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Design and Hardware-in-the-loop Validation: A
Fractional Full Feed-forward Method for Grid
Voltage in LCL Grid-connected Inverter Systems
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Abstract—The harmonic disturbance in the background grid
is a problem that must be considered in the design of a grid-
connected inverter. However, the full feed-forward method cannot
completely suppress the harmonic disturbance in theory and is
sensitive to noise. To tackle these problems, a fractional full
feed-forward method of grid voltage is proposed in this paper.
First, the mathematical model of the full feed-forward method is
deduced, and the differences with the theoretical solution, which
can suppress all harmonics, are analyzed. Then, the parame-
ter equation, the harmonic suppression performance, stability
analysis and the implementation process of this method are
given. Compared with the full feed-forward method, the proposed
method not only further improves the harmonic suppression
performance, but also reduces the order of the mathematical
model of the differential term in the feed-forward loop. In
addition, the proposed method can be used to flexibly design
feed-forward coefficients by selecting the order of suppressed
harmonics. Finally, the proposed method is validated by a
hardware-in-the-loop experiment on a MT real-time control
platform NI PXIE-1071.
full

Index Terms—Fractional differential, feed-forward

method, hardware-in-the-loop, LCL inverter.

I. INTRODUCTION

RID-CONNECTED inverters, as a key component con-
Gnecting renewable energy distributed generation system
to the grid, are a current research focus [1]-[3]. A LCL grid-
connected inverter is widely used in research because of its
high- frequency performance, small size, and low cost. Re-
gardless, the stability and quality of grid-connected power [4]
should be considered in the design of a LCL grid-connected
inverter.

Considering that the voltage at the point of common cou-
pling (PCC) usually contains a large number of harmonics,
the output current of the LCL grid-connected inverter will
be seriously distorted and cannot meet the requirements of
the international standard [5]. A LCL grid-connected inverter

Manuscript received March 5, 2021; revised May 5, 2021, accepted August
4, 2021. Date of online publication May 6, 2022; date of current version
September 8, 2023. This work was supported in part by the National Natural
Science Foundation of China (61703375).

Q. Y. Wang (corresponding author, email: wangqingyi@cug.edu.cn), B. L.
Ju, Y. D. Lei, D. Zhou, S. Yin and D. Y. Li are with the School of Automation,
China University of Geosciences, and Hubei Key Laboratory of Advanced
Control and Intelligent Automation for Complex Systems, Wuhan 430074,
China.

DOI: 10.17775/CSEEJPES.2021.01560

transmits high-quality electric energy to the grid under the
condition of harmonic voltage interference, which is a key
factor in the design of a grid-connected inverter [6], [7]. In
order to solve this problem, conventional research includes two
methods: One method is to suppress harmonic disturbance by
using the advanced controller to replace the original controller;
the other method is to suppress harmonic disturbance by
increasing a feed-forward loop based on the original controller,
which has a faster adjustment speed.

Depending on the different coordinate systems, the first
method primarily contains repetitive control [8], proportional
resonance (PR) control [9], modified proportional-resonant
(MPR) control [10], proportional-integral (PI) control [11],
PI-Res control [12], as well as improved forms of the above
mentioned methods, etc. Nevertheless, with the continuous
improvement of the controller, the control algorithm is more
complex, and the parameter design process of the controller
is more complicated.

The second method primarily contains the proportional
feed-forward method of grid voltage and the full feed-forward
method of grid voltage [13]-[15]. The proportional feed-
forward method can effectively suppress the low-frequency
disturbance of grid voltage through a proportional feed-
forward link of grid voltage, but cannot suppress the high-
frequency disturbance [13]. In order to suppress all the har-
monic disturbances in the whole frequency band, the full
feed-forward method is usually used in the system [16]-
[18]. The terms of the full feed-forward method consist of a
proportional link, a first-order differential link and a second-
order differential link [15]. Even though, it can be seen from
the theoretical derivation that the full feed-forward method
cannot completely suppress all voltage harmonics. In addition,
the first-order and the second-order differential links in the
feed-forward loop make the feed-forward loop particularly
sensitive to noise, which leads to poor stability in the system.

In order to achieve better control performance, many schol-
ars apply cutting-edge control methods to the inverter control
field, such as fuzzy control [19], neural network control [20],
robust control [21], fractional-order control and other new
controls [22]-[24]. Compared with others, the fractional-order
control is a new control in recent years, where a better
control effect and wider application range can be achieved
by transforming the integer-order model into the fractional-
order model. For example, the fractional-order neural network
can achieve better performance for a shunt active power filter
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(APF) [25], fractional-order sliding mode control is applied in
speed regulation of a permanent magnet synchronous motor
(PMSM) system [26], etc.

Based on the discussion above, the full feed-forward method
can be further improved. Therefore, considering the theoretical
solution of the full feed-forward method, this paper com-
bines the idea of a fractional-order control and proposes the
fractional-order full feed-forward method. First, the mathemat-
ical model of the full feed-forward method and the theoretical
solution are analyzed. Then, the fractional-order differential
term is approximated to the theoretical solution employing
vector, and the parameter design process of the fractional-order
full feed-forward method is obtained. Finally, the harmonic
suppression performance of several feed-forward methods is
analyzed, the effect of this method on the system stability and
the implementation process of the fractional-order differential
link are also discussed. Compared with the full feed-forward
method, the fractional full feed-forward method is closer
to the theoretical solution and the differential order of its
mathematical model is smaller, which is beneficial for the
system to effectively suppress the harmonic disturbance.

The rest of the paper is organized as follows: In Section II,
the mathematical models of the LCL grid-connected inverter
system are analyzed. In Section III, the theoretical derivation
process, harmonic suppression performance, stability analysis
and implementation process of the proposed method are pre-
sented. Section IV presents the experimental verification and
the discussion of the results. The conclusion of this paper is
given in Section V.

II. MATHEMATICAL MODEL OF LCL GRID-CONNECTED
INVERTER SYSTEM

The structure of the single-phase LCL grid-connected in-
verter system is shown in Fig. 1. Q1—Q4 are the four switches
of the inverter respectively. L1, C' and L are the inverter side
inductor, the filter capacitor and the grid side inductor respec-
tively. L, represents the power grid inductor which assumes
the worst case of power grid impedance. The sampling link of
the system is implemented by the zero-order holder (ZOH),
and the modulation method of the system is sinusoidal pulse
width modulation (SPWM). Also, the control strategy of the
system adopts the double current loop control of the grid-
connected current 49 and the current 4. flowing through C.
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Fig. 1. The structure of single-phase LCL grid-connected inverter system.

On the one hand, it can guarantee the rapidity of the system
control; on the other hand, it can guarantee the stable operation
of the system by increasing the damping of the system.

Figure 2 shows the control block diagram of the LCL grid-
connected inverter system. As can be seen from Fig. 2, that the
control block diagram of the digital system primarily includes
the current controller G;(s) with the sampling coefficient H;o
of i2(s), the active damping loop with the sampling coefficient
H; of i., the digital delay G4(s), the modulation gain Kpw,
and the LCL filter Grcr(s).

The blue box in Fig. 2 is the transfer block diagram of the
LCL filter, the open-loop transfer function of the LCL filter
can be expressed as the relationship between the inverter side
voltage viny(s) and is(s):

iQ(S) 1

GreL(s) = Vi () T S, LyC + s(Ly + Lo) M

G;(s) is a PR controller with a well-behaved tracking effect
on a specific frequency signal. Its mathematical model is set as:

2K,w;s
82 + 2w;s + w3

Gz(S) = Kp + (2)

Vpee (V)

LCL filter

v, (5)

\/

iyl 1
sC

1
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Fig. 2. Control block diagram of LCL grid-connected inverter system.
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where K, and K, are the proportionality coefficient and
resonance coefficient respectively. w; reflects the bandwidth
of the PR controller, and w, represents the angular frequency
of the fundamental wave. In this paper, wyg = 1007 rad/s.

G4(s) represents the system delay of 1.57; including a
sampling delay of 0.57 caused by ZOH and T delay caused
by PWM modulation and calculation, where T is the sample
time.

Ga(s) = e 15T (3)

The active damping loop of i. (the green line loop) in Fig. 2
can be equivalent to the virtual impedance Z.4(s) in parallel
to C.

ve(8) _ L,

ZC(S) CH“KPWMGd(S)
To sum up, the open-loop transfer function of the system

H(s) in Fig. 2 can be obtained:

HisGi(s) KpwuGa(s) 1
SLl(LQ +Lg)C s2 + #q(s)s—i—w?

Zeq(s) =

“4)

H(s) =

(&)

where Kpwn = Viny/Vtri 1S the modulation gain, vy, is the

Li+L>

.8 18 the resonant

triangular carrier, and w, = 27 f, =
angular frequency of the LCL filter.

Analyzing Fig. 2 from the perspective of disturbance, it is
obvious that the disturbance of the system is the PCC terminal
voltage vpcc(s). In order to suppress the voltage harmonic
disturbance caused by vpc($), the traditional full feed-forward
method is used. Thus, the control block diagram of the system
can be transformed as shown in Fig. 3. The transfer functions

of G1(s) and G.2(s) are given in:

Gi(S)KPWMGd(S)
s2CLy + SCHilKPWMGd(S) +1
S2L1C + SCHilKPWMGd(S) +1
$3L1C Lo +S2Hi1KPWMGd(S)CL2 +8(L1 -I—Lg)
(6)
The dotted box in Fig. 3(a) represents the ideal full feed-
forward loop of the grid voltage, according to Eq. (2) and Eq.
(6), the ideal full feed-forward transfer function Gg ideal($)
can be expressed as:

GTl(S) =

GQJQ(S) =

GZ' S
Gt _ideal () = Gl((s))
52L10 1
R e) (T S S—
KpwmGa(s) ° ! KpwmGa(s) 2

As the feed-forward loop is added to the system, the
influence coefficient of the feed-forward control is F'F'(s):

 Gals)
Gi(s)

where Gg(s) represents the transfer function of different feed-
forward methods.

By comparing Fig. 3(a) and (b), it is obvious that F F'(s) =
1 (as shown in Fig. 3(a)) when the system runs without the
feed-forward method, and the grid harmonics in PCC can
directly interfere with the operation of the system. However,

FF(s)=1

Ga1(s) ®)
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Fig. 3. Control block diagram of the system with the ideal full feed-forward
method. (a) Actual implementation form. (b) Equivalent transformation form.

when G ideal(s) is used in the system, F'F'(s) = 0 (as shown
in Fig. 3(b)), and the grid harmonics will not cause interference
in the system.

Even though F'F(s) is infinitely close to 0 with G iqea1(s),
and the interference of v (s) in the system can be eliminated.
But in fact, ﬁ is an advanced link and cannot be imple-
mented in the digital system. Therefore, the transfer function
of the traditional full feed-forward method is:

s2LlC 1

fo(S) = + SCHM + KPWM

©))

PWM

Equation (9) can be implemented in a digital system. How-
ever, there is still a problem, that is, the 2-order differential
term in (9) is very sensitive to noise, which makes it difficult
for the system to run stably for a long time.

_ 1
Kpwm

fo_p(s> (10)

Usually in engineering practice, the system is generally
controlled by a current loop PR controller combined with
the proportional feed-forward feedback (as shown in (10)).
Compared with (9), (10) has a poor suppression effect on high
frequency harmonics, but the control process of (10) is simpler
and ensures the stability of the system.

Consider that it is not very simple and clear to use F'F'(s)
to describe the harmonic suppression in an actual system,
and it cannot reflect the overall performance of the system.
Therefore, based on F'F(s), this paper adopts the form of the
system equivalent output impedance Z,(s) in Fig. 4 to visually
describe the suppression effect of the system on the power grid
harmonics.

Figure 4 shows the equivalent Norton circuit of the system.
For the convenience of analysis, v, is transformed into the
current source ., and iq;s represents the current flowing
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Fig. 4. Equivalent Norton circuit model.

through Z,(s). According to Fig. 4, the relationship between
19, 94 and v, can be expressed as:

Zo(8) ) 1
Z(o) + Lo T Z@ v L Y

According to (11), the effect of v, on iy is negatively
correlated with the size of Z,(s) and L. Since the size of
L, is determined by the actual grid, the harmonic effect of
the grid can be weakened by increasing Z,(s).

Combined with Figs. 3(b) and 4, the transfer function
between vpcc(s) and iz can be expressed as 5y, where Z,(s)
is the equivalent output impedance of the system without feed-
forward method,

’L'Q(S) =

= 55

SL1
s2L,C + SCHilKPWMGd(S) +1
Gi(s)Hia KpwmGal(s)
82L10 + SCHlePWMGd(S) +1
and the equivalent output impedance of the ideal full feed-
forward method is changed to Z.'(s).

=sly +

12)

Vpee(8) — Zo(s)
z> = B = =2 13
o) =6 T FRG) (13
III. THE PROPOSED FRACTIONAL-ORDER FULL
FEED-FORWARD METHOD OF GRID VOLTAGE

It can be seen from (7) and (9) that the traditional full feed-
forward method primarily has two shortcomings. First, the
traditional full feed-forward method is usually used to approxi-
mate G _ideal ($) Over the entire frequency range. This method
can offset most of the grid voltage harmonic interference,
but cannot completely cancel it. Secondly, there is a 2-order
differential term in (9), which may cause over-modulation and
thus affect the suppression effect of the feed-forward link on
harmonics. Therefore, instead of approximating Gg idea1 ()
within the whole frequency range, this paper uses the fractional
order differential term to approximate Gg igea1(s) at a specific
frequency, so as to realize the suppression of the harmonic
interference of the grid voltage within a certain frequency
range.

A. The Mathematical Model and parameter design process of
the Fractional-order Full Feed-Forward Method

In order to further analyze Gg jdeal(s), s = we’Z and
Euler’s formula (e/* = cosx + jsinz) are substituted into
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(7), and (7) is split into real and imaginary parts, as shown
in (14).

1— w2L10

X-axis: cos(1.5wTs)
PWM
1—w?L,C
y-axis: wCH;1 + e sin(1.5wT) (14)
KpwwMm

The vector of Vi = Gg ideal($) is drawn in Fig. 5, in which
the purple vector (fixed vector) and the blue vector (rotation
vector) are the constituent vectors obtained by substituting s =
wel3 in (7), and the real part and imaginary parts in (14) are
marked on the x-axis and y-axis.

y
A
1— w2l C — . X
wCH;1 + ettt sin(1.5wTs) Vi GHJdeal(&)
Kpwm
J'CHHUJA
(1—L10w2) (i (1.5wTs)
Kpwwm
1.5wTs -
1-w?L,C
Rewar cos(1.5wTs)
Fig. 5. Vector diagrams of G'g _jdeal(s).

According to the equations marked in Fig. 5, it can be
seen that because of e/(1-5¢T) the existence of in the blue
vector, the blue vector is a rotation vector. Therefore, V7 is
also rotating.

According to (14), the magnitude and angle of V; can be
expressed as:

a 2 2ab
— 2
V4] (KPWM> +b +

PWM
LV, — arctan (KPWMb +a sm(1.5wTs)>

sin(1.5wTs)

a cos(1.5wTy)

a=1-L,Cw? b=wCH; (15)

According to (15), the independent variables of magnitude
and angle are both angular frequency w, and the relationship
is not linear, so it is difficult to directly approximate V;.

In this paper, the fractional full feed-forward method V5 is
used to approximate V; at a particular w. The transfer function
of V5 is expressed as:

Vo Gfrc_ff(s) = KSA
A

[Va| = KW, £Vo = —

2 (16)

where s* = (jw)* = whed 7

As can be seen from Fig. 6, the red dotted line represents
the motion trajectory of V; as w increases, and the solid green
line represents V,. When V. coincides with a certain state
in the motion trajectory of Vi, the approximation process of
Gt _ideal(s) is completed.

According to (15) and (16), the fractional order A\ and the
gain K can be calculated as below, where A € (0,2) and
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w € (0,7fs).

2 K in(1.5wT.
A = — arctan ( pwtb + asin(l 5w S))
T

a cos(1.5wTs)

2
1 a 2ab
K = — b2
W \/<KPWM> Ut R

PWM

sin(15wT,)  (17)

y
A

The range of V,

o
Vo = Ks* = Kwhel 22

v N
N

Fig. 6. Approximation of the vectors V1 and V5.

It can be seen from (17) that, when L1, C and H;; have been
determined, A and K are two functions only related to w. By
substituting w, = wo/N = 1007 N into (17), the independent
variable is changed from wy, to N, where wy, is the harmonic
angular frequency, and NV represents the order of the harmonic
we want to suppress.

In order to obviously show the suppression effect of the
proposed method, the influence coefficient of the proposed
method F'Fy.(s) is expressed as:

le (S)

FFg. =1- TC
tre(8) Gire_ gt Gils)

(18)
where FFpo(s) = FF(s)|s=juwp-

B. Analysis of Harmonic Suppression Performance

The Bode plot of (8), (9), (10) and (18) is given in Fig. 7
to further indicate the suppression effect of different feed-
forward methods on harmonic disturbances. As can be seen
from Table I, the four feed-forward methods are Gg ,(s),
Gg(s), the simplified form of Gg(s) (only include the pro-
portional link and the 1-order differential link), and Ggc_g($),
In which Gg. g(s) is approximated as a 5" model, and
the implementation process of G g(s) will be explained in
detail in Section III-D.

First, three traditional feed-forward methods of Type 1, Type
2 and Type 3 are analyzed. The characteristics of Type 1,
Type 2 and Type 3 are similar in the low-frequency band. In
the range of middle and high-frequency bands, the amplitude-
frequency characteristics of Typel and Type2 are similar and
both are higher than that of Type3. Therefore, Type3 has a
stronger harmonic suppression ability in the middle and high-
frequency bands.

Then, compared with Typel, Type 2 and Type 3 in Fig. 6,
the amplitude of the proposed method is lower around a
particular frequency, such as the amplitude of N = 5 around
250 Hz and the amplitude of N = 7 around 350 Hz. Since the
amplitude in Fig. 7 is positively correlated with the degree of
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Bode diagram of the influence coefficient of different feed-forward

TABLE I
MATHEMATICAL MODELS OF SEVERAL FEED-FORWARD METHODS

Feed-forward method Mathematical model

Type 1 Gg_p(s) = KP;]M
Type 2 sCH;1 + Kown
2
Type 3 fo(s) = ;{Pﬁ;]ﬁ +sCH;, + m
N =5 (the proposed method) Gy g(s) = 0.025250-1012
N = 17 (the proposed method) G g(s) = 0.0169s%-1431

harmonic interference, it can be seen that the proposed method
can effectively suppress the harmonics around a specific fre-
quency point.

By comparing the four feed-forward methods in Fig. 8, it
can be seen that the proposed method differs greatly from
the three methods of Typel, Type2 and Type3 in the low-
frequency bands. Considering that there is almost no DC
component in the grid, the low-frequency characteristics of
the several methods have little influence on the THD of the
grid-connected power. Therefore, the influence in the low-
frequency band (< 50 Hz) will not be analyzed.

The harmonic suppression performance of the proposed
method is primarily reflected in the middle frequency band.
It can be seen that the proposed method has a new amplitude-
frequency peak of Z,’(s) near the selected frequency point,
and the phase frequency characteristic has a downward jump.
Therefore, the ability to suppress the harmonics in the specific
frequency band is enhanced. Moreover, the position of the
impedance peak is determined N, and the selection range of
Nis1 < N < 5L when A € (0,2). In order to ensure

2x50
that the differential action of the proposed method is weak,

the upper limit at A = 1 is N = ﬁ;/ﬁ.
In order to analyze the stability of the proposed method

under a weak grid, the green shaded part in Fig. 8 shows
the possible variation range of L/, and the blue shaded part
corresponds to the phase curve range when |Z7(s)| = |L4(s)|.
And the basis to judge the stability of the system under
the condition of grid impedance change is first given: when
|Z5'(s)| = |Lg(s)|, if the angle between the two is close to
180°, Z7'(s) + Ly(s) = 0, which can be seen that the system
cannot operate stably according to (11).
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The analysis of Range 1 and Range 2 shows that, the phase
curve of the proposed method in range 1 is close to 90°, while
that in range 2 is close to —90°. Therefore, the stability of
the proposed method primarily depends on range 2. In order
to ensure that the proposed method has good stability, the
stability constraint conditions of the corresponding parameter
design in Range 2 can be given by combining the above system
stability judgment methods.

£27(5) > —90°|s— N (19)

Summarizing the above analysis, the following conclusions
can be drawn: when f < 50N, the frequency characteristics
of the proposed method are close to Without feed-forward.
Around f = 50N, the new impedance peak can effectively
suppress the harmonic disturbance of the grid, while the phase
curve jumps. When f > 50N, the frequency characteristics
of the proposed method are close to Typel. Therefore, the
proposed method can be regarded as a method switching
between Without feed-forward and Type 1, which can effec-
tively suppress the harmonic interference around the switching
frequency point.

C. Root Locus Analysis of the System Using the Proposed
Method

In this part, the Z-domain root locus analysis is used to
verify the effectiveness of the proposed method in the digital
control system.

According to (11), the mathematical model of the system
using the proposed method can be transformed into the fol-

Zy (5)

lowing form.
ia(8) = ——2——~—— (1 Sivg(s)
)= g Lo (- 22) @O

o

Bode diagram of the equivalent output impedance of system with different feed-forward control.

Considering that the system can operate stably under the
condition of a strong grid (L4(s) = 0), so the stability of the
system under a weak grid depends on whether N (s) is stable.

1

Lg(s)

N(s)= ——
1+ 7256

2L

where N (s) is equivalent to a closed-loop negative feedback
transfer function, and the characteristic root equation is:

F(s)
Zo(s)

Therefore, the root locus curve in the Z domain can be
obtained by discretizing (21). In the discrete model of the
system, the sampled signals are discretized by the ZOH
transform, while G;(s) and Ggc g(s) are discretized by the
Tustin transform.

The system root locus of the proposed method with different
N is shown in Fig. 9. The gain of the root locus reflects the
size of L,. As L, increases in Fig. 9, the root locus of the
system moves from the inside of the unit circle to the outside,
and the larger the N is, the closer the corresponding system
root locus is to the outside of the unit circle. Therefore, when
L4 changes, the system runs conditionally stably, but the larger
L, is, the worse the system stability is. In addition, the larger
the NV is, the larger the order A of the differential term is, so
the more difficult the system is to operate stably.

1+ Ly(s)

=0 (22)

D. Discrete Time-domain Model of Fractional Full Feed -
Forward Method

Since the fractional differential term cannot be directly
implemented, the approximation method for the higher-order
integer term is usually to implement the fractional differential
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Fig. 9. The system root locus of the proposed method.
term. The implementation of the fractional-order continuous + fro—1(N)vpec(k — (n = 1)) + fr(XN)vpec(k — n)]
model in the digital system includes two steps: the discrete 27

and the integer-order approximation.
First, this paper uses an improved Tustin transform to
discrete the fractional-order operator,

1—2z71 A
SA = C¥>\ (l—l—z—l) (23)

Generally, the 5*" order model has a good approximation
effect to the fractional link, so n = 5 is used in this paper,
and the approximate frequency range is selected as (1, f5/2).

IV. HARDWARE-IN-THE-LOOP EXPERIMENTAL RESULTS
AND ANALYSIS

We
weTs
tan 5)

Then, the Taylor series is used to approximate the fractional-
order operator s, according to the method proposed from
literature [27], let z = w™! to ensure that the differential link
is causal, (22) can be written as:

where oo = , and w, is the cutoff frequency.

In order to verify the effectiveness of the proposed fractional
full feed-forward method, the LCL grid-connected inverter
system is established. The system parameters are shown in
Table II, and the experiment platform is shown in Fig. 10.
The control method is implemented by using NI PXIE-1071,

A n
1_ L .
o ( w) _ o Z FoO)F, o] < 1 (24) and the THD of the output grid side current is measured by
k=0

14w the power analyzer.
where n is the number of the Taylor expansion, and fi(f) is TABLE TI
the k-order derivative term of the Taylor expansion, which is SYSTEM PARAMETER TABLE
given as: Parameter  Value Parameter  Value
k A Vin 360 V L1 2 mH
Fo(A) = 1d" 1-w 25) Vg 20V Lo 0.7 mH
k N k! dwk 1 +w Pout 6 kW C 10 uF
w=0 fo 50 Hz Sswitcn 10 kHz
o . fs 20 kHz H; 0.14
Substituting Eqgs. (2?)), (24) and (25) into (16), the output Heo 0.15 R 010
of Ggc(z) can be obtained as: K, 1.2 K, 80
n Ly 1 uH Vgri 20
Gire(2) = [ Ko™ Y fNw" | vpee(2) (26) o o
k=0 As shown in Figs. 10 and 11, NI PXIE-1071 primarily

realizes the hardware-in-the-loop simulation function by HIL
software. The power circuit of the system is implemented by
the FPGA board of NI PXIE-1071. The sampling and control
circuit is converted into the C program through the NI standard
Gire(k) = KaMvpee (k) + fi( N vpee(k — 1) + ... C language code generation of Simulink, and is loaded into

where vp..(z) represents the ZOH-sampling PCC voltage. In
order to better match the implementation form in the digital
system, (25) can be transformed into (26),
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Hardware-in-the-loop
emulation device
NI PXlIe-1071

Power
analyzer

The interface of the
upper computer

Fig. 10. Hardware-in-the-loop experiment hardware configuration.
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N 1

Power circuit mod-
eling in Simulink

Sampling and control cir-
cuit modeling in Simuink

[

Solver selection
and details setting

I

NI Standard C lan-
guage Code generation

[

Loading the C language

program into the control
board of NI PXIE- board of NI PXIE-

1071 by HIL software 1071 by HIL software

[ J
T

Loading the power circuit
model into the FPGA

Corresponding port connection of power
circuit, control circuit and PWM generator
(in NI PXIE-1071) by HIL software

[

NI PXIE-1071 and power analyzer
connect to the external port board

I

System debugging

End

Fig. 11. Operation flow chart of NI PXIE-1071.

50V/d \./.] Without feed-forward niethod
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\
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Time [10ms/div]

100% ¢ Frequenicy=49.973Hz

THD=13:1%
19 .St S — :
3rdg i

R

Fig. 12.  Grid-connected voltage-current waveform and current harmonic
analysis without feed-forward method.

the control board of NI PXIE-1071. The experimental results
are displayed on the power analyzer by connecting an external
port board connected to a series of ports defined inside the NI
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PXIE-1071.

In order to simulate the existence of harmonics in the back-
ground grid, a series of 5*", 7*®, 11*" and 13" harmonics are
injected into the PCC terminal, and the THD of vy, is 6.6%.
Fig. 12 shows the output waveform of the system without
the feed-forward method. It can be seen that the THD of 75
is 13.1%, which cannot meet the grid side current standard
within 5%. Therefore, an additional grid voltage feed-forward
method is needed to suppress the harmonic interference.

As can be seen from Fig. 13, Gg ,(s) is used in Fig.
13(a), Gg(s) and its simplified form is used respectively in
Fig. 13(b), (c) to further offset the disturbance of background
harmonics. Obviously, the waveform of i, is close to the sine
wave, and the THD decreases from 4.67% (in Fig. 13(a))
to 4.39% (in Fig. 13(b)) and 3.85% (in Fig. 13(c)) with the

[150V/div
3 ’/ [30A

Oms/div]

pee

Frequt;ﬁcy 50.015H
THD=4.39% "

3rd sth 7

L35 weane |
: w3t ;
oo Ml LA T & -
(©)
Fig. 13.  Grid-connected voltage-current waveform and current harmonic

analysis with traditional feed-forward methods. (a) Type 1. (b) Type 2.
(c) Type 3.
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gradual completion of the full feed-forward term. The results
in Fig. 13 are consistent with the analysis in Figs. 7 and 8.

In Fig. 14, the proposed method with different control
parameters is used, and the corresponding feed-forward loop
transfer function is given in the subscript of Fig. 14. Because
the harmonics injected into the PCC terminal are primarily the
sth o 7th 11th and 13*® harmonics, N is selected as 35, 7, 11
and 13 respectively (as shown in Fig. 14(b), (c), (d), (e)).

As can be seen from the harmonic histogram in Fig. 14(a),
the THD of iy is 4.43%. Although there is no 3"¢ harmonic
at the PCC terminal, the equivalent output impedance of
the system increases around three times the frequency of
the fundamental wave. Therefore, all the harmonics in this
band except the 3* harmonic are still suppressed, which is
consistent with the analysis conclusion in Fig. 8.

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 9, NO. 5, SEPTEMBER 2023

In Fig. 14(b), (c), (d) and (e), N selects different order of
harmonics respectively, and the harmonic order corresponding
to N is highlighted in red in the histogram. Obviously, with
the gradual increase of N, THD gradually changes from 3.3%
to 2.92%, 4.34% and 6.28%. The reason is that the main
components of the harmonics injected into the PCC terminal
are the 5 and 7t" harmonics, while the content of the 112
and 13*" harmonics are relatively small. Therefore, compared
with N = 7, the frequency band with increased impedance
at N = 5, N = 11 and N = 13 is far different from
the harmonic band contained in the PCC terminal, and the
harmonic suppression effect is poor.

When N = 7 (as shown in Fig. 14(c)), the THD of i,
is 2.92%. Compared with the full feed-forward method in
Fig. 13(c), the THD is reduced by 0.92%. And the order of

150V/div]

W ee [150V/div]

50V/di

Ve [150V/diy]

VA

Sth

3rd 7th

II ilgl*fllllllzllm
wl B0 o B =

Fig. 14.

0.006659-2331 (&) N = 13 : Gire_g(5) = 0.0037s0-254,

Grid-connected voltage-current waveform and current harmonic analysis of the proposed method with different control parameters. (a) N
3¢ G g(s) = 0.0066s02331, (b) N = 5 : Gy g(s) = 0.02525%1912, (¢) N = 7 : G g(s) = 0.0169s%143L (d) N = 11 : Gpe g (s)

(e)
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the differential term goes from A = 2 to A = 0.1431, the
differential term becomes very weak, which avoids the over-
modulation phenomenon and helps to enhance the stability of
the system.

In order to show that the theoretical derivation of this
method is consistent with experimental results, the harmonic
histograms in Fig. 14 are summarized and compared, as shown
in Fig. 15. Obviously, in the 5" harmonic, the harmonic
content is the lowest when N = 5. Similarly, among the
7t 11t and 13*® harmonics, the harmonic content is the
lowest when N =7, N =11 and N = 13, respectively. And
the 3"4 and 9*" harmonics content of several methods is the
same, which is caused by the switch tube of the inverter in
the system. The results indicate that the proposed method can
accurately suppress a certain order harmonic by selecting N.

7 4 :

6 |
g
=5
=]
o 4 uN=3
g uN=5
g 3 aN=7
ﬁ 2 aN=11
= #N=13

1

0

3 5 7 9 11 13 15 17
The harmonic order
Fig. 15. Harmonics analysis of fractional-order full feed-forward method

and parameter table.

The experimental results in Fig. 16 proof the effectiveness
of the proposed method and its influence on the stability of the
system under the condition of L, changes. When L, = 3 mH,
the THD of iy is 3.24%. With the further increase of L, the
distortion of vy, is gradually serious, and the phase-locked
angle is distorted, which leads to poor grid-connected power
quality. When L, = 15 mH, the waveform of vp.. gets worse,
but the THD droop to 2.59%, this is because the increase of
vy further suppresses the harmonics of iz, and the proposed
method effectively suppresses the interference of vp... When
Ly = 20 mH, it can be seen that the system still maintains
stable operation and the THD is 4.75% in the case of vpcc
distortion is worse than that at L, = 15 mH. Therefore, the
proposed method has good harmonic suppression performance
and stability in the case of L, changes, which is consistent
with the analysis of control performance and system stability
in Section 3.

It can be seen from Table III that, the differential-order in
the mathematical model of the three traditional feed-forward
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Fig. 16.  Grid-connected voltage-current waveform and current harmonic
analysis of the proposed method in the case of changes. (a) Ly = 3 mH.
(b) Ly =15 mH. (¢) Ly = 20 mH.

methods (Typel, Type2 and Type3) is directly related to the
control performance. With the increase of the order of the
differential term, the effective frequency band of harmonic
suppression continuously increases. Although the full feed-
forward method has a good harmonic suppression effect, it
is difficult to realize the higher-order differential term in its

TABLE III
PERFORMANCE COMPARISON TABLE OF DIFFERENT FEED-FORWARD METHODS

Description Type 1  Type 2 Type 3 The proposed method
The order of the differential term 0 1 1,2 <1

The complexity of the implementation  simple  medium difficult  difficult

The suppression effect of harmonics poor general good good

Sensitivity to noise perturbation small medium  large small
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TABLE IV
PERFORMANCE COMPARISON TABLE OF DIFFERENT HARMONIC SUPPRESSION METHODS
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Parameter design

Implementation complexity =~ Harmonic suppression effect

Harmonic suppression method  location
The proposed method Feedforward branch  simple
PR+HR controller current loop difficult

difficult
difficult

excellent
general

mathematical model in engineering, and it is sensitive to noise,
which easily makes the system in the over-modulation state,
resulting in poor stability in the system.

Different from the three traditional feed-forward methods
mentioned above, although the implementation difficulty of
this method is increased, the proposed method successfully
reduces the differential order of the feed-forward term on
the basis of further suppressing the harmonics of the system.
Therefore, the method is insensitive to noise, the system is in
the normal modulation process, and has good stability.

In engineering, the PR+HR controller is generally used to
suppress the interference of grid voltage harmonics. Table IV
shows the performance comparison between this method and
the proposed method. As can be seen from Table IV, the
parameter design process of the PR+HR controller and the
implementation process in the digital system are relatively
complex, and the harmonic suppression ability is poor. How-
ever, this method has strong robustness because it directly
controls the current loop. In contrast, the proposed method is to
suppress the voltage harmonics through feedforward branches.
Therefore, the harmonic suppression ability is strong, and the
parameter design process is simple. However, it relies heavily
on parameters L; and C, and the implementation process is
relatively complex.

V. CONCLUSION

In this paper, a novel fractional full feed-forward method
of grid voltage is proposed to solve the voltage harmonic
interference in the PCC terminal. Parameters of the proposed
method are obtained by using a vector fitting between the
fractional differential term and the ideal full feed-forward
transfer function. The Bode diagram of the equivalent output
impedance is given to analyze the suppression ability of the
proposed method, and the root locus diagram proves the effect
on the stability of the system.

Experiment results show that the proposed method not only
improves the grid side current quality from THD = 3.85%
to THD = 2.92%, but also reduces the order of differential
link from A\ = 2 to A = 0.1431, which is more suitable
for engineering implementation. On the basis of the proposed
method, a feedforward control method with high harmonic
suppression performance and more suitable for engineering
application is the direction of our future research.
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