times for Ly, L, and C; are
18, 19 and 21 ms, respectively. After entering steady state,
their average values are 4.56 mH, 2.36 mH and 11.46 uF,
respectively and average steady-state errors are 0.87%, 2.61%
and 0.35%, respectively. The observation errors are improved
by 2.17%, 0.01% and 3.13%.
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4) Tracking Performance of the Grid Current — i
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Fig. 12 shows the waveforms of the grid current without and T Tockingemo

with parameter observer, where the actual filter parameters are
Group-C while the modeling parameters in FCS-MPC
controller are Group-A. Fig.12(a) and (b) show that the average
tracking error eg,, with state-feedback and RMSprop-GDO

AW A

methods are 0.5 and 0.25 A, respectively. The steady-state |

tracking error of the grid current is reduced by 0.25 A. Fig.12 F 1

(c) and (d) indicate that the THD of the grid current with state- | Grid current (2.0 A/div)
feedback and RMSprop-GDO method decreases from 7.05% to - RMSprop-GDO method | 10 msidiv
6.24%. Therefore, power quality of the grid current is enhanced T ‘ (t:)

by 0.81%. Fig. 13. Dynamic response of the grid current. (a) State-feedback method.

(b) RMSprop-GDO method.
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6) Parameter Identification Considering Grid Impedance

Fig.14 shows the parameter identification results and
tracking control of the grid current when the grid impedance
increases from 0 to 3 mH. As shown in Fig.14 (a), the LCL-
filter parameter identification results for group-C are almost
uninfluenced. Fig.14 (b) and (c) show the waveforms of the grid
current considering grid impedance, where the grid inductance
increases from 0 to 3 mH. The results show that the tracking
errors of the grid current is reduced with the increase of grid
impedance. Tracking performance of the grid current with the
two methods are very close. The filter parameter identification
results will not be influenced. As a result, the system stability
still can be guaranteed.

“Grid impedance changed from T
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Fig. 14. Parameter identification results under grid impedance changes. (a)
Parameter identification results. (b) State-feedback method. (¢) RMSprop-GDO
method.

VI. CONCLUSION

This paper investigates an online parameter identification
method based on RMSprop-GDO for LCL-GCCs, comparing
to the state-feedback parameter identification method, the
proposed method has higher identification accuracy. The
proposed method appears to provide an objective function,

defined as the filter parameter estimation error between the
actual and estimated values, which is minimized by searching
for the optimal iteration step-size along the gradient direction
of the parameter matrix. The optimal iteration step-size with the
RMSprop-GDO method is proposed to achieve fast and high
accuracy parameter estimation. The model parameters in the
FCS-MPC controller are updated periodically by the observed
parameters. The experimental results show that the proposed
parameter identification method can quickly track the actual
filter parameters in both steady state and transient state under
parameter mismatches. Thereby the power quality and tracking
control of the grid current can be significantly improved when
RMSprop-GDO method is applied. It is suggested that future
research can be focused on applying this method to FCS-MPC
controlled AC motor drive system.
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